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ABSTRACT

SYNTHESIS AND EXPLORATION OF BIOLOGICALLY IMPORTANT, HYDROPHOBIC, REDOX-ACTIVE
MOLECULES: INVESTIGATION OF PARTIAL SATURATION OF MYCOBACTERIAL ELECTRON

TRANSPORT LIPIDS

There are many types of molecules that are biologically important because they either carry
out crucial functions or exhibit exploitable biological activity. Some of the most interesting and
challenging molecules to work with are those that are redox-active and hydrophobic or water
insoluble. Herein, the synthesis and investigation of two classes of hydrophobic redox-active
molecules are explored. Chapter one provides background on menaquinone (MK) and vanadium
chemistry and primes the reader for the subsequent chapters. Chapter two describes the
synthesis and characterization of truncated MK derivatives with varying isoprenyl side chain
length and degrees of saturation. Chapter three explores the conformational flexibility of the
isoprenyl side chain of MK and shows that a truncated MK analog, MK-2, can adopt folded
conformations in hydrophobic environments and within a model membrane system. Chapter
four isolates the conformational and chemical effect of saturation of the isoprenyl side chain on
MK and shows that saturation minimally affects folded conformations of truncated MK
derivatives but remarkably, a 20 mV redox potential difference was observed between
unsaturated MK-1 and the saturated analog MK-1(H;). Then in chapter five, hydrophobicity and
steric bulk are explored as properties to enhance membrane affinity and anti-cancer properties

of Schiff base vanadium(V) catecholate complexes, where the hydrophobic



[VO(Hshed)(ditertbutylcatechol)] complex was found to have enhanced hydrolytic stability and
potent activity against a bone cancer cell line. Together, the findings of the studies presented
herein help to further understand how the conformation and the degree of saturation in the
isoprenyl side chain of MK affects the recognition, reactivity, and function of MK within the
electron transport system of pathogenic bacteria. These studies are important because they
begin to explain and provide a working model behind the chemical rationale as to why partially
saturated MK-9 is observed in pathogenic M. tuberculosis. Furthermore, the studies with the
hydrophobic vanadium(V) catecholate metallo-complexes underpin a drug design concept
exploiting hydrolytic stability imparted by hydrophobicity and steric bulk of a non-innocent

ligand.



ACKNOWLEDGEMENTS

“We do these things not because they are easy but because they are hard.”

—John F. Kennedy

“Don’t worry about what you miss, because the only thing that counts is what you find. And there
is so very much to find.”

— K. Barry Sharpless

| would like to acknowledge family, friends, undergraduate researchers, and my committee
for taking the time to work with me through the pleasant and not so pleasant times. Specifically,
| would like to acknowledge my parents Ed Koehn and Donna Koehn, my brothers Ryan and Eric
Koehn, the Crans group, and the Crick group for their support. | would like to give a special thanks
to my amazing wife, Kimberly, who has provided support, guidance, and has been there with me

through everything.



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt ettt e ettt e s b bt e e hbe e s b e e e e aabeeeah bt e s s beeeeabe e e bbe e e eabe e e eabe e e eabe e e sa bt e e anbe e e e beeeeabeeeeabeeesaneeas i
ACKNOWLEDGEMENTS .ttt ettt ettt ettt ettt e st e ettt e e sttt e sttt e e aabeeabeeesnbeesabeeesabeeesbbeesabeeesnseesabeeesaseeann iv
TABLE OF CONTENTS ..t ittteeittteettte ettt ettt s et e ettt e sttt e s bb e e st te e sbeeesabbeesabeeesabeeesabeeesabeeesabaeesabeeesabeeesabenesaneeas v
Chapter 1: Hydrophobic Redox-Active Molecules of Biological Importance...............cccccocvvieeeeeieieniicnns 1
1.1 Lipoquinones and The Electron Transport SYSTEM ......ccooiiiiciiiiiiiieee e e 1
1.2 Hydrophobic Vanadium(V) Catecholates Containing Redox-Active Ligands-........cccccceeeeeeecnnnnns 10
1.3 Dealing and Working with Poorly Soluble and Hydrophobic Molecules...........ccccccevveeeeiiiiinnnnns 12
1.4 Studies of the SubseqUENT ChHAPLEIS ......uuiiiiiiiiie e e e e e rrrre e e e e e e e e 15
REFEIEINCES ...ttt et e sttt e e bt e e s bt e e s be e e sabe e e s abe e e s be e e sabeeeaabeeesabeeeanbeeesneeenns 16
Chapter 2: Synthesis and Characterization of Menaquinone Derivatives ...............ccccccevviiiieeeiiiiieeeennnns 21
2.1 Synthesis of Truncated Menaquinone DerivatiVes........cccueeeeieeieecccciiiiieeeee e e 21
2.2 Materials aNd MEthOOS ........eiiiiiieiii et s e e e sbee e 25
2.2.1 Materials and INFOrmMation .......c.cooiiiiiiiiiiii et 25
2.2.2  NMR SPECtrOSCOPIC STUAIES ..uviiiiiiiii ittt e e e et e e e e e e e e e st r e e e e e aaeeeeessasssraaaaeeaaaaaeaas 27
2.2.3 Mass Spectrometry and Elemental ANalysis..........ooocciiiiiiiiii e 28
2.2.4 Preparation of MenagqUINONE-1.......ccocciiiiiiieiie ettt e e e e e e e et rr e e e e e e e e e e e e enabaraeeaeaaaeaaeean 29
2.2.5 Preparation of MenagquinonNe-L1(Hy)...occcciuiiiiieiie ettt et e e e e e e e e e esaaarareaeeaaeaeeean 30
2.2.6 Preparation of MEeNagUINONE-2.......cccccuiiiiiiieeee e e eecccireee e e e e e e e e e e s rre e e e e e e e e eeesnasbaraeaaeaaaaaenans 31
2.2.7 Preparation of MenaquinonNe-2(11-Hy) .....uuuiiiiiiiieiiieciiieeeee et e e e e r e e e e e e e 32
2.2.8 Preparation of Menaquinone-2(1,1-Ha) ....uuvrieeiiieiieeeeee e 35
2.2.9 Preparation of MenagUINONE-3 ...ttt e e e e e e e et rr e e e e e e e e e e e e seaaabaraeaaeeaaaaanaas 37
2.2.10 Preparation of Menaquinone-3(11-Hy) ....uuuiiiiiiieeiieeciieeeee e e e e er e e e e e e e 38
2.2.11 Preparation of Menaquinone-3(L,1,1H-Hg) ...eeerrririieeee e e 45
2.3 RESUIES @NA DISCUSSION ...eieiiiiiiiiieiiieeiiiee e sttt sit e e st ee e st e e sabeeesabe e e sabe e e sabe e e sabeeesabeeesabeeeanbeeesabeeenns 48
2.3.1 Synthesis and Characterization of MenaquinoNe-1 .........cccceeeeieeiiiiiiiiiiieeee e 48
2.3.2 Synthesis and Characterization of Menaquinone-1(Hy) ....cceeeeiieieiiiiiiiiiiiieeeee e 49
2.3.3 Synthesis and Characterization of MenaquUINONE-2 ..........ceeeiieiiiiiiiiiiiiiieiiee e re e e e 50
2.3.4 Synthesis and Characterization of Menaquinone-2(l1-Hy) .......cooooiiiiiiiiiiiii e, 51
2.3.5 Synthesis and Characterization of Menaquinone-2(1,11-Hz) ..cccoooriiiiiiiiiiieieeee e, 55
2.3.6 Synthesis and Characterization of MenaquINONe-3 .........cccceeeeieiieiiiiiiiiieeee e e e 56
2.3.7 Synthesis and Characterization of Menaquinone-3(l1-Hy) ......coooriiiiiiiiiiiiie e, 57
2.3.8 Synthesis and Characterization of Menaquinone-3(L11L1-Hg) ...cccoocciviiiiiiiiieeeeececciiieeee e, 60



2.4

SUMMArY anNd CONCIUSIONS ..vviiiiieeiiiieecciiiieie e e e e ee et e e e e e e e e e e e e bt breeeeeeaeeeeessnsssbbaaaeaaaaaaeans 62

= =1 T § (ol =C TN 65

Chapter 3:Investigation of the Conformational Flexibility of the Isoprenyl Side Chain on

IVIENAGUINONE. ... .ot ettt et e ettt e et e e e e e e e s aaab e beeeeeeeeaeeaa e aebbee et eeeeeeeesaaannnbebbeeeeaeasesanaannnnnns 68
3.1 Conformation of the Isoprenyl Side Chain of Mycobacterial Menaquinone...........cccccceeeeeeennnnn. 68
3.2 Materials aNd MEthOOS ........eiiiiiieiiie et s e e sbee e 71
3.2.1  MIALEIIAIS woteeeetie ettt ettt st e e s b et et et e s be e e sabe e e s be e e sbeeeaabeeesbeeen 71
3.2.2 NMR SPeCtroSCOPIC STUIES ..uuiiiiiiiieiiiciiiiiitie e e e e e et e e e e e e e e e ebrrrr e e e e e aeeeeeessnabearaeeaeeaaaaaaans 72
3.2.3  Solution 1D "H NIMR SPECtrOSCOPIC SEUAIES......veveeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeeeeeseseseeseeeseeeeeneneeas 72
3.2.4 Sample Preparation for Solution *H-'H 2D NOESY and ROESY NMR Spectroscopic Studies...... 72
3.2.5 'H-'H 2D NOESY and ROESY NMR Spectroscopic Studies in Organic SOIution ...........cccceeuen... 73
3.2.6  Molecular Mechanics CalCulations .........ccoiuiiiriiiiiieie et 73
3.2.7 Sample Preparation for Reverse Micelle NMR Spectroscopic Studies .......ccccceeeeecvvrrieeeeeeeeeennn. 74
3.2.8 1D 'H NMR Spectroscopic Studies of AOT/Isooctane that contain Menaquinone-2 ................. 74
3.2.9 Sample Preparation for Solution *H-'H 2D NOESY and ROESY NMR Spectroscopic Studies in

REVEISE IMHICEIIES ...ttt ettt ettt et e e st e e st e e e sabe e e sabe e e sabeeesabeeesnbeeesabeeenns 74
3.2.10 'H-'H 2D NOESY and ROESY NMR Spectroscopic Studies in AOT/isooctane w,12 Reverse
IVHCRIIES ... e ettt ettt ettt e s e e sttt e s bt e sa bt e e s bt e e sabe e e sabe e e sabeeeaabeeesabeeeanreeesabeeenns 75
33 RESUIES @NA DISCUSSION ...eieiiiiiiiiieiiieeiiiee e sttt sit e e st ee e st e e sabeeesabe e e sabe e e sabe e e sabeeesabeeesabeeeanbeeesabeeenns 75
3.3.1 1D 'H NMR Spectroscopic Studies of Menaquinone-2 in Different Organic Solvents................ 75
3.3.2 'H-'H 2D NOESY and 'H-'H 2D ROESY NMR Spectroscopic Studies of Menaquinone-2 in de-
D11V Y@ I-T e e P o1V 4 o 1T o =T U PUUURURRN 78
3.3.3 lllustrating Menaquinone-2 Conformations using Molecular Mechanics ..........ccccccvvveeeeeeeeennn. 81
3.3.4 Electrochemistry of Menaquinone-2 in Different Organic Solvents........cccccceeeeveeicciiiieeeeeeeeeen, 84
3.3.5 Interaction of Menaquinone-2 with Langmuir Phospholipid Monolayers...........cccccovveveeeeeeennn. 89
3.3.6 1D 'H NMR Spectroscopic Studies of Menaquinone-2 in Reverse Micelles ..........ococvveeerenn.. 93
3.3.7 'H-'H 2D NOESY and ROESY NMR Spectroscopic Studies of Menaquinone-2 in a Reverse
Micelle Model Membrane SYSTEM ......ciiii it e e e e e et re e e e e e e e e e e e ennnnes 95
3.3.8 Implications of Folded Conformations for Menaquinone Derivatives .........cccccoeecccvvvivieeeeeeeeennn. 98
3.4 SUMMArY and CONCIUSIONS ...uviiiiiiiieeei ittt e e e e e e e ese it rre e e e e e e e e e e e essabsbraaaeeeeaaeeessassnssssseeaeens 103
REFEIEINCES ...ttt et e s e e et e e s bt e e abe e e sab e e e aabeeesabeeesabeeenbeeesabeeeanbeeesabeean 106

Chapter 4: Isolating the Influence of Saturation of the Isoprenyl Side Chain on Menaquinone on

Conformation and Quinone Redox Potential ...............coooiiiiiiiiiiiiii e 111
4.1 Role of Partial Saturation of the Isoprenyl Side Chain of Mycobacterial Menaquinone........... 111
4.2 Materials aNd MEthOOS ....c...eiiiiiieiee et s e e sanee s 116
4.2.1 Materials and General INformation/Methods..........coovviiiiiiiiiieiiieeeeeeeeeeee e e e e e e e eeeeeeeeeens 116
4.2.2 NMR SPECIrOSCOPIC STUAIES .. uutiiiiiiiiieieii ettt ee e e e e e e e ececrrre e e e e e e e e e e e e eabraraeeeeeeeeeeeesansssraeseees 117



4.2.3  Solution 1D 'H NIMR SPeCtroSCOPIC STUAIES......vevierieeeeeeeeeeeeeeeeeeeeeeeeeeee e ereneseesesee e 118
4.2.4 Sample Preparation for 'H-"H 2D NOESY and *H-"H 2D REOSY NMR Spectroscopic Studies ...118
4.2.5 'H-'H 2D NOESY and 'H-"H 2D ROESY NMR Spectroscopic Solution Studies............ccceeueueen... 118
4.2.6 Molecular Mechanics CalCUlations.........cooiciiiiiiiiiiiee sttt e e s e e e s saraeeeesnes 119
4.2.7 Sample Preparation for Reverse Micelle NMR Spectroscopic Studies .......ccccceeeeeeeveccnrnvneennnnn. 120
4.2.8 1D 'H NMR Spectroscopic Studies of AOT/isooctane Reverse Micelles Containing
Menaquinone-1 or MenaquinonNe-1(Ha)....cooi i e e e e e e e e eaaens 120
4.2.9 Sample Preparation for 'H-"H 2D NOESY and 'H-"H 2D ROESY NMR Spectroscopic Studies in
AOT/iSO0CLANE REVEISE IMICEIIES. .cooieeeeeeeeieeeeeeeeeeee et e e e e e e e e e e e e e e e e eee s e e et e et seaaaeaeaaaaasanas 121
4.2.10 "H-'H 2D NOESY and 'H-'H 2D ROESY NMR Spectroscopic Studies in a w, 12 AOT/isooctane
REVEISE IMHCEIIES ... .tiieie ettt et e e et e e e s st e e e s sataeeessanbeeeeesanstaeeessssaeeessnnes 122
4.2.11 Dynamic Light Scattering StUIES .....ccoiieiiciieeeeeee et e e e e e e e e aa e e eeeeas 122
4.3 RESUILS @NA DISCUSSION ...uviviieiiiiiieeeeiiiieeeestiteeessetieeeeesssbeeeeessbeeeeessantaeeessanseneessanseneesssnsseneessnnes 123
4.3.1 1D 'H NMR Spectroscopic Studies of Menaquinone-1 in Organic Solvents............c.cocoeueueen... 123
4.3.2 'H-'H 2D NOESY and 'H-'H 2D ROESY NMR Spectroscopic Studies of Menaquinone-1 and
Menaquinone-1(H,) in ds-pyridine, ds-acetone, and dg-DMSO. ......cccceeeiiiiciiiiiiiiieeeee e 124
4.3.3 lllustrating Menaquinone-1 and Menaquinone-1(H,) Conformations using Molecular
Y =Tol T o ol P UROTURPPN 131
4.3.4 Reactivity of Menaquinone-1 and Menaquinone-1(H,) in Different Organic Solvents:
Yot o Yol s Y=Y o 0 ] o U PURUPPRN: 134
4.3.5 |Interaction of Langmuir Phospholipid Monolayers with Menaquinone-1 and Menaquinone-
{1 PSP 140
4.3.6 1D 'H NMR Spectroscopic Studies of Menaquinone-1 and Menaquinone-1(H,) in Reverse
ol =] =PSRRI 145
4.3.7 'H-'H 2D NOESY and 'H-'H 2D ROESY NMR Spectroscopic Studies of Menaquinone-1 and
Menaquinone-1(H,) in a Reverse Micelle Model Membrane System .........ccccocveeeeeeeeiiiiicnnnns 147
4.4 SUMMArY and CONCIUSIONS ...vviiiiiiiieee e ettt e e e e eeeer et re e e e e e e e e e e e eseabbbraaeeeeaaaeeeseasanssssseeeees 152
T2 {=] =1 oY SRR 157

Chapter 5: Hydrophobicity May Enhance Membrane Affinity and Anti-Cancer Effects of Schiff Base

Vanadium(V) Catecholate COmMPIEXES.........c..uuiiiiiiiiiieiiiiiee et s e e s eree e e s e abee e e s saraeas 161
5.1 Hydrophobic and Redox-Active Vanadium(V) Catecholate Complexes ........cccccceeeeeeeeeeeenccnnnnns 161
5.2 Materials aNd MEthOOS ....c..eiiiiiieiee et e e saree s 166
5.2.1 Chemicals, Biochemicals, and General Methods..........cccoeiiiiiiiiiiiiiiiiiieee e 166
5.2.2  Purification Of NAAOT .....cccoii ittt ettt e et e e sab e e sabeeseabe e e sabeeesabeeesareeas 167
5.2.3 Preparation of AOT/iso-octane Stock Solution and Reverse Micelle Samples..........c.cc.c......... 167
5.2.4 Stability of Probe in Aqueous Solution and Reverse Micelles ..........cccceeeeeeieiiiicciiiiiiieeeeeeeee, 168
5.2.5 'Hand >V NMR Spectroscopic Studies on Reverse MiCellES .........ceeeeeeeeeeeeeeeeererereeeenens 169
5.2.6 Reverse Micelle Sample Preparation for Dynamic Light Scattering (DLS) Studies ................... 169

vii



5.2.7 Dynamic Light Scattering (DLS) M@aSUIr€mMENTS .......cccuurriiieeeeeeeiieiciiiirieeeeeeeeeeeeenrrsreeeeeesaeeeeens 170

5.2.8 Stability Studies by Electronic Absorption SPeCtroSCOPY ..cveeeeeeiieeciiiiiiiiiee e e e et e e e e e 170
5.2.9  CytotoXiCity EXPeIrimMENTS. . i it e e s e e e e e s e e e e e aeba e e e aeeeaes 170
5.3 RESUIES @Nd DISCUSSION ...eeiiiiieiiiieniiieeiiee et et e e sttt e st e e it e e sabe e e sabeeesabeeesabeesanbeeesabeesanbeeesareens 171
o Te TR 3V oYl o =Ty U PR 171
5.3.2 Solubility of Free Ligands and V(V) Complexes and Stability of Free Ligand H,shed and
[V(O),(Hshed)] in Reverse Micelle SAmMPIEs..........uuviiiiiiiiieecciciiieeee e e e e e e enaens 172
5.3.3 "V NMR Spectra of the [V(0)2(HShed)] COMPIEX ......vevveeieeeeeeeeeeeeeeeeeeeeeeeeeee e 173
5.3.4 'H NMR Spectra of [V(0),(Hshed)] and HaShed ........c.oueeeieieeeeeeeeeeeeeeeeeeeeee e 174
5.3.5 NMR Spectra of [VO(Hshed)(dtb)] in Aqueous Solution and in Reverse Micelle Samples....... 177
5.3.6 NMR Spectra of [VO(Hshed)(cat)] in Aqueous Solution and in Reverse Micelle Samples........ 180
5.3.7 Examining the AOT/iso-octane Reverse Micelles Containing H,shed, [V(0),(Hshed)],
[VO(Hshed)(cat)], [VO(Hshed)(dtb)], using Dynamic Light Scattering...........ccccoceeeeeeeeeiiiiccnnnne 182
5.3.8 The Anti-Cancer Effects of V(V) Catecholate Complexes on Bone Cancer Cells (SW1353
Lol | £ TSP UUU P 182
oIS TR T o1 U 11 [ o TP PPN 188
5.4 SUMMArY and CONCIUSIONS ...uviiiiiiieeee e ittt e e e e eeeerecrare e e e e e e e e e e e e seabbbraareeeaaaesesessansssssseaeens 190
REFEIEINCES ...ttt et s e e sttt e s bt e e aab et e s abe e e st e e e sabe e e sateeesnbeeesabeeeanbeeesabeean 192
Chapter 6: Summary, Concluding Remarks, and Future Directions.................cccccceeeeieiiiccciiiiiieeeeeee e, 199
6.1 Summary and Concluding REMATKS .........uuiiiiiiiieee et e e e e e e ee et rbrrre e e e e e e e e e e e esanbrsraeeeeeas 199
6.2 FUTUIE DIF@CHIONS .ttt e e e s s 204
Appendix I: Contributions t0 WOIK ............ocuuiiiiiiiiiiie et s e e e e e s e sabee e e e e areeas 212
REFEIEINCES ...ttt et e s e e sa bt e e s bt e e sa b et e sab e e e aabe e e sabeeeaabeeenbeeesabeeeanbeeesabeean 215
Appendix Il: Supporting Information for Chapter 2...............cccvviiiiiiii e 216
Appendix Ill: Supporting Information for Chapter 3..............ccieiiiiiiii e 274
REFEIEINCES ...ttt et e s e e et e e s bt e e abe e e sab e e e aabeeesabeeesabeeenbeeesabeeeanbeeesabeean 287
Appendix IV: Supporting Information for Chapter 4 .............cccoviiiiiiiiiiecee e 288
REFEIEINCES ...ttt ettt e e st e e st e e s st e e e sabe e e aabe e e sabeeeaateeeanbeeesabeeeanbeeesareean 322
Appendix V: Supporting Information for Chapter5 ...........ccccoiiiiiiiii e 323
REFEIEINCES ...ttt et e s e e sa bt e e s bt e e sa b et e sab e e e aabe e e sabeeeaabeeenbeeesabeeeanbeeesabeean 326

Appendix VI: Synthesis and Characterization of Partially and Fully Saturated Menaquinone Derivatives

=Y =1 €] (oL TN 328

Appendix VII: A Synthetic Isoprenoid Lipoquinone, Menaquinone-2, Adopts a Folded Conformation in
Solution and at a Model Membrane INterface ..........cccccooee it e e 342

=Y =1 €] (oL TN 343

viii



Appendix VIII: Investigating Substrate Analogs for Mycobacterial MenJ: Truncated and Partially
Saturated MENAQUINONES.............viiiiiiiiie ittt ee e et e e s st e e e s sbbeeesssabbeeeesaabeeeesensssaeessnsseeeessnnsens 358

=Y =1 E ] (ol =C TN 359

Appendix IX: Hydrophobicity May Enhance Membrane Affinity and Anti-Cancer Effects of Schiff Base

Vanadium(V) Catecholate COmMPIEXES.........c..uuiiiiiiiiiiiiiiiiie ettt e e s s e e e s e s abee e e e s areeas 380
REFEIEINCES ...ttt et ettt e sttt e s bt e e aab e e e sab e e e aabe e e sabeeeaabeeeanbeeesabeesanbeeesabeean 381
Appendix X: Mycobacterial MenJ: An Oxidoreductase Involved in Menaquinone Biosynthesis.......... 396
REFEIEINCES ...ttt et e s e e et e e s bt e e abe e e sab e e e aabeeesabeeesabeeenbeeesabeeeanbeeesabeean 397
List Of ADDreviatioNns...........oooiiiiiiiii et ettt e sa e st e e e e s e s aare e e saree s 408



Chapter 1: Hydrophobic Redox-Active Molecules of Biological

Importance

1.1  Lipoquinones and The Electron Transport System

The first class of redox-active and hydrophobic compounds explored in this dissertation are
menaquinones (MK). Quinones are a unique type of o,f-unsaturated ketones existing as
metabolites in numerous pathways where they have many functions in nature.® The importance
of quinone chemistry has been recognized since the mid-1800s. Quinone containing compounds
can be anti-oxidants, anti-tumoral or carcinogenic agents and are the inherent components of
biological systems such as photosystem 11.°* Two major structural groups of lipoquinones (lipid
containing a quinone moiety) are recognized; ubiquinones (or benzoquinones, UQ) typically
found in eukaryotes and Gram-negative prokaryotes and MK (or naphthoquinones) typically
found in Gram-positive prokaryotes, including many pathogens such as Mycobacterium
tuberculosis (M. tuberculosis). The roles and applications of lipoquinone derivatives are currently
being explored where a range of different approaches are used for combatting human diseases.”
% MKs are essential components of the respiratory electron transport system (ETS), where they
shuttle electrons and protons between protein complexes by acting as electron donors and
acceptors (Figure 1.1.1).° The 1943 Nobel Prize in Physiology or Medicine was awarded to Henrik
Dam and Edward Doisy for the discovery and characterization of vitamin K (a MK), a key cofactor
in blood coagulation.? Interestingly, MKs role in humans as a blood coagulation factor (MK-4) is

vastly different from its role as an electron transport lipid within bacteria (MK-9 or MK-9(lI-H,).



The structurally similar lipoquinone, UQ-10, is a component of the ETS in mammals and bacteria
and participates in aerobic cellular respiration, which generates energy in the form of ATP within
cellular membranes. The interest in and the importance of MK/vitamin K, its derivatives and

vitamers (e.g., vitamins K3, K, and K3) has remained strong since the discovery of Vitamin K.

(A) Schematic of Mitochondrial Inner- (B) Schematic of Mycobaterium tuberculosis (C) Schematic of Chloroplast Electron
Membrane Electron Transport System Q-Loop Electron Transport System Q-Loop Transport System Q-Loop

NADH Dehydrogenase Il cmnmmammmmm Pl sytbyf

{/J(

@@d“’“ i}f““

Figure 1.1.1 Partial schematic of the eIectron transport system of (A) mltochondrla, (B) Gram
positive bacteria, and (C) chloroplast. Schematic outlines the importance of each specific
lipoquinone within each electron transport system. Figure was adapted from Kurosu et al,
Rochaix, and Peters.?%

MKs are structurally characterized by a naphthoquinone moiety and a repeating hydrophobic
isoprenyl side chain of varying length and degree of saturation (Figure 1.1.1), where the latter is

2324 1t is important to know

a characteristic that has long been used to assist taxonomic efforts.
whether the evolutionarily conserved structural traits of lipoquinones are related solely to redox
functioning properties, or related to recognition by respiratory enzymes in the ETS, or due to
interactions with other lipids within the cellular membrane, or a combination. Textbooks often
represent UQ and MK simply as “Q” or “MQ” in illustrations of the ETS and in primary literature

2527 The extended

they are generally shown in an extended conformation (Figure 1.1.2).
conformation of these long hydrophobic MK molecules seems highly unlikely (Figure 1.1.2) in

light of the one-step cyclization of squalene epoxide, a long isoprenoid compound containing six

isoprene units, to form the protosterol cation, which contains the basic steroidal ring system with

2



eight chiral centers.”®?

Woodward reported the cyclization of this polyisoprenoid squalene
epoxide forming only one stereoisomer out of the possible 256 (2%) in 1953.%%° The
stereospecificity of this reaction requires preorganization of the epoxide before protonationin a
specific conformation, and such a conformer is not the extended conformation commonly
depicted in the literature. In addition, MK-9 and UQ-10 are too long to be accommodated within

the hydrophobic region of the phospholipid bilayer unless the isoprenyl side chain is folded

(Figure 1.1.2).

(A) Flat-extended MK-9

bt <
¢ &« Y @ 0 ¢ o - & < "
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(B) Folded ”Ball” MK-9 (C) UQ-10 in a Phospholipid bilayer

Figure 1.1.2 lllustration of (A) a flat-extended conformation of MK-9 (B) a folded ball
conformation of MK-9 obtained from a simple molecular mechanics simulation followed by an
energy optimization carried out on a flat-extended MK-9 conformation and (C) Ubiquinone-10
(UQ-10) in a phospholipid bilayer adapted from Trumpower.*



Currently, there are various MK compounds known with interesting biological activities. The
most widely known MK compound is Vitamin K, (or MK-4), which as mentioned previously is
essential for life in humans as it is a key cofactor in blood coagulation.’® MK-4 was recently shown
to be biosynthesized in humans®’ and as a part of the ETS in Drosophila.'® MK-4 has been the
subject of interesting reports demonstrating its biological roles and applications over the last ten
years.'®!” 3132 The second most widely known MK compound is Vitamin Kj, also known as
phylloquinone, which is found in green plants, contains four isoprene units with the terminal
three saturated and functions as an electron acceptor during photosynthesis within photosystem
. The simplest 1,4-naphthoquinone derivative known lacking the isoprenyl side chain is Vitamin
Ks (or menadione) and has been reported to have significant anti-tumoral properties.” N-
alkylated MK derivatives have also been synthesized and characterized in literature with several

exhibiting interesting biological properties.>*?’

In 2017, the potent cyclic peptide antibiotic,
Lotilibcin, was demonstrated to be effective against Gram-positive bacteria including methicillin-
resistant Staphylococcus aureus (MRSA).*® Interestingly, the activity of Lotilibcin was attributed
to lysis of the bacterial membrane, where its membrane disrupting effects depended on the
presence of MK, and leaves the question if other MK derivatives produce the same membrane
disrupting effect in the presence of Lotilibcin.® This report underlines the importance in
understanding the relationship between MK structure, its biological role, and biological function.

MK analogs that contain partially and fully saturated isoprenyl side chains of various lengths
are found in eubacteria and Archaea. These characteristics are evolutionarily conserved and have
23-24, 39

long been used in taxonomic classification efforts and phenotypic organization of bacteria.

MK analogs with one or more saturated isoprene units are found in some members of Gram-



23, 39-41

positive and Gram-negative bacteria. In contrast to partial saturation, the fully saturated

MK-7(14H) has been observed in Archaea, which are single-celled microbes that typically live in
extreme environments and were recently shown to comprise part of the human microbiota.**™**
It is thought that the full saturation of the isoprenyl side chain observed in Archaea makes the
cellular membrane more tolerant to extreme environments (e.g., high temperature, high salinity
and low/high pH).42 Thus, many MK homologs that contain various degrees of saturation in their
isoprenyl side chains have been isolated but there is a limited understanding of the role or
function of the partially saturated MK derivatives.*>*

The conformation of the isoprenoid moiety in MK derivatives is likely important to its function
as an electron transporter molecule and its other important biological roles. The shape, and thus
the conformation of these molecules is relevant for molecular recognition motifs and the
processing of these molecules within the membrane by respiratory enzymes. Currently, little
information is available regarding the conformation of MKs in solution or within cell membranes
and how partial saturation of the isoprenyl side chain on MK affects conformation and quinone
reactivity, even though the structures and biological significance of lipoquinones and isoprenoids

have been known for over 50 years.® 2> 3% 454

It is a well-known fact that evolutionary conserved
structural differences in lipoquinone head group alter quinone redox potential® but it remains
unknown how partial saturation of the isoprenyl side chain affects quinone redox potential.
Partial saturation of the isoprenyl side chain may affect electron transfer efficiency within the
membrane of M. tuberculosis. The conformation and electronic properties of a molecule can

affect both the reactivity and function of a molecule in solution and within biological

environments and it may be possible that the conformation of the isoprenyl side chain could



affect the quinone redox potential of MK. Alternatively, partial saturation could be solely
responsible for recognition by respiratory enzymes and may have no influence on redox potential
and electron transfer efficiency within the ETS.

Importantly, the longer partially saturated isoprenyl side chain MK analog, MK-9(lI-H,) (Figure
1.1.3) is an electron transporter within M. tuberculosis and the synthesis of MK-9(lI-H,) was found

15, 48

observed in pathogenic M. tuberculosis. Menl is an oxidoreductase that selectively saturates

the second isoprene unit of MK-9 (Figure 1.1.3) and mycobacterial electron transport efficiency

d.™ * Thus, the role of the partially

was decreased 3-fold when Men) expression was disrupte
saturated MKs should be determined, where partial saturation of the isoprenyl side chain may
be essential for proper substrate recognition by respiratory enzymes, or may enhance electron

transfer efficiency with the ETS or may be a novel virulence factor. *®

Studies are ongoing to
determine whether partially saturated MKs or Men)J are virulence factors for mycobacteria. Men)
is a contextually essential enzyme and may provide a realistic target for therapeutic drug
development. Partial saturation of MK in these biological systems appears necessary for other

.3 %8 | addition to mycobacteria, partially saturated MK analogs

organisms to survive as wel
have been reported in other organisms such as members of the genera Streptomyces and
Actinomadura to name a few.*® These selected examples demonstrate a need to understand the

role and necessity of partial saturation observed in the isoprenyl side chain of MK observed

within different organisms.



(A) Men] is a novel Mycobacterium tuberculosis reductase (B) Mycobacterium tuberculosis (Mtb) survival in macrophages
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Figure 1.1.3 lllustration of (A) selective MenJ catalyzed reduction of MK-9 to MK-9(lI-H;) in the
presence of FAD and NADH and (B) Mycobacterium tuberculosis survival inside macrophages
expressing MenJ and with a MenJ knockout. Adapted from Upadhyay et al.™

Importantly, it is unclear whether hydrogenation of the double bond in specific isoprene units
changes the reactivity of the quinone system found within MK. The double bonds present within
the isoprenyl side chain are not conjugated to the quinone system within MK. Therefore, it would
not be anticipated that a significant change in the quinone redox potential would occur upon
reduction of an isoprenyl unit. However, it has been reported that even when there is no direct
conjugation between the quinone system and a substituent group, electrochemical reduction of
the quinone system is sensitive to the electronic perturbation of the substituents.! Thus, it is
possible that partial saturation in the isoprenyl side chain could influence the quinone redox
potential, where an indirect through bond effect could be a contributing factor and/or
conformational effects of the substituent. This indirect through bond effect could explain
saturation of the first isoprene unit that is only 4-5 carbons from the quinone moiety. However,
it is unlikely that an indirect through bond effect could exist across 10 carbons as in the case
when the second isoprene unit of MK-9 is saturated. It is more likely in this scenario that a

conformation effect could be responsible or some other unrecognized mechanism. If a small

change in redox potential was observed upon saturation of a double bond in the isoprenyl side



chain of MK, it could be biologically important and could reflect the biological function of these
molecules.

Access to MK compounds that contain a varying number of isoprene units and degrees of
saturation in the isoprenyl side chain is crucial for a fundamental understanding of the chemistry
of MK. Unfortunately, most of these MK analogs are not commercially available but fortunately
can be accessed through chemical synthesis. With these compounds in hand, the effects of
conformation and saturation of the isoprenyl side chain can be isolated and their influence on
quinone redox potential can be determined. Carrying out electrochemistry experiments to
determine the quinone redox potential of these MK derivatives with varying number of isoprene
units and degrees of saturation in the isoprenyl side chain will allow us to examine our hypothesis
that saturation of the isoprenyl side chain can affect MK quinone redox potential. These results
will shed light on the perplexing biological activity exhibited in MenJ knockout mutants of M.
tuberculosis that can no longer survive inside macrophages and have reduced electron transport

15, 48

efficiency. Importantly, partial saturation of MK is observed in a pathogen that is responsible

for the infection of ~1/3 of the global human population and the deaths of ~1.3 million people
annually.™ #**°

The physiologically relevant environment for MKs is in association with hydrophobic
membranes; therefore, it is important to study the interaction and conformation of MKs within
model membrane systems. Several membrane models exist including Langmuir monolayers,

liposomes, micelles, and reverse micelles (RM) (Figure 1.1.4).°°°°

Each model system has
advantages and disadvantages, and we have chosen herein to investigate mainly the RM system

because RMs are well characterized, well behaved, and allow for determination of molecular



placement, orientation, and conformation of MK derivatives with regard to the membrane

interface.”®>®
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Figure 1.1.4 Schematic diagram of a reverse micelle present in a microemulsion. Labelling for the
reverse micelle is as follows: (A) the water pool, (B) the Stern layer, (C) the hydrophobic
surfactant tails, and (D) the organic solvent, isooctane. Figure adapted from Koehn et al>’

One major objective herein was to characterize the molecular details of MKs association with

membrane-like interfaces. Therefore, we used a RM model membrane system to determine the

55, 58-62

location and conformation of MK derivatives (Figure 1.1.4). In a RM system, a ternary

microemulsion system forms when a surfactant is dissolved in an organic solvent and the addition

of water creates nanosized water droplets encased in surfactant (such as Aerosol-OT (AOT)).**>%

®1-64 This dynamic, yet simple, model can provide molecular detail on location and conformation



of MK at an interface using NMR spectroscopy.®” ®°®

The use of phospholipids such as
dipalmitoylphosphatidylcholine (DPPC) have overlapping hydrogen signals with key MK hydrogen
signals making interpreting conformational information very complex by NMR spectroscopy
unless expensive deuterated lipids are used. RM systems provide information regarding the
location, conformation, and physical interactions of MK lipids with membrane-like interfaces,

which allowed us to examine our hypothesis that MKs adopt folded conformations within

membrane-like environments.

1.2 Hydrophobic Vanadium(V) Catecholates Containing Redox-Active Ligands-

The second class of redox-active and hydrophobic compounds explored in this dissertation
are vanadium(V) catecholate complexes. Medicinal applications of metal complexes in the past
has been dominated by the anti-cancer platinum drugs, as well as a range of complexes used for

97> However, several additional metal-

imaging diagnostics and nuclear medicinal applications.
based classes of complexes have been of interest for decades and are increasing in importance.
Anti-cancer activities of vanadium compounds have generated recent interest because of a
combination of desirable properties for chemotherapy, i.e., strong cytotoxicities, anti-metastatic
activities and relatively low systemic toxicities. Certain hydrophobic vanadium(V) Schiff
base/catecholate compounds display a range of interesting redox properties and, as shown
herein, have increased stability in aqueous media and affinity for membrane interfaces (Figure
1.2.1). Depending on their hydrophobicity, the V-complexes may be able to enter cells intact due

to increased hydrolytic stability imparted by the steric bulk and hydrophobic repulsion by an

appropriately substituted catechol ligand (Figure 1.2.2).
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Figure 1.2.1 Structures of various mixed ligand Schiff base vanadium(V) catecholate complexes
with different substituted catechol ligands.
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Figure 1.2.2 lllustration showing solvent accessible volume for the two V-complexes,
[VO(Hshed)(catechol)] (left) and [VO(Hshed)(ditertbutylcatechol)] (right). Steric bulk imparted by
the hydrophobic ditertbutylcatechol (dtb) ligand may increase hydrolytic stability allowing the V-
complex to enter cancer cells intact and exhibit potent cytotoxicity toward the cancer cells.”®
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Vitamins and nutritional additives often include metal-ion containing supplements.
metal complexes can contain hydrophobic ligands, which can make solubility in biological
systems challenging. However, the large number of different formulations for iron and vanadium
are testament to the existence of a range of methodologies that can be applied to increase the
efficacy of absorption.82 Furthermore, Lipinski’s rules® based on an empirical and statistical

evaluation of efficacy suggest that statistically successful drugs are of certain size,

11



hydrophobicity, polarity, or reactivity, which thus limits the chemical space to search for available
drugs. However, some of the more successful drugs do not follow these empirical rules, such as
cisplatin; therefore, drug and supplement design continues to include the entire chemical space.
For example, recent investigations have introduced promising hydrophobic titanium and

vanadium drugs.?*%®

The water solubility of these compounds and other hydrophobic drugs is
very limited, and as a result, the methods for in vivo studies with these compounds involve
dissolving the compounds in methanol, ethanol, or DMSO or dissolution in assays containing
surfactants and/or DMSO. Direct injection of the V-complex into the tumor via endoscopy would
circumvent solubility and delivery issues of the drug. These hydrophobic V-complexes show
promise as potential metallo-drug candidates. Therefore, the cytotoxicity in cancer cell lines and

the stability/degradation of hydrophobic V-complexes in model membrane systems will be

determined and discussed herein.

1.3 Dealing and Working with Poorly Soluble and Hydrophobic Molecules

Generally, most biologically relevant environments are aqueous based and are hydrophilic in
nature. This presents certain challenges for studying molecules that are native to hydrophobic
environments such as within a lipid bilayer as they are generally very hydrophobic molecules and
sparingly soluble, if at all. Not only does this make solubilizing the hydrophobic compounds a
challenge in aqueous systems, it is also imperative to study the hydrophobic compounds in
environments that resemble their native environment as well, such as in systems that mimic

biological environments. For example, carrying out electrochemical analysis in hydrophobic

12



environments such as in organic solvents or within model membrane systems like micelles,
liposomes, or reverse micelles.

Problems and challenges faced can consist of solubility affecting interpretation of enzymatic
assay results where the researcher is not able to test native substrates. This problem can usually
be circumvented by using surfactants and/or DMSO (Figure 1.3.1) to assist in solubilization when
the compound is not too hydrophobic. The interaction between a hydrophobic solid (insoluble
drug) with the hydrophobic tails of dissolved surfactant decreases the energy required to wet
and dissolve the solid, thereby increasing drug solubility.?’ Further enhancement of solubility can
be achieved through subsequent partitioning of dissolved species into the hydrophobic core of
surfactant micelles.?? The naturally occurring lipoquinones discussed herein generally have
longer isoprenyl side chains and very low water solubility, which causes problems for evaluation
in biological assays; therefore, the use of truncated MK derivatives can circumvent solubility
issues in aqueous assays and activity can then be measured. This trait allows rigorous
characterization of truncated MKs in aqueous assays where the analysis of native substrates (e.g.,
MK-9 or UQ-8) was not possible due to the lack of solubility even with the use of detergents and
DMSO0.* The use of surfactants or DMSO can create problems such as denaturing proteins or
slowing catalytic activity of enzymes or may even alter the conformation of some molecules and
therefore, these problems should be taken into consideration. Poorly soluble and hydrophobic
drugs can present difficulties in delivering the drug to the desired biological target. Drug
formulation chemistry has made great strides in developing methods for effective drug delivery
such as the use of liposomes or vesicles to deliver drugs. Drug formulation can be avoided all

together if an alternative approach is used. For instance, direct injection of the drug to the
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biological target would help circumvent formulation and stability issues. This method would be
advantageous for compounds like the hydrophobic and unstable vanadium(V) catecholate
complexes outlined in the previous section. One could envision preparing a fresh solution of
intact V-complex right at the bedside of the patient and then direct injecting the cytotoxic
solution into the tumor via endoscopy to exhibit a cytotoxic effect.

(A) Surfactant monomer

Hydrophilic head Hydrophobic tail

(B) Types of Surfactants
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Sodium dodecylsulfate (SDS) S A TR T A e Tef‘ éa N a®
0]

Cationic X

Lo D
Cetyltrimethyl ammonium bromide (CTAB) \/\/\/\/\/\/\/\/N\@ Br

O
Amphoteric /\/\/\/\/\/\/\)j\
Dipalmitoylphosphatidylcholine (lecithin) (@)
®
/\/\/\/\/\/\/\H/O% _OCH,CH,N(CH3)3
5 Boo
Nonionic

Polyoxyethylene 4 lauryl ether \/\/\/\/\/\/O\/\O o, 0 o 0 ~_-OH

Figure 1.3.1 lllustration of (A) a surfactant monomer and (B) examples of different types of
surfactant molecules. Figure adapted from Poorly Soluble Drugs. Dissolution and Drug Release.®

In summary, although organic compounds or metal complexes that are very hydrophobic and
poorly soluble in aqueous systems present unique challenges, sufficient workarounds exist such
as the use of surfactants or DMSO for solubilizing the compounds. These compounds should also
be studied in their native environments such as in hydrophobic solvents or model membrane

systems. However, care should be taken to make sure the use of such systems to aid in

14



solubilizing the compounds does not alter the experimental results and if they do, interpretations

and conclusions should be made with such an understanding.

1.4 Studies of the Subsequent Chapters

Within these studies, the synthesis and investigation of two classes of biologically important,
hydrophobic, redox-active molecules is explored. Chapter two describes the synthesis and
characterization of truncated MK derivatives with varying isoprenyl side chain length and degrees
of saturation. Chapter three explores the conformational flexibility of the isoprenyl side chain of
MK and shows that a truncated MK analog, MK-2, can adopt folded conformations in
hydrophobic environments and within a model membrane system. Chapter four isolates the
conformational and chemical effect of saturation of the isoprenyl side chain on MK and shows
that saturation minimally affects folded conformations of truncated MK derivatives but
remarkably, a 20 mV redox potential difference was observed between unsaturated MK-1 and
the saturated analog MK-1(H,). Then in chapter five, hydrophobicity and steric bulk are explored
as properties to enhance membrane affinity and anti-cancer properties of Schiff base
vanadium(V) catecholate complexes, where the hydrophobic [VO(Hshed)(ditertbutylcatechol)]
complex was found to have enhanced hydrolytic stability and potent activity against a bone
cancer cell line. Finally, chapter six contains concluding remarks and future directions or studies

that the author believes should be carried out.
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Chapter 2: Synthesis and Characterization of Menaquinone Derivatives

2.1  Synthesis of Truncated Menaquinone Derivatives

Menaquinones (or naphthoquinones, MK) belong to the class of lipoquinones, which are a
type of lipid-quinone containing isoprenoids that have a variety of biological roles. These
molecules contain both a redox active quinone moiety and a hydrophobic repeating isoprenyl
side chain of varying length and degrees of saturation (Figure 2.1.1) depending on the organism.
Although the naturally occurring lipoquinones generally have longer isoprenyl side chains, these
MK analogs have very low water solubility, which causes problems for biological assays;
therefore, the use of truncated MK derivatives can circumvent solubility issues in aqueous assays.
The 1943 Nobel Prize in Physiology or Medicine was awarded to Henrik Dam and Edward Doisy
for the discovery and characterization of vitamin K (a MK), a key cofactor in blood coagulation.2
The interest in and the importance of MK/vitamin K, its derivatives and vitamers (e.g., vitamins
K1, K, and K3) has remained strong. Vitamin Kj, also known as phylloquinone, is found in green
plants, contains four isoprene units with the terminal three saturated and functions as an
electron acceptor during photosynthesis within photosystem 1.> Vitamin K, also known as
menaquinone-4 (MK-4), has been the subject of interesting reports demonstrating its biological
roles and applications over the last ten years.4'7 Vitamin K3 (or menadione) is the simplest 1,4-
naphthoquinone derivative that lacks the isoprenyl side chain and non-naturally occurring N-

8-12

alkylated MK derivatives have also shown interesting biological properties.” " These examples of

'This chapter is published in part or in full in ACS Omega.’
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different biological MK analogs underline the importance in understanding the relationship

between MK structure, its biological role and biological function.

(A) (B) (C)

o] o (o]
QO™ 2 QO
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Menaquinone-9(ll-H;) Menagquinone-1 Menaquinone-1(H,)
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Menaquinone-3 Menaquinone-3(lI-H3) Menaquinone-3(1,I1,1II-Hg)

Figure 2.1.1 Structures of unsaturated and partially and fully saturated MK derivatives explored.

MK analogs that contain partially and fully saturated isoprenyl side chains of various lengths
are found in eubacteria and Archaea. These characteristics are evolutionarily conserved and have
long been used in taxonomic classification efforts and phenotypic organization of bacteria.’**®
MK analogs with one or more saturated isoprene units are found in some members of Gram-
positive and Gram-negative bacteria and therefore, the systematic preparation and
characterization of a few selected truncated partially and fully saturated MK derivatives are

14-17

described in this chapter. In contrast to partial saturation, the fully saturated MK-7(14H) has

been observed in Archaea, which are single-celled microbes that live in extreme environments

18-19

and interestingly, comprise part of the human microbiota. It is thought that the full saturation

of the isoprenyl side chain observed in Archaea makes the cellular membrane more tolerant to
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extreme environments (e.g., high temperature, high salinity and low/high pH).'® Thus, many MK
homologs that contain various degrees of saturation in their isoprenyl side chains have been
isolated but there is a limited understanding of the role and function of the partially saturated
MK derivatives.’® ?° Menaquinone-9(ll-H,) (abbreviated as MK-9(II-H,), Figure 2.1.1A), which is
saturated at the second isoprene, has been observed in a number of bacteria including

Mycobacterium phlei and pathogenic M. tuberculosis.** **7 2122

The biological significance of
partial saturation of MK-9 has remained unclear 50 years after its first description.’® Interestingly,
the synthesis of MK-9(lI-H,) catalyzed by the enzyme MenJ was observed in M. tuberculosis and
when Men) was muted, M. tuberculosis survival in host macrophages was lost and electron
transfer efficiency decreased 3-fold; therefore, the role of MenJ and MK-9(lI-H,) in tuberculosis
disease progression should be investigated.”®

Part of our ongoing studies includes why partial saturation of MK-9 is observed in pathogens
such as M. tuberculosis.”® Therefore, we needed access to MK analogs containing partially and
fully saturated isoprenyl side chains. However, they are generally not commercially available nor
sold as a mixture of geometric isomers as in the case of vitamin K;. The potential for formation
of cis and trans MK isomers and the separation and characterization of these geometric isomers
is sometimes overlooked in literature but it is critical for their applications in biological systems.
The use of cis/trans MK mixtures in biological systems would lead to inaccurate biological
activities. Recently, the separation and NMR analysis of cis/trans mixtures of the dietary
supplement menaquinone-7 (MK-7) was reported demonstrating the importance in
understanding the different chemical, biochemical, conformational, and physical properties

24-25

exhibited between cis and trans MK isomers. Truncated MK analogs (i.e., 1-3 isoprene units)
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have the advantage of being less hydrophobic, which can improve their biological activity
compared to longer isoprenyl MK analogs (e.g., MK-7 and MK-9) and can be prepared using
similar methodology described in this chapter and reports elsewhere.?®*’

In this chapter, we present the synthesis and characterization of eight truncated isoprenyl
side chain MK derivatives of varying chain length and degrees of saturation (Figure 2.1.1), as well
as separated and characterized geometric isomers formed in the reactions. We have adopted the
simple naming system where menaquinone-2 with a saturated double bond at the second
isoprene unit is denoted as menaquinone-2(ll-H,) and abbreviated as MK-2(ll-H,), where I
denotes the second isoprene unit and H, denotes saturation of one double bond (Figure
2.1.1E).*> ?® This naming system follows for higher degrees of saturation such as menaquinone-
2(1,11-H4) that is saturated at isoprene’s | and Il and menaquinone-3(1,11,111-Hg) that is saturated at
isoprene’s I, Il, and Il (Figure 2.1.1F,1l). Although MK-2(lI-H;) and menaquinone-3(lI-H;)
(abbreviated as MK-3(lI-H,)) are known in literature reports mostly in the 1950s**** and MK-2(lI-
H,) was considered in a computational model study,? there are no modern syntheses reported
and these analogs have not been extensively characterized nor have their geometric isomers
been resolved and characterized in literature. Evidence supports the trans MK isomer as the only
biologically active isomer.”’” Therefore, the separation and isolation of geometric isomers of MK
derivatives is critical when testing these compounds in biological assays.

The synthesis and characterization of truncated isoprenyl MK analogs such as the two novel
fully saturated MK derivatives described in this work is important for understanding their
requirement in biological systems, as little is known about their physical properties, reactivity nor

3D-conformation within solution or cell membranes. Access to these truncated MK analogs in

24



pure geometric form is critical considering the recent discovery and timeliness for understanding
why partially saturated MKs (e.g., MK-9(lI-H,), Figure 2.1.1A) are observed in pathogenic M.
tuberculosis, when currently around one-third of the world’s population is infected with

Tuberculosis (TB) and over 1.3 million people worldwide die annually from TB.*°

2.2  Materials and Methods

2.2.1 Materials and Information

Menadione (crystalline), sodium hydrosulfite (85.0%), 1,4 dioxane (anhydrous, 99.9%), BF3
etherate (246.5%), Luperox A98 benzoyl peroxide (>98%), methanol (99.9%), magnesium
(powder, 299%), polyene carbonate (anhydrous, 99.7%), n-heptane (anhydrous, 99%), ethyl
acetoacetate (299%), tert-Butanol (ACS reagent, 299%), Red-Al® sodium bis(2-
methoxyethoxy)aluminium hydride solution (vitride reagent, 260 wt. % in toluene), sodium
iodide (anhydrous, free-flowing, Redi-Dri™, ACS reagent, 299.5%), potassium permanganate (ACS
reagent, 299.0%, low in mercury), potassium tert-butoxide (reagent grade, 298%), sodium
bicarbonate (ACS grade), potassium hydroxide (ACS reagent, 285%, pellots), sodium methoxide
(purum, 297%), aluminum oxide (activated neutral, Brockman |, standard grade, ~150 mesh, 58
R), potassium carbonate (ACS reagent, anhydrous, 99.0%), farnesol (95%), 3,7-dimethyl-1-
octanol (298%), (+)B-citronellol (95%), methanesulfonyl chloride (299.7%), ammonium formate
(97%), celite® 545 filter agent, Pd/C (10% Pd basis), trimethylamine (299%), GC grade n-pentane,
benzene, and triethyl phosphonoacetate (98%) were purchased from Sigma-Aldrich and were
used as received unless otherwise noted. 3,7-Dimethyl-1-octen-3-ol (isophytol) was purchased
from Santa Cruz Biotechnology. Ultra-high purity argon gas (99.9%) was acquired from Airgas.

SiliCycle®SiliaFlash® F60, 43-60 pm 60 A silica gel was purchased from SilliCycle. Anhydrous
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sodium sulfate (Certified ACS, Granular), HPLC grade ethyl acetate (EtOAc) and HPLC grade
dichloromethane (DCM) stabilized with 50 ppm amylene (unstabilized DCM can degrade
menaquinones) was purchased from Fisher Chemical. Merck TLC Silica gel 60 F,s54 TLC plates and
GC grade acetone were purchased from Merck. Washed sea sand was purchased from Fisher
Scientific. Hydrofluoric (HF) solution (48 wt. %) was purchased from Mallinckrodt
Pharmaceuticals. Deuterated NMR solvents of CDCl; (chloroform-d, 99.8% atom % D),
dimethylsulfoxide (DMSO) (D 99.9%, + 0.05% V/V tetramethylsilane), and C¢Ds (benzene-de,
99.6% atom % D) were acquired from Sigma-Aldrich. Distilled Deionized Water (DDI H,0) was
purified with a Barnstead E-pure system (18.2 MQ-cm). Absolute ethanol was acquired from
Pharmco-Aaper.

All non-aqueous reactions were carried out under an atmosphere of argon in flame-dried
glassware and were stirred on a magnetic stir plate using anhydrous solvent unless otherwise
noted. All solvents were purchased from commercial sources and either used directly or after
drying. Solvents were dried either by passing through an alumina drying column (Solv-Tek Inc.)
under argon pressure (i.e. benzene, methanol, and trimethylamine), or by passing through a
column packed with activated neutral alumina under argon pressure (i.e. n-pentane), or dried
over activated 3 A molecular sieves for 48-72 h under argon atmosphere (i.e. tertbutanol, 10 g
sieves / 100 mL solvent).>” Reactions were monitored by thin layer chromatography (TLC) on
Whatman Partisil® K6F TLC plates (silica gel 60 A, 0.250 mm thickness) or Merck TLC Silica gel 60
Fs4 plates and visualized using a UV lamp (366 or 254 nm), Seebachs stain (and heated to
visualize), or KMnO, stain (and heated to visualize) and preparative TLC was carried out using full

size 20 X 20 cm Merck TLC Silica gel 60 F,s4 plates and visualized using a UV lamp. Products were
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purified by flash chromatography (SiliCycle®SiliaFlash® F60, 43-60 um 60 A). Yields refer to dried,
chromatographically and spectroscopically (*H NMR) homogenous materials unless otherwise
noted. All chemicals were used without purification unless otherwise noted. *H and *>C spectra
were recorded on a 400 MHz Varian Model MR400 or a Bruker Model Avance Neo400 equipped
with BBFO smart probe operating at 400 MHz or 101 MHz, respectively. Chemical shift values (6)
are reported in ppm and referenced against the internal solvent peaks in 'H NMR (CDCls, & at
7.26 ppm; benzene-dg, § at 7.16 ppm) and in >C NMR (CDCls, & at 77.16 ppm; benzene-ds, & at
128.06 ppm). All NMR spectra were acquired either at 25 or 26 °C. Integral values were
determined using standard, uncalibrated NMR experiments and should be viewed accordingly.
'H NMR spectra are reported as follows: chemical shift (multiplicity, coupling constant,
integration). The following abbreviations are used to indicate multiplicities: s, singlet; d, doublet;
t, triplet; q, quartet; m, multiplet; br, broad. NMR spectra were processed using MestReNova
version 10.0.1. or 12.0.2. Details of NMR experiments are provided in representative

experimental sections and captions of figures.

2.2.2 NMR Spectroscopic Studies

Synthesized compounds were dried under vacuum for ~2-4 days (~150-200 mTorr) unless
otherwise noted to ensure as much residual solvent from purification was removed as possible.
Samples for NMR studies were prepared immediately prior to running the samples using
deuterated solvents sealed under inert atmosphere in glass ampules. The NMR sample solutions
were placed under an argon atmosphere immediately, capped, and then spectra were acquired
unless otherwise noted. NMR samples of MKs were protected from light by wrapping the samples

in aluminum foil while not in the NMR instrument due to potential degradation; however, we
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have not observed degradation due to light exposure. *H and **C spectra were recorded using a
Varian Model MR400 or a Bruker Model Avance Neo400 equipped with BBFO smart probe and
automated tuning module (ATM) operating at 400 MHz or 101 MHz, respectively. ‘H and *C
spectra were recorded using a Varian Model MR400 or Model Inova400 operating at 400 MHz
and 100 MHz, respectively. Chemical shift values (8) are reported in ppm and referenced against
the internal solvent peaks in *H NMR (dg-DMSO, & at 2.50 ppm, CDCls, § at 7.26 ppm; benzene-
de, & at 7.16 ppm) and in >C NMR (ds-DMSO, & at 39.52 ppm, CDCls, & at 77.16 ppm; benzene-ds,
6 at 128.06 ppm). All NMR spectra were recorded at either 25 or 26 °C. NMR spectra were
processed using MestReNova version 10.0.1. or 12.0.2. See Supporting Information for 1D & 2D

NMR spectra and NMR experimental details.

2.2.3 Mass Spectrometry and Elemental Analysis

High resolution mass spectrometry (HRMS) experiments were conducted either on an Agilent
6224 TOF LC/MS (O-TOF) interfaced with Direct Analysis in Real Time (DART) source (lonSense
DART-100) or were conducted on a Bruker MaXis TOF MS (Q-TOF) interfaced with DART source
(lonSense DART-SVP) or were conducted on an Agilent 6220 TOF LC/MS (“OTOF”) interfaced to
an Agilent 1200 HPLC with electrospray (ESI) mode. Low resolution mass spectrometry (LRMS)
experiments were conducted by Electron Spray lonization Mass Spectrometry (ESI) on an Agilent
technologies 6130 Quadrupole LCMS. A standard of Jeffamine was used as an internal standard
calibration for HRMS DART experiments carried out in positive mode. Combustion elemental

analysis was carried out by ALS Environmental located in Tucson, AZ.
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2.2.4 Preparation of Menaquinone-1
2-methyl-3-(3-methylbut-2-en-1-yl)naphthalene-1,4-dione, MK-1 (2.4). Menadiol (2.2) was
synthesized as previously described®® from menadione (2.1) and MK-1 (2.4) was synthesized
previously.38 However, here the reaction to form MK-1 (2.4) was scaled up and characterization
reported data in CDCls. To a 100 mL Schlenk flask was added a stir bar, EtOAc (16 mL), and 1,4
dioxane (16 mL), which was then purged/evacuated with argon repeatedly. Then, crude menadiol
(2.2) (2.50 g, 4:1 menadiol:menadione by NMR integration, note that menadiol is prone to auto-
oxidation in CDCl3z, 11.48 mmol) was added followed by 3-methyl-2-buten-1-ol (2.3) (1.08 g, 12.52
mmol) and then dropwise addition of distilled BF; etherate (0.8 mL). The reaction solution turned
dark orange and was refluxed at 70 °C for 3 h under argon. The reaction was quenched with ice-
H,0 (100 mL) and then extracted with diethyl ether (3 x 100 mL). The yellow organic extracts
were washed with sat. NaHCO3 (100 mL), washed with brine (100 mL), dried with anhydrous
Na,SOg4, and then concentrated under reduced pressure at ambient temperature to yield 3.50 g
of crude red oil. The crude oil was purified by flash column chromatography (1000 mL of 230-400
mesh Si0O,, 70 mm column, 20:1 n-pentane/EtOAc). The red oil obtained was dried under reduced
pressure (~125 mTorr) overnight to yield 0.628 g (2.61 mmol, 22.7% vield) as a deep red oil. 'H
NMR (400 MHz, CDCls;) 6: 8.06-8.08 (m, 2H), 7.67-7.69 (m, 2H), 5.02 (t, ) = 7.0 Hz, 1H), 3.36 (d, 2H,
J=7.0Hz),2.19 (s, 3H), 1.79 (s, 3H), 1.69 (s, 3H). °C NMR (101 MHz, CDCl;) 6: 185.6, 184.7, 146.2,
143.4,134.1, 133.47, 133.42, 132.33, 132.30, 126.4, 126.3, 119.3, 26.3, 25.9, 18.2, 12.8. HRMS

(DART) m/z: [(M+H)*] Calcd for Ci6H170, 241.1223; Found 241.1222.
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2.2.5 Preparation of Menaquinone-1(H,)

2-isopentyl-3-methylnaphthalene-1,4-dione, MK-1(H;) (2.6). To a dry 100 mL round bottom
Schlenk flask was added a stir bar and dry and degassed benzene (30 mL) followed by 1-lodo-3-
methylbutane (2.5) (1.98 g, 10.0 mmol, 1 equiv.), which was then purged/evacuated with argon
repeatedly. To a dry 20 mL vial was added dry benzene (15 mL), which was then degassed via
argon needle purge, followed by addition of menadione (2.1) (1.72 g, 10.0 mmol), and benzoyl
peroxide (2.42 g, 10.0 mmol, 1 equiv.). This solution was sonicated until dissolution occurred
under argon. The naphthoquinone-benzoyl peroxide solution was added dropwise over 2 h 15
min to the refluxing prenyl iodide solution, which was under argon atmosphere during the
reaction. After the addition was complete, the solution refluxed for an additional 1 h. The solution
was then diluted with sat. NaHCO3 (100 mL) and diethyl ether (100 mL) and then the two phases
were separated. The aqueous layer was extracted with diethyl ether (3 x 100 mL) and the
combined organic extracts were washed with sat. NaHCO3 (100 mL), washed with brine (100 mL),
dried with anhydrous Na,SO,4, and then concentrated under reduced pressure at ambient
temperature to yield a crude yellow powder. The crude powder was purified by flash column
chromatography (10:1.5 n-pentane/EtOAc) to yield 0.493 g as a yellow solid (2.03 mmol, 20.3 %
yield). 'H NMR (400 MHz, C¢Ds) 8: 8.05-8.07 (m, 2H), 7.04-7.06 (m, 2H), 2.41-2.45 (m, 2H), 1.92
(s, 3H), 1.45-1.55 (m, 1 H), 1.16-1.21 (m, 2H), 0.89 (d, J = 6.6 Hz, 2H). *C NMR (101 MHz, C¢D) 6:
184.9,184.3,147.5,142.7, 133.09, 133.08, 132.74, 132.71, 126.26, 126.21, 37.8, 28.9, 25.2, 22.5,

12.3. HRMS (DART) m/z: [(M+H)] Calcd for C1gH150, 243.1380; Found 243.1378.
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2.2.6 Preparation of Menaquinone-2

(E)-2-(3,7-dimethylocta-2,6-dien-1-yl)-3-methylnaphthalene-1,4-dione, MK-2 (2.8). Here we
report an improvement on our previously reported method?® for synthesizing menadiol where
thorough and extensive stirring while triturating in n-pentane leads to practically pure menadiol
with very residual menadione (mendione:menadione >30:1 by NMR integration). To a 500 mL
round bottom Schlenk flask was added a stir bar, diethyl ether (100 mL), and menadione (5.00 g,
29.0 mmol). Then, 10% aq. Na,;S,04 (100 mL, 57.4 mmol) was added and the solution immediately
turned dark red. After 30 min. of stirring at ambient temperature, the solution was clear yellow.
The aqueous layer was separated and extracted with diethyl ether (3 x 100 mL). The combined
organic extracts were washed with sat. NaHCOs; (100 mL), followed by DDI H,0 (100 mL), and
lastly with brine (100 mL). The combined organic extracts were dried with anhydrous Na,SO4 and
then concentrated under reduced pressure at room temperature. The crude powder was
triturated thoroughly in n-pentane (50 mL), vacuum filtered, and washed with n-pentane (100
mL) to yield a pale purple solid (~quantitative). Menadiol formation is indicative by *H NMR
(CDCl5) by the presence of a peak at 6.65 ppm and is consistent with literature.*

To a 100 mL round bottom Schlenk flask was added ethyl acetate (16 mL) and 1,4-dioxane (16
mL), which was purged/evacuated with argon repeatedly. Then, crude menadiol (2.2) (2.50 g, 4:1
menadiol:menadione by NMR integration, 11.5 mmol, residual menadione is likely due to not
triturating in pentane thoroughly enough) was added followed by geraniol (2.7) (1.92 g, 12.5
mmol) and then drop wise addition of fresh BF3 etherate (0.8 mL). The solution was allowed to
reflux at 70-72 °C for 3 hrs. under argon. The dark orange colored reaction mixture was quenched

with ice-H,0 (100 mL) and then extracted with diethyl ether (3 x 100 mL). The yellow organic
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extracts were washed with sat. NaHCO; (100 mL), washed with DDI H,0 (100 mL), washed with
brine (100 mL), dried with anhydrous Na,SO,, and then concentrated under reduced pressure at
room temperature to yield 3.71 g of crude red oil. The crude oil was purified by flash column
chromatography (1000 mL of 230-400 mesh SiO,, 70 mm column, 20:1 n-pentane/ethyl acetate).
The yellow oil obtained was dried under reduced pressure (~125 mTorr) overnight to yield 0.713
g (2.31 mmol, 20.1% yield) as a yellow solid. The scale of this reaction was ~14 times larger than
the previously reported synthesis with the deuterated MK-2 analog.”® *"H NMR (400 MHz, de-
DMSO) 6: 7.96-8.01 (m, 2H), 7.80-7.84 (m, 2H), 4.96-5.00 (m,2H), 3.30 (d, 2H, J=4 Hz), 2.10 (s,
3H), 1.92-2.04 (m, 4H), 1.73 (s, 3H), 1.53 (s, 3H), 1.49 (s, 3H). *C NMR (100 MHz, dg-DMSO) &:
184.7,183.6, 145.3,142.9, 136.4,133.9, 131.5, 130.7, 125.9, 125.8, 123.9, 119.4, 26.0, 25.4, 25.4,
17.5, 16.1, 12.4. LRMS (ESI 70 eV, EtOAc) m/z: [(M+H)’] Calcd for C;1H,50, 309.2; found 309.2.

HRMS (ESI, OTOF) m/z: [(M+H)] Calcd for C,1H»50, 309.1849; found 309.1851.

2.2.7 Preparation of Menaquinone-2(lI-H,)
2-(3,7-dimethyloct-2-en-1-yl)-3-methylnaphthalene-1,4-dione, Menaquinone-2(lI-H,) (2.10).
To a dry 150 mL round-bottom thick-walled pressure flask was added a dry stir bar, dry heptane
(21 mL) and polyene carbonate (21 mL). The solution was bubbled with argon for several min.
Then, menadiol (2.2) (1.22 g, 7.00 mmol) was added and stirred until dissolution occurred under
argon bubbling. Then, isophytol (2.9) (1.09 g, 7.00 mmol) was added followed by MgF,-48 (350
mg). The biphasic reaction mixture was bubbled with argon for ~1 min and then sealed tightly
with a Teflon screw cap. The sealed reaction mixture was covered in aluminum foil to minimize
light exposure and was stirred for 5 h at 100 °C under argon atmosphere. The yellow biphasic

suspension was then cooled to ambient temperature. The *H NMR spectrum of the crude product
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confirmed product formation by the presence of a doublet at 3.37 ppm (CDCls). The layers were
separated and the polyene carbonate layer (bottom layer) was extracted with n-pentane (3 x 100
mL). The combined yellow organic extracts were washed with DDI H,0 (100 mL), washed with
sat. NaHCO; (100 mL), washed with brine (100 mL), dried over anhydrous Na,SO,4 and
concentrated under reduced pressure at ambient temperature. The crude oil was dried overnight
under reduced pressure to yield 1.31 g crude red oil. The crude red oil was purified by flash
column chromatography (300 mL of 230-400 mesh SiO,, 20:1 n-pentane/EtOAc, 40 mm column)
to yield 0.235 g (0.757 mmol, 10.8% yield) as a yellow/red oil after drying under vacuum (200
mTorr). The C2 isomeric side product was readily separated by flash column chromatography
eluting after the C3 desired product. The product was obtained as a mixture of trans:cis isomers
(ratio of trans:cis = 2.7:1 by NMR integration of alkene peaks) as has similarly been reported for
vitamin K; analogs*! and various MK analogs.”” *H NMR (400 MHz, C¢Dg) &: 8.00-8.06 (m, 2H), 7.0-
7.06 (m, 2H), 5.12 (t, ) = 7.0 Hz, 1H, trans isomer), 5.06 (t, J = 7.0 Hz, 1H, cis isomer), 3.28 (d, J =
7.7 Hz, 2H, cis isomer), 3.26 (d, J = 7.1 Hz, 2H, trans isomer), 2.19 (t, ) = 7.8 Hz, 2H, cis isomer),
1.98 (s, 3H), 1.92 (t,J = 7.5 Hz, 2H, trans isomer), 1.72 (s, 3H, trans isomer), 1.63 (s, 3H, cis isomer),
1.50-1.58 (m, 1H, cis isomer),1.40-1.49 (m, 1H, trans isomer), 1.40-1.48 (m, 2H, cis isomer), 1.31-
1.39 (m, 2H, trans isomer), 1.21-1.27 (q, 2H, cis isomer), 1.06-1.11 (q, 2H, trans isomer), 0.93 (d,
J = 6.6 Hz, 6H, cis isomer), 0.83 (d, J = 6.6 Hz, 6H, trans isomer). *C NMR (101 MHz, C¢Dg) &:
184.99, 184.97, 184.24, 184.16, 145.97, 145.95, 143.21, 143.18, 137.93, 137.62, 133.09, 133.06,
132.68, 132.66, 126.31, 126.22, 120.31, 119.82, 40.36, 39.34, 38.95, 32.56, 28.35, 28.20, 26.25,
26.15, 26.08, 25.98, 23.54, 22.87, 22.81, 16.32, 12.62, 12.58. HRMS (DART, Q-TOF) calcd for

C21H2,0, [(M+H)*] 311.2006, found 311.2018.
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A sample for analytical characterization of trans-MK-2(ll-H,) was purified by normal phase
preparative TLC (see experimental below) on silica gel using (30:1) n-pentane/EtOAc as the
eluting solvent; Rs cis: 0.37, R¢ trans 0.32; ratio of trans:cis before separation was 2.7:1 (the ratio
was measured from the NMR integration of alkene peaks). Although we isolated the pure trans
isomer, the cis isomer co-eluted with the trans isomer and efforts to obtain a sample of the pure
cis isomer were not successful. The cis and the trans isomers have different NMR spectra in C¢Dg
for the hydrogens and carbons within the isoprenyl side chain. Data for trans-MK-2(I1-H,): *H NMR
(400 MHz, C¢Dg) 6: 8.00-8.07 (m, 2H), 7.00-7.05 (m, 2H), 5.12 (t,J = 7.0 Hz, 1H), 3.26 (d, J = 7.0 Hz,
2H), 1.98 (s, 3H), 1.92 (t, ) = 7.5 Hz, 2H), 1.72 (s, 3H), 1.40-1.49 (m, 1H), 1.31-1.39 (m, 2H), 1.06-
1.11 (g, 2H), 0.83 (d, J = 6.6 Hz, 6H). >C NMR (101 MHz, CsDs) 5: 184.98, 184.24, 145.97, 143.21,
137.62,133.09, 133.05, 132.69, 132.66, 126.31, 126.22, 119.82, 40.36, 38.95, 28.20, 26.25, 26.08,
22.81, 16.32, 12.58. HRMS (DART, Q-TOF) calcd for C1H,70, [(M+H)*] 311.2006, found 311.1991.
NMR data for the cis isomer (obtained from spectra with both cis and trans isomers present): H
NMR (400 MHz, C¢Dg) 6: 8.00-8.06 (m, 2H), 7.00-7.06 (m, 2H), 5.06 (t, J = 7.0 Hz, 1H), 3.28 (d, J =
7.7 Hz, 2H), 2.19 (t, ) = 7.8 Hz, 2H), 1.98 (s, 3H), 1.63 (s, 3H), 1.50-1.58 (m, 1H), 1.40-1.48 (m, 2H),
1.21-1.27 (qg, 2H), 0.93 (d, J = 6.6 Hz, 6H).

A sample for analytical characterization of trans-MK-2(ll-H,) was prepared by using normal
phase preparative TLC. First, 8.0 mg of cis/trans-MK-2(lI-H,) (dissolved in a minimal amount of
DCM) was loaded onto a preparative TLC plate via capillary tube, then eluted once using 30:1 n-
pentane/EtOAc and an elution time of 45 min. The TLC plate was briefly air dried and then eluted
a second time under the same conditions. The yellow band was illuminated under UV light and

while illuminated, the band was divided into a top two-thirds and a bottom one-third. The bottom
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one-third was carefully removed with a razor blade, extracted with DCM, filtered through a
disposable Pasteur pipette filled with glass wool (pre-rinsed with DCM) and concentrated under
reduced pressure at ambient temperature and dried for 4 days at reduced pressure (200 mTorr)

to provide 2.5 mg trans-MK-2(lI-H,) as a yellow oil (31.3% recovery).

2.2.8 Preparation of Menaquinone-2(l,11-H,)

Menaquinone-2(l,11-H,) (2.13) was accessed through compound (2.12) from commercially
available compound (2.11).

1-lodo-3,7-dimethyloctane (2.12). To a dry 250 mL round-bottom Schlenk flask was added a
dry stir bar, 3,7-dimethyl-1-octanol (2.11) (8.61 g, 54.4 mmol), dry DCM (100 mL) and then
purged/evacuated with argon, repeatedly. The solution was cooled to 0 °C in an ice-H,0 bath.
Then, methanesulfonyl chloride (2.16 mL, 3.20 g, 27.9 mmol, 1.2 equiv) was added under argon
atmosphere followed by drop-wise addition of dry triethylamine (11.39 mL, 8.26 g, 81.6 mmol,
1.5 equiv) over 5 min at 0° C. The resulting solution was stirred at ambient temperature for 1.5 h
under argon. The reaction was quenched with sat. NaHCO3 (100 mL) and then the phases were
separated. The aqueous layer was extracted with diethyl ether (3 x 100 mL). The combined
organic extracts were washed with sat. NaHCO3 (100 mL), washed with brine (100 mL), dried over
anhydrous Na,SO,4, and then concentrated under reduced pressure at ambient temperature
(residual triethylamine can be removed by vacuum pumping for ~1 h) to yield 9.65 g crude yellow
oil. The crude mesylate was dissolved in dry and degassed acetone (100 mL, dried over anhydrous
K,CO3 immediately prior for ~10 min) in a dry 250 mL round-bottom Schlenk flask. Then, Nal
(16.50 g, 110.0 mmol, 2.0 equiv) was added and the solution was refluxed for 2 h under argon.

The white reaction mixture was diluted with ice-DDI H,0 (100 mL) and diethyl ether (100 mL) and
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then the phases were separated. The aqueous layer was extracted with diethyl ether (3 x 100
mL). The combined organic extracts were washed with sat. NaHCO; (100 mL), washed with brine
(100 mL), dried over anhydrous Na,SO4, and then concentrated under reduced pressure at
ambient temperature to yield 9.83 g crude clear and yellow oil. The crude product was purified
by flash column chromatography (800 mL of 230-400 mesh SiO,, 10:1 n-pentane/EtOAc, 70 mm
column) to yield 6.91 g (25.8 mmol, 47.4% yield) as a clear and colorless oil after drying under
vacuum (150 mTorr). *H NMR (400 MHz, CDCls) &: 3.14-3.28 (m, 2H), 1.83-1.92 (m, 1H), 1.60-1.69
(m, 1H), 1.48-1.58 (m, 2H), 1.21-1.35 (m, 3H), 1.06-1.21 (m, 3H), 0.87 (d, J = 6.6 Hz, 9H). *C NMR
(101 MHz, CDCls) 6: 41.13, 39.33, 34.04, 28.10, 24.68, 22.85, 22.75, 18.89, 5.58. Anal. Calcd for
CioH21l: C,44.79; H, 7.89. Found: C, 44.81; H, 7.72.
2-(3,7-dimethyloctyl)-3-methylnaphthalene-1,4-dione MK-2(1,1I-H;) (2.13). To a dry 100 mL
round-bottom Schlenk flask was added a dry stir bar and dry and degassed benzene (30 mL)
followed by 1-lodo-3,7-dimethyloctane (2.12) (2.68 g, 10.0 mmol, 1 equiv). To a dry 20 mL vial
was added dry and degassed benzene (15 mL) followed by menadione (2.1) (1.72 g, 10.0 mmol)
and benzoyl peroxide (2.42 g, 10.0 mmol, 1 equiv) and then sonicated until dissolution occurred
under argon. The naphthoquinone-benzoyl peroxide solution was added drop-wise over 2 h 15
min to the refluxing prenyl iodide solution, which was under argon atmosphere during the
reaction. After the addition was complete, the solution was refluxed for an additional 1 h. The
solution was diluted with sat. NaHCO3 (100 mL) and diethyl ether (100 mL) and then the phases
were separated. The aqueous layer was extracted with diethyl ether (3 x 100 mL). The combined
organic extracts were washed with sat. NaHCO3 (100 mL), washed with brine (100 mL), dried over

anhydrous Na,S04, and then concentrated under reduced pressure at ambient temperature to
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yield a crude yellow powder. The crude powder was purified by flash column chromatography
(10:1.5 n-pentane/EtOAc) to yield 0.539 g (1.73 mmol, 17.3% yield) after drying under vacuum
(150 mTorr) as a yellow oil. *H NMR (400 MHz, CDCl3) 8: 8.05-8.09 (m, 2H), 7.66-7.70 (m, 2H),
2.55-2.68 (m, 2H), 2.18 (s, 3H), 1.12-1.58 (m, 10H), 0.98 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H).
3C NMR (101 MHz, CDCl3) &: 185.51, 184.81, 148.13, 143.02, 133.44, 133.40, 132.40, 132.34,
126.38, 126.32, 39.45, 37.08, 35.90, 33.58, 28.11. HRMS (DART, O-TOF) calcd for C;1H290,

[(M+H)*] 313.2162, found 313.2158.

2.2.9 Preparation of Menaquinone-3
2-methyl-3-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)naphthalene-1,4-dione, MK-3
(2.15). To a dry 100 mL round bottom Schlenk flask were added a dry stir bar, ethyl acetate (16
mL) and 1, 4-dioxane (16 mL), which was then evacuated/purged with argon, repeatedly. Then,
crude menadiol (2.2) (2.20 g, 10:1 menadiol:menadione, 11.5 mmol accounting for residual
menadione) and trans-trans-farnesol (2.14) (2.78 g, 12.5 mmol, 1.09 equiv.) was added followed
by drop wise addition of distilled BF; etherate (0.8 mL). The reaction mixture was refluxed at 75-
80 °C for 3 h under argon. The red/orange reaction mixture was quenched with ice DDI-H,0 (100
mL) and extracted with diethyl ether (3 x 100 mL). The combined yellow organic extracts were
then washed with saturated NaHCO; (100 mL), DDI H,0 (100 mL), and saturated NaCl (100 mL),
dried over anhydrous Na,SO4, and then concentrated at reduced pressure at ambient
temperature to yield 4.67 g of crude red oil after drying under vacuum overnight. The crude red
oil was purified by flash column chromatography (1000 mL of 230-400 mesh SiO,, 70 mm column,

20:1 n-pentane:EtOAc). The red/yellow oil was dried under reduced pressure (~100 mTorr) for 4
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days to yield 0.930 g (2.47 mmol, 21.5% yield) as an orange oil. 'H NMR (400 MHz, CDCl) &: 8.05-
8.10 (m, 2H), 7.66-7.71 (m, 2H), 5.00-5.06 (m, 3H), 3.37 (d, J = 7.0 Hz, 2H), 2.19 (s, 3H), 1.88-2.09
(m, 8H), 1.79 (s, 3H), 1.65 (s, 3H), 1.56 (s, 6H). 3¢ NMR (101 MHz, CDCl5) 6: 185.62, 184.68,
146.31, 143.51, 137.69, 135.34, 133.48, 133.42, 132.34,132.31, 131.40, 126.46, 126.34, 124.45,

124.00, 119.25, 39.85, 39.82, 26.87, 26.61, 26.17, 25.83, 17.79, 16.57, 16.16, 12.83.

2.2.10 Preparation of Menaquinone-3(lI-H,)

Menaquinone-3(ll-H,) (2.21) was accessed through compounds (2.17), (2.18), (2.19), and
(2.20) starting from commercially available compound (2.16).

8-iodo-2,6-dimethyloct-2-ene (2.17). To a dry 500 mL round-bottom Schlenk flask was added
a dry stir bar, (£)B-citronellol (2.16) (17.00 g, 108.8 mmol), dry dichloromethane (200 mL), and
dry trimethylamine (22.8 mL, 16.52 g, 163.2 mmol, 1.5 equiv), which was then purged/evacuated
with argon, repeatedly. Then, methanesulfonyl chloride (10.4 mL, 15.33 g, 133.8 mmol, 1.23
equiv) was added drop-wise over 5 min at 0° C under argon. The resulting solution was stirred at
ambient temperature for 1.5 h under argon. The reaction was quenched with sat. NaHCO3 (200
mL) and then the phases were separated. The aqueous layer was extracted with diethyl ether (3
x 100 mL). The combined organic extracts were washed with sat. NaHCO3 (100 mL), washed with
brine (100 mL), dried over anhydrous Na,SO4, and concentrated under reduced pressure at
ambient temperature (residual triethylamine can be removed by vacuum pumping for ~1 h) to
yield a crude orange oil. The crude mesylate was dissolved in dry acetone (200 mL) in a dry 500
mL round-bottom Schlenk flask. Then, Nal (33.00 g, 220.2 mmol, 2.02 equiv) was added and the
solution was refluxed for 3 h under argon. The resulting white reaction mixture was diluted with

ice-DDI H,0 (200 mL) and diethyl ether (100 mL) and then the phases were separated. The
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aqueous layer was extracted with diethyl ether (3 x 100 mL). The combined organic extracts were
washed with sat. NaHCOs3 (100 mL), washed with brine (100 mL), dried over anhydrous Na,SOg,,
and then concentrated under reduced pressure at ambient temperature to yield 22.56 g crude
yellow oil. The crude yellow oil was purified by flash column chromatography (800 mL of 230-400
mesh SiO,, 10:1 n-pentane/EtOAc, 70 mm column) to yield 19.10 g (71.8 mmol, 66.0% yield) after
vacuum pumping (150 mTorr) overnight as a clear and colorless oil. *H NMR (400 MHz, CDCl3) §&:,
5.09 (t, ) = 7.0 Hz, 1H), 3.13-3.28 (m, 2H), 1.92-2.02 (m, 2H), 1.84-1.92 (m, 1H), 1.69 (s, 3H), 1.62-
1.67 (m, 1H), 1.61 (s, 3H), 1.51-1.59 (m, 1H), 1.29-1.39 (m, 1H), 1.13-1.22 (m, 1H), 0.89 (d, ) = 6.6
Hz, 3H). *C NMR (101 MHz, CDCl3) 6: 131.63, 124.60, 41.06, 36.47, 33.73, 25.87, 25.47, 18.81,
17.84, 5.32. HRMS (DART, Q-TOF) calcd for CioHaol [(M+H)] 267.0604, found 267.0613.
6,10-dimethylundec-9-en-2-one (2.18). To a dry 250 mL round-bottom Schlenk flask was
added a dry stir bar and dry tert-Butanol (60 mL, dried over activated 3 A molecular sieves 10 g
sieves / 100 mL solvent) followed by t-BuOK (4.92 g, 40.3 mmol, 1.2 equiv) and the solution was
refluxed for 30 min under argon to dissolve the t-BuOK and then cooled to 60 °C. Then, ethyl
acetoacetate (4.81 g, 36.9 mmol, 1.1 equiv) was added drop-wise and the reaction mixture was
stirred for 30 min at 60 °C under argon. Then, 8-iodo-2,6-dimethyloct-2-ene (2.17) (8.94 g, 33.6
mmol) was added drop-wise. The reaction mixture was refluxed for 25 h under argon. The
reaction mixture was then vacuum filtered and washed with diethyl ether (50 mL). The filtrate
solvent was removed under reduced pressure at ambient temperature. To the crude residue was
added 2 N KOH (128 mL) and the reaction mixture was stirred for 3 h at 80 °C under argon. The
reaction mixture was cooled to ambient temperature and then the alkaline solution was acidified

with acetic acid (20 mL). The acidified solution was extracted with diethyl ether (3 x 100 mL). The
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combined organic extracts were washed with sat. NaHCO3 (100 mL), washed with brine (100 mL),
dried over anhydrous Na,SO4, and then concentrated under reduced pressure at ambient
temperature to yield 6.37 g crude clear and colorless oil. The crude oil was purified by vacuum
distillation (bp: 108-111 °C / 4 mmHg)* to yield 5.82 g (29.6 mmol, 88.1% yield) as a clear and
colorless oil after drying under vacuum (150 mTorr). *H NMR (400 MHz, CDCl5) 8: 5.09 (t, J = 7.2
Hz, 1H), 2.40 (t, J = 7.5 Hz, 2H), 2.13 (s, 3H), 1.87-2.03 (m, 2H), 1.68 (s, 3H), 1.60 (s, 3H), 1.49-1.63
(m, 2H), 1.34-1.43 (m, 1H), 1.23-1.34 (m, 2H), 1.05-1.17 (m, 2H), 0.87 (d, J = 6.5 Hz, 3H). *C NMR
(101 MHz, CDCl3) &: 209.43, 131.26, 125.00, 44.26, 37.09, 36.58, 32.42, 30.01, 25.87, 25.66,
21.54, 19.58, 17.79. HRMS (DART, O-TOF) calcd for Cy3H,50 [(M+H)*] 197.1905, found 197.1894.

Methyl 3,7,11-trimethyldodeca-2,10-dienoate (2.19). To a 50 mL dry round-bottom Schlenk
flask that was purged/evacuated with argon was added NaOMe (4.87 g, 90.2 mmol, 1.36 equiv
to triethyl phosphonoacetate) followed by MeOH (12.51 g) and this solution was stirred for 5 min
under argon. To this solution was added triethyl phosphonoacetate (14.86 g, 66.3 mmol, 1.54
equiv) drop-wise and allowed to stir at ambient temperature for 30 min under argon. To a dry
250 mL round-bottom Schlenk flask was added dry pentane (80 mL, dried by passing through an
activated neutral alumina column under argon immediately prior) followed by 6,10-
dimethylundec-9-en-2-one (2.18) (8.45 g, 43.0 mmol). Then, the phosphonium ylide solution was
added drop-wise over 10 min under argon. The reaction mixture was stirred for 4 h at ambient
temperature under argon. Then, DDI H,0 (100 mL) was added to terminate the reaction. The
reaction mixture was extracted with pentane (3 x 100 mL). The combined organic extracts were
washed with sat. NaHCO3 (100 mL), washed with DDI H,0 (100 mL), washed with brine (100 mL),

dried over anhydrous Na;SO4, and then concentrated under reduced pressure at ambient
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temperature to yield 9.60 g crude oil after vacuum pumping overnight. The crude oil was purified
by flash column chromatography (95:5 n-pentane/EtOAc) to yield 6.71 g (26.6 mmol, 61.9% yield)
as a clear and colorless oil after drying under vacuum (150 mTorr). 'H NMR (400 MHz, CDCl3) &:
5.66 (s, 1H), 5.09 (t, J = 7.1 Hz, 1H), 3.68 (s, 3H), 2.15 (s, 3H), 2.11 (t, J = 7.6 Hz, 2H), 1.90-2.00 (m,
2H), 1.68 (s, 3H), 1.60 (s, 3H), 1.37-1.57 (m, 3H), 1.24-1.33 (m, 2H), 1.08-1.17 (m, 2H), 0.87 (d, J =
6.6 Hz, 3H). >C NMR (101 MHz, CDCl3) &: 167.44, 160.87, 131.27, 125.01, 115.16, 50.91, 41.37,
37.14, 36.57, 32.38, 25.87, 25.68, 24.97, 19.64, 18.88, 17.78. HRMS (DART, O-TOF) calcd for
Ci5H3,NO [(M+NH,4)"] 242.2478, found 242.2484.

3,7,11-trimethyldodeca-2,10-dien-1-ol (2.20). To a dry 250 mL round-bottom Schlenk flask
was added a dry stir bar, dry pentane (85 mL, dried over an activated alumina column under
argon immediately prior), and methyl 3,7,11-trimethyldodeca-2,10-dienoate (2.19) (8.31 g, 32.9
mmol). The flask was purged/evacuated with argon, repeatedly. Then, Vitride reagent (Red-
Al” sodium bis(2-methoxyethoxy)aluminum hydride solution, 32.1 mL of 260 wt. % solution in
toluene, 98.7 mmol, 3.0 equiv) was added drop-wise via a dry glass syringe. The reaction mixture
turned milky white upon addition of Vitride reagent. The reaction mixture was stirred for 1.75 h
at ambient temperature under argon and was complete by TLC analysis (10:1 n-pentane/EtOAc,
stain with KMnO, to visualize) and by 'H NMR analysis. A Fieser method quench was used as
follows.*® The reaction solution was cooled to -78 °C (dry ice/acetone) and then DDI H,O (20 mL)
was slowly added (drop-wise) under argon purge to quench the reaction. The reaction solution
was removed from the -78 °C (dry ice/acetone) bath and then 15% ag. NaOH (20 mL) was added
slowly followed by DDI H,0 (60 mL) and n-pentane (100 mL). The solution was stirred at ambient

temperature for 30 min. The solution was filtered through a pad of Celite, washed with n-pentane
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(200 mL), and then the phases were separated. The aqueous layer was extracted with n-pentane
(3 x 100 mL). The combined organic extracts were washed with sat. NaHCOs (100 mL), washed
with DDI H,0 (100 mL), washed with brine (100 mL), dried over anhydrous Na,SO,4, and then
concentrated under reduced pressure at ambient temperature. The crude oil was vacuum
pumped over night to yield 6.34 g as a crude opaque colorless oil. The crude oil was purified via
flash column chromatography (1000 mL of 230-400 mesh SiO,, 5:1 n-pentane/EtOAc, 70 mm
column) to yield 6.09 g (27.2 mmol, 82.7% yield) as an opaque colorless oil after drying under
vacuum (150 mTorr). *H NMR (400 MHz, CDCl3) &: 5.41 (t, J = 7.5 Hz, 1H), 5.10 (t, J = 7.1 Hz, 1H),
4.15 (d, ) = 7.0 Hz, 2H), 1.90-2.07 (m, 4H), 1.73 (s, 3H, cis isomer*), 1.68 (s, 3H), 1.67 (s, 3H, trans
isomer*), 1.60 (s, 3H), 1.33-1.47 (m, 3H), 1.23-1.32 (m, 2H), 1.06-1.17 (m, 2H), 0.87 (d, J = 6.6 Hz,
3H). *C NMR (101 MHz, CDCls) & 140.40, 131.18, 125.14, 123.28, 59.58, 40.01, 37.23, 36.74,
32.47, 25.87, 25.70, 25.25, 19.72, 17.78, 16.33. HRMS (DART, Q-TOF) calcd for C;sH3;NO
[(M+NH.)"1 242.2478, found 242.2473. *Determined from the *H->C 2D HSQC and *H-'H 2D COSY
NMR spectra (data not shown).
2-methyl-3-(3,7,11-trimethyldodeca-2,10-dien-1-yl)naphthalene-1,4-dione, MK-3(lI-H;)
(2.21). To a 100 mL round-bottom Schlenk flask was added a stir bar, EtOAc (16 mL) and 1,4
dioxane (16 mL) and then the flask was purged/evacuated with argon, repeatedly. Then,
menadiol (2.2) (2.50 g, 11.5 mmol, 4:1 menadiol:menadione by NMR integration in CDCls,
menadiol is unstable in CDCl; and requires trituration in n-pentane for purification) and 3,7,11-
trimethyldodeca-2,10-dien-1-ol (2.20) (2.81 g, 12.5 mmol, 1.09 equiv) were added followed by
drop-wise addition of distilled BF; etherate (0.8 mL, fresh bottle) under argon. The reaction

mixture refluxed at 70 °C for 3 h under argon. The reaction mixture turned dark orange and was
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guenched with ice-DDI H,0 (100 mL) and then extracted with diethyl ether (3 x 100 mL). The
combined yellow organic extracts were washed with sat. NaHCO3 (100 mL), washed with DDI H,0
(100 mL), washed with brine (100 mL), dried with anhydrous Na,SO4, and then concentrated
under reduced pressure at ambient temperature to yield 5.06 g crude red solid. The crude solid
was purified by flash column chromatography (1000 mL of 230-400 mesh SiO,, 20:1 n-
pentane/EtOAc) to yield 1.28 g (yield at this stage = 29.4%, 3.38 mmol) as a red oil but further
purification was needed as evidenced by 'H NMR analysis. The C2 isomeric side product was
readily separated by flash column chromatography eluting after the C3 desired product. The red
oil was subjected to a second column chromatography purification using the same conditions as
the first purification and then the material was dried under reduced pressure (150 mTorr)
overnight to yield 0.501 g (1.32 mmol, 11.5 % yield) as a yellow oil. Similar to vitamin K; analogs,**
various MK analogs?’ and MK-2(lI-H,) (2.10), the product was obtained as a mixture of trans:cis
isomers (ratio of trans:cis = 2.7:1 by NMR integration of alkene peaks). *H NMR (400 MHz, C¢Ds)
5: 8.00-8.07 (m, 2H), 7.01-7.06 (m, 2H), 5.27 (t, J = 7.1 Hz, 1H, cis isomer), 5.19 (t, J = 7.1 Hz, 1H,
trans isomer), 5.13 (t, J = 7.0 Hz, 1H, trans isomer), 5.07 (t, ) = 7.0 Hz, 1H, cis isomer), 3.29 (d, J =
7.2 Hz, 2H, cis isomer), 3.26 (d, J = 7.1 Hz, 2H, trans isomer), 2.21 (t, ) = 7.5 Hz, 2H, cis isomer),
1.98 (s, 3H), 1.94 (t,J = 7.5 Hz, 2H, trans isomer), 1.73 (s, 3H, trans isomer), 1.71 (s, 3H, cis isomer),
1.67 (s, 3H, trans isomer), 1.64 (s, 3H, cis isomer), 1.61 (s, 3H, cis isomer), 1.56 (s, 3H, trans
isomer), 1.01-1.51 (m, 9H), 0.95 (d, J = 6.6 Hz, 3H, cis isomer), 0.86 (d, ] = 6.5 Hz, 3H, trans isomer).
B3¢ NMR (101 MHz, C¢Dg) 6:184.99, 184.96, 184.23, 184.15, 145.96, 143.20, 143.18, 137.93,
137.59, 133.08, 133.05, 132.68, 132.66, 130.97, 130.89, 126.31, 126.22, 125.58, 125.51, 120.32,

119.87, 40.40, 37.60, 37.58, 37.39, 36.92, 32.80, 32.66, 32.60, 26.27, 26.12, 26.06, 25.99, 25.95,
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25.91, 25.80, 25.67, 23.55, 19.86, 19.81, 17.79, 17.73, 16.33, 12.63, 12.59. HRMS (DART, Q-TOF)
calcd for Cy6H350, [(M+H)*] 379.2632, found 379.2643.

A sample for analytical characterization of trans-MK-3(lI-H,) was prepared similarly as
described (see experimental below) for trans-MK-2(11-H,) above by normal phase preparative TLC
on silica gel using (30:1) n-pentane/EtOAc as the eluting solvent; Rs cis: 0.35, R¢ trans 0.30; ratio
of trans:cis before separation was 2.7:1 (ratio by NMR integration of alkene peaks). Importantly,
the bottom one-half of the band was isolated, instead of isolating the bottom one-third of the
band as was done to obtain trans-MK-2(lI-H,). This purification provided 3.7 mg trans-MK-3(lI-
H,) as a yellow oil (43.5% recovery) from the initial 8.5 mg cis/trans mixture loaded onto the TLC
plate after drying under vacuum (200 mTorr) for 4 days. Similar to MK-2(ll-H,) (2.10), we isolated
the pure trans isomer; however, the cis isomer co-eluted with the trans isomer and efforts to
obtain a sample of the pure cis isomer were not successful. Similar to MK-2(ll-H,) (2.10), the cis
and trans isomers of MK-3(lI-H,) have different NMR spectra in CgDg for the hydrogens and
carbons that belong to the isoprenyl side chain. Data for trans-MK-3(lI-H,): *H NMR (400 MHz,
Ce¢Dg) 0: 8.00-8.07 (m, 2H), 7.00-7.06 (m, 2H), 5.19 (t, J = 7.1 Hz, 1H), 5.13 (t, J = 7.0 Hz, 1H), 3.27
(d,J=7.1Hz, 2H), 1.98 (s, 3H), 1.94 (t,J = 7.5 Hz, 2H), 1.73 (s, 3H), 1.67 (s, 3H), 1.56 (s, 3H), 1.01-
1.47 (m, 9H), 0.86 (d, J = 6.5 Hz, 3H). *C NMR (101 MHz, CsD) 5: 184.97, 184.24, 145.96, 143.21,
137.59, 133.08, 133.05, 132.69, 132.67, 130.89, 126.31, 126.22, 125.51, 119.87, 40.40, 37.58,
36.91, 32.60, 26.27, 26.06, 25.91, 25.67, 19.81, 17.73, 16.33, 12.59. HRMS (DART, Q-TOF) calcd
for Cy6H350, [(M+H)"] 379.2632, found 379.2639. NMR data for the cis isomer (obtained from
spectra with both cis and trans isomers present): *H NMR (400 MHz, CsD¢) &: 8.00-8.06 (m, 2H),

7.01-7.06 (m, 2H), 5.27 (t, J = 7.1 Hz, 1H), 5.07 (t, J = 7.0 Hz, 1H), 3.29 (d, J = 7.2 Hz, 2H), 2.21 (t, J
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=7.5Hz, 2H), 1.98 (s, 3H), 1.71 (s, 3H), 1.64 (s, 3H), 1.61 (s, 3H), 1.01-1.51 (m, 9H), 0.95 (d, J = 6.6

Hz, 3H).

2.2.11 Preparation of Menaquinone-3(1,11,111-Hg)

Menaquinone-3(l,11,11I-Hg) (2.25) was accessed through compounds (2.23) and (2.24) starting
from commercially available compound (2.22).

3,7,11-trimethyldodecan-1-ol (2.23). To a dry 500 mL round-bottom Schlenk flask was added
a dry stir bar, dry methanol (200 mL), ammonium formate (29.15 g, 462.3 mmol, 9.28 equiv), and
farnesol (2.22) (11.08 g, 49.83 mmol) followed by careful addition by funnel of palladium catalyst
on carbon (2.14 g, 20.1 mmol, 0.4 equiv). The reaction mixture was stirred at ambient
temperature for 5 days under positive pressure from an argon balloon and *H NMR analysis
showed only residual alkene present. The reaction mixture was filtered through a pad of Celite
and washed with MeOH (600 mL). The MeOH was remove under reduced pressure at ambient
temperature. The crude product was then filtered through a silica plug (4:1 n-pentane/EtOAc,
500 mL eluent) and washed with EtOAc (300 mL). The organic filtrate was concentrated under
reduced pressure at ambient temperature to yield a crude clear and colorless oil. The crude oil
was suspended in diethyl ether (200 mL), washed with sat. NaHCO3 (200 mL), washed with brine
(100 mL), dried over anhydrous Na,SO,4, and then concentrated under reduced pressure at
ambient temperature to yield a crude clear and colorless oil. The crude oil was purified by flash
column chromatography (1000 mL of 230-400 mesh SiO,, 4:1 n-pentane/EtOAc, 70 mm column)
to yield 9.99 g (43.7 mmol, 87.8% yield) as a clear and colorless oil after drying under vacuum
(150 mTorr). *H NMR (400 MHz, CDCls) &: 3.63-3.73 (m, 2H), 1.49-1.63 (m, 3H), 1.01-1.42 (m,

14H), 0.89 (d, J = 6.5 Hz, 3H), 0.86 (d, J = 6.6 Hz, 6H), 0.84 (d, J = 6.8 Hz, 3H). ">*C NMR (101 MHz,
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CDCl3) 6:61.43,40.21, 40.12, 39.51, 37.64, 37.60, 37.51, 37.47, 37.41, 32.94, 29.67, 29.65, 28.13,
24.97, 24.94, 24.52, 22.87, 22.78, 19.89, 19.84, 19.82, 19.77. HRMS (DART, Q-TOF) calcd for
C15H3sNO [(M+NH,4)"] 246.2791, found 246.2796.

1-lodo-3,7,11-trimethyldodecane (2.24). To a dry 250 mL round-bottom Schlenk flask was
added a dry stir bar, 3,7,11-trimethyldodecan-1-ol (2.23) (9.41 g, 41.2 mmol) and dry DCM (125
mL). The flask was purged/evacuated with argon, repeatedly. The solution was cooled to 0 °C in
an ice-H,0 bath. Then, dry triethylamine (8.61 mL, 6.25 g, 61.8 mmol, 1.5 equiv) was added to
the flask followed by drop-wise addition of methanesulfonyl chloride (3.82 mL, 5.66 grams, 49.4
mmol, 1.2 equiv) at 0 °C over five min while stirring under argon. The reaction mixture was stirred
at ambient temperature for 40 min under argon. The off-white reaction mixture was quenched
with sat. NaHCOs3 (100 mL) and then the phases were separated. The aqueous layer was extracted
with diethyl ether (3 x 100 mL). The combined organic extracts were washed with sat. NaHCO;
(100 mL), washed with brine (100 mL), dried over anhydrous MgSQO,, vacuum filtered, and then
concentrated under reduced pressure at ambient temperature (residual triethylamine can be
removed by vacuum pumping for ~1 h) to yield 12.98 g crude clear and light-yellow oil. To another
dry 250 mL round-bottom Schlenk flask was added dry and degassed acetone (100 mL, dried over
anhydrous K,COs for ~10 min immediately prior) and the crude mesylate followed by Nal (15.44
g, 103.0 mmol, 2.5 equiv). The reaction mixture turned bright yellow upon addition of Nal and
was refluxed for 1 h and 40 min under argon. The yellow reaction mixture was diluted with diethyl
ether (100 mL) and DDI H,0 (100 mL) and then the phases were separated. The aqueous layer
was extracted with diethyl ether (3 x 100 mL). The combined organic extracts were washed with

sat. NaHCO; (100 mL), washed with brine (100 mL), dried over anhydrous MgS0O,, vacuum
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filtered, and then concentrated under reduced pressure at ambient temperature to yield a crude
yellow murky oil. To remove the salt impurities, the crude oil was suspended in n-pentane (100
mL), washed with DDI H,0 (100 mL) and then the phases were separated. The aqueous layer was
extracted with n-pentane (3 x 100 mL). The combined organic extracts were washed with sat.
NaHCOs (100 mL), washed with brine (100 mL), dried over anhydrous MgSQ,, vacuum filtered,
and then concentrated under reduced pressure at ambient temperature to yield 13.19 g crude
clear and light-yellow oil. The crude oil was purified by flash column chromatography (1000 mL
of 230-400 mesh SiO,, 100% n-pentane, R¢ = 0.71, 70 mm column) to yield 6.52 g (19.3 mmol,
46.8% yield) after drying under vacuum (200 mTorr) as a clear and colorless oil. *H NMR (400
MHz, CDCl3) 6: 3.14-3.28 (m, 2H), 1.83-1.92 (m, 1H), 1.60-1.69 (m, 1H), 1.47-1.57 (m, 2H), 1.01-
1.41 (m, 13H), 0.84-0.88 (m, 12H).”*C NMR (101 MHz, CDCl5) &: 41.19, 41.12, 39.52, 37.52, 37.46,
37.42, 37.40, 36.76, 36.70, 34.07, 34.04, 32.93, 32.91, 28.15, 24.98, 24.96, 24.38, 24.37, 22.89,
22.79, 19.90, 19.83, 18.95, 18.89, 5.55. Anal. Calcd for CysH3;1: C, 53.25; H, 9.24. Found: C, 53.78;
H, 9.38.

2-methyl-3-(3,7,11-trimethyldodecyl)naphthalene-1,4-dione, MK-3(1,11,11l,Hg) (2.25). To a dry
100 mL round-bottom Schlenk flask was added under argon, a dry stir bar, dry and degassed
benzene (30 mL) and 1-iodo-3,7,11-trimethyldodecane (2.24) (3.38 g, 10.0 mmol, 1.00 equiv). To
a dry 20 mL vial was added benzene (15 mL), which was degassed via argon needle purge,
followed by menadione (2.1) (1.72 g, 10.0 mmol, 1.00 equiv) and benzoyl peroxide (2.42 g, 10.0
mmol, 1.00 equiv) and then sonicated until dissolution occurred under argon. The
naphthoquinone-benzoyl peroxide solution was added drop-wise to the refluxing prenyl iodide

solution over 2 h and 15 min while the reaction mixture was refluxing under argon. The solution
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was then refluxed for an additional 1 h. The reaction mixture was diluted with sat. NaHCOs (100
mL) and DDI H,0 (100 mL) and then the phases were separated. The aqueous layer was extracted
with diethyl ether (3 x 100 mL). The combined yellow organic extracts were washed with sat.
NaHCOs (100 mL), washed with brine (100 mL), dried over anhydrous MgSQO,, and concentrated
under reduced pressure at ambient temperature to yield 6.63 g crude yellow powder. The crude
product was purified by flash column chromatography (1000 mL of 230-400 mesh SiO,, 10:1 n-
pentane/EtOAc, 70 mm column) to yield 0.555 g (1.45 mmol, 14.5% yield) after drying under
vacuum (200 mTorr) as a yellow oil. *H NMR (400 MHz, CDCls) &: 8.05-8.09 (m, 2H), 7.66-7.70 (m,
2H), 2.55-2.68 (m, 2H), 2.18 (s, 3H), 1.02-1.57 (m, 17H), 0.98 (d, J = 6.6 Hz, 3H), 0.84-0.87 (m,
9H)."*C NMR (101 MHz, CDCls) &: 185.53, 184.82, 148.14, 143.03, 133.45, 133.42, 132.41, 132.34,
126.40,126.33,39.52, 37.55,37.52,37.44,37.20, 37.17, 35.95, 35.86, 33.59, 32.94, 28.14, 24.98,
24.95, 24.57, 22.88, 22.79, 19.90, 19.85, 19.69, 19.62, 12.65. HRMS (DART, Q-TOF) calcd for

Ca6H390; [(M+H)"] 383.2945, found 383.2935.

2.3 Results and Discussion

2.3.1 Synthesis and Characterization of Menaquinone-1

We have previously synthesized MK-1*% and it has been synthesized by other reported
routes;?” ***” however, here we present a scaled-up version and NMR spectral characterization
in chloroform-d (Scheme 2.3.1). Menadiol (2.2) was synthesized as previously described from

26, 40, 48

menadione (2.1). To introduce the isoprenyl side chain, menadiol (2.2) was treated with 3-

methyl-2-buten-1-ol (2.3) in the presence of the Lewis acid catalyst, boron trifluoride.”® *® MK-1
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(2.4) was obtained as a red oil in a 23% yield (Scheme 2.3.1). See Supporting Information for NMR

spectra.
BF ; Etherate
/\)\ EtOAc/Dioxane 1:1
HO Z 3 h, reflux -
23 OH
o
| s 2.4
O .
0 ATE o OH 23% yield
2.2
(0]
21

Scheme 2.3.1. Synthetic scheme for the allylic alcohol coupling reaction to obtain MK-1 (2.4).%
40

2.3.2 Synthesis and Characterization of Menaquinone-1(H,)

Although the route to obtain MK-1(H,) has been reported in literature*® (Scheme 2.3.2), the
product was not isolated in pure form or characterized by NMR spectroscopy. We modified and
optimized the reported route to increase the yield and scaled the reaction up to a preparatory
scale using similar methodology we recently reported.’ MK-1(H,) (2.6) was synthesized by a one-
step radical alkylation reaction where menadione (2.1) and 1-iodo-3,7-dimethylbutane (2.5) were
coupled using benzoyl peroxide as the radical initiator.” ** MK-1(H,) (2.6) was obtained as a
yellow powder in a 20% vyield (Scheme 2.3.2). The menadione-benzoyl peroxide solution was
added drop wise over ~2 h to the refluxing prenyl iodide solution to keep the stationary
menadione (2.1) concentration sufficiently low in the reaction to ensure good selectivity of

1, 49

alkylation, favoring alkylation at C3 over C2 (Scheme 2.3.2). See Supporting Information for

NMR spectra.
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Benzoyl Peroxide

O‘ reflux, Benzene
o) |/\)\

2.1 5 2.6

20% yield

Scheme 2.3.2. Synthetic scheme for the radical alkylation of menadione (2.1) and 1-iodo-3-
methylbutane (2.5) to form MK-1(H,) (2.6).%*

2.3.3 Synthesis and Characterization of Menaquinone-2

40, 48

MK-2 was synthesized using an adapted procedure from literature (Scheme 2.3.3). First,

26,40,%8 Garaniol

menadione (2.1) was reduced to menadiol (2.2) using aqueous sodium dithionite.
(2.7) was coupled to menadiol (2.2) using the Lewis acid catalyst, boron trifluoride. This
preparation produced MK-2 (2.8) in a yield of 20%, which is lower than the reported MK-2
preparation with the deuterated analog in literature.*® The lower yield appears to be due to
extensive alkylation at the C2 position instead of the desired C3 position; however, this side
product is readily separated using column chromatography. Highly pure material yields a yellow
solid upon crystallization at -20 °C and retains this state when warmed to room temperature,

while material with impurities does not crystallize and remains a red oil. See Supporting

Information for NMR spectra.
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Scheme 2.3.3. Synthetic route to prepare MK-2 (2.8), from menadiol (2.2) and geraniol (2.7) using
Lewis acid catalyst conditions.*

2.3.4 Synthesis and Characterization of Menaquinone-2(ll-H,)
The partially saturated MK analog, MK-2(lI-H,) (2.10) was synthesized in a single step using a
Friedel-Crafts coupling between menadiol (2.2) and isophytol (2.9) (Scheme 2.3.4). The precursor

26, 40

menadiol (2.2) was synthesized as previously described from menadione. The partly
hydroxylated heterogeneous Lewis—Brgnsted acid catalyst, MgF,-48, was synthesized as
previously described.”®>? We chose MgF,-48 over other catalysts because it was readily prepared
from inexpensive methanol and Mg® powder as well as commonly available 48% aqueous
Hydrofluoric acid.”®>? Furthermore, the partly hydroxylated MgF, catalyst was recently used with
a biphasic n-heptane:polyene carbonate solvent system to synthesize vitamin K; and K;-
chromanol.”! Therefore, we thought this catalyst would be an excellent choice to synthesize the

partially saturated MK-2(lI-H,), which has an analogous (but truncated) structure of vitamin K;

(or MK-4(11,111,1V-Hg)).
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100 °C,5h
OH 1 % yield o

2.10

2.2 2.9
Scheme 2.3.4. Synthetic scheme for the coupling reaction using a MgF,-48 catalyst to obtain MK-
2(I1-H5) (2.10) from menadiol (2.2) and isophytol (2.9).>*

The Friedel-Crafts alkylation of (2.2) and (2.9) (Scheme 2.3.4) followed by in situ oxidation of
dihydro-MK-2(lI-H,) formed the desired product (2.10) in an 11% vyield. The low yield may be
attributed to the formation of the undesired C2 isomeric side product (see Scheme 2.3.4), which
was readily separated using column chromatography. The inherent instability of menadiol, which
is prone to auto-oxidation even when purified immediately before use may also contribute to the
low yield. MK-2(lI-H,) (2.10) was obtained a yellow/red oil. The reaction was carried out in the
dark and the product was exposed minimally to light as previous studies have shown that
interconversion to undesirable geometric isomers can occur through photo-oxidation if exposed

to light; however, we did not observe isomerization or decomposition due to light exposure.*®>*

54

We considered other possible catalysts to carry out the transformation shown in Scheme
2.3.4. For instance, we also explored a commercially available strong Brgnsted acid catalyst
(Nafion perfluorinated powdered resin and Nafion perfluorinated ion-exchange resin in 10 wt. %
dispersion in water); however, the yields were significantly lower with an increased formation of
the C2 prenylated isomeric side-product (see Scheme 2.3.4). Furthermore, we were concerned
about the Nafion catalyst (containing super acidic sites) dehydrating isophytol to form
undesirable phytadienes,51 which presumably contributes to it being a less desirable catalyst for
this purpose.
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An interesting feature of MKs is the possibility of geometric isomer formation (Figure 2.3.1A-
B). The biologically active trans isomer of vitamin K is the natural biological form of vitamin K.’
Evidence also demonstrates that biological MKs have an all-trans configuration of the double
bonds within the isoprenyl side chain.”’ The geometric isomers of vitamin Ky, MK-7 and MK-9(lI-
H,) (isolated from Mycobacterium phlei, Figure 2.1.1A) have been successfully separated;
therefore, efforts to isolate the trans isomer of MK-2(lI-H,) from its cis isomer byproduct (Figure

16, 24, 27

2.3.1B) were carried out. MK-2(ll-H,) (2.10) was initially isolated as a 2.7:1 mixture of
trans/cis isomers (by NMR integration of alkene peaks in benzene-ds) after column

chromatography. The trans isomer of MK-2(lI-H;) (2.10) can be isolated using preparative thin

layer chromatography (TLC), similar to reports for vitamin K; analogs41 and MK analogs.16
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Figure 2.3.1. Comparison of the 1D 'H NMR (400 MHz) spectra for the mixture of cis/trans-MK-
2(lI-H,) and trans-MK-2(lI-H;) in C¢Dg at 25 °C. (A) Structure of trans-MK-2(ll-H,) with hydrogen
labeling scheme key, (B) Structure of cis-MK-2(11-H,), (C) 1D *H NMR spectrum of the cis/trans
mixture of MK-2(ll-H,) in CsDg and (D) 1D 'H NMR spectrum of trans-MK-2(lI-H,) in CgDs.

The successful separation of the trans isomer of (2.10) by preparative TLC allowed for
characterization of a single pure geometric isomer of MK-2(ll-H,), Figure 2.3.1. The structural
assignment of trans-MK-2(lI-H,) (Figure 2.3.1) was elucidated using 2D NMR spectroscopic

methods (*H-'H COSY, and *H-*C HSQC, see Supporting Information for spectra, Figures A2.7-
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10.1 and A2.13-14.1). Spectra obtained in benzene-dg (C¢De¢) results in less overlap of the NMR
signals for the cis/trans isomer mixture (Figure 2.3.1C-D), compared to CDClz where some of the
geometric isomer peaks overlap (e.g., cis/trans alkene hydrogens coalesce in CDClz) and the
formation of isomers is not obvious. Therefore, the use of C¢Dg as a diagnostic NMR solvent for
the evaluation of cis/trans mixtures for MK analogs was critical and is in line with a recently
reported NMR analysis of cis/trans isomer mixtures of MK-7** (see Supporting Information for

spectra in CDCls vs. CgDg, Figure A2.50).

2.3.5 Synthesis and Characterization of Menaquinone-2(1,11-H,)

The fully saturated isoprenyl MK analog, MK-2(1,1I-Hg) (2.13), was synthesized in three steps
from commercially available 3,7-dimethyloctan-1-ol (2.11) (Scheme 2.3.5). The first step
converted the aliphatic alcohol (2.11) to the mesylate, which was then subjected to an Sy2
reaction using Nal to yield 1-lodo-3,7-dimethyloctane (2.12) in 47% yield over two steps.*® The
alkyl iodide (2.12) was then coupled to menadione (2.1) via a radical alkylation using benzoyl
peroxide® as a radical initiator to yield MK-2(1,lI-H,) 7 in 17% vyield. The yield for the coupling
reaction is close in the range with that reported in literature for other coupling reactions for the

synthesis of MK analogs.”®?" *°

The unreacted alkyl iodide (2.12) can be recovered during column
chromatography. In an effort to ensure selectivity of prenylation at C3 vs C2 (Scheme 2.3.5), the
slow addition of the napthoquinone (2.1) during the reaction was carried out so that the
naphthoquinone stationary concentration in the reaction mixture is low compared to the prenyl
iodide concentration.*® MK-2(1,11-Ha) (2.13) was obtained as a yellow oil. This is the first report of

the synthesis and characteriation of MK-2(l,1I-Hz) (2.13) (see Supporting Information for 2D NMR

spectra, Figures A2.19-20.1), the fully saturated analog of MK-2 (2.8).
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Scheme 2.3.5 Synthetic scheme for the 3-step synthesis to obtain MK-2(1,11-H4) (2.13). The first

step forms the mesylate from (2.12). The second step forms the aliphatic iodide (2.12) via a Sy2

reaction. The final step couples menadione (2.1) and the aliphatic iodide (2.12) using a radical

alkylation initiated by benzoyl peroxide.

2.3.6 Synthesis and Characterization of Menaquinone-3
MK-3 (2.15) was synthesized using an adapted procedure from literature (Scheme 2.3.3).%% %
First, menadione (2.1) was reduced to menadiol (2.2) using aqueous sodium dithionite as

26,4098 Trans,trans-Farnesol (2.14) was

previously described in this dissertation and elsewhere.
coupled to menadiol (2.2) using the Lewis acid catalyst, boron trifluoride. This preparation
produced MK-3 (2.15) as a red oil in a yield of 22%, which is lower than the reported MK-3
preparation with the deuterated analog in literature.*® The lower yield appears to be due to
extensive alkylation at the C2 position instead of the desired C3 position (see Scheme 2.3.6);
however, this side product is readily separated using column chromatography. Importantly, we
tried this reaction using commercially available farnesol (purity of 95%), which would always give
rise to erroneous NMR peaks and off integrations in the aliphatic region. We suspected this might
be due to cis-farnesol impurity present in the commercially available material. Therefore, we
sought out and were able to purchase trans,trans-farnesol, which we used in the synthesis and

yielded a clean NMR spectrum with accurate integrations. See Supporting Information for 1D and

2D NMR spectra, Figures A2.21-24.1.
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Scheme 2.3.6 Synthetic route to prepare MK-3 (2.15) from menadiol (2.2) and trans, trans-
farnesol (2.15) using Lewis acid catalyst conditions.” ***°

2.3.7 Synthesis and Characterization of Menaquinone-3(ll-H,)

The partially saturated isoprenyl MK analog, MK-3(lI-H,) (2.21), was synthesized in seven
steps from commercially available B-citronellol (2.16) (Scheme 2.3.7) via a modified adaptation
of a combination of a reported synthesis of menaquinone—4(II—H2)4° and a less recent 1965
synthesis of MK-3(11-H,).> First, the hydroxyl group of B-citronellol (2.16) was converted into the
iodide (2.17) through the methane sulfonate in 66% yield over two steps.40 The introduction of a
carbonyl group to produce citronellylacetone (2.18) was accomplished under basic conditions in
88% yield over two steps.* This was followed by a Horner—-Wadsworth—-Emmons (HWE) reaction
to give the methyl ester (2.19) in 62% yield.*® Reduction of (2.19) with Vitride reagent produced
6,7-dihydrofarnesol (2.20) in 83% yield.*® ** Finally, MK-3(l-H,) (2.21) was obtained from the BF;
catalyzed coupling between the partially saturated allylic alcohol (2.20) and menadiol (2.2)
(prepared from menadione)®® *®in 12% yield.4° The low yield may be attributed to the formation
of the undesired C2 isomeric side product (see Scheme 2.3.7), which was readily separated using

column chromatography and the requirement of multiple column chromatography purifications
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due to purity concerns. MK-3(ll-H,) (2.21) was obtained as a yellow oil. Scheme 2.3.7 Synthetic

scheme for the 7-step synthesis to obtain MK-3(lI-H,) (2.21) from B-citronellol (2.16).

1. tBuOK, tBuOH

1. MsCl, Et;N CH3COCH,COO0CHs

/\)\/\/‘\ DN, 10T 1k /\*/\)\ ol W
HO 2. Nal, acetone ! 2. 2N KOH #
reflux, 3 h 80°C,3h
2.16 217 ’ 218
66% yield 88 % yield
two steps two steps
Vitride Reagent
MOR St W —>1'75 B /\/l\/\/k/\)\
= Z HO
PO(OC,H5),CH,COOC H; H3CO 83 % yield
62% yield 219 2.20
BF; Etzo o]

EtOAc/Dioxane 1:1

reflux (70 °C), 3 h OO Z Z
. Tel (710Gl .
2
OH

| ‘ o 221

OH
22

Sch;:r:zy:lf?;l Synthetic scheme for the 7-step synthesis to obtain MK-3(ll-H,) (2.21) from [-
citronellol (2.16).3*%°

Similar to MK-2(ll-H,) (2.10), MK-3(lI-H,) (2.21) was initially isolated as a 2.7:1 mixture (by
NMR integration of alkene peaks in C¢Ds) of trans/cis isomers. However, the trans isomer (Figure
2.3.2A) can be isolated from the cis isomer byproduct (Figure 2.3.2B) using preparative TLC,
similar to a report on cis/trans vitamin K; analogs.41 MK analogs can be very sensitive, for
example, during purification we observed degradation of trans-MK-3(lI-H,) (Figure 2.3.2A) within
a solution of dichloromethane (DCM) that was not stabilized with amylene. This was evidenced
by a decreased integration value for the alkene at 5.19 ppm and the appearance of two extra

peaks ~1.3 ppm and a peak at 1.12 ppm in C¢Ds. Amylene is a radical scavenger and it is likely

that the alkene is undergoing a radical reaction with chloride radicals present in the unstabilized
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DCM. Similar to MK-2(ll-H) (2.10), the use of benzene-ds as a diagnostic NMR solvent for the
evaluation of cis/trans mixtures of MK-3(II-H,) (2.21) (Figure 2.3.2C-D) was essential because the
presence of the cis isomer was not well observed in CDCl; (see Supporting Information for spectra

in CDCl3 vs. benzene-dg, Figure A2.50).

(A) (B)

"‘\n’ -\":l
S p
trans-MK-3(ll-H,) cis-MK-3(lI-H,)
(C) cisltrans-MK-3(Il-Hz) ¢ 4. CIS isomer
mixture
B cis isomer
A ] M 1 A\ALL_
H
(D) trans-MK-3(l1-H.) CeHe H, H:u o Hy
- 3 Y . Hx
Ha/Hy [H,
H/H Hns
| - ' JLL L
9 8 7 4 3 2 1

5
f1 (ppm)
Figure 2.3.2. Comparison of the 1D 'H NMR (400 MHz) spectra for the mixture of cis/trans-MK-
3(lI-H,) and trans-MK-3(lI-H;) in C¢Dg at 25 °C. (A) Structure of trans-MK-3(ll-H,) with hydrogen
labeling scheme key, (B) Structure of cis-MK-3(I1-H,), (C) 1D *H NMR spectrum of cis/trans mixture
of MK-3(ll-H,) in C¢Dg, and (D) 1D 'H NMR spectrum of trans-MK-3(lI-H;) in C¢De. Overlapping
cis/trans peaks have been left unlabeled.
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The structural assignment of trans-MK-3(lI-H;) (Figure 2.3.2) was elucidated using 2D NMR
spectroscopic methods (*H-"H COSY, *H-*C HSQC, and "H-'H ROESY, see Supporting Information
for spectra, Figures A2.35-36.1 and A2.39-40.1). The assignment of the alkene hydrogen Hy at
5.13 ppm was determined by the following: the observation of a cross peak in the COSY spectrum
at 5.13 ppm and 1.73 ppm (assignment H,, Figure 2.3.2), the observation of a cross peak at 5.13
ppm and 1.94 ppm (assignment H,, Figure 2.3.2), and the lack of an observed cross peak at 5.19
ppm and 1.73 ppm (Hy). The assignment of alkene hydrogen H; at 5.19 ppm was determined by
the observation of a cross peak at 5.19 ppm and 1.67 ppm and the lack of a cross peak at 5.19
ppm and 1.73 ppm (Hy). 'H-"H 2D ROESY NMR spectroscopy (see Supporting Information) also
supported the alkene assignment by the observation of a ROE cross peak at 5.19 ppm and 1.67
ppm (H; - H; interaction) and the lack of a ROE cross peak at 5.19 ppm and 1.56 ppm. The
assignment of the terminal methyl groups, H, and H,, was also determined by 'H-'H 2D ROESY
NMR spectroscopy. It is anticipated that a ROE cross peak would be observed between the alkene
hydrogen H; and the methyl group that is cis to H; due to the close spatial proximity and a ROE
cross peak is observed, as expected, at 5.19 ppm and 1.67 ppm (H; — H, interaction) (see
Supporting Information). Although H, and H; are within the spatial limits of an expected ROE cross
peak observation, an ROE cross peak is not observed at 5.19 ppm and 1.56 ppm. This supports
the structural assignment of H, as trans to alkene hydrogen H; as H, is further away, spatially,

from H; compared to H,.

2.3.8 Synthesis and Characterization of Menaquinone-3(l,11,I1I-Hg)

The fully saturated isoprenyl MK analog, MK-3(1,I1,11l-Hg) (2.25), was synthesized in four steps

(Scheme 2.3.8) from the commercially available allylic alcohol, farnesol (2.22). The first step was
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the Pd catalyzed transfer hydrogenation of farnesol to yield the fully saturated alcohol (2.23) in
88% yield.”® Subsequent mesylation of the alcohol of product (2.23) followed by substitution with

Nal gave the aliphatic iodide (2.24) in 47% yield over two steps.*® >°

The final step was the radical
coupling of menadione (2.1) and the aliphatic iodide (2.24) using benzoyl peroxide® as the radical
initiator to yield the desired final product, MK-3(1,11,1lI-Hg) (2.25) in 15% yield. This yield is similar
to that attained for the coupling reaction to obtain MK-2(l,lI-Hg) (2.13). The unreacted aliphatic
iodide (2.24) can be recovered during purification. Similar to MK-2(l,1I-Hz) (2.13), in an attempt
to ensure good selectivity of prenylation (C3 over C2, Scheme 2.3.8), slow addition of the
napthoquinone (2.1) to the prenyl iodide solution during the course of the reaction was carried
out.*® Similar to the synthesis of MK-2(1,1-Hs) (2.25) above, this is the second report of this type
of primary alkyl radical coupling reaction to access MK and the first report at a preparatory scale.
MK-3(1,11,11I-Hg) (2.25) was obtained as a yellow oil. This is the first report of the synthesis and

characteriation of MK-3(1,11,11I-Hg) (2.25) (see Supporting Information for 2D NMR spectra, Figures

A2.48-49.1), the fully saturated analog of MK-3 (2.15).
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Scheme 2.3.8. Synthetic scheme for the 4-step synthesis to obtain MK-3(1,I1,111-Hg) (2.25). The first
step is a transfer hydrogenation to produce the fully saturated alcohol (2.23) from farnesol (2.22).
The second step forms the mesylate from (2.23). The third step forms the aliphatic iodide (2.24)
via a SN, reaction. The final step couples menadione (2.1) and the aliphatic iodide (2.24) using a
radical alkylation initiated by benzoyl peroxide.

2.4 Summary and Conclusions

The results of these studies will allow for the synthesis of various MK analogs and gives access
to previously unexplored compounds with unknown biological activity. In summary, this chapter
described the synthesis and characterization of eight truncated MK analogs with varying
isoprenyl side chain length and degrees of saturation, as well as separated and characterized
geometric isomers formed in the reactions. The fully unsaturated MK derivatives, MK-1, MK-2,
and MK-3 were successfully from menadione in two steps using a Lewis acid catalyst and
respective corresponding allylic alcohol isoprenoid. MK-1(H,) was successfully synthesized in
single step from 1-iodo-3-methylbutane utilizing a key radical alkylation reaction. The partially
saturated MK-2(1l-H;) was successfully synthesized in a single step from menadiol and isophytol,
and the trans isomer was separated from the cis isomer byproduct by preparative TLC, followed
by characterization. The novel fully saturated MK-2(1,1I-H,) was successfully synthesized in three
steps from 3,7-dimethyloctan-1-ol. The partially saturated MK-3(ll-H;) was successfully
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synthesized in seven steps from B-citronellol, and the trans isomer was readily separated from
the cis isomer byproduct by preparative TLC, followed by characterization. Finally, the novel fully
saturated MK-3(L,I1,11I-Hg) was successfully synthesized in four steps from farnesol. The use of
benzene-dg as a diagnostic NMR solvent for the rapid evaluation of cis/trans mixtures for
MK/vitamin K analogs was essential as cis/trans peaks often coalesce in chloroform-d.

The separation and characterization of an MK analog’s trans isomer is essential for use of
these compounds in biological systems or understanding biological systems that use MK, since
evidence shows the cis isomer is not biologically active. The MK analogs synthesized in this
chapter are substrate analogs for enzymes involved in MK/vitamin K metabolism and are
essential for understanding structure-activity relationships of these biological systems. They are
also critical for understanding the function, reactivity, and conformation of partially saturated
MK analogs as little is currently known. These MK analogs are also of interest from a therapeutic
and medicinal standpoint. For instance, MK-4 (vitamin K,) was recently shown to be a potential
new therapeutic strategy to treat rheumatoid arthritis, is a proposed drug for the effective
treatment of osteoporosis and has anticancer properties. Nevertheless, the synthesis of partially
saturated MK analogs remains a challenge as there is currently not a suitable catalyst to
selectively saturate an individual isoprene unit on an MK analog while leaving the other double
bonds unaffected. Importantly, the synthesis and characterization of these MK substrate analogs
containing varying isoprenyl side chain length and degrees of saturation is essential for
understanding why they are necessary for various organisms to survive. These studies are

important for understanding the reason MK-9(ll-H,) (i.e., saturated at the second isoprene unit)
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is observed in pathogenic M. tuberculosis, which is responsible for the deaths of ~1.3 million

people annually.
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Chapter 3: Investigation of the Conformational Flexibility of the

Isoprenyl Side Chain on Menaquinone®

3.1 Conformation of the Isoprenyl Side Chain of Mycobacterial Menaquinone

Isoprenoids are among the most numerous and diverse compounds found in nature.” It was
reported that 55,000 of these naturally occurring compounds had been identified by 2007%; an
estimate that increased to 70,000 in 2015.> Classes of isoprenoids include lipoquinones, sterols,
carotenoids, prenylated proteins, dolichols, monoterpenes, and sesquiterpenes. These
compounds are involved in diverse functions such as electron transport, hormone function,
membrane structure and fluidity, vision, photoprotection, insect reproduction, fragrance and
defense. The solution structures of many of these compounds, such as the sterols, are well
studied. However, the conformations of long linear polymers of isoprene units such as those
found in the side chains of lipoquinones involved in bacterial and eukaryotic electron transport
systems (ETS) have not been characterized.”® Lipoquinones are small hydrophobic molecules
that shuttle electrons between the membrane-bound protein complexes acting as electron
acceptors and donors in the respiratory ETS. Two major structural groups of lipoquinones are
recognized; ubiquinones (or benzoquinones, UQ) typically found in eukaryotes and Gram-
negative prokaryotes and menaquinones (or naphthoquinones, MK) typically found in Gram-
positive prokaryotes, including many pathogens such as M. tuberculosis. The roles and

applications of lipoquinone derivatives are currently being explored where a range of different

This chapter is published in part or in full in The Journal of Organic Chemistry.
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approaches are used for combatting human diseases.”*" This chapter aims to characterize the
conformation of a synthetic truncated MK analog in organic solution and within a model
membrane interface, as well as document the redox potential of these systems accompanying
the conformational studies.

Here, we use an abbreviation system where MK with two isoprene units is MK-2 and with
nine isoprene units is MK-9, Figure 3.1.1. Naturally occurring lipoquinones are characterized by
the presence of an isoprenyl side chain of varying length from 1-14 isoprene units*>** depending
on the species of origin; a characteristic long used to assist taxonomic efforts. Textbooks often
represent UQ and MK as “Q” or “MQ” in illustrations of the ETS and in primary literature they are
generally shown in an extended conformation, which is not a realistic conformation as the
lipoquinone would have to fold to be confined within the hydrophobic region of the phospholipid

8, 24-25

bilayer (Figure 3.1.1).

MK-2

Figure 3.1.1. Structure of menaquinone-9 (MK-9), present in small quantities in Mycobacterium
tuberculosis (top) and MK-2, a simplified MK analog (bottom), is also shown. Hydrogens are
labelled on MK-2 for spectral interpretation.
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Small angle X-ray diffraction experiments with the isoprenoid dolichol, an alcohol with 18-20
isoprene units, indicated that the molecule adopted a helical structure in organic solvent.?® The
conformation of the isoprenoid moiety in MK derivatives is likely important to its function as an
electron transfer agent and other biological roles. Although nothing is known about the
conformation of MK derivatives, limited conformational analysis is available on different classes
of compounds including alkanes, alkenes, and fatty acids with much simpler structures.””*! The
all-trans conformations of alkanes are generally considered the most stable and therefore, it is
expected that the most prevalent conformation of an alkane is the fully extended alkyl chain.”” A
few studies have been reported with simple alkanes and a range of other, more complex
compounds with large alkane-components such as in polyenes and fatty acids.”®**° The U-shape
in fatty acids were described when bound to a fatty acid binding protein (FABP), where the alkyl
chain region of two fatty acids, palmitic and oleic acids, folds over in the shape of a U.>*>° In 2008,
X-ray crystal structure analysis, as well as NMR spectroscopy, also supported the U-shaped
conformation of amphiphilic alkyl chains bound to a synthetic receptor where the folded Cg, Cyo,

3839p3sed on these few

and C;, conformations have anticlinal as well as gauche arrangements.
examples, we hypothesized that MKs will adopt folded conformations depending on specific
environmental conditions.

In this chapter, we describe the characterization of a truncated MK derivative with two
isoprene units. MK-2 (Figure 3.1.1) can be characterized in detail and serves as a representative
MK reference compound as it is the simplest MK containing a naphthoquinone and repeating
isoprenyl side chain allowing comparison to more complex MK-derivatives found in various

7,42-43

microorganisms. First, the conformation of MK-2 was investigated in organic solvents (polar
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and hydrophobic). Next, because we are ultimately interested in the function of these
derivatives, we measured the electrochemical potential of MK-2 in the organic solvents where
the conformations were determined. Finally, the location and conformation of MK-2 in simple
membrane model systems was examined. Combined, our results show that MK-2 folds into a U-
shaped conformation in solution contrary to common perception, and that a folded, slightly
different U-shaped conformation also exists in the presence of a simple model lipid membrane

interface.

3.2 Materials and Methods

3.2.1 Materials

Bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT, 97.0%), isooctane (2,2,4-trimethylpentane,
>99.0%), chloroform (99.8%), methanol (99.9%), disodium phosphate (anhydrous), trisodium
phosphate (96.0%), tetrabutylammonium perchlorate (TBAP, > 99.0%), ferrocene (Fc,
anhydrous), silver nitrate (AgNOs, > 99.0%), and activated charcoal were purchased from Sigma
Aldrich. Absolute ethanol and ultra-high purity argon gas (99.9%) were acquired from Pharmco-
Aaper and Airgas, respectively. Deuterated solvents of acetonitrile (CHsCN) (D 99.8%),
dimethylsulfoxide (DMSO) (D 99.9%, + 0.05% V/V tetramethylsilane), and deuterium oxide (D0,
99.9%) were acquired from Cambridge Isotope Laboratories, Inc. Deuterated pyridine (D 99.8%)
was purchased from Arcos Organics. DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, >
99.0%) and DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine, > 99.0%) were purchased

from Avanti Polar Lipids Inc. Distilled Deionized Water (DDI H,0) was purified with a Barnstead

71



E-pure system (18.2 MQ-cm). All chemicals were used without purification except AOT, and the
organic solvents where AOT was purified by using previously reported methods.**
3.2.2 NMR Spectroscopic Studies

1D and 2D 'H studies were carried out both in organic solvents and more complex media (see
below for RM studies). 'H and **C spectra were recorded using a Varian Model MR400 or Model
Inova400 operating at 400 MHz and 100 MHz, respectively. Chemical shift values (8) are reported
in ppm and referenced against the internal solvent peaks in *H NMR (dg-DMSO, & at 2.50 ppm;
CDCls, 6 at 7.26 ppm; ds-pyridine, 6 at 8.74 ppm; ds-acetonitrile & at 1.94 ppm; D,0, 6 at 4.79
ppm; CsDg, & at 7.16 ppm) and in *C NMR (dg-DMSO, & at 39.52 ppm). All NMR spectra were
recorded either at 22 °C or 26 °C.
3.2.3 Solution 1D *H NMR Spectroscopic Studies

Samples were prepared by dissolving ~5 mg of MK-2 in either 0.5 mL of isooctane, ds-pyridine,
CsDs, dsz-acetonitirle, de-DMSO, or D,0. The MK-2 sample in D,O was vortexed for ~1 hr. to
dissolve maximum amount of MK-2. The NMR spectrum was collected by running 32 scans and
was locked onto the deuterated solvent except for isooctane, which was ran unlocked using CDCl3
as a spectral window reference.

3.2.4 Sample Preparation for Solution *H-'"H 2D NOESY and ROESY NMR Spectroscopic
Studies

To prepare the samples in de-DMSO and ds-pyridine, 0.0031 g of MK-2 was dissolved in 0.5
mL of solvent to yield a 20 mM solution of MK-2. The NMR tubes containing the MK-2 solution

were purged with argon prior to data collection.
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3.2.5 'H-'H 2D NOESY and ROESY NMR Spectroscopic Studies in Organic Solution

2D NMR spectroscopic studies in organic solution were carried out on a Varian model MR400
400 MHz magnet at 26 °C. A standard NOESY pulse sequence was used consisting of either 200
or 256 transients with 16 scans in the f1 domain using a 500 ms mixing time, 45° pulse angle, and
a 1.5 sec. relaxation delay. A standard ROESYAD pulse sequence was used consisting of either
200 or 256 transients with 16 scans in the f1 domain using a 400 ms mixing time, 45° pulse angle,
and a 2.0 sec. relaxation delay. The NMR was locked onto either dg-DMSO or ds-pyridine and
referenced to the internal solvent peak. The resulting spectrum was processed using
MestReNova NMR software version 10.0.1.
3.2.6 Molecular Mechanics Calculations

To obtain visual aids of MK-2 conformations, Merck Molecular Force Field 94 (MMFF94)
Molecular Mechanics gas phase simulations were conducted using ChemBio3D Ultra 12.0 at 25°C.
Starting conformations were obtained from ChemDraw structures or by rotating desired bonds
and then either had simulations run or simply an energy minimized to achieve the desired
conformation. Conformations A-B in Figure 3.3.3 were generated and then energy minimized
with a root mean square (RMS) gradient of 0.1 and up to 50 iterations to obtain conformations
that agreed with our interpretation of the cross peak observations in the *H-'H 2D NOESY and
ROESY NMR spectral data. One simulation was run for 10,000 iterations and then energy
minimized using an MMFF994 energy minimization calculation using 500 iterations with a RMS
gradient of 0.001 to achieve conformation Cin Figure A3.10C. Conformations D-H in Figure A3.10
were generated by rotating bonds to achieve the desired conformation followed by an energy

minimization using 20-50 iterations and an RMS gradient of 0.1. For a table of structural
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parameters such as selected distances between hydrogen atoms within the conformations and
energies calculated for the 3D conformations can be found in the Supporting Information section.
3.2.7 Sample Preparation for Reverse Micelle NMR Spectroscopic Studies

A 0.50 M AQT stock solution was made by dissolving AOT (5.56 g, 12.5 mmol) in isooctane
(25.0 mL). RMs were prepared by mixing the 0.50 M AOT stock solution with D,0 (pH 7.0, pD 7.4),
and then vortexed until clear. MK-2 RMs were made in a similar manner except an 11.2 mM MK-
2 stock solution was prepared by directly dissolving MK-2 in the 0.50 M AOT/isooctane solution.
Then, the MK-2-AOT-isooctane stock solution along with D,O (pH 7.0, pD 7.4) were used to make
RMs.
3.2.8 1D 'H NMR Spectroscopic Studies of AOT/Isooctane that contain Menaquinone-2

1D 'H NMR spectroscopic experiments were carried out using a Varian Inova 400 MHz
instrument using routine parameters (pulse angle: 45°, relaxation delay of 1 sec.) at 22 °C. The
RM spectra were internally referenced using the isooctane methyl peak set to 0.904 ppm.** Data
analysis and spectrum workup was done using the NMR software, MestReNova version 10.0.1.
3.2.9 Sample Preparation for Solution *H-'"H 2D NOESY and ROESY NMR Spectroscopic
Studies in Reverse Micelles

To prepare the AOT/isooctane stock solution, 0.22 g AOT (0.50 mmol) was dissolved into
isooctane (1.0 mL) for a final 0.50 M AOT stock solution. Then 0.035 g (1.10 mmol) of MK-2 was
dissolved into the 0.50 M AOT stock solution for a final concentration of 110 mM MK-2. Then,
892.6 uL of MK-2 AOT/isooctane stock solution was mixed with 107.3 uL of D,O (pH =7, pD = 7.4)
and then vortexed until clear. This final mixture results in a wp 12 RM microemulsion with an
overall concentration of MK-2 being 100 mM (~29 molecules per RM).
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3.2.10 'H-'"H 2D NOESY and ROESY NMR Spectroscopic Studies in AOT/isooctane w, 12
Reverse Micelles

2D NMR samples were ran using similar conditions used previously*® using a Varian model
MR400 400 MHz magnet at 26 °C similar to conditions used previously. A standard NOESY pulse
sequence was used, 256 transients with 16 scans in the f1 direction using a 200 ms mixing time,
45° pulse angle, and a relaxation delay of 1.5 sec. A standard ROESY pulse sequence was used,
256 transients with 16 scans in the f1 direction using a 200 ms mixing time, 45° pulse angle, and
a relaxation delay of 2.0 sec. The NMR was locked onto 10% D,O and the spectrum was
referenced to the isooctane methyl peak at 0.904 ppm as previously reported.* The resulting
spectrum was processed using MestReNova NMR software version 10.0.1. The 3D structure
illustration within a RM was drawn using ChemBioD Ultra 12.0 and ChemBio3D Ultra 12.0 based

on spectral parameters described under results.

3.3  Results and Discussion

3.3.1 1D 'H NMR Spectroscopic Studies of Menaquinone-2 in Different Organic Solvents

MK-2 was first characterized using 1D 'H NMR spectroscopy. Figure 3.3.2 shows ‘H NMR
spectra of MK-2 in isooctane (2,2,4-trimethylpentane), ds-pyridine, ds-benzene, ds-acetonitrile,
de-DMSO, and D,0. The observed chemical shifts of MK-2 vary dramatically in the different
solvents shown. Hydrophobic solvent environments including aliphatic (isooctane) and aromatic
(ds-pyridine and dg-benzene) as well as hydrophilic (ds-acetonitrile, de-DMSO, and H,0/D,0)
solvent environments generate very different spectroscopic signatures. For example, the pairs of
aromatic hydrogens, H,/Hp and H./Hg, are significantly different in the two different classes of
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solvents. This observed variation in chemical shift could be attributed to conformational changes
of MK-2 in the various solvent environments investigated, alterations of the electronic state due
to interaction with the solvent, or most likely, a combination of both. Focusing on the 'H NMR
spectra of MK-2 in the three hydrophilic solvents, ds-acetonitrile, de-DMSO, and D,0, some
differences and similarities are observed (Figure 3.3.2). The MK-2 spectrum in D,0 required
significantly more scans to produce a reasonable spectrum because of the poor solubility in D,0.
The hydrogen chemical shifts generally are observed further up field in D,O, presumably
indicative of more aggregation in this solvent. The alkene H, and H; hydrogen signals are not
observed in the D,0 spectrum because of overlap with the HOD peak. However, the HOD signal
in the dg-DMSO spectrum is observed at 3.3 ppm, which allows for observation of the alkene
hydrogens, Hy, and H;, at 4.9 ppm. The spectrum of MK-2 in dg-DMSO is very similar to that in ds-
acetonitrile and both also have some similarities to the MK-2 spectrum in D,0O. The aromatic
hydrogens, H./Hy, shifted about 0.2 ppm from the H./H4 signals in both solvents. This suggests
that these hydrogens remain in similar chemical environments in these two solvent
environments. Combined, these three spectra provide a representation of the properties of the

MK-2 in a hydrophilic solvent environment.

76



Isooctane Hp H, Hw V
H q

a/lHo Hc/Ha H Hm/Hn q
A A s A x HZH
Pyridine "' Ha PV' H, H|H1OP i it *
pyr] " l A e H,I_L&
CeH %| H,
Benzene ' H H,/. Hy
Ha/Hb \l F‘m" Hi Holtn T =
A A
H. , HODACN
Acetonitrile R z
ce T by HoHy M «—H,
Ak A ) H‘ .
HOD| Hy/H,
DMSO Ha/Hu l'}'ﬁ,Hd Hp A / DMSO Hqu IH
N Hi \Hr L
Ll A H ? L
HOD a HzH,
D-O Ha/Hy He/Hq - Hw| Hy
. \Mjl 1 Hmen He | ||
9 8 7 6 5 4 3 2 1 0
f1 (ppm)

Figure 3.3.1. 1D *H NMR (400 MHz) spectra of MK-2 in hydrophilic (ds-DMSO, ds-acetonitrile, and
D,0) and hydrophobic [isooctane (2,2,4-trimethtylpentane), ds-pyridine, and dg-benzene]
solvents. Hydrogen peak text labelling corresponds to MK-2 structure in Figure 3.1.2.

Next, the aromatic and alkene protons were examined in the hydrophobic solvents,
isooctane, ds-pyridine, and dg-benzene (Figure 3.3.1). Here, protons H,, Hp, Hc, Hg Hp, and H; are
observed and readily identified. The signals from alkene hydrogens, Hy and H;, are both further
downfield compared to the signals in hydrophilic solvents and most interestingly, the two alkene
hydrogens become non-chemical shift equivalent in ds-pyridine. This contrasts with the aliphatic
hydrogens in the spectrum in dg-benzene, which are like those in de-DMSO except for Hg, Hy, Hy,
and H,. The changes in the chemical shifts are most distinctive in the aromatic and alkene

hydrogens, suggesting that there are some major differences in their respective environments.

Together, these differences strongly indicate that MK-2 is sensitive to the solvent environment.
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However, information from 2D NMR techniques is needed to elucidate if this change in chemical
shift is due to conformational variations or solvent effect.
3.3.2 'H-'H 2D NOESY and ‘H-"H 2D ROESY NMR Spectroscopic Studies of Menaquinone-
2 in d¢-DMSO and ds-pyridine

Differences between the conformations observed in dg-DMSO vs. ds-pyridine are likely
manifested by the conformation minimizing the unfavorable interactions with the solvent
environment and maximizing favorable intramolecular interactions with the isoprenyl side chain.
To investigate the conformation of MK-2 in organic solvents, we utilized two different but
complementary 2D NMR methods, *H-"H 2D NOESY and *H-'H 2D ROESY. Figure 3.3.2 shows the
'H-'H 2D NOESY and ROESY NMR spectra of MK-2 in dg-DMSO and portions of the spectrum in
ds-pyridine. Figure 3.3.2A shows the complete 'H-"H 2D NOESY spectrum of MK-2 in dg-DMSO
and Figure 3.3.2B-C shows zoomed in regions of interest in the NOESY and ROESY spectra
collected in de-DMSO, respectively (See Figure A3.1-2 for full spectra). Figure 3.3.2D-F shows
zoomed in regions of interest in the NOESY and ROESY spectra collected in ds-pyridine,
respectively (see Figures A3.4-5 for full spectra). Figure 3.3.2B and Figure 3.3.2D illustrates that
alkene hydrogens, Hy and H;, are in similar environments in ds-pyridine and de-DMSO due to the
observance of similar NOE cross peaks. In both solvents, Figure 3.3.2B and Figure 3.3.2D show
NOE cross peaks illustrating that H, and H; interact with H,/Hm, Hq, Hr and H,. Figure 3.3.2B and
Figure 3.3.2D show NOE cross peaks demonstrating hydrogen H,, interacts with hydrogens Hp/H;
and Hp/Hy, in both dg-DMSO and ds-pyridine. Figure 3.3.2C and Figure 3.3.2E shows partial *H-'H
2D ROESY NMR spectra where the focus is on hydrogen H,, in dg-DMSO and ds-pyridine (see

Figure A3.2 & A3.5 for full spectra and Figure A3.7 for NOE/ROE correlation traces (slices)). Figure
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3.3.2B-C for MK-2 in d-DMSO, NOE and ROE cross peaks indicate the H,, hydrogen interacts with
Hgq, Hr, Hy, and H,. However, the lack of ROE cross peaks in Figure 3.3.2E shows H,, does not interact
with Hy or H, in ds-pyridine (observed cross peaks between Hy,, and Hy, or H, in ds-pyridine are
likely due to TOCSY exchange). The observation of cross peaks show that there are similar
interactions between the aromatic and alkene hydrogens in the two solvents; however, there is
a twist around the C-C bond leading to closer proximity of the H,, with the Hq H. H,, and H,
hydrogens in dg-DMSO. The NOE and ROE cross peaks in the dg-DMSO spectrum in Figure 3.3.2
clearly supports a folded, U-shaped conformation for MK-2 in dg-DMSO. However, evidence of a
folded conformation for MK-2 is not as definitive in ds-pyridine due to the lack of NOE and ROE
cross peaks between H,, and H, or H,. If MK-2 did adopt a U-shaped conformation in ds-pyridine,
it would have a conformation as shown in Figure 3.3.3B, where the distance between H,, and
Hy/H, is beyond observation in the 'H-'H 2D NOESY and ROESY NMR experiment. This
conformation for MK-2 in ds-pyridine is based on other NOE/ROE cross peaks observed (i.e. Hy
to Hn, Hw to Hq or H,, Hy to Hy) Figure 3.3.2F illustrates mt-r stacking between pyridine and part of
the naphthoquinone ring, which could possibly explain the cross peak phase or lack of interaction

between H,, and H, or H,.
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Figure 3.3.2. "H-"H 2D NOESY and "H-"H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-2 in ds-
DMSO and ds-pyridine at 26 °C. (A) Full *H-"H 2D NOESY NMR spectrum of MK-2 in dg-DMSO, (B)
Partial *H-'H 2D NOESY NMR spectrum of MK-2 in dg-DMSO, (C) Partial *H-'H 2D ROESY NMR
spectrum of MK-2 in dg-DMSO, (D) Partial *H-"H 2D NOESY NMR spectrum of MK-2 in ds-pyrdine,
(E) Partial *H-"H 2D ROESY NMR spectrum of MK-2 in ds-pyrdine (F) Partial *H-'"H 2D ROESY NMR
spectrum of MK-2 in ds-pyridine illustrating stacking interactions. Blue intensity contours
represent negative NOE’s or ROE’s and red intensity contours represent positive NOE’s or ROE’s.
A standard NOESY pulse sequence was used consisting of 200 or 256 transients with 16 scans in
the f1 domain using a 500 ms mixing time and 1.5 sec. relaxation delay. A standard ROESY pulse
sequence was used consisting of 200 or 256 transients with 16 scans in the f1 domain using a 400
ms mixing time and 2.0 sec. relaxation delay. The structure of MK-2 is shown with a hydrogen
labelling scheme key. Green arrows indicate hydrogen H,, where the observed cross peaks
differed the most between the two solvents studied.
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3.3.3 lllustrating Menaquinone-2 Conformations using Molecular Mechanics

MK-2 has a short repeating isoprenyl chain (Cy0) but enough carbons with numerous degrees
of rotational freedom; therefore, even the truncated version of MK, MK-2, can assume many
different conformations. Using molecular mechanics calculations, we explored the energy
surface and visualized specific conformations defined by the *H-"H 2D NOESY and ROESY NMR
experiments of MK-2 in dg-DMSO and ds-pyridine. Specific conformations were generated based
on distances imposed by the NMR spectral data and then energy optimized to produce realistic
bond lengths and angles for these conformations. Finally, an energy was calculated to assure that
the conformation was at a reasonable energy. Longer molecular mechanics calculations generally
lead to rotations around bonds and conformations not exactly as those suggested from the NMR
data (see below and Supporting Information). The intent with the molecular mechanics
calculations was to illustrate conformations corresponding to the *H-'H 2D NOESY and ROESY
NMR spectral data in de-DMSO and ds-pyridine constrained by all cross peak interactions
observed as well as to provide visual aids (Figure 3.3.3). One of the low energy conformations
generated for MK-2 has a conformation (Figure 3.3.3A, 66.8 kcal/mol, H,-H,: 2.6 R) consistent
with the NOESY and ROESY spectral parameters observed in dg-DMSO. Figure 3.3.3B illustrates a
potential conformation of MK-2 that is consistent with NOESY and ROESY spectral parameters
observed in ds-pyridine (66.7 kcal/mol, Hy-H,: 6.1 R). See Table A3.1 for selected hydrogen to
hydrogen distances for conformations seen in Figure 3.3.3A-B consistent with 2D NOESY and
ROESY NMR spectral parameters. The MK-2 conformation determined in dg-DMSO adopts a

folded, U-shaped conformation.
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(A)

Figure 3.3.3. MK-2 conformations generated using MMFF94 calculations to illustrate the
conformations elucidated by the NMR studies. (A) lllustrates the MK-2 conformation in dg¢-DMSO
determined from *H-'H 2D NOESY and ROESY NMR spectral data cross peak interactions (66.8
kcal/mol, and internuclear distance Hy-H,: 2.6 R), (B) lllustrates a potential U-shaped MK-2
conformation in ds-pyridine consistent with the 'H-'H 2D NOESY and ROESY NMR spectral data
cross peak interactions (66.7 kcal/mol, and internuclear distance Hy-H,: 6.1 A). See Supporting
Information for a table of selected hydrogen to hydrogen distances for conformations A and B.
Fewer NOE and ROE cross peaks were observed in ds-pyridine that would indicate a folded
conformation and although this does not preclude a U-shaped conformation, it does suggest that
the Hy-H, internuclear distance is longer and outside the observable range using the 'H-'H 2D
NOESY and ROESY NMR experiment. We based this folded conformation off other NOE and ROE
cross peaks observed, which were suggestive of folding (see Figure 3.3.2 and related discussion).
However, a U-shaped conformation has been observed by NMR analysis in another aromatic
solvent, de-benzene, for n-dodecane.®® The U-shaped conformations shown in Figure 3.3.3 are
representative of many possible stable conformations MK-2 could adopt. For comparison, Figure
A3.10C shows another favorable conformation for MK-2 that has a characteristic U-shape. The

energy of the conformation shown in Figure A3.10C was the lowest energy we found. This

conformation was obtained by subjecting an extended MK-2 conformation to 10,000 iterations
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followed by an energy minimization, illustrating that non-extended conformations are readily
reached and energetically favorable.

Combined, the stability of the U-shaped conformations shown by these simple calculations
are in line with work reported that showed *H NMR spectra of n-pentane and n-hexane measured
in polar and spherical solvents such as DMSO favor gauche conformations as well as the reported
U-shaped conformations of alkyl chains bound to synthetic receptors.’®3*> * The folded
conformations demonstrated herein from experiment for MK-2 align with reported
computationally determined conformations for MK analogs.”® However, it is contrary to the
general expectation that the all-trans conformations of alkanes or alkyl components are most
stable.s' 24-25, 27

In addition to the U-shaped conformations seen in conformations A and B in Figure 3.3.3, a
series of alternative conformations of MK-2 (Figure A3.10D-E) were also generated from the
structures most often depicted by representations in the literature and then were energy
optimized. Conformations D-H in Figure A3.10 were generated to compare these conformations
energetically to the two U-shaped conformations shown in Figure 3.3.3A-B. The energies of
conformations D-H in Figure A3.10 were all higher (~11 to ~23 kcal/mol) than the conformations
found in dg-DMSO, ds-pyridine, and conformation C. Additional analysis of conformations and a
table of selected internuclear distances of MK-2 conformations from Figure 3.3.3 and Figure
A3.10 are given in Table A3.1.

Selected simple alkanes and a few other, more complex compounds with long alkyl-segments
such as in polyenes and fatty acids report that the extended and folded forms are comparable in

28,29

energy to the all-trans form. The “pentane effect” for longer chains destabilizes the trans
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conformations because of unfavorable g'g arrangements, which increases the energy by ~0.55

28,29

kcal/mol with each kink in the chain. In contrast, gauche arrangements are often energetically

favored because of entropic contributions.>*>*

This is in part due to the spatial requirements that
all molecules exert and can be justified using limited sphere-considerations.*> Gauche
arrangements tend to favor folded conformations where the degree of folding of n-alkanes (Cs-
Cs,) in solution depends on the strength of the dispersion force of the solvent® and the degree

3335 Other molecules that contain

of folding increases with increasing chain length of the solute.
alkyl chains such as fatty acids and polyethylene derivatives have also been reported as either
extended chains or in folded conformations depending on physical and environmental

30-31, 36-37

conditions. Conformational analysis of long chain allylic polyunsaturated fatty acid

chains using Hartree-Fock calculations showed that conformational differences between the all-

36
l.

trans and helical folded structures are only a few kcal/mo Ultimately, there are a few but

29,3841 that folded and/or U-shaped conformations are likely to

strongly convincing examples
become much more important than have been recognized previously. The studies presented
herein represent a new class of compounds that adopt a U-shaped conformation, illustrating that
these folded conformations are likely to be important and may impact the biological function of
these lipoquinone systems. It is very important to recognize the molecular plasticity, which allows

the alkyl chain to assume shapes depending on the complementary structures or influences of

the immediately surrounding environment.

3.3.4 Electrochemistry of Menaquinone-2 in Different Organic Solvents

Our interest in these systems relates to the fact that the redox potential of MK is important

in shuttling electrons between protein complexes. Although the focus of this chapter thus far has
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been on the conformations of these compounds, we are particularly interested in redox
properties because we are aiming to investigate the function and reactivity of these systems as
well. For MKs to carry out this process, MKs must associate with the transmembrane proteins
involved in the electron transfer processes.* The electron transfer processes all take place within
or near the membrane interface with two one electron reduction processes sequentially forming

50-52

the radical anion (semiquinone) and then the dianion. Even though there has been many

reports in literature on the redox potentials of MK derivatives, the origin of these changes are

d.>*>? These processes are particularly poorly understood when the quinones

not well understoo
are present in a hydrophobic molecule that is entirely or partly located in the membrane of a
biological system. Although, it is premature to correlate conformation with redox potential, we
are seeking systematic information where redox potentials and conformations are known (i.e.
within different organic solvents) and the electrochemical data on this system becomes an
important frame of reference because the conformational analysis has been carried out. We
hypothesized that the redox potential of MK-2 will vary based on organic solvent environment.

Although this hypothesis would be anticipated to be confirmed, it is important to measure how
and if the magnitude of the redox potential changes as the solvent environment changes because
the function of MK-2 is tied to the redox potentials. Initially, redox studies were planned to be
carried out in DMSO, acetonitrile, and benzene; however, because of low solubility of all of the
electrolytes examined in benzene, benzene was replaced with pyridine as a representative
aromatic solvent.>® The electrolyte tetrabutylammonium perchlorate (TBAP) was chosen because

1D *H NMR studies showed that the addition of TBAP to MK-2 solutions (solvents: de-DMSO, ds-

pyridine, ds-acetonitrile) did not affect the observed chemical shifts of the MK-2 hydrogens and
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thus no evidence for artifacts due to ion pairing would be observed (see Supporting Information

for further description of the electrochemical analysis, and for MK-2/TBAP NMR studies).
MK-2’s first electrochemical potential is the one electron reduction of the quinone to

semiquinone (Q/Q") and the second is the one electron reduction of the semiquinone to the

dianion (Q"/Q7), (see Supporting Information).>®>

The cyclic voltammogram’s (CVs) of MK-2 and
an internal standard of ferrocene (Fc'/Fc) in the three solvents are shown in Figure 3.3.4. The
Q/Q" E1/, vs Fc'/Fc for MK-2 in DMSO, CHsCN, and pyridine were measured to be -1.155 (+0.001)
V, -1.230 (£0.003) V, and -1.331 (+£0.001) V, respectively. As shown in Figure 3.3.4, we included
the Fc'/Fc reference in the data presented. These results are consistent with Q/Q" Ei/2vs Fc'/Fc

*0:3% The values determined experimentally for Q"/QZ' Ei2

values given for 1,4-naphthoquinone.
vs. Fc'/Fc for MK-2 in DMSO, CH3CN, and pyridine were measured to be -1.863 (+0.008) V, -1.902
(£0.012) V, and -2.075 (+0.003) V, respectively (see Supporting Information). In Figure 3.3.5, the
half-wave potentials are plotted showing the trend that both redox processes are more readily

reduced in DMSO than CH;CN or pyridine similar to the trend observed in literature for 1,4-

napthoquinone potentials.>
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Figure 3.3.4. Three representative cyclic voltammogram’s (CVs) of 2 mM MK-2 in CH3;CN, DMSO,
and pyridine. The potentials are referenced to the Fc'/Fc couple (2 mM) determined in each
solvent. From left to right, redox processes are Q"/Q%, Q/Q", and Fc'/Fc. Each sample has 0.1 M
TBAP and was degassed with argon gas for 10 minutes at ambient room temperature before
spectra were recorded. Current sweeps are in the anodic direction from -2V to 1V and back to -
2V. A 100 mV scan rate was used.
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Figure 3.3.5. Measured Ey, (vs Fc*/Fc in V) of MK-2 Q/Q" and Q"/Q” redox processes versus
solvent. Added lines show the distinction between each solvent for each redox process. Each
solvent was run in triplicate with error bars shown as standard deviations. Statistics were
performed using a Student’s t test that indicated the half wave potentials of each redox process
are significantly different in each solvent (p<0.01 for Q*/Q* CH3CN-DMSO and p<0.0001 for all
other comparisons). See Supporting Information for details.

In summary, during the first electrochemical process producing the semiquinone, MK-2 has
the most positive potential in DMSO and the most negative potential in pyridine, showing MK-2
is slightly more reducible in DMSO than pyridine or CH3CN. The observation of differing redox
potentials between organic solvents supports the second hypothesis that the redox potential of
MK-2 is influenced by the specific organic solvent, where a contributing factor to the observed
changes is due to the differences between the dielectric constant of each solvent. The different
organic solvents influence the observed redox potential of MK-2 and from the 2D NMR studies
on the conformation of MK-2, slight differences in conformation were observed, which may

suggest that a combination of solvent effect and conformational differences of MK-2 may affect

redox potential.
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3.3.5 Interaction of Menaquinone-2 with Langmuir Phospholipid Monolayers

The physiologically relevant environment for MKs is in association with membranes;
therefore, we also studied the interaction of MK-2 with a more direct model membrane interface,
a phospholipid monolayer. Several membrane models exist including Langmuir monolayers,

liposomes, micelles, and reverse micelles (RM) (Figure 3.3.6).% >>°°

Each model system has
advantages and disadvantages, and we have chosen to investigate the phospholipid monolayer
because of their direct association with a cellular membrane and the RM system because RMs

allow for molecular placement of MK-2 with regard to the interface.*® >>®
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Figure 3.3.6. Schematic diagram of (A) a Langmuir phospholipid monolayer and (B) a RM present

in a microemulsion. Labelling for the RM is as follows: (A) the water pool, (B) the Stern layer, (C)
the hydrophobic surfactant tails, and (D) the organic solvent, isooctane.
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46, 60

First, we describe our studies with Langmuir monolayers consisting of phospholipids to

gain insight into the interactions between two classes of phospholipids
(dipalmitoylphosphatidylcholine (DPPC) or dipalmitoylphosphatidylethanolamine (DPPE)) and

MK derivatives. These studies will demonstrate how the phospholipid packing is affected by the

60-64
D

presence of MK derivatives as it interacts with the phospholipid interface (Figure 3.3.7A). ue

to the low solubility of MK-2 in aqueous environments, the Langmuir monolayer studies involve

experimental protocols used for other materials with low solubility in water, such as uQ.®>°e

Figure 3.3.7 shows the change in surface pressure as a function of area per molecule of DPPC or
DPPE in the presence of various amounts of MK-2. The resulting compression moduli as functions

of surface pressure are shown in the Supporting Information.
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Figure 3.3.7. Compression isotherms of MK-2 films (dotted lines), DPPC or DPPE phospholipid
films (solid lines), or a 50:50 mixture of MK-2 and phospholipid (dashed line). On the left (A) are
the resulting compression isotherms of MK-2 and DPPC, while on the right (B) are the resulting
compression isotherms of MK-2 and DPPE.
The compression isotherm of DPPC shows a transition at ~8 mN/m and both DPPC and DPPE

collapse at ~55 mN/m similar to findings reported in literature.®” The compression isotherm of
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the 1:1 mixture of DPPC and MK-2 shows a disappearance of the gas to liquid phase transition at
8 mN/m, suggesting there is a condensing effect of MK-2 with DPPC at a high area per
molecule/low surface pressure. Moving to DPPE, the 1:1 mixture of MK-2 with DPPE reduces the
collapse pressure of the film to 50 mN/m showing destabilization of the DPPE film. The pure MK-
2 films had limited stability shown by a maximum surface pressure of ~20 mN/m. This result

®>%7 To understand the interactions

suggests MK-2 forms a less stable film than the phospholipids.
of MK-2 with DPPE and DPPC further, the compression moduli were calculated using eq. (4) (see
Supporting Information) where the compression modulus is the measure of the compressibility
of the film.

Our results are interpreted as MK-2 having a condensing effect on DPPC phospholipid films
at high area per molecule/low pressure and destabilization of DPPE phospholipid films. The
resulting mixed films (DPPC/MK-2 or DPPE/MK-2) were also consistent with reported UQ
suggesting similar trends where UQ was shown to be “squeezed” out of the phospholipid

65-66, 68

interface. In summary, MK-2 has a condensing effect on DPPC phospholipid films, a

destabilization of DPPE phospholipid films, and is most likely compressed out of the phospholipid

film similar to UQ.%>%% 8

Unfortunately, these studies do not directly show whether a folded or
extended conformation of MK-2 exists. A folded conformation occupies a larger volume than the
extended conformation, which would affect packing within the phospholipid interface. Our
studies do demonstrate that MK-2 interacts with the phospholipid model membrane interfaces

of DPPC and DPPE even above physiologically relevant pressures. It is possible that the

observation of the destabilization of the DPPE phospholipid films (not observed for DPPC) by the
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presence of the MK may suggest a folded MK-2 conformation that does not fit in the organization

of the DPPE film (possibly related to packing of the phospholipid).

3.3.6 1D 'H NMR Spectroscopic Studies of Menaquinone-2 in Reverse Micelles

One of our ultimate objectives was to characterize the molecular details of MK-2's association
with membrane-like interfaces. This characterization includes determining the location and
conformation of MK-2; therefore, the RM model system was investigated (Figure 3.3.6B).%%%* ®
In the RM, a ternary microemulsion system forms when a surfactant is dissolved in an organic

solvent and the addition of water creates nano-sized water droplets encased in surfactant.>® ®*

®4 ®971 This dynamic, yet simple, model can provide molecular detail on location and
conformation of MK at an interface using NMR spectroscopy, whereas the use of phospholipids
such as DPPC have overlapping hydrogen signals with key MK hydrogen signals making

interpreting conformational information very complex.®® 7*7

RM systems provide information
regarding the location, conformation, and physical interactions of MK with lipid films and
potentially membranes, which allowed us to examine our third hypothesis that the membrane
interface influences the conformation of the MK derivative.

To explore the location of MK-2 at a lipid/water interface further, studies were conducted
using a simple microemulsion interfacial system, which allows for identification of molecular
placement. Figure 3.3.8 shows a stack plot of 1D *H NMR spectra for the aromatic hydrogens
(Ha/Hp and Hc/Hq) of MK-2 in solutions of D,0, isooctane, or isooctane solutions of MK-2
containing RMs (D,0/AOT/isooctane microemulsions) of various sizes (wp: 4, 8, 12, 16, and 20

where wy=[D,0]/[AOT]) and for comparison with an empty AOT/isooctane RM. The aromatic MK-

2 hydrogens in the AOT/isooctane RMs are similar to the signals observed in isooctane but very
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different from the signals observed in D,0. The distance between H,/H, and H/Hg4 is 0.52 ppm in
isooctane, 0.47 ppm in the RM, and 0.27 ppm in D,0. This suggests that the environment of the
MK-2 hydrogens in the AOT/isooctane RMs is more like an environment in isooctane than D,0,
where MK-2 is no longer in isooctane but associating with the AOT molecules. The signals from
the H./Hq hydrogens in the AOT/isooctane RMs do change slightly as the RM size increase or

decreases. This observation is also consistent with MK-2 penetrating and residing in the interface.
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Figure 3.3.8. 1D 'H NMR (400 MHz) spectra of MK-2’s aromatic hydrogens, H,, Hy,, Hc, and Hq in
D,0, isooctane and different sized RMs. Hydrogen peak text labelling corresponds to MK-2
hydrogen labelling scheme key found in Figure 3.3.2 H,, Hy, H., and Hq hydrogens undergo a
chemical shift upon inclusion inside RMs.

To verify that the RMs formed in the samples used and that the properties of the samples are

consistent with previous studies*® ®* ¥ 7”7 Dynamic Light Scattering (DLS) experiments were
p

carried out. These studies confirmed the formation of RMs, and that the RM did not change

94



significantly upon the addition of MK-2. This was carried out by measuring the sizes in the
presence and absence of MK-2 and confirming that the size was as those reported previously
(data not shown).62 Overall, these results are consistent with MK-2 penetrating the RM model
membrane interface; however, 2D studies are described below to get more information

regarding the placement and conformation of MK-2 within the RM system.

3.3.7 'H-'H 2D NOESY and ROESY NMR Spectroscopic Studies of Menaquinone-2 in a
Reverse Micelle Model Membrane System

To provide further evidence regarding the location, orientation, and conformation of MK-2
within RMs, we obtained the 'H-'H 2D NOESY NMR spectrum and the 'H-'H 2D ROESY NMR
spectrum of MK-2 in a wy 12 RM, Figure 3.3.9 and Figure 3.3.10. Figure 3.3.9 shows a partial 'H-
'H 2D NOESY and ROESY NMR spectra indicating both AOT and MK-2 hydrogens, whereas Figure
3.3.10 focused in on selected hydrogen interactions specifically in the NOESY spectrum (see
Figure A3.8-9 for full spectra). Figure 3.3.10A shows cross peaks between the aromatic H,/H, and
Hc/Hq and parts of the AOT CH;, and CHs tail groups (i.e. H8 and H10 hydrogens, see Figure 3.3.11
for AOT hydrogen labeling key). Figure 3.3.10B shows cross peaks between alkene hydrogens, H;
and Hy, with HOD and AOT’s H1, H1’, H3, and H3’ hydrogens and only evidence of a weak
interaction between MK-2 and isooctane. These interactions are consistent with placement of

MK-2 between the AOT tails as shown using a depth perception drawing in Figure 3.3.11.
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Figure 3.3.9. Partial 'H-'H 2D NOESY and ROESY NMR (400 MHz) spectra of MK-2 inside wy 12
RM at 26 °C. (A) Partial *H-'H 2D NOESY NMR spectrum in wp 12 RM and (B) Partial ‘H-'H 2D
ROESY NMR spectrum in wp 12 RM. Blue to blue hydrogen text labelling shows MK-2 to MK-2
interactions, teal to teal hydrogen text labelling shows AOT to AOT interactions, and blue to teal
hydrogen text labelling shows MK-2 to AOT interactions. Blue intensity contours represent
negative NOE’s or ROE’s and red intensity contours represent positive NOE’s or ROE’s. A standard
NOESY pulse sequence was used consisting of 256 transients with 16 scans in the f1 domain using
a 200 ms mixing time and 1.5 sec. relaxation delay. A standard ROESY pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and 2.0

sec. relaxation delay. See Figure 3.3.2 for MK-2 hydrogen labelling scheme key and Figure 3.3.11
for AOT hydrogen labelling scheme key.
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Figure 3.3.10. Partial 'H-'H 2D NOESY NMR (400 MHz) spectra of MK-2 inside wy 12 RM at 26 °C
illustrating interactions of MK-2 with the AOT surfactant tails. (A) Interactions between MK-2's
aromatic hydrogens and AOT. (B) Interactions between MK-2 alkene hydrogens and AOT. The
blue hydrogen text labelling shows MK-2 to MK-2 interactions, teal hydrogen text labelling shows
AOT to AOT interactions and blue to teal hydrogen text labelling shows MK-2 to AOT interactions.
Blue intensity contours represent negative NOE’s and red intensity contours represent positive
NOE’s. A standard NOESY pulse sequence was used consisting of 256 transients with 16 scans in
the f1 domain using a 200 ms mixing time and 1.5 sec. relaxation delay. See Figure 3.3.2 for MK-
2 hydrogen labelling scheme key and Figure 3.3.11 for AOT hydrogen labelling scheme key.
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Close Up Far Away

Figure 3.3.11. lllustration of MK-2’s proposed folded, U-shaped conformation and placement in
the RM interface. This arrangement is consistent with *H-'H 2D NOESY and ROESY NMR spectral
data obtained in wg 12 RM; however, MK-2 likely tumbles freely within the interface but
maintains interactions with the region of AOT shown in the illustration. Color depth fading legend
shows dark red as closer in distance and dark blue as farther in distance from the reader. AOT
hydrogen labelling scheme key is shown.

Regarding the conformation of MK-2 associated with the RM water-interface, the NOE and
ROE cross peaks in Figure 3.3.9 show interactions between H,, and H,/H, and between H,, and the
alkene hydrogens, H,/Hi, which is consistent with a folded, U-shaped conformation. In the
proposed conformation, the C2-C6 atom to atom distance in MK-2's isoprenyl side chain was
found to be 3.6 A, which is consistent with a U-shape (g'g” conformation, Figure 3.3.12) for MK-
2 placed at the RM interface (see Supporting Information for further discussion and internuclear
distances of different MK-2 conformations). An illustration of an MK-2 conformation consistent

with these observations is shown in Figure 3.3.12. This U-shaped conformation observed when

MK-2 is associated with the RMs changed slightly from that observed in de-DMSO regarding
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where the double bond overlaps with the naphthoquinone moiety. The overlap of the alkene and
naphthoquinone functionalities in the conformation associated with the interface is best
illustrated by the top view in Figure 3.3.12B. Importantly, the U-shape fold remains, but slight

rotation around the C-C bond facilitates the conformational changes in the U-shape.

(A) (B)

Side View Top View

Figure 3.3.12. MK-2 conformation at an interface visualized using Merck Molecular Force Field
94 (MMFF94) calculations. Molecular mechanics simulations generating the 3D conformation of
MK-2 in a RM that is consistent with *H-'H 2D NOESY and ROESY NMR spectral data. (A) Side view
of energy minimized conformation (63.5 kcal/mol, and internuclear distance H,-H,: 4.0 A)
showing MK-2's isoprene chain adopting a hook-like shape also known as a folded, U-shaped
conformation. (B) Top view of energy minimized conformation showing the terminal isoprene
methyl-groups overlapping the carbonyl groups on the naphthoquinone.

3.3.8 Implications of Folded Conformations for Menaquinone Derivatives
Natural MKs contain a naphthoquinone and an isoprenyl side chain with some variable
number of repeating isoprene units, where MKs support the electron transfer reactionsin a range

7,42

of systems. MK-2 was synthesized allowing for detailed characterization of the molecule. The

results presented here for MK-2 suggests that other important MK derivatives in biology will
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adopt folded conformations as well and demonstrates the need to prepare and study such
derivatives both experimentally and computationally.
The extended conformations of long chain biological molecules such as fatty acids and

d.5%%» However, a few

polyenes are generally shown in the literature if the structure is presente
studies of isoprene conformers and 1,3 acyclic dienes show the extended trans alkane
conformations compare in energy with folded or helical conformations.”®”® Although the folded
conformations in those studies may be slightly higher in energy than unfolded conformations,
the difference is surprisingly small. The C-C single bond lengths reported for stearic acid
decreases under high pressure.* These bond shrinkages cause conformational and shape
changes in stearic acid favoring folded conformations.** Previous studies using high temperature
UV-absorption spectroscopy, molecular orbital calculations, and gas-phase electron diffraction
found that isoprene and chloroprene conformations did, in fact, favor folded conformations.?®!
Although these conditions are non-physiological, they do demonstrate that changes in a physical
parameter can affect the preferred conformation. Previous work has been carried out with fatty
acids where the experimental studies showed that the conformations of the alkane portion of
the fatty acids can and do change similar to conformations of MK-2 as shown in this work.*® Our
studies confirm the first hypothesis that MKs have different conformations depending on specific
environmental conditions, which was achieved by first synthesizing MK-2 and then
demonstrating that a U-shaped, folded conformation was adopted in dg-DMSO, which was
different from the conformation in ds-pyridine.

Conformations can affect reactivity, and as in this case, the electron transfer reactions

facilitated by MK. MK forms complexes with several enzymes during the electron transfer
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processes, and although kinetic characterization of these systems have been reported,?®* less is
known structurally. The redox potentials of MK-2 depicted in Figure 3.3.4-5 illustrate the trend
where the most positive potential is in DMSO and the most negative potential is in pyridine,

>0:5% These results have identified that the

which agrees with literature reports on menadione.
redox potential of MK-2 changes as a function of solvent, and the origin of this change
(presumably in part due to a change in dielectric constant between solvents) and whether these
observed solvent effects can be associated with changes in conformation should be investigated
in the future using both suitable high level computational methods as well as electrochemistry.
Indeed, the change in redox potential is likely to be important, and since there is no conjugation
between the isoprenyl side chain and naphthoquinone, these effects are very interesting and
may reflect that the energy required for the reduction is determined by the energy difference of
the HOMO-LUMO gap in the two different conformations.?” Orbital analysis of the HOMO-LUMO
gap could potentially be informative and describe the origin of the observed varied biological

d.®® For example,

effects of a series of N-alkyl MK derivatives that have been reporte
replacement of a CH, group with a N-atom modifies the parent system creating a class of
compounds with a nitrogen bound directly to the “naphthoquinone group.” These molecules

8687 and it is

have dramatically different biological properties than the parent MK derivatives
possible that these activities could be related to the change in fundamental physical and chemical
properties that occurs with N-alkyl isoprenoid substitution of the naphthoquinone ring.
Combined, these results confirm the second hypothesis that the redox potential of MK-2 is

influenced by organic solvent environment, which is likely to be important for understanding the

mechanistic details in MK metabolism.
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The third hypothesis involved determining if the association of MK with the membrane
interface influences the conformation of the MK derivative. We investigated the interaction of
MK-2 with a phospholipid Langmuir monolayer, which is a simple 2D model of a single leaflet of

>% 8889 The fact that MK-2 interacts with the phospholipid monolayer is

a cell membrane.
consistent with the expected MK affinity for the hydrophobic phospholipids that make up the cell
membrane. Langmuir monolayer studies support interaction of MK-2 with the phospholipid
monolayer interface; however, the lipoquinone is likely pushed out of the interfacial portion of
the phospholipid monolayer into the more hydrophobic alkyl tail groups on the top of the
monolayer as the pressure increases. Unfortunately, Langmuir phospholipid monolayer studies
could not determine the conformation of MK-2; however, the RM surfactant interface
complements studies with the phospholipid monolayer interface. The question of folding was
further investigated by combining *H NMR spectroscopic studies of MK-2 in organic solution and
in a simple model membrane system, RMs. The conformation of MK-2 was characterized in
organic solvents and was found to differ slightly from the conformation when it was associated
with the surfactant interface within RMs. It is to be expected that MK-2 would have an affinity
for the interface because of its hydrophobicity, which agrees with results observed in the RM
system. The RM interface is known to be penetrated by water molecules and thus less packed
than a biological membrane, and therefore has a lower interface pressure meaning MK-2 is

02,6990 The 'H NMR spectroscopic studies in RMs allowed

unlikely to be squeezed out once inside.
us to observe the association of MK-2 with the interface molecules as well as with itself in its

folded state. The 'H-'H 2D NOESY and ROESY NMR spectral data indicates that the U-shaped

conformation of MK-2 (Figure 3.3.12) remained intact while associating with the RM model
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membrane interface; however, the overlap between the alkene and the naphthoquinone varies
with the specific environment. The small changes in the U-shaped conformation document the
environmental influence on the conformational folding of MK-2. These results are very important
because they document the possibility that MK derivatives in the cell membrane environment
may be folded and if so, such folds will impact the interaction with proteins in the ETS and affect
reactivity and function.

Naturally occurring lipoquinones are characterized by the presence of an isoprenyl side chain
of varying length and degree of saturation depending on the species of origin. MK-2’s isoprenyl
side chain is shorter than most lipoquinones involved in electron transport; therefore, it may not
fully mimic the interactions generated by MK derivatives with longer isoprene chains with the
membrane or the enzyme systems. However, these results show that the folding of MK-2 is very
important and may suggest that MK derivatives with the longer isoprenyl side chains may adopt
folded conformations as well. Understanding how MK-2 and other MK derivatives fold in a
hydrophobic environment is critical to gauge how these molecules will behave within a biological
membrane associated with the ETS. Folded MK conformations may be important for substrate
recognition by respiratory enzymes within the ETS.

Investigation of the conformation of a particular MK derivative’s location and conformation
will also allow for a more realistic interpretation of data obtained with the novel fluorogenic
probe, a vitamin K analog, reported to fluoresce after reduction to the quinol.91 Studies with this
new probe may help provide information on the role that vitamin K plays in key redox processes.
Accurate information obtained from the use of this probe would provide better quality data

regarding photosynthesis and cellular respiration and future consideration of MK derivatives
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location and conformation will be important for proper interpretation of the results obtained

from the use of this probe.”

3.4  Summary and Conclusions

Conformations exhibited by alkanes and alkenes are essential for explaining trends in
reactivity and manifestation of physical properties but little is understood regarding biological
systems with hydrophobic small components containing alkyl-segments. The studies presented
in this chapter describes the chemical and biochemical properties of MK, which is an essential
component of the ETS in many Gram-positive bacteria, including pathogens such as M.
tuberculosis, Mycobacterium leprae, and Staphylococcus aureus, to name a few. We report for
the first time in this class of molecules that MK-2 adopts a folded, U-shaped conformation in
organic solution. The specific nature of the conformation varied within different organic solvents
and thus confirmed our first hypothesis that MK-2 conformations are very sensitive to their
environment. These findings contrast with the simple, extended conformation represented in
textbooks and the literature that is shown for MK derivatives as well as the more common “Q”,
belonging to the UQ family of lipoquinones.

The change in the observed redox potentials of MK-2 with different organic solvents
confirmed our second hypothesis. This is important for future studies probing the function of the
substrate and potential correlation between conformation and redox potential of MK derivatives
and although most of the studies in this chapter are of a structural nature, it is important to
recognize that the function is likely related to the conformation of the MK-derivative. The
discovery that MK-2 adopts a folded conformation may suggest that other MK derivatives will

have similar conformations, which ultimately will impact all the biological systems in which MKs
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have a role such as within the ETS in specific Gram-positive bacterial pathogens. The result of a
stable U-shape conformation in solution and within an interface is important as little information
is available on these essential hydrophobic biological components.

Although the NMR spectral data illustrated using molecular mechanics allowed for the
conclusion that MK-2’s conformation is environment dependent, it was important to investigate
if this U-shaped conformation remained at a membrane like interface. We used two membrane
model systems to investigate this question. The more physiologically relevant DPPC/DPPE
phospholipid monolayers confirmed that MK-2 interacted with the phospholipid interface similar
to UQs; however, the conformation of MK-2 remained unspecified. Complementary studies using
the AOT-RM model membrane system allowed determination of the molecular location of MK-2
as penetrating the water-surfactant interface as well as the conformation of MK-2 within the RM
interface. We found that the folded, U-shaped conformations observed in organic solution
remained upon association with the AOT-RM interface but the U-shaped conformation differed
slightly indicating the interface’s environmental influence on conformation. Together, these
results support the interpretation that the MKs conformation remains folded in a U-shape even
in contact with a model membrane interface, which agrees with our third hypothesis.

More broadly, the results of this study will also enhance our understanding of folded
conformations for chemically and biologically important hydrophobic small molecules in
solutions and confined hydrophobic environments. The shape, and thus the conformation of
these molecules, are relevant for molecular recognition motifs and the processing of these
molecules within the membrane. This chapter represents the first attempt to characterize the

conformation as well as the chemical and biochemical properties manifested by the
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conformation of any electron transferring lipoquinone derivative. Although many studies have
been carried out with these systems kinetically, the conformation and how this impacts the

biological chemistry has not yet been addressed.
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Chapter 4: Isolating the Influence of Saturation of the Isoprenyl Side

Chain on Menaguinone on Conformation and Quinone Redox Potential’

4.1 Role of Partial Saturation of the Isoprenyl Side Chain of Mycobacterial
Menaquinone

Quinones are a unique type of unsaturated o, 3-ketones existing as metabolites in numerous
pathways where they have many functions in nature."” The importance of quinone chemistry
has been recognized since the mid-1800s. Quinone containing compounds can be anti-oxidants,
anti-tumoral, or carcinogenic agents and are the inherent components of biological systems such
as photosystem 1.’ Menaquinones (or naphthoquinones, MK) are a member of the lipoquinone
(lipid-quinone) class of molecules and are essential components of the respiratory electron
transport system (ETS), where they shuttle electrons and protons between protein complexes by
acting as electron donors and acceptors.’ Partial saturation of the isoprenyl side chain of MK has
been known for a long time but recently MenJ was shown to selectively reduce MK-9 at the
second isoprene unit demonstrating the origin of partially saturated MKs within mycobacteria.®
? Currently, little is known regarding the conformation of MKs in solution or within cell
membranes and how partial saturation of the isoprenyl side chain affects conformation and
quinone reactivity, even though the structures and biological significance of lipoquinones and

7, 10-14

isoprenoids have been known for over 50 years. Partial saturation may affect substrate

recognition by respiratory enzymes within the ETS or it may be able to affect quinone redox
This chapter is published in part or in full in Biochemistry.
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potential, or a combination of both. Interestingly, disruption of expression of MenJ reduces
mycobacterial electron transfer efficiency by 3-fold but the mycobacteria were able to maintain
ATP levels by increasing the total levels of the total menaquinone in the membrane.? It is a well-
known fact that evolutionary conserved structural differences in lipoquinone head group alter
quinone redox potential® but it remains uncertain how partial saturation of the isoprenyl side
chain affects quinone redox potential. Therefore, this chapter aims to characterize the
conformation of the most fundamental MKs containing one isoprene unit (unsaturated vs
saturated side chain) in organic solution and a model membrane interface as well as determine
the quinone redox potentials of unsaturated MK-1 and saturated MK-1(H,) in organic solution.
MKs are structurally characterized by a naphthoquinone moiety and a repeating isoprenyl
side chain of varying length (Figure 4.1.1), where the latter is a characteristic that has long been

1>18 The most widely known MK analog is Vitamin K, (or MK-4),

used to assist taxonomic efforts.
which is essential for life in humans as it is a key cofactor in blood coagulation.” MK-4 was
recently shown to be biosynthesized in humans'® and as a part of the ETS in Drosophila.'® Vitamin
K3 (or menadione), the simplest 1,4-naphthoquinone derivative lacking the isoprenyl side chain,
has been reported to have significant anti-tumoral properties.® N-alkylated MK derivatives have
also been synthesized and characterized in literature with several exhibiting interesting biological

203 The truncated MK analogs, menaquinone-1 (MK-1) and menaquinone-1(H,) [MK-

properties.
1(H,)], are vital to study as they are the simplest, most fundamental MKs, where they retain the
core requirements (i.e., a naphthoquinone moiety and a one unit isoprenyl side chain). MK-1(H,)

is crucial to study as it lacks the double bond in the isoprenyl side chain and importantly,

biologically isolated MK analogs containing partial saturation (reduced double bond) in the
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isoprenyl side chain have been reported (Figure 4.1.1).”° Truncated MK analogs are more soluble
than the natural MK substrate, thus allowing rigorous characterization in aqueous assays.’
Furthermore, MK-9 contains eighty hydrogens with significant spectral overlap making
conformational analysis non-trivial. Therefore, the conformational analysis of these two
truncated MK-1 analogs is essential as the conformation of the first isoprene unit will influence
the conformation of the rest of the isoprenyl side chain in naturally occurring longer MK analogs

(e.g., MK-4, MK-9 or MK-9(lI-H,), Figure 4.1.1).

(A) (C)
o o}
4 =
4@ 9@
o o
MK-9(11-H,) MK-1 MK-1(H,)

Figure 4.1.1. Structures of (A) MK-9(lI-H,), present within Mycobacterium tuberculosis, (B) the
unsaturated MK analog, MK-1, and (C) the saturated MK analog, MK-1(H,).

The synthesis of truncated MK analogs is necessary as it allows experimental conformational
analysis to be carried out. Molecular conformations are significant for manifesting physical and
chemical reactivity, as well as recognition in biological systems. MKs contain an alkyl side chain
of varying lengths and conformations have been reported for various alkanes, alkenes, and fatty

24-36
h.

acids, which all contain alkyl chains of varying lengt For example, the degree of folding of

Cs-Cs; n-alkanes in solution depends on the strength of the dispersion force of the solvent and

h.?*3° Furthermore, studies on n-hexane and n-pentane in

increases with increasing chain lengt
various solvents suggested that the solvent environment had only minor effects on the

conformational equilibrium.*® Interestingly, conformations observed in polar and spherical

solvents such as DMSO favored gauche conformations.>® Computational studies have been
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carried out on MK analogs where folded conformations were found to be favorable.*> *’

Importantly, we demonstrated in chapter three that menaquinone-2 (MK-2) adopts a folded, U-
shaped conformation in solution and within a model membrane interface.*® However, MK-1
contains only one isoprene unit and presents the best opportunity for a flat-extended
conformation to exist, and therefore it is important to determine if a flat-extended (i.e., trans or
extended configuration of the side chain and isoprene planar), folded-extended (i.e., isoprene
folded upwards), or u-shaped conformation (i.e., isoprene folded up and back towards the
naphthoquinone in a u-shape) is preferred (see Figure 4.1.2). Based on these selected examples,
we hypothesized that MK-1 analogs adopt folded conformations regardless of the degree of

saturation in their isoprenyl side chain.

Flat-extended Folded-extended U-shaped

Figure 4.1.2. lllustration showing MK-1 conformations for flat-extended (i.e., trans or extended
configuration of the side chain and isoprene planar), folded-extended (i.e., isoprene folded
upwards), or u-shaped conformation (i.e., isoprene folded up and back towards the
naphthoquinone in a u-shape).

The conformation and electronic properties of a molecule can affect both the reactivity and
function of a molecule in solution and within biological environments. The longer partially

saturated isoprenyl side chain MK analog, MK-9(lI-H,) (Figure 4.1.1A) is an electron transporter

within Mycobacterium tuberculosis (M. tuberculosis) and the synthesis of MK-9(lI-H;) was
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observed in pathogenic M. tuberculosis.®® In addition, partially saturated MK analogs have been
reported in other organisms such as members of the genera Streptomyces and Actinomadura.*
It is unclear whether hydrogenation of the double bond in specific isoprene units changes the
reactivity of the quinone system. The double bonds present within the isoprenyl side chain are
not conjugated to the quinone system within MK. Therefore, it would not be anticipated that a
significant change in the quinone redox potential would occur upon reduction of an isoprenyl
unit. However, it has been reported that even when there is no direct conjugation between the
guinone system and a substituent group, electrochemical reduction of the quinone system is
sensitive to the electronic perturbation of the substituents.” Thus, it is possible that partial
saturation in the isoprenyl side chain could influence the quinone redox potential, where an
indirect through bond effect could be a contributing factor and/or conformational effects of the
substituent. Therefore, we hypothesized that the quinone redox potential of MK-1 is influenced
by the degree of saturation in the isoprenyl side chain.

In this chapter, the conformations of MK-1 and MK-1(H,) (Figure 4.1.1) within organic
solvents were elucidated by 1D and 2D ‘H NMR spectroscopy. MK-1 and MK-1(H,) adopted
similar folded-extended conformations in each solvent but the preferred folded-extended
conformations differed slightly between solvent environments. The quinone redox potentials of
MK and MK-1(H,) were measured in three organic solvents, where a solvent effect (presumably
due to a change in dielectric constant) was observed and most interestingly, a ~20 mV difference
in semiquinone redox potential was observed between MK-1 and MK-1(H;). The interaction of
MK-1 and MK-1(H,) with phospholipid monolayers was characterized using Langmuir monolayers

and the two MK-1 analogs were found to interact with the phospholipid interface. Finally, using
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a complementary study, the location, orientation, and conformation of MK-1 and MK-1(H;)
within a reverse micelle (RM) model membrane interface was determined using 1D and 2D NMR
spectroscopy. The two MK-1 analogs interacted similarly with the RM model membrane interface
and MK-1 adopted a slightly different folded conformation within the RM interface compared to

that observed in organic solution.

4.2  Materials and Methods

4.2.1 Materials and General Information/Methods

Most reagents were used without further purification. Dioctyl sulfosuccinate sodium salt
(AOT, 97.0%), isooctane (2,2,4-trimethylpentane, 299.0%), chloroform (99.8%), methanol
(99.9%), sodium phosphate monobasic monohydrate (NaH,PO4, 98%) tetrabutylammonium
perchlorate (TBAP, 299.0%), ferrocene (Fc, anhydrous), silver nitrate (AgNOs, 299.0%), and
activated charcoal were purchased from Sigma Aldrich and used as received unless otherwise
noted. Absolute ethanol and ultra-high purity argon gas (99.9%) were acquired from Pharmco-
Aaper and Airgas, respectively. Deuterated solvents of acetonitrile (d3-ACN, CD3CN) (D 99.8%),
dimethylsulfoxide (dg-DMSO) (D 99.9%, + 0.05% V/V tetramethylsilane, and dg-benzene (>99.6%)
were acquired from Sigma-Aldrich. Deuterium oxide (D,0, 99.9%), d,-dichloromethane (99.9%),
ds-methanol (99.8%) were acquired from Cambridge Isotope Laboratories, Inc. Deuterated
pyridine (D 99.8%) was purchased from Arcos Organics. DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine, 299.0%) and DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine,

>99.0%) were purchased from Avanti Polar Lipids Inc. Monosodium phosphate (96.0%) and
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sodium phosphate dibasic anhydrous (Na,HPO,4;) was purchased from Fisher Scientific and
Distilled Deionized Water (DDI H,0) was purified with a Barnstead E-pure system (~18 MQ-cm).

All chemicals were used without purification except AOT and the organic solvents. AOT was
purified using activated charcoal and methanol to remove acidic impurities using previously
reported methods.>® Organic solvents dimethylsulfoxide (DMSO), acetonitrile (CHsCN, ACN) and
pyridine were purified by distillation and then dried over activated 3 A molecular sieves (40 g /
200 mL solvent) for three days. When preparing samples for RM NMR experiments, deuterium
oxide was used instead of H,0 and the pH was adjusted to consider the presence of deuterium
(pD = 0.4 + pH).* *H and »*C spectra were recorded on a 400 MHz Varian Model MR400, 400 MHz
Varian iNova400 or a 500 MHz Varian iNova500. Chemical shift values (6) are reported in ppm
and referenced against the internal solvent peaks in *H NMR (CDCls, & at 7.26 ppm; ds-acetonitrile
6 at 1.94 ppm; ds-DMSO, 6 at 2.50 ppm; d4-methanol, § at 4.87 ppm; d,-methylene chloride, 6 at
5.32 ppm; de-benzene, § at 7.16 ppm; ds-pyridine, & at 8.74 ppm; D,0, 6 at 4.79 ppm;) and in B¢
NMR (CDCls, & at 77.16 ppm; dg-benzene, & at 128.06 ppm).
4.2.2 NMR Spectroscopic Studies

1D and 2D 'H NMR spectroscopic studies were carried out both in organic solvents and a RM
model membrane system. 'H and *C spectra were recorded using either a Varian Model MR400,
Model Inova400, or Model Inova500 operating at either 400 MHz or 500 MHz and 101 MHz,
respectively. Chemical shift values (8) are reported in ppm and referenced against the internal
solvent peaks in *H NMR (CDCls, 6 at 7.26 ppm; ds-ACN & at 1.94 ppm; ds-DMSO, & at 2.50 ppm;
ds-methanol, & at 4.87 ppm; d,-methylene chloride, 6 at 5.32 ppm; de-benzene, 6 at 7.16 ppm;

ds-pyridine, & at 8.74 ppm; D,0, & at 4.79 ppm;) and in *C NMR (CDCls, § at 77.16 ppm; de-
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benzene, & at 128.06 ppm). All NMR spectra were recorded at either 22 °C, 25 °C, or 26 °C. See
figure captions and Supporting Information for more details.
4.2.3 Solution 1D 'H NMR Spectroscopic Studies

Samples were prepared by dissolving ~5.0 milligrams of MK-1 in 0.5 mL of either d;-
chloroform, d,-methylene chloride, d4-methanol, de-DMSO, ds-pyridine, d3-ACN, and dg-benzene,
respectively. The NMR instrument was locked onto the respective deuterium signal in the
deuterated solvent used. NMR spectra were then collected using 32 scans for each sample. The
data was processed using MestReNova NMR processing software version 10.0.1. The spectra
were manually phased and then the baseline was corrected using a Bernstein Polynomial Fit
(polynomial order 3). The obtained spectra were referenced to the proper internal solvent peak.
4.2.4 Sample Preparation for "H-'H 2D NOESY and "H-'H 2D REOSY NMR Spectroscopic
Studies

To prepare the solutions of MK-1 or MK-1(H,) in ds-pyridine, d3-ACN, and dg-DMSO, 0.0024 g
of MK-1 or 0.0024 g of MK-1(H,) was dissolved in 0.5 mL of deuterated solvent to produce a 20
mM solution of MK-1 or MK-1(H,). The NMR samples containing either MK-1 or MK-1(H,) solution
were purged with argon and capped prior to data collection.
4.2.5 'H-"H 2D NOESY and 'H-'H 2D ROESY NMR Spectroscopic Solution Studies

'H-'H 2D NOESY NMR and "H-'H 2D ROESY NMR spectroscopic experiments were conducted
using a 400 MHz Varian MR400 NMR operating at 26 °C. A standard NOESY pulse sequence was
used consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time, 45°
pulse angle, and a 1.5 sec. relaxation delay. A standard ROESYAD pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time, 45° pulse
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angle, and a 2.0 sec. relaxation delay. The NMR was locked onto either ds-pyridine, d3-ACN, or
de-DMSO. The resulting spectrum was processed using MestReNova NMR software version
10.0.1 (see Supporting Information for further details). The spectra were referenced to the
proper internal solvent peak.

4.2.6 Molecular Mechanics Calculations

To illustrate conformations for MK-1 and MK-1(H;), Merck Molecular Force Field 94
(MMFF94) molecular mechanics gas phase simulations were conducted using ChemBio3D Ultra
12.0 at 25 °C. Starting conformations were obtained by building ChemDraw structures, rotating
desired bonds, and then either had simulations run followed by energy optimization or simply an
energy minimization to achieve the desired conformation. Conformations A-Al, B-B1, and C-C1
in Figure 4.3.4 were constructed and then energy minimized with a root mean square (RMS)
gradient of 0.1 and up to 50 iterations to obtain MK-1 and MK-1(H,) conformations that agreed
with our interpretation of the cross peak observations and intensities in the *H-'H 2D NOESY and
ROESY NMR spectral data. Two simulations were run for 10,000 iterations and then energy
minimized using an MMFF94 energy minimization calculation using 500 iterations with a RMS
gradient of 0.001 to achieve conformations D-D1 in Figure A4.23. Conformations E-E1 and F-F1
in Figure A4.23 were generated by rotating bonds to achieve the desired conformation followed
by an energy minimization using 20-50 iterations and an RMS gradient of 0.1. For a table of
structural parameters such as selected distances between hydrogens within the conformations
in Figure 4.3.4 and Figure A4.23 and energies calculated for the 3D conformations can be found
in the Supporting Information. Tables of Cartesian coordinates for the MK-1 analog

conformations can be found in the Supporting Information.
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4.2.7 Sample Preparation for Reverse Micelle NMR Spectroscopic Studies

A 0.50 M AOT stock solution was prepared by dissolving AOT (5.56 g, 12.5 mmol) in isooctane
(25.0 mL). Empty RMs were prepared by mixing 0.50 M AOT stock solution with a D,O water pool,
and then vortexed. MK-1 and MK-1(H,;) RMs were made in a similar matter. The only difference
being a 14.3 mM stock solution for MK-1 and MK-1(H,) was prepared by dissolving MK-1 or MK-
1(H») in a 0.50 M AOT/isooctane solution. The RM’s were then prepared using the MK-1 or MK-
1(H,) AOT/isooctane stock solution. First, 2.0 mL samples were made using specific amounts of
MK-1 or MK-1(H;) AOT/isooctane stock solution and then diluting the sample to 2.0 mL with the
0.50 M AQOT/isooctane solution. From the 2.0 mL solutions, 1.0 mL RM samples were prepared
using designated amounts of the 2.0 mL sample and then adding the proper amount of D,0 with
pH 6.65 (see General Methods for pH measurements) for MK-1 (D,O pH was 6.71 for the MK-
1(H,) samples) to form the desired size RM. The samples were then vortexed until the solution
was clear. The overall concentrations for the 1.0 mL MK-1 RM samples are as follows: wy 4, 13.8
mM; wp 8, 6.5 mM; wy 12, 3.5 mM; wy 16, 1.9 mM; and wyp 20, 1.3 mM. The overall concentrations
for the 1.0 mL MK-1(H;) RM samples are as follows: wp 4, 13.8 mM; w; 8, 6.4 mM; wy 12, 3.5 mM;
Wy 16, 2.0 mM; and wy 20, 1.4 mM.

4.2.8 1D 'H NMR Spectroscopic Studies of AOT/isooctane Reverse Micelles Containing
Menaquinone-1 or Menaquinone-1(H,)

NMR spectra of MK-1 and MK-1(H,) in various size RMs, isooctane and D,0 were obtained
using a Varian Inova 400 MHz instrument operating at 22 °C using routine parameters (pulse
angle: 45°, relaxation delay of 1 sec.) and 64 scans. The NMR instrument was locked onto 10%

D,0 signal for the RM samples and locked onto 100% D,0 for the sample in D,0. The 1D H
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spectra of MK-1 or MK-1(H,) in isooctane were doped with ~5% ds-benzene for the NMR
instrument to lock onto and to achieve properly shimmed spectra. The spectral data was
processed using MestReNova NMR processing software version 10.0.1. The spectra were
manually phased and then the baseline was corrected using a multipoint baseline correction
(cubic splines). The spectrum in D,0 was referenced to the internal D,O peak and the spectra in
isooctane and RMs were referenced to the isooctane methyl peak (0.904 ppm) as previously
reported.*

4.2.9 Sample Preparation for 'H-'"H 2D NOESY and 'H-'H 2D ROESY NMR Spectroscopic
Studies in AOT/isooctane Reverse Micelles.

RM samples of MK-1 and MK-1(H,) were prepared in the following manner. A 0.50 M AOT
stock solution was first prepared by dissolving AOT (5.56 g, 12.5 mmol) in isooctane (25.0 mL). A
1.0 mL stock solution of 112 mM MK-1 in AOT/isooctane was prepared by dissolving 27.7 mg of
MK-1in 1.0 mL of 0.50 M AOT/isooctane stock solution. To prepare a wp 12 RM, 894.68 uL of 112
mM MK-1 AOT/isooctane stock solution and 105.32 pL of D,0 at pH 7.03 were mixed together
and then vortexed until the solution was clear. The MK-1(H,) wp 12 RM sample was prepared
similarly to MK-1 using a 112 mM stock solution and D,O (pH of 7.01). This final mixture results
in a wp 12 RM microemulsion with an overall concentration of MK-1 or MK-1(H;) ~100 mM (~29
molecules per RM). The NMR samples containing the MK-1 or MK-1(H;) RM solution were purged

with argon and capped prior to data collection.
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4.2.10 'H-'H 2D NOESY and 'H-'H 2D ROESY NMR Spectroscopic Studies in a w, 12
AOT/isooctane Reverse Micelles

2D NMR spectra of MK-1 and MK-1(H,) in RMs were obtained using similar conditions and
methods used previously®® **** using a 400 MHz Varian MR400 NMR operating at 26 °C for MK-
1 and were obtained using a 500 MHz Varian Inova 500 operating at 25 °C for MK-1(H,). A
standard NOESY pulse sequence was used consisting of 200 or 256 transients with either 16 or
32 scans in the f1 direction using a 200 ms mixing time, 45° pulse angle, and a relaxation delay of
1.5 sec. A standard ROESYAD pulse sequence was used consisting of 256 transients with 16 scans
in the f1 direction using a 200 ms mixing time, 45° pulse angle, and a relaxation delay of 2.0 sec.
The NMR instrument was locked onto 10% D,0 signal. The resulting spectrum was processed
using MestReNova NMR software version 10.0.1 (see Supporting Information for further details).
The spectrum was referenced to the isooctane methyl peak at 0.904 ppm on both axes as
previously reported.4° The 3D conformation illustration within a RM interface was constructed
using ChemDraw Professional 15.0 and ChemBio3D Ultra 12.0 based on spectral parameters
described under results.

4.2.11 Dynamic Light Scattering Studies

RMs for DLS studies were prepared as described for the NMR spectroscopic studies except
that distilled deionized (DDI) H,0 was used as the water pool instead of D,O and the 0.50 M AOT
was diluted with isooctane after the RM had formed to a final concentration of 0.1 M AOT. The
hydrodynamic radius of the RMs was determined by DLS measurements performed on a Malvern
Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, UK). The DLS cuvette (1cm X 1 cm,

glass) was washed three times with isooctane followed by three washes with the RM sample.
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Then, the cuvette was filled with 1 mL of the RM sample and closed with a Teflon cap. Each
experiment was conducted at 25 °C and consisted of a 700 sec. sample equilibration period
followed by 10 measurements consisting of 15 scans each.*’ Each sample was measured in
triplicate and the radius and polydispersity (PDI) were recorded. The data were analyzed using
Malvern Zetasizer Software Version 7.11 and compared to values reported in literature.”? See

Supporting Information for data and interpretation.

4.3  Results and Discussion

4.3.1 1D 'H NMR Spectroscopic Studies of Menaquinone-1 in Organic Solvents

The synthesis of MK-1 and MK-1(H,) provided material to investigate if the solvent
environment induced chemical shift changes. NMR spectra of MK-1 were collected in various
organic solvents ranging from aromatic to non-aromatic and of differing polarity (Figure 4.3.1).
The most drastic chemical shift change observed for MK-1 was in the aromatic solvents, de-
benzene and ds-pyridine, compared to the other solvents in Figure 4.3.1. This is seen by focusing
on the chemical shift differences observed between the MK-1 aromatic hydrogens, H./H, and
H./Hq4. The chemical shift difference is nearly one ppm in dg-benzene compared to 0.2-0.4 ppm
differences in the other solvents. The methylene hydrogens, H,/Hs, and the naphthoquinone
methyl, H,, also shifts in de-benzene compared to the other solvents. It is clear by examining the
chemical shift differences in the spectra in Figure 4.3.1 that MK-1 is influenced by solvent
environment but it remains unclear whether MK-1 adopts different conformations in these

organic solvent environments.
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Figure 4.3.1. 1D 'H NMR (400 MHz) spectra illustrating chemical shift differences of MK-1
hydrogens between various organic solvent environments. Abbreviations are as follows: ACN =
ds-acetonitrile, DMSO = dg-dimethyl sulfoxide, MeOH = d;-methanol, DCM = d,-dichloromethane,
Pyr = ds-pyridine. A structure of MK-1 with a hydrogen labeling scheme key in shown in Figure
4.3.2

4.3.2 H-'H 2D NOESY and "H-'H 2D ROESY NMR Spectroscopic Studies of Menaquinone-
1 and Menaquinone-1(H,) in ds-pyridine, ds-acetone, and dg-DMSO.

The 1D 'H NMR experiments demonstrated that the solvent environment impacts the
chemical environment surrounding MK-1 enough to change the observed chemical shift.
However, whether the conformation of MK-1 and MK-1(H;) changes depending on the solvent
environment remained unclear. Therefore, we used two different complementary 2D NMR
spectroscopic techniques (*H-'H 2D NOESY and ‘H-'H 2D ROESY NMR) to elucidate the MK

analogs conformation in organic solution. We present the 2D NMR data for MK-1 in Figure 4.3.2,
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the 2D NMR data for MK-1(H,) in Figure 4.3.3, and the 3D conformations for MK-1 and MK-1(H,)
are shown in Figure 4.3.4. We used a semi-quantitative approach for the 2D NMR conformational
analysis where NOE/ROE distance intensities are as follows: a strong cross peak is ~2-3 A, a
medium cross peak is ~3-4 A, and a weak cross peak is >4 A distance.** We standardized the signal
intensities on the basis of the intensity of the H,-H. cross peak of MK-1 or MK-1(H;), which was
used as the internal intensity calibrant (the actual distance is 2.5 A, which indicates a strong cross
peak). Figure 4.3.2 shows 'H-'H 2D NOESY and 'H-'H 2D ROESY NMR spectra of MK-1 in ds-
pyridine, ds-acetonitrile (d3-ACN), and dg-DMSO (see Figures A4.1-9 and Figures A4.12-20 for full
2D NMR spectra and Figure A4.22 for ROE/NOE correlation traces). These organic solvents were
chosen because they differed sufficiently regarding shape, polarity, aromatic vs non-aromatic,

and are well behaved in electrochemical studies.
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Figure 4.3.2. "H-"H 2D NOESY and "H-"H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-1 in ds-
pyridine, ds-acetonitrile (d3-ACN), and dg-DMSO and at 26 °C. (A) Full *H-'H 2D NOESY NMR
spectrum of MK-1 in ds-pyridine, (B) Partial *H-'H 2D NOESY NMR spectrum of MK-1 in ds-
pyridine, (C) Partial *H-"H 2D ROESY NMR spectrum of MK-1 in ds-pyridine, (D) Partial *H-'H 2D
NOESY NMR spectrum of MK-1 in d3-ACN, (E) Partial 'H-'H 2D ROESY NMR spectrum of MK-1 in
d3-ACN (F) Partial "H-"H 2D NOESY NMR spectrum of MK-1 in d-DMSO, (G) Partial "H-"H 2D ROESY
NMR spectrum of MK-1 in dg-DMSO. Blue intensity contours represent negative NOE’s or ROE’s
and red intensity contours represent positive NOE’s or ROE’s. A standard NOESY pulse sequence
was used consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time
and a 1.5 sec. relaxation delay. A standard ROESYAD pulse sequence was used consisting of 256
transients with 16 scans in the f1 domain using a 400 ms mixing time and a 2.0 sec. relaxation
delay. The structure of MK-1 is shown with a hydrogen labelling scheme key. Green arrows
indicate hydrogen H,, where the observed cross peaks differed the most between the three
solvents studied.
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The conformation of MK-1 in ds-pyridine was determined by analyzing the *H-'"H 2D NOESY
and ROESY NMR spectra (Figure 4.3.2A-C, Figures A4.1-2). Figure 4.3.2B shows a strong NOE cross
peak observed between hydrogens H,;s and H, and a weak NOE cross peak between H,/; and H,
(see Supporting Information for hydrogen peak assignments of H, and H,). Weak NOE/ROE cross
peaks are also observed between H, and H, (Figure 4.3.2B-C), which supports a folded-extended
conformation where the terminal methyl groups orient themselves in a manner to fold upward
(C-C bond rotation allows the methyl groups to rotate upwards) positioning H, close enough to
Hx to observe a NOE/ROE cross peak. The weak cross peak (same phase as diagonal) observed
between Hy and H, is likely due to TOCSY or chemical exchange. The weak NOE cross peak in
Figure 3B between H,-Hi has a similar intensity as the NOE cross peak observed between H,-H,,
which is not explained by a flat-extended conformation (see Figure A4.23E and Table A4.1 for
structure and internuclear distances of MK-1 flat-extended conformation). Together, the above
observations provide evidence that MK-1 adopts a conformation in ds-pyridine where the
isoprenyl side chain folds upwards.

Regarding the conformation of MK-1 in d3-ACN, Figure 4.3.2D-E (Figure A4.4-5) shows a weak
NOE/ROE cross peak observed between H, and H, and no cross peak observed between Hy and
H, (the cross peak observed is opposite in phase to the diagonal and likely due to chemical
exchange or TOCSY exchange where the latter is more reasonable). There is a weak NOE cross
peak between Hy and Hy that is only visible in the spectrum upon zooming in to lower floors,
which is not consistent with an extended-flat conformation and is different from that observed
in ds-pyridine, indicating slightly different conformations adopted between solvent

environments. However, the cross peak intensity between H,/; and H, or Hy is similar to that in
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ds-pyridine. There is also a NOE/ROE cross peak observed between H, and HOD and between H,
and the solvent, ds-ACN, and interactions between MK and solvent were not observed in the 2D
NMR spectra of MK-1 in ds-pyridine or de-DMSO. Based on the above observations, MK-1 likely
adopts a folded-extended conformation in d3-ACN that differs slightly from the folded-extended
conformation in ds-pyridine.

Finally, the conformation of MK-1 in dg-DMSO was determined. Figure 4.3.2F-G (Figure A4.7-
8) shows a weak NOE cross peak between H, and Hy and a medium NOE/ROE cross peak between
Hyx and H,, with no NOE/ROE cross peak observed between Hy and H,. This is similar to the cross
peaks observed in d3-ACN, but the Hy to H, cross peak is stronger in de-DMSO, indicating slightly
different conformations. The above observations would not be explained by a flat-extended
conformation and MK-1 likely adopts a folded-extended conformation in dg-DMSO more similar
to that in d3-ACN than in ds-pyridine.

To investigate whether saturation of the alkene in the isoprenyl side chain influences the
conformation of MK-1(H,), *H-'H 2D NOESY and *H-'H 2D ROESY NMR spectra were collected in
ds-pyridine, d3-ACN, and dg-DMSO (Figure 4.3.3). Similar NOE/ROE cross peaks were observed for
MK-1(H,) in ds-pyridine compared to MK-1 in ds-pyridine (Figure 4.3.3A-C, Figure A4.12-13).
Specifically, a weak NOE/ROE cross peak between H, and H,/H,, a medium NOE/ROE cross peak
between Hy and H,/s, and a medium NOE/ROE cross peak between H,/s and Hy was observed. There
is also no NOE/ROE cross peak observed between H, and H,, which further supports a folded-
extended conformation. This is suggestive of a similar conformation for MK-1(H,) and MK-1 in ds-
pyridine, where both adopt a similar folded-extended conformation. Similar NOE/ROE cross

peaks were observed for MK-1(H;) in d3-ACN compared to MK-1 in d3-ACN (Figure 4.3.3D-E,
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Figure A4.15-16). Specifically, the lack of an observable cross peak between Hy and H,/H,
(compared to a weak NOE/ROE cross peak in the case of MK-1), a medium NOE/ROE cross peak
between Hy and H,s, @ medium NOE/ROE cross peak between H,s and H,, and a very weak
NOE/ROE cross peak between H, and Hy was observed. There is also no NOE/ROE cross peak
observed between Hy and H,. This is suggestive of a similar conformation for MK-1(H,) and MK-1
in d3-ACN, where both adopt a similar folded-extended conformation. Comparable NOE/ROE
cross peaks were observed for MK-1(H,) in d¢-DMSO compared to MK-1 in dg-DMSO (Figure
4.3.3F-G, Figure A4.18-19). For instance, a medium NOE/ROE cross peak between Hy and H,/H,,
a medium NOE/ROE cross peak between H, to H,/s, a medium NOE/ROE cross peak between H,/;
to H,/H,, a medium NOE/ROE cross peak between H, and Hy was observed. There was also no
NOE/ROE cross peak observed between H, and H, This is suggestive of a comparable
conformation for MK-1(H,) and MK-1 in de-DMSO, where both adopt a similar folded-extended

conformation.
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Figure 4.3.3. *H-'H 2D NOESY and *H-'H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-1(H,)
in ds-pyridine, ds-acetonitrile (ds-ACN), and ds-DMSO and at 26 °C. (A) Full *H-'H 2D NOESY NMR
spectrum of MK-1(H,) in ds-pyridine, (B) Partial *H-'H 2D NOESY NMR spectrum of MK-1(H,) in
ds-pyridine, (C) Partial *H-"H 2D ROESY NMR spectrum of MK-1(H,) in ds-pyridine, (D) Partial *H-
'H 2D NOESY NMR spectrum of MK-1(H,) in d3-ACN, (E) Partial "H-"H 2D ROESY NMR spectrum of
MK-1(H,) in d3-ACN (F) Partial *H-'H 2D NOESY NMR spectrum of MK-1(H,) in dg-DMSO, (G) Partial
'H-'H 2D ROESY NMR spectrum of MK-1(H,) in de-DMSO. Blue intensity contours represent
negative NOE’s or ROE’s and red intensity contours represent positive NOE’s or ROE’s. A standard
NOESY pulse sequence was used consisting of 256 transients with 16 scans in the f1 domain using
a 500 ms mixing time and a 1.5 sec. relaxation delay. A standard ROESYAD pulse sequence was
used consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and
a 2.0 sec. relaxation delay. The structure of MK-1(H;) is shown with a hydrogen labelling scheme
key. Green arrows indicate hydrogen H,, where the observed cross peaks differed the most
between the two solvents studied and black circles highlight the region that changes the most
between spectra.
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Considering the similar trends in cross peaks and intensities observed for MK-1 and MK-1(H)
in ds-pyridine, d3-ACN, and dg-DMSO, it appears that saturation does not affect the conformation
significantly. The subtle differences observed for MK-1 and MK-1(H,) in the different organic
solvents suggests that slightly different folded-extended conformations are adopted between
each of the organic solvents, but MK-1 and MK-1(H;) have very similar conformations in each
solvent. This suggests that there could be a correlation between a preferred conformation in
each solvent environment and that a simple change such as saturation of a double bond only
slightly influences this preferred conformation. Overall, these truncated MK analogs appear to
adopt folded-extended conformations in organic solution based on the 2D NMR data and the
folded-extended conformations differ slightly between solvent environments. However, it is
possible that an equilibrium population exists between multiple conformations (e.g., folded
and/or non-folded conformations). The observations from the 2D NMR spectroscopic studies
support our first hypothesis that the most fundamental MK-1 analogs adopt folded

conformations regardless of the degree of saturation in their isoprenyl side chain.

4.3.3 lllustrating Menaquinone-1 and Menaquinone-1(H,) Conformations using
Molecular Mechanics

To clearly show illustrations of MK-1 and MK-1(H;), conformations were generated based on
our interpretation of observed cross peak intensities in the *H-"H 2D NOESY and ROESY NMR
spectral data using a semi-quantitative approach. We used molecular mechanics calculations
(MM) to illustrate and model these conformations. This allowed us to explore the energy surface

of conformations corresponding to MK-1 or MK-1(H,) in either ds-pyridine, d3-ACN, or dg-DMSO
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determined from the spectral data and provided a means for a visual comparison between
conformations (Figure 4.3.4). Specific conformations were generated by constraining
internuclear distances consistent with the 2D NMR spectral data observations, then energy

optimized to calculate an energy value as well as produce realistic bond lengths and angles.

MK-1 (A) dg-pyridine (B) dy-acetonitrile (C) dg-DMSO
Series

MK-1(H,) (A1) dg-pyridine
Series

Figure 4.3.4. MK-1 and MK-1(H,) conformations generated using MMFF94 calculations to
illustrate the possible conformations consistent with the *H-'H 2D NOESY and ROESY NMR
spectral studies where conformations agree with observed cross peak interactions and
intensities. MK-1 Series: (A) lllustrates proposed MK-1 conformation in ds-pyridine determined
from *H-'H 2D NOESY and ROESY NMR spectral data cross peak interactions (51.8 kcal/mol, Hy-
Hy: 4.3 A), (B) Illustrates proposed MK-1 conformation in d3-ACN determined from 'H-'H 2D
NOESY and ROESY NMR spectral data cross peak interactions (48.6 kcal/mol, Hy-H,: 3.9 A). (C)
llustrates proposed MK-1 conformation in dg-DMSO determined from 'H-'H 2D NOESY and
ROESY NMR spectral data cross peak interactions (47.3 kcal/mol, Hy-H,: 3.2 A). MK-1(H,) Series:
(A1) lllustrates proposed MK-1(H,) conformation in ds-pyridine determined from *H-"H 2D NOESY
and ROESY NMR spectral data cross peak interactions (42.1 kcal/mol, Hy-H,: 3.6 A), (B1) lllustrates
proposed MK-1(H,) conformation in d3-ACN determined from 'H-'H 2D NOESY and ROESY NMR
spectral data cross peak interactions (43.0 kcal/mol, Hy-H,: 4.0 A). (C1) lllustrates proposed MK-
1(H,) conformation in de-DMSO determined from *H-'H 2D NOESY and ROESY NMR spectral data
cross peak interactions (41.9 kcal/mol, Hy-H,: 3.4 A).

One of the low energy conformations generated for MK-1 has a conformation (Figure 4.3.4A,
51.8 kcal/mol, Hy-Hy: 4.3 A) consistent with the 2D NOESY/ROESY spectral parameters in ds-

pyridine. A lower energy conformation for MK-1 (Figure 4.3.4B, 48.6 kcal/mol, Hy-H,: 3.9 A) is
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consistent with the 2D NOESY/ROESY spectral parameters in d3-ACN. A slightly lower energy
conformation for MK-1 (Figure 4.3.4C, 47.3 kcal/mol, Hy,-H,: 3.2 A) is consistent with the 2D
NOESY/ROESY spectral parameters in ds-DMSO. One of the low energy conformations generated
for MK-1(H,) has a conformation (Figure 4.3.4A1, 42.1 kcal/mol, Hy-H,: 3.6 A) consistent with the
NOESY/ROESY spectral parameters in ds-pyridine. A conformation with slightly higher energy for
MK-1(H,) (Figure 4.3.4B1, 43.0 kcal/mol, Hy-H,: 4.0 A) is consistent with the 2D NOESY/ROESY
spectral parameters in d3-ACN. A lower energy conformation for MK-1(H,) (Figure 4.3.4C1, 41.9
kcal/mol, Hy-H,: 3.4 A) is consistent with the 2D NOESY/ROESY spectral parameters in dg-DMSO.
All six of these conformations exhibit folding of the isoprenyl side chain upward out of the
quinone plane (Figure 4.3.4) and can be described as a folded-extended conformation.
Conformations for MK-1(H,) are very similar to that of MK-1 in each organic solvent environment
examined based on 2D NMR studies.

For comparison, conformations seen in Figure A4.23D-D1 are the lowest energy
conformations we found for MK-1 or MK-1(H,), where a flat-extended conformation was
subjected to a MM simulation using 10,000 iterations followed by an energy minimization, which
illustrates that folded conformations are easily reached and energetically favorable. In addition
to the folded conformations shown in Figure 4.3.4, a series of alternative flat conformations for
MK-1 and MK-1(H,) (Figure A4.23E-E1 & F-F1) were also generated based on what is commonly
seen in life science textbooks and literature and then subjected to energy optimization.'> #**°
These flat-extended conformations are ~11-20 kcal/mol higher than the lowest energy

conformations of MK-1 and MK-1(H;). A table of selected internuclear distances for

conformations seen in Figure 4.3.4 and Figure A4.23 is shown in the Supporting Information.
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Importantly, the folded-extended conformations for MK-1 determined in organic solution
closely resemble the folded conformation of the first isoprene unit of MK-2 (containing two

isoprene units), which we determined previously in the same organic solvent environments.*®

4.3.4 Reactivity of Menaquinone-1 and Menaquinone-1(H,) in Different Organic Solvents:
Electrochemistry

To determine the effect of saturation of the MK isoprenyl side chain on the quinone redox
potential, we used cyclic voltammetry to measure the redox potentials of MK-1 and MK-1(H,).
Both MK-1 and MK-1(H;) have two reversible single electron redox processes, the first is the
quinone to semiquinone (Q/Q") and the second is the semiquinone to the dianion (Q"/Q%)
(Scheme 4.3.1). The half-wave potentials for each redox process Q/Q" and Q" /Q% in each solvent
for MK-1 and MK-1(H,) are listed in the Supporting Information and cyclic voltammograms (CVs)
are shown in Figure 4.3.5. The electrolyte, tetrabutylammonium perchlorate (TBAP), was chosen
because of the excellent solubility in all organic solvents. Furthermore, the addition of TBAP to
MK-1 solutions in each solvent did not affect the observed chemical shifts of the MK-1 hydrogens
and thus no evidence for ion pairing was found (see Supporting Information). The water content
of the solvents can affect the semiquinone Q"/Q* process as acidic protons influence
hydroquinone production, which results in potentials that approach the quinone Q/Q" half-wave
potentials and therefore, we only compared the first redox process, Q/Q" in our analyses.‘”'48
Thus, it was important that we carried out our electrochemical experiments in anhydrous aprotic

organic solvents as this issue is then avoided and organic solvents more closely resemble the

native MK environment within a cellular membrane compared to aqueous solutions.
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Scheme 4.3.1. lllustration of the one electron reduction of the quinone (Q) of MK-1 to the
semiquinone radical anion (Q") and the second one electron reduction to the dianion (Q%).
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Figure 4.3.5. Six cyclic voltammogram’s (CVs) of 2 mM MK-1 and MK-1(H;) in ACN, DMSO, and
pyridine. The potentials are referenced to the Fc'/Fc couple internal standard (2 mM) determined
in each solvent. From left to right, redox processes are Q*/Q*, Q/Q"", and Fc*/Fc. Each sample
has 0.1 M TBAP and was degassed with argon gas for 10 min at ambient temperature before
spectra were recorded. Current sweeps are in the anodic direction from -2V to 1V and back to -
2V vs Ag/AgCl. A 100 mV/s scan rate was used.

As shown in Figure 4.3.5, the ferrocene couple, Fc'/Fc, was used as an internal reference
standard so that the half-wave potentials are set to 0 V vs Fc'/Fc. The Q/Q" Ey, vs Fc'/Fc for MK-

1 in ACN, DMSO, and pyridine were measured to be -1.227 (+ 0.002) V, -1.158 (+ 0.002) V, and -
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1.319 (+ 0.001) V, respectively. The Q/Q" E1/, vs Fc'/Fc for MK-1(H,) in ACN, DMSO, and pyridine
were measured to be -1.247 (+ 0.007) V, -1.179 (+ 0.002) V, and -1.343 (+ 0.001) V, respectively.
The results for the Q/Q" Ey/; vs Fc'/Fc values are near those reported for 1,4-naphthoquinone
and those previously reported by our group for MK-2.2%%*° The Q"/Q* E1/2 vs F¢*/Fc for MK-1 in
ACN, DMSO, and pyridine were measured to be -1.882 (+ 0.014) V, -1.949 (+ 0.006) V, and -2.037
(£0.005) V, respectively. The Q/Q* E1/2 vs Fc'/Fc for MK-1(H,) in ACN, DMSO, and pyridine were
measured to be -1.912 (+ 0.009) V, -1.9947 (+ 0.0008) V, and -2.109 (+ 0.005) V, respectively. The
measured quinone half-wave redox potential differences in these solvents are statistically
significant as they are distinctly different from each other at high confidence intervals (see Figure
4.3.6 caption and Supporting Information).

The difference in mV between the unsaturated MK-1 vs. the saturated MK-1(H,) quinone
redox potential in each solvent of the less variable Q/Q" process are of the same magnitude of
~20 mV with specific values of 20.033 (+ 0.007) mV, 21.333 (+ 0.002) mV, and 23.917 (+ 0.001)
mV for ACN, DMSO, and pyridine, respectively (Figure 4.3.6). The Q/Q" process potentials are
less variable as the presence of acidic protons and/or water can create the hydroquinone species,
which results in the Q"/Q* process coalesced onto the first redox potential. Our previous work
on MK-2 demonstrated that the isoprenyl side chain folds over toward the naphthoquinone
moiety and that the solvent environment can influence the preferred conformation.*® The mixing
of molecular orbitals (MOs) on the naphthoquinone moiety with the isoprenyl side chain may
potentially result in different energies of the electrochemical band gap (or HOMO to LUMO gap)
needed to reduce the quinone carbonyl oxygen to an anionic oxygen radical. The electrochemical

band gap is suggestive of the potential observed or the energy required to reduce or oxidize an
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electrochemical process. This difference in the band gap results in unique half-wave potentials
as energy (E) and potential difference (V) are directly proportional as evident by the electrostatic
equation E = V*Q where Q is charge. The saturation or unsaturation of the isoprenyl side chain
can therefore potentially influence these MOs and may alter the quinone redox potential in this
manner. The semiquinone redox potential difference of ~20 mV between MK-1 and MK-1(H,)
could indicate the band gap energy difference between the saturated and unsaturated double
bond in the one unit isoprenyl side chain. However, the difference of ~20 mV is most likely due
to an indirect effect manifested by a through bond electronic change by the isoprenyl substituent
on the quinone. An indirect substituent effect was used to explain a redox potential change for
an N-aromatic substituent on a quinone.” The conformational differences of MK-1 between
solvents were small and the short isoprenyl side chain has limited spatial reach toward the
naphthoquinone. If such an effect existed between conformation and redox potential, it may not
be evident in the one isoprene unit system. However, suitable high level computational
calculations should be carried out to characterize the HOMO-LUMO gap of this system and

determine the exact contributions to the observed ~20 mV difference.
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Figure 4.3.6. Measured Ey/, (vs Fc'/Fcin V) of MK-1 and MK-1(H,) Q/Q" and Q"/Q* redox process
versus solvent. Each solvent was run in triplicate, with error bars shown as standard deviations.
Added horizontal lines show the distinction between each solvent for each redox process. All
solvent comparisons (ACN vs DMSO, etc.) for each redox process half-wave potential for MK-1 or
MK-1(H;) are statistically different with Student’s t test confidence intervals of 99.9% (p < 0.0001)
except the ACN vs DMSO Q/Q"" of MK-1, which was 99.5% (p < 0.0016), (at four degrees of
freedom). Comparisons between MK-1 vs MK-1(H,) half-wave potentials of Q/Q" and Q"/Q* for
each solvent were at the 99.9% (p < 0.0001) confidence level except for ACN, which were 98% (p
< 0.0089) and 95% (p < 0.0355), respectively, (at four degrees of freedom). See Supporting
Information for data.

We also observed a trend in the data of the potential difference for the Q/Q"" process as
compared by solvent versus degree of saturation (see Supporting Information). For both MK-1
and MK-1(H,), the potential difference of the Q/Q" process between ACN and DMSO is 69.250
(£ 0.003) mV and 67.950 (+ 0.008) mV, respectively. The other solvent comparisons also have
values that agree with each other. For MK-1 and MK-1(H;), the potential difference of the Q/Q"
process between DMSO and pyridine is 161.050 (+ 0.002) mV and 163.633 (+ 0.002) mV,

respectively. Similarly, MK-1 and MK-1(H,) have a potential difference of the Q/Q" process
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between ACN and pyridine is 91.800 (+ 0.003) mV and 95.683 (+ 0.008) mV, respectively. This
conserved difference of the Q/Q" half-wave potentials between MK-1 vs MK-1(H,) in each
solvent may signify that how the isoprenyl side chain folds is truly solvent dependent and/or it
may also suggest that the conformation of the short isoprenyl side chain (5 carbons) of MK-1 has
little effect on the observed quinone redox potential in the one isoprene unit system.

In summary, both MK-1 and MK-1(H,) during the first electrochemical process producing the
semiquinone has the most positive potential in DMSO and the most negative potential in
pyridine, demonstrating MK-1 or MK-1(H;) is slightly more reducible in DMSO than ACN or
pyridine. Remarkably, the observation of a ¥~20 mV change in quinone Q/Q" E;/; between MK-1
and MK-1(H;) supports our second hypothesis that saturation of the isoprenyl side chain of MK-
1 affects the observed quinone redox potential. This is the first time this has been demonstrated
in a quinone/MK system and the difference is presumably most in part due to a through bond
indirect effect, where there is an electronic perturbation of the quinone system upon saturation
of the isoprenyl side chain. There was not a large difference between the MK-1 analog
conformations and therefore changes in the observed redox potentials are not likely due to
conformational differences. However, a potential correlation should be investigated using the
appropriate fully unsaturated and partially saturated MK-2 analogs in combination with
computational methods to determine if conformational folding of the second isoprene unit can
alter the quinone redox potential in MK analogs with an unsaturated vs partially saturated

isoprenyl side chain.
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4.3.5 Interaction of Langmuir Phospholipid Monolayers with Menaquinone-1 and
Menaquinone-1(H,)

To understand the interaction and conformation of fundamental MK analogs within a
membrane environment, we focused on characterizing the interaction of the most simple,
truncated MK analogs, MK-1 and MK-1(H,), with model membrane interfaces. Model membrane
systems, such as Langmuir phospholipid monolayers, liposomes, micelles, and RM
microemulsions, have been used to characterize the interaction and location of probe molecules

with membrane-like interfaces (Figure 4.3.7).%%°1>°

Langmuir phospholipid monolayers and RMs
are two complementary model membrane systems that together can characterize the
interaction, location, placement, and conformation of MKs within a model membrane interface.
Using these two model membrane systems together allowed us to determine whether MK-1

analogs interact with model membrane interfaces and if a folded conformation is adopted within

the RM model membrane interface.
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Figure 4.3.7. Schematic diagram of (A) a Langmuir phospholipid monolayer (top) and (B) a RM
(bottom) present in a microemulsion with labeling as follows: the water pool (A), the Stern layer
(B), the hydrophobic surfactant tails (C), and the organic solvent, isooctane (D). Adapted with
permission from J. Org. Chem., 2018, 83 (1), pp 275-288. Copyright 2018 American Chemical
Society.
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Surface pressure compression isotherm experiments using Langmuir monolayers (Figure

4.3.7A) have been useful in characterizing interactions between lipids and other lipids, lipids and

38, 60-63 41, 51, 60

fatty acids , and lipids and hydrophilic molecules. During a surface pressure
compression isotherm experiment, condensing and expanding effects caused by the presence of
another lipid (such as MK) can be observed and changes in phase transitions of the phospholipids
can indicate an interaction between the two lipids. To establish that the two MK analogs interact
with membrane interfaces, compression isotherms of Langmuir monolayers were used to
characterize the interactions of MK-1 and MK-1(H;) with phospholipid interfaces of common
phospholipids found in biological systems such as dipalmitoylphosphatidylcholine (DPPC) or

64-66

dipalmitoylphosphatidylethanolamine (DPPE). Therefore, surface pressure compression
isotherms of Langmuir monolayers consisting of DPPC, DPPE, MK-1, MK-1(H;), or a mixture of
phospholipid and MK analog were performed to determine if the MK analogs had any effect on
the packing and compressibility of the phospholipids. The resulting compression isotherms are
shown in Figure 4.3.8. The control monolayers of DPPC and DPPE are comparable to what has

61, 67

been found in literature. The DPPC monolayers both show a characteristic gas-liquid phase

transition at 5 mN/m and collapse at 55 mN/m. The DPPE monolayers also collapsed at 55 mN/m,

which aligns well with literature.®>®’

142



60 X —DPPC 60+ ——DPPE
(A) ; — (B) et
Tso i + 1:1 DPPC:MK-1 E 504 + 1:1 DPPE:MK-1
£ =
Z 4
E 40 E 404
e e
@ 30+ 5 304
g ¢
a 20 o 204
-] -]
o o
£ 104 £ 104
@ @
04 0
0 20 40 60 80 100 120 20 40 60 80 100 120
Area per Molecule (A*/Molecule) Area per Molcule (A%Molecule)
(c) 60 ——DPPC (D) 60+ ——DPPE
- =MK-1(H,) - =MK-1(H,)
- -
£ 50+ « « 1:1 DPPC:MK-1(H,) £ 50 + 1:1 DPPE:MK-1(H,)
= 2 = 2
4 4
E 4 E 40
e e
7 304 2 304
4 1’
2 2
o 204 x o 204 5
8 . 8 .
g 10 ‘\ g 104 \\
= \ = N
L W o o o o o 5 el =
- + T + T \ v v v - + \
20 40 60 80 100 120 20 40 60 80 100 120
Area per Molecule (A*/Molecule) Area per Molecule (A%Molecule)

Figure 4.3.8. Compression isotherms of MK-1 and MK-1(H,) films (dashed red lines), DPPC or
DPPE phospholipid monolayers (solid black lines), or a 50:50 mixture of MK-1 or MK-1(H,) and
phospholipid (dotted blue lines). On the top left (A) are the resulting compression isotherms of
MK-1 and DPPC, on the top right (B) are the resulting compression isotherms of MK-1 and DPPE,
on the bottom left (C) are the resulting compression isotherms of MK-1(H;) and DPPC, and on the
bottom right (D) are the resulting compression isotherms of MK-1(H;) and DPPE.

The MK-1 and MK-1(H;) pure films were compressed in the same manner as the phospholipid
films. Both MK-1 and MK-1(H;) monolayers did not reach a pressure above 20 mN/m similar to
findings reported for ubiquinone-10 (UQ-10) and plastoquinone.61'62' ® The films were not able
to reach a high pressure similar to other lipoquinones, suggesting that the MK films were either
slightly soluble in the sub phase (similar to UQ-2°%") as the pressure was increased or aggregation
was occurring, which has been shown for lipoquinones with longer isoprenyl side chains.®*®

Most likely, the MK-1 analogs are aggregating as neither analog was soluble in D,0 (see solution

1D NMR studies section).
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When the MK’s are mixed with DPPC or DPPE phospholipids, differences in phase transitions
and compression moduli indicate that an interaction with the MK analogs and phospholipids
occurred. First of which, the gas to liquid phase transition for DPPC is non-existent when either
MK-1 or MK-1(H,) is present. This suggests a condensing effect at low pressures. Within all the
compression isotherms of the mixed monolayers, a change in slope occurs at about 20 mN/m
[similar to collapse pressure of MK-1 and MK-1(H;)], which follows the pattern in literature with
the MK analogs being compressed out of the monolayer to the top of the monolayer similar to
UQ.°"® To determine if the MK-1 analogs still affected the phospholipid monolayers even at
higher surface pressures, the compression moduli of each curve were compared in the
Supporting Information (see Supporting Information for compression moduli data and
interpretation). In each case, the mixed monolayer exhibited a decrease in compression modulus
(easier to compress) than the pure phospholipid monolayers, indicating that the MK analogs
affect the phospholipid monolayer throughout compression even at physiologically relevant
surface pressures (~30-35 mN/m).%

Overall, the MK analogs do not form stable monolayers at high pressures (above 20 mM/m),
have a compressing effect on the phospholipid monolayers, and at higher pressures, the MK
analogs most likely are compressed out of the monolayer onto the phospholipid tails similar to

previously reported lipoquinones with longer isoprenyl side chains.?® ©1°%

It is important to
note that the Langmuir phospholipid monolayer studies do not provide evidence for a folded MK

conformation due to the nature of the experiment; however, they do demonstrate that MK-1

and MK-1(H,) interact with the phospholipid model membrane interface even at physiological
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surface pressures similarly to other quinones and there was not a large difference observed

between the unsaturated and saturated MK-1 analog.*® ®'%* %

43.6 1D 'H NMR Spectroscopic Studies of Menaquinone-1 and Menaquinone-1(H,) in
Reverse Micelles

The studies carried out using Langmuir phospholipid monolayers established that the two
MKs interacted with the phospholipid interface. However, the placement, orientation, and
conformation of the MK-1 analogs within an interface was still uncertain. Therefore, to fully
characterize the location, orientation, and conformation of the MKs within a model membrane
interface, we used RMs (Figure 4.3.7B), which are a ternary microemulsion system in which
surfactant is dissolved in an organic solvent and the addition of water creates nano-sized water
droplets encased in surfactant.**>*** 79’1 MK-1 or MK-1(H,) were placed in RMs of various sizes
(wo4, 8,12, 16, 20; where wy = [H,0]/[AOT]) and then 1D 'HNMR spectra were obtained for each

RM size as well as a spectrum in isooctane (2,2,4-trimethylpentane), Figure 4.3.9.
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Figure 4.3.9. 1D 'H NMR (400 MHz) spectra of (A) MK-1 and (B) MK-1(H,) aromatic hydrogens
Ha, Hp, He, and Hq in different sized RMs (wy 4, 8, 12, 16, and 20). MK-1 or MK-1(H,) in isooctane
is used as a comparison reference spectrum and wy 12 Empty is a control spectrum where MK-1
or MK-1(H,) is absent. Peaks are labeled with corresponding hydrogens for MK-1 and MK-1(H,)
(refer to Figure 4.3.2 and Figure 4.3.3 for hydrogen labelling scheme key). Hydrogens, H,, Hp, H,
and Hgy, undergo a shift upon insertion into the RMs for both MKs.

The chemical shift difference between MK-1 aromatic hydrogens, Ha/Hp, and He/Hy, is greater
with a value of 0.55 ppm in isooctane versus that of MK-1 in wy 20 =0.47 ppm or wp 4 = 0.45 ppm
RMs, which is diagnostic of a change in the environment surrounding MK-1 (Figure 4.3.9).
Similarly, the chemical shift difference between MK-1(H,) aromatic hydrogens, H./Hy, and Hc/Hg,
is greater with a value of 0.56 ppm in isooctane versus that of MK-1(H;) in wy 20 = 0.47 ppm or
wo 4 = 0.45 ppm RMs (Figure 4.3.9). The loss of splitting (peak broadening) observed for the
aromatic hydrogens as the RM size decreases is attributed to the reduced ability of MK-1 or MK-
1(H,) to tumble freely within the RM interface. We were unable to obtain a spectrum in D,0 as
neither MK was soluble even after extended sonication due to the hydrophobicity of the two MK
analogs and it is not likely that either of the MKs are in the water pool due to the very poor water

solubility of these compounds. Together, the results demonstrated that there was a significant

chemical shift difference between the aromatic hydrogens in isooctane vs. the RMs for both MK-
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1 analogs. Therefore, it can be concluded that neither of the MK-1 analogs are interacting with
the isooctane and are either residing at the RM interface or within the AOT hydrophobic alkyl tail
region. Furthermore, dynamic Light Scattering (DLS) experiments were carried out and
demonstrated that inserting MK-1 or MK-1(H,) into the RM does not alter the size of the RM nor
destroy the RMs once inside and are stable over the time course of NMR experiments (see
Supporting Information). Overall, we concluded that MK-1 and MK-1(H;) interacted with RMs

and resided within the RM model membrane interface.

4.3.7 'H-"H 2D NOESY and 'H-'H 2D ROESY NMR Spectroscopic Studies of Menaguinone-
1 and Menaquinone-1(H,) in a Reverse Micelle Model Membrane System

The 1D '*H NMR spectra of MK-1 and MK-1(H,) demonstrated that MK-1 analogs reside within
the interface of RMs. However, more information was needed to determine the orientation,
position, and conformation while residing inside the RM interface. MK-1 was placed inside a wy
12 RM and *H-'H 2D NOESY and ‘H-'H 2D ROESY NMR spectra were obtained (Figure 4.3.10,
Figure 4.3.11, and Figures A4.10-11). NOE/ROE cross peaks between MK-1 and AOT provide

evidence for the location, orientation, and conformation within the RM interface.
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Figure 4.3.10: Partial ‘H-'H 2D ROESY and "H-"H 2D NOESY NMR (400 MHz) spectra of MK-1 in a
wp 12 RM. (A) Partial ROESY spectrum illustrating MK-1 aromatic hydrogens interactions with
AOT. (B) Partial NOESY spectrum illustrating MK-1 Hi hydrogen interactions with AOT. Blue to
blue hydrogen text labelling shows MK-1 to MK-1 interactions, and blue to teal hydrogen text
labelling shows MK-1 to AOT interactions. Blue intensity contours represent negative NOE's or
ROE’s and red intensity contours represent positive NOE’s or ROE’s. See Figure 4.3.2 for MK-1
hydrogen labelling scheme key and Figure 4.3.12 for AOT hydrogen labelling scheme key. A
standard NOESY pulse sequence was used consisting of 256 transients with 16 scans in the f1
domain using a 200 ms mixing time and a 1.5 sec relaxation delay. A standard ROESYAD pulse
sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms

mixing time and a 2.0 sec relaxation delay.
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Figure 4.3.11: Partial ‘H-'H 2D NOESY and "H-"H 2D ROESY NMR (400 MHz) spectra of MK-1 in a
wo 12 RM.(A) Partial *H-"H 2D NOESY NMR spectrum in a wy 12 RM. (B) Partial *H-'H 2D ROESY
NMR spectrum in a wp 12 RM. Blue to blue hydrogen text labelling shows MK-1 to MK-1
interactions, and blue to teal hydrogen text labelling shows MK-1 to AOT interactions. Blue
intensity contours represent negative NOE’s or ROE’s and red intensity contours represent
positive NOE’s or ROE’s. See Figure 4.3.2 for MK-1 hydrogen labelling scheme key and Figure
4.3.12 for AOT hydrogen labelling scheme key. A standard NOESY pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and a 1.5
sec relaxation delay. A standard ROESYAD pulse sequence was used consisting of 256 transients
with 16 scans in the f1 domain using a 200 ms mixing time and a 2.0 sec relaxation delay.

Figure 4.3.10A shows ROE cross peaks between all four aromatic hydrogens of MK-1 and the
CH,/CH3 groups of the AOT alkyl tails. Figure 4.3.10B shows cross peaks between MK-1’s alkene
hydrogen Hy with HOD, H1, H3/H3’, and H4/H4'. Figure 4.3.11A also shows cross peaks between
hydrogens H,/Hs with H1, H3, H3’, which together indicates that MK-1 is located within the RM
interface. Figure 4.3.11A-B shows NOE/ROE cross peaks between H,/Hs and H,, between H, and
H., between H, and H1, H3, and a lack of a cross peak between Hy and Hy, which supports a folded
conformation for MK-1 while residing in the interface (see Figure A4.22 for ROE/NOE correlation
traces). Based on these observations, MK-1 is orientated in a manner where the naphthoquinone
is positioned toward the AOT alkyl tails and the folded isoprenyl side chain is positioned between

hydrogens H1/H1’ and H3/H3’ as illustrated in Figure 4.3.12). A proposed folded MK-1

conformation that is consistent with the 2D NOESY and ROESY spectral data is illustrated in Figure

149



4.3.13. The phase of the MK-1 to MK-1 cross peaks observed in the NOESY spectrum (Figures
4.3.10-11) within the RM interface are opposite phase of the diagonal, indicating MK-1 is
behaving as a small molecule within the RM interface and likely tumbling freely but maintaining

interactions with the AOT regions shown in Figure 4.3.12.

(0)
©
R

Figure 4.3.12: Illustration of the placement and proposed conformation of MK-1 inside the RM
interface. This arrangement is consistent with the *H-'H 2D NOESY and 'H-'"H 2D ROESY NMR
spectral data obtained in a wp 12 RM. However, MK-1 likely tumbles freely within the interface
but maintains interactions with the region of AOT shown in the illustration. AOT hydrogen
labelling scheme key is shown.
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Side View Top View

Figure 4.3.13: Proposed conformation of MK-1 at an RM interface illustrated using Merck
Molecular Force Field 94 (MMFF94) calculations that is consistent with *H-'H 2D NOESY and *H-
'H 2D ROESY NMR spectral data. (A) Side view of energy minimized folded MK-1 conformation
(50.3 kcal/mol, and internuclear distance Hy-H,: 2.8 A). (B) Top view of the energy minimized
proposed MK-1 conformation showing the isoprene methyl groups positioned folded upwards.
To determine if saturation of the isoprenyl side chain affects location and orientation within
the RM interface, the same experiment was carried out with MK-1(H;) (Figure A4.21). NOE cross
peaks are observed between MK-1(H,) aromatic hydrogens, H,, Hy,, He, and Hg, and AOT’s CH, and
CH; alkyl tail groups (Figure A4.21). NOE cross peaks are observed between methylene
hydrogens, H,/Hs,and HOD, H1/H1’, H3/H3’, and H4/H4’. NOE cross peaks are observed between
the naphthoquinone methyl, H,, and HOD, H1/H1’, H3/H3’, and H4/H4’ (Figure A4.21). The AOT
and isooctane hydrogens overlapped with MK-1(H,)’s terminal methyl hydrogens, H, and H,, and
the methine hydrogen, H,, signals in the spectrum for MK-1(H,) within the RM interface;
therefore, we were unable to determine the conformation of MK-1(H,) within the interface with
confidence. Despite this, we would anticipate that MK-1(H;) adopts a similar folded conformation

as MK-1 within the RM interface based on similar interactions observed in the 1D and 2D NMR

experiments carried out for MK-1. Together, these observations demonstrate that MK-1(H,)
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interacted with the interface and has a similar position and orientation as MK-1, indicating that
saturation of the isoprenyl side chain does induce an observable change in the position and
orientation within the RM interface.

Overall, the 'H-'H 2D NOESY and ROESY NMR spectral data of MK-1 inside a RM interface is
consistent with MK-1 adopting a folded conformation within a RM model membrane interface.
Interestingly, the conformation of MK-1 inside the RM interface remains folded but differs
slightly from the folded conformations observed in organic solution. The observation that MK-1
adopts a folded conformation within the RM model membrane interface is important as
understanding the conformational preferences of the first isoprene unit of MK will be crucial in
determining and understanding conformations of the naturally occurring longer MK analogs

within cellular membranes.

4.4 Summary and Conclusions

Lipoquinones such as MK, are special types of lipid-quinones and are essential components
of the ETS. Partial saturation of MK in these biological systems is necessary for some organisms

8912 The rationale for the observation of partially

to survive such as pathogenic M. tuberculosis.
saturated MK derivatives in various organisms remains unclear and may be responsible for
proper recognition by respiratory enzymes within the ETS or may affect electron transfer
efficiency within the ETS. It is intriguing as the double bonds present in the isoprenyl side chain
of MK are not conjugated with each other nor to the redox active quinone system and therefore

would not be expected to affect the redox potential. Interestingly, we showed in chapter three

that MK-2 adopts a folded conformation where the double bond in the second isoprene unit lies
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in close proximity to the quinone carbonyl groups on the naphthoquinone and may potentially
have an influence on the reactivity of the quinone.*® The studies described in this chapter help to
further understand the chemical, conformational, and biochemical properties on an important
class of quinone containing compounds involved in electron transfer processes. The partially
saturated MKs represent an unrecognized group of biologically significant molecules essential for
pathogenic taxonomic classification.

In this chapter, we first demonstrated using a semi-quantitative 2D NMR spectroscopy
approach that the two simplest most fundamental MK analogs, unsaturated MK-1 and saturated
MK-1(H;), adopt similar folded-extended conformations in each organic solvent but differ slightly
between each organic solvent environment. We also observed that the degree of saturation in
the isoprenyl side chain of MK-1 only slightly alters the conformation. Importantly, the
conformations observed for MK-1 closely resembled the conformation of the first isoprene unit
in MK-2, which we previously showed adopted folded conformations in solution and within a
model membrane interface.*® Together, these results support the first hypothesis that MK-1
analogs adopt folded conformations regardless of the degree of saturation in their isoprenyl side
chain

The quinone redox potentials of MK-1 and MK-1(H,) were measured in various anhydrous
organic solvent environments. The organic solvent environments studied more closely resemble
the environment of the cellular membrane where native MKs are located and serve as better
comparisons for biological reactivity than those carried out in aqueous solutions. We
demonstrated that the measured quinone redox potentials of MK-1 and MK-1(H,) varied with

the solvent environment (presumably due to differences in dielectric constants) where the ease
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of quinone reduction for the Q/Q" process follows the trend: DMSO > ACN > pyridine.
Remarkably, we report for the first time that the degree of saturation in the isoprenyl side chain
of MK-1 influences the observed quinone redox potential, where unsaturation in the isoprenyl
side chain of MK-1 makes the quinone easier to reduce by ~20 mV and the difference is conserved
across several organic solvents (pyridine, ACN, DMSO). The observed ~20 mV redox potential
difference is presumably due mostly in part by a perturbation of the electronics of the quinone
system upon saturation of the double bond by an indirect through bond effect. The observation
of a 20 mV difference in the redox potential between the two MK-1 derivatives with a saturated
and unsaturated isoprenyl side chain observed in three different solvents is unexpected and may
reflect some important general reactivity pattern of this system. We speculate that if such a
difference is also observed for the MKs with longer isoprenyl side chains that it may reflect the
biological function of these molecules and provide evidence for the possibility that such a small
difference in redox potential may be biologically significant. However, in the simple MK-1 system
containing one isoprene unit, the side chain may not have the spatial reach needed present in
the MK-9 system and therefore, more data is needed to properly evaluate the longer MK
derivatives. The consistent redox potential difference observed is small in magnitude but may be
relevant in a biological context. The electrochemical results confirm our second hypothesis that
saturation of the isoprenyl side chain of MK-1 affects the observed quinone redox potential.
Finally, combining results, MK-1 and MK-1(H,) both interacted with Langmuir phospholipid
monolayers and RM model membrane interfaces, where MK-1 and MK-1(H,) had very similar
interactions with the Langmuir phospholipid monolayers (DPPC and DPPE phospholipids) and

similar placement and location within the RM interface. Importantly, MK-1 also adopted a folded
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conformation within the RM model membrane interface further supporting our first hypothesis.
The results combined from all the conformational analysis studies presented in this chapter for
MK-1 and MK-1(H;) indicated a folded-extended conformation to be a favorable and stable
conformation for MK-1 analogs. All together, these results are significant as the conformation
and reactivity of these MKs in organic solution and model membrane interfaces provides a first
prediction/consideration of the form that exists within the native hydrophobic cellular
membrane interface.

Overall, the findings of the studies presented herein help to further understand how the
conformation and the degree of saturation in the isoprenyl side chain affects the reactivity and
function of biologically relevant molecules. The elucidation of MK-1 and MK-1(H,) conformation
in solution and at a model membrane interface is essential and necessary as understanding the
conformational preferences of the first isoprene unit of MK is useful for predicting conformations
of the naturally occurring longer MK analogs within solution and cellular membranes. We
observed that partial saturation in the isoprenyl side chain only minimally alters the
conformation of MK-1 but may potentially affect the recognition, reactivity, and function within
biologically relevant environments because a difference in the redox potential is observed. MK
analogs with longer isoprenyl side chains (e.g., MK-9) may also adopt folded conformations
although much more complex. Saturation of the double bond in the first isoprene unit of the
isoprenyl side chain serves to only minimally alter the preferred conformation although distinctly
affecting the redox function. The results of the studies in this chapter provide a working model

involving the role of structure and redox potential that explains why partial saturation of MK is
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observed in pathogenic M. tuberculosis, which is responsible for the deaths of ~1.3 million people

annually.®® 72

156



References

1. Koehn, J. T.; Beuning, C. N.; Peters, B. J.; Dellinger, S. K.; Van Cleave, C.; Crick, D. C.; Crans, D. C,,
Investigating Substrate Analogues for Mycobacterial Men): Truncated and Partially Saturated
Menaquinones. Biochemistry 2019, 58 (12), 1596-1615.

2. Aguilar-Martinez, M.; Macias-Ruvalcaba, N. A.; Bautista-Martinez, J. A.; Gomez, M.; Gonzalez, F.
J.; Gonzdlez, |., Review: Hydrogen Bond and Protonation as Modifying Factors of the Quinone Reactivity.
Curr. Org. Chem. 2004, 8, 1721-1738.

3. Astudillo-Sanchez, P. D.; Morales-Martinez, D.; Sanchez, A.; Rocha-Ortiz, G.; Salas-Reyes, M.,
Electrochemical Study of the Interactions Between Anionic Species of Menadione and Alkylated
Nucleobases in Dimethylsulfoxide. J. Electroanal. Chem. 2017, 801, 104-113.

4, Gunner, M. R.; Madeo, J.; Zhu, Z., Modification of Quinone Electrochemistry by the Proteins in the
Biological Electron Transfer Chains: Examples from Photosynthetic Reaction Centers. J. Bioenerg.
Biomembr. 2008, 40 (5), 509-519.

5. Monks, T. J.; Hanzlik, R. P.; Cohen, G. M.; Ross, D.; Graham, D. G., Quinone Chemistry and Toxicity.
Toxicol. Appl. Pharmacol 1992, 112 (1), 2-16.

6. Abraham, I.; Joshi, R.; Pardasani, P.; Pardasani, R. T., Recent Advances in 1,4-Benzoquinone
Chemistry. J. Braz. Chem. Soc. 2011, 22 (3), 385-421.

7. Nowicka, B.; Kruk, J., Occurrence, Biosynthesis and Function of Isoprenoid Quinones. Biochim.
Biophys. Acta 2010, 1797, 1587-1605.

8. Upadhyay, A.; Fontes, F. L.; Gonzalez-Juarrero, M.; McNeil, M. R.; Crans, D. C.; Jackson, M.; Crick,

D. C., Partial Saturation of Menaquinone in Mycobacterium tuberculosis: Function and Essentiality of a
Novel Reductase, MenJ. ACS Cent. Sci. 2015, 1 (6), 292-302.

9. Upadhyay, A.; Kumar, S.; Rooker, S. A.; Koehn, J. T.; Crans, D. C.; McNeil, M. R.; Lott, J. S.; Crick, D.
C., Mycobacterial MenJ: An Oxidoreductase Involved in Menaquinone Biosynthesis. ACS Chem. Biol. 2018,
13,2498-2507.

10. da Costa, M. S.; Albuquerque, L.; Nobre, M. F.; Wait, R., The Extraction and Identification of
Respiratory Lipoquinones of Prokaryotes and Their Use in Taxonomy. In Methods in Microbiology, Vol 38:
Taxonomy of Prokaryotes, Rainey, F.; Oren, A., Eds. Elsevier Academic Press Inc: San Diego, 2011; Vol. 38,
pp 197-206.

11. Kroppenstedt, R. M.; Mannheim, W., Lipoquinones in Members of the Family Pasteurellaceae. Int.
J. Syst. Evol. Bacteriol. 1989, 39 (3), 304-308.

12. Collins, M. D.; Jones, D., Distribution of Isoprenoid Quinone Structural Types in Bacteria and Their
Taxonomic Implications. Microbiol. Rev. 1981, 45 (2), 316-354.

13. Meganathan, R., Biosynthesis of Menaquinone (Vitamin K,) and Ubiquinone (Coenzyme Q): A
Perspective on Enzymatic Mechanisms. In Vitam. Horm., 2001; Vol. 61, pp 173-218.

14. Jarchow-Choy, S. K.; Koppisch, A. T.; Fox, D. T., Synthetic Routes to Methylerythritol Phosphate
Pathway Intermediates and Downstream Isoprenoids. Curr. Org. Chem. 2014, 18, 1050-1072.

15. Collins, M. D.; Shah, H. N.; Minnikin, D. E., A Note on the Separation of Natural Mixtures of
Bacterial Menaquinones Using Reverse-phase Thin-layer Chromatography. J. Appl. Bacteriol. 1980, 48 (2),
277-282.

16. Thomson, R. H., Naturally Occurring Quinones. Academic Press Inc: 1971.

17. Kurosu, M.; Begari, E., Vitamin K; in Electron Transport System: Are Enzymes Involved in Vitamin
K, Biosynthesis Promising Drug Targets? Molecules 2010, 15 (3), 1531-1553.

157



18. Nakagawa, K.; Hirota, Y.; Sawada, N.; Yuge, N.; Watanabe, M.; Uchino, Y.; Okuda, N.; Shimomura,
Y.; Suhara, Y.; Okano, T., Identification of UBIAD1 as a Novel Human Menaquinone-4 Biosynthetic Enzyme.
Nature 2010, 468, 117-121.

19. Vos, M.; Esposito, G.; Edirisinghe, J. N.; Vilain, S.; Haddad, D. M.; Slabbaert, J. R.; Van Meensel, S.;
Schaap, O.; De Strooper, B.; Meganathan, R.; Morais, V. A.; Verstreken, P., Vitamin K, Is a Mitochondrial
Electron Carrier That Rescues Pink1 Deficiency. Science 2012, 336, 1306-1310.

20. Josey, B. J.; Inks, E. S.; Wen, X.; Chou, C. J., Structure—Activity Relationship Study of Vitamin K
Derivatives Yields Highly Potent Neuroprotective Agents. J. Med. Chem. 2013, 56, 1007-1022.

21. Rahn, J. J.; Bestman, J. E.; Josey, B. J.; Inks, E. S.; Stackley, K. D.; Rogers, C. E.; Chou, C. J.; Chan, S.
S. L., Novel Vitamin K Analogs Suppress Seizures in Zebrafish and Mouse Models of Epilepsy. Neuroscience
2014, 259, 142-154.

22. Chadar, D.; Camilles, M.; Patil, R.; Khan, A.; Weyhermuller, T.; Salunke-Gawali, S., Synthesis and
Characterization of n-alkylamino Derivatives of Vitamin K3: Molecular Structure of 2-propylamino-3-
methyl-1,4-naphthoquinone and Antibacterial Activities. J. Mol. Struct. 2015, 1086, 179-189.

23. Kathawate, L.; Joshi, P. V.; Dash, T. K.; Pal, S.; Nikalje, M.; Weyhermuller, T.; Puranik, V. G;
Konkimalla, V. B.; Salunke-Gawali, S., Reaction Between Lawsone and Aminophenol Derivatives: Synthesis,
Characterization, Molecular Structures and Antiproliferative Activity. J. Mol. Struct. 2014, 1075, 397-405.
24. Klauda, J. B.; Brooks, B. R., An Ab Initio Study on the Torsional Surface of Alkanes and Its Effect on
Molecular Simulations of Alkanes and a DPPC Bilayer. J. Phys. Chem. B 2005, 109, 5300-5311.

25. Woodward, R. B.; Bloch, K., The Cyclization of Squalene in Cholesterol Synthesis. J. Am. Chem. Soc.
1953, 75, 2023-2024.

26. Chum, S. P.; Knight, G. W.; Ruiz, J. M., Computer Modeling of {110} Adjacent Reentry of
Polyethylene Molecules. Macromolecules 1994, 27, 656-659.

27. Robertson, M. B.; Klein, P. G.; Ward, I. M.; Packer, K. J., NMR Study of the Energy Difference and
Population of the gauche and trans Conformations in Solid Polyethylene. Polymer 2001, 42, 1261-1264.
28. Nikki, K.; Inakura, H.; Wu-Le; Suzuki, N.; Endo, T., Remarkable Changes in Conformations of n-
alkanes with thier Carbon Numbers and Aromatic Solvents. J. Chem. Soc., Perkin Trans. 2 2001, (2370-
2373).

29. Nikki, K.; Nakagawa, N., Elucidation of the Structure of Alkane Chains in Solution by Means of 1H
NMR. Org. Magn. Reson. 1983, 21 (9), 552-554.

30. Nikki, K., 1H and 13C NMR Aromatic Solvent-induced Shifts of n-alkanes. Magn. Reson. Chem.
1990, 28 (5), 385-388.

31. Schramm, M. P.; Rebek Jr., J., Moving Targets: Recognition of Alkyl Groups. Chem. Eur. J. 2006, 12,
5924-5933.

32. Choudhury, R.; Barman, A.; Prabhakar, R.; Ramamurthy, V., Hydrocarbons Depending on the Chain
Length and Head Group Adopt Different Conformations within a Water-Soluble Nanocapsule: 1H NMR
and Molecular Dynamics Studies. J. Phys. Chem. B 2013, 117, 398-407.

33. Ho Ko, Y.; Kim, Y.; Kim, H.; Kim, K., U-Shaped Conformation of Alkyl Chains Bound to a Synthetic
Receptor Cucurbit[8]uril. Chem. Asian J. 2011, 6, 652-657.

34. Ho Ko, Y.; Kim, H.; Kim, Y.; Kim, K., U-Shaped Conformation of Alkyl Chain Bound to a Synthetic
Host. Angew. Chem. Int. Ed. 2008, 47, 4106-4109.

35. Zakharov, A. V.; Vogt, N., Conformational Analysis of Vitamin K; Model Molecule: A Theoretical
Study. Struct. Chem. 2011, 22 (2), 305-311.

36. Tynkkynen, T.; Hassinen, T.; Tiainen, M.; Soininen, P.; Laatikainen, R., 1H NMR Spectral Analysis
and Conformational Behavior of n-alkanes in Different Chemical Environments. Magn. Reson. Chem. 2012,
50, 598-607.

37. Ishihara, M.; Sakagami, H., QSAR of Molecular Structure and Cytotoxic Activity of Vitamin K,
Derivatives with Concept of Absolute Hardness. Anticancer Res. 2007, 27, 4059-4063.

158



38. Koehn, J. T.; Magallanes, E. S.; Peters, B. J.; Beuning, C. N.; Haase, A. A.; Zhu, M. J.; Rithner, C. D,;
Crick, D. C.; Crans, D. C., A Synthetic Isoprenoid Lipoquinone, Menaquinone-2, Adopts a Folded
Conformation in Solution and at a Model Membrane Interface. J. Org. Chem. 2018, 83, 275-288.

39. Stahla, M. L.; Baruah, B.; James, D. M.; Johnson, M. D.; Levinger, N. E.; Crans, D. C., 1H NMR Studies
of Aerosol-OT Reverse Micelles with Alkali and Magnesium Counterions: Preparation and Analysis of
MAOQTSs. Langmuir 2008, 24 (12), 6027-6035.

40. Samart, N.; Beuning, C. N.; Haller, K. J.; Rithner, C. D.; Crans, D. C., Interaction of a Biguanide
Compound with Membrane Model Interface Systems: Probing the Properties of Antimalaria and
Antidiabetic Compounds. Langmuir 2014, 30 (29), 8697-8706.

41. Peters, B. J.; Groninger, A. S.; Fontes, F. L.; Crick, D. C.; Crans, D. C., Differences in Interactions of
Benzoic Acid and Benzoate with Interfaces. Langmuir 2016, 32 (37), 9451-9459.

42. Peters, B. J.; Van Cleave, C.; Haase, A. A.; Hough, J. P. B.; Giffen-Kent, K. A.; Cardiff, G. M,;
Sostarecz, A. G.; Crick, D. C.; Crans, D. C., Structure Dependence of Pyridine and Benzene Derivatives on
Interactions with Model Membranes. Langmuir 2018, 34, 8939-8951.

43, Maitra, A., Determination of Size Parameters of Water-aerosol-OT Oil Reverse Micelles From Their
Nuclear Magnetic-resonance Data. J. Phys. Chem. 1984, 88 (21), 5122-5125.
44, Jones, C. R.; Butts, C. P.; Harvey, J. N., Accuracy in Determining Interproton Distances using

Nuclear Overhauser Effect Data from a Flexible Molecule. Beilstein J. Org. Chem. 2011, 7, 145-150.

45, Cooper, G. M.; Hausman, R. E., The Cell A Molecular Approach. 5th ed.; Sinauer Associates, INC.:
Sunderland, Massachusetts, USA, 2009; p 820.

46. Nelson, D. L.; Cox, M. M., Lehninger Principles of Biochemistry. 5th ed.; W.H. Freeman and
Company: New York, USA, 2008; p 1158.

47. Dryhurst, G., Kadish, K. M., Scheller, F., Renneberg, R., Biological Eletrochemistry. Academic Press:
New York, 1982.

48. Wawzonek, S.; Berkey, R.; Blaha, E. W.; Runner, M. E., Polarographic Studies in Acetonitrile and
Dimethylformamide: Ill. Behavior of Quinones and Hydroquinones. J. Electroanal. Chem. Soc. 1956, 103
(8), 456-459.

49, Jaworski, J. S.; Leniewska, E.; Kalinowski, M. K., Solvent Effect on the Redox Potential of Quinone-
semiquinone Systems. J. Electroanal. Chem. 1979, 105 (2), 329-334.

50. Prince, R. C.; Leslie Dutton, P.; Malcolm Bruce, J., Electrochemistry of Ubiquinones. FEBS Lett.
1983, 160 (1), 273-276.

51. Sostarecz, A. G.; Gaidamauskas, E.; Distin, S.; Bonetti, S. J.; Levinger, N. E.; Crans, D. C., Correlation
of Insulin-Enhancing Properties of Vanadium-Dipicolinate Complexes in Model Membrane Systems:
Phospholipid Langmuir Monolayers and AOT Reverse Micelles. Chem. Eur. J. 2014, 20 (17), 5149-5159.
52. Riter, R. E.; Kimmel, J. R.; Undiks, E. P.; Levinger, N. E., Novel Reverse Micelles Partitioning
Nonaqueous Polar Solvents in a Hydrocarbon Continuous Phase. J. Phys. Chem. B 1997, 101 (41), 8292-
8297.

53. Durantini, A. M.; Falcone, R. D.; Silber, J. J.; Correa, N. M., Effect of Confinement on the Properties
of Sequestered Mixed Polar Solvents: Enzymatic Catalysis in Nonaqueous 1,4-Bis-2-
ethylhexylsulfosuccinate Reverse Micelles. ChemPhysChem 2016, 17 (11), 1678-1685.

54, Lepori, C. M. O.; Correa, N. M.; Silber, J. J.; Falcone, R. D., How the Cation 1-butyl-3-
methylimidazolium Impacts the Interaction Between the Entrapped Water and the Reverse Micelle
Interface Created with an lonic Liquid-like Surfactant. Soft Matter 2016, 12 (3), 830-844.

55. Baruah, B.; Roden, J. M.; Sedgwick, M.; Correa, N. M.; Crans, D. C.; Levinger, N. E., When |s Water
Not Water? Exploring Water Confined in Large Reverse Micelles Using a Highly Charged Inorganic
Molecular Probe. J. Am. Chem. Soc. 2006, 128, 12758-12765.

159



56. Odella, E.; Falcone, R. D.; Silber, J. J.; Correa, N. M., Nanoscale Control Over Interfacial Properties
in Mixed Reverse Micelles Formulated by Using Sodium 1,4-bis-2-ethylhexylsulfosuccinate and Tri-n-octyl
Phosphine Oxide Surfactants. ChemPhysChem 2016, 17 (15), 2407-2414.

57. Diaz-Fernandez, Y.; Foti, F.; Mangano, C.; Pallavicini, P.; Patroni, S.; Perez-Gramatges, A.;
Rodriguez-Calvo, S., Micelles for the Self-Assembly of “Off-On—Off” Fluorescent Sensors for pH Windows.
Chem. Eur. J. 2006, 12, 921-930.

58. Pallavicini, P.; Diaz-Fernandez, Y.; Pasotti, L., Micelles as Nanosized Containers for the Self-
assembly of Multicomponent Fluorescent Sensors. Coord. Chem. Rev. 2009, 253, 2226-2240.
59. Stefaniu, C.; Brezesinski, G.; Mohwald, H., Langmuir Monolayers as Models to Study Processes at

Membrane Surfaces. Adv. Colloid Interface Sci. 2014, 208, 197-213.

60. Choi, Y.; Attwood, S. J.; Hoopes, M. I.; Drolle, E.; Karttunen, M.; Leonenko, Z., Melatonin Directly
Interacts with Cholesterol and Alleviates Cholesterol Effects in Dipalmitoylphosphatidylcholine
Monolayers. Soft Matter 2014, 10, 206-213.

61. Quinn, P. J.; Esfahani, M. A., Ubiquinones have Surface-Active Properties Suited to Transport
Electrons and Protons Across Membranes. Biochem. J. 1980, 185, 715-722.
62. Hoyo, J.; Torrent-Burgues, J.; Guas, E., Biomimetic Monolayer Films of

Monogalactosyldiacylglycerol Incorporating Ubiquinone. J. of Colloid and Interface Sci. 2012, 384, 189-
197.

63. Panda, A. K.; Nag, K.; Harbottle, R. R.; Possmayer, F.; Petersen, N. O., Thermodynamic Studies on
Mixed Molecular Langmuir Films: Part 2. Mutual Mixing of DPPC and Bovine Lung Surfactant Extract with
Long-chain Fatty Acids. Colloids Surf., A 2004, 247 (1), 9-17.

64. Veldhuizen, E. J. A.; Batenburg, J. J.; van Golde, L. M. G.; Haagsman, H. P., The Role of Surfactant
Proteins in DPPC Enrichment of Surface Films. Biophys. J. 2000, 79, 3164-3171.

65. Woustneck, R.; Perez-Gil, J.; Wustneck, N.; Cruz, A.; Fainerman, V. B.; Pison, U., Interfacial
Properties of Pulmonary Surfactant Layers. Adv. Colloid Interface Sci. 2005, 117 (1), 33-58.

66. Sohlenkamp, C.; Geiger, O., Bacterial Membrane Lipids: Diversity in Structures and Pathways.
FEMS Microbiol. Rev. 2016, 40 (1), 133-159.

67. Toimil, P.; Prieto, G.; Minones Jr, J.; Sarmiento, F., A Comparative Study of F-DPPC/DPPC Mixed
Monolayers. Influence of Subphase Temperature on F-DPPC and DPPC Monolayers. Phys. Chem. Chem.
Phys. 2010, 12, 13323-13332.

68. Hoyo, J.; Guas, E.; Torrent-Burgues, J.; Sanz, F., Biomimetic Monolayer Films of
Digalactosyldiacylglycerol Incorporating Plastoquinone. Biochim. Biophys. Acta, Biomembr. 2015, 1848
(6), 1341-1351.

69. Jones, M. N.; Chapman, D., Micelles, Monolayers, and Biomembranes. Wiley-Liss: New York, 1995.
70. Sedgwick, M. A.; Trujillo, A. M.; Hendricks, N.; Levinger, N. E.; Crans, D. C., Coexisting Aggregates
in Mixed Aerosol OT and Cholesterol Microemulsions. Langmuir 2011, 27 (3), 948-954.

71. Zan, G.T.; Wu, Q. S., Biomimetic and Bioinspired Synthesis of Nanomaterials/Nanostructures. Adv.
Mater. 2016, 28 (11), 2099-2147.

72. Glaziou, P.; Sismanidis, C.; Floyd, K.; Raviglione, M., Global Epidemiology of tuberculosis. Cold
Spring Harbor Perspect. Med. 2015, 5, a017798.

160



Chapter 5: Hydrophobicity May Enhance Membrane Affinity and Anti-

Cancer Effects of Schiff Base Vanadium(V) Catecholate Complexes’

5.1 Hydrophobic and Redox-Active Vanadium(V) Catecholate Complexes

Medicinal applications of metal complexes in the past has been dominated by the anti-cancer
platinum drugs, as well as a range of complexes used for imaging diagnostics and nuclear
medicinal applications."® However, several additional metal-based classes of complexes have
been of interest for decades and are increasing in importance. Vitamins and nutritional additives

1 The large number of different formulations

often include metal-ion containing supplements.
for iron and vanadium are testament to the existence of a range of methodologies that can be
applied to increase the efficacy of absorption.** Furthermore, Lipinski’s rules' based on an
empirical and statistical evaluation of efficacy suggest that statistically successful drugs are of
certain size, hydrophobicity, polarity, or reactivity, which thus limits the chemical space to search
for available drugs. However, some of the more successful drugs do not follow these empirical
rules, such as cisplatin; therefore, drug and supplement design continues to include the entire
chemical space. For example, recent investigations have introduced promising hydrophobic

1620 The water solubility of these compounds and other

titanium and vanadium drugs.
hydrophobic drugs is very limited, and as a result, the methods for in vivo studies with these

compounds involve dissolving the compounds in methanol, ethanol, or DMSO or dissolution in

assays containing surfactants and/or DMSO. In this chapter, we examine the solubility, stability,
'This chapter was reproduced by permission of The Royal Society of Chemistry and is published
in Dalton Transactions.
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and interactions of representative hydrophobic metal complexes (Figure 5.1.1) and free ligand

H,shed with a model membrane interface and their anti-cancer effects.

a b c d
N\Q,NH
; ; 5" N 5 \u,
1 \o a
H,cat H.dtb Hshed [V(O),(Hshed)] [VO(Hshed)(cat)]
g <® h i
© ’Q
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Figure 5.1.1. The structures are labelled as follows: (a) Hycat; (b) H,dtb; (c) H,shed, (d)
[V(O),(Hshed)], (e) [VO(Hshed)(cat)], (f) [VO(Hshed)dtb], (g) Example of a hydrolytically stable
titanium complex,?* (h) Example of a hydrolytically stable vanadium complex,? and (i) AOT.

Identification of inhibitors for signal transduction remains an important target in drug
discovery. Phosphatase inhibitors that are particularly potent, or effective in animal studies,

18, 23-27

include a series of titanium, vanadium, and zinc coordination complexes. In several

21-22, 2829 saries of compounds were tested, and a correlation with hydrophobicity and

studies,
stability with potency was highlighted, for example, see a representative compound in Figure
5.1.1g.*' The Tshuva group used this approach with vanadium compounds and prepared a
hydrophobic vanadium complex (Figure 5.1.1h), which was found to have anti-cancer properties

as well.??

The high hydrophobicity of these compounds tend to protect the complexes against
initial hydrolysis making them more likely to penetrate membranes and extend their lifetime and
get into cells intact. An example of such a compound is shown in Figure 5.1.1h; a vanadium

complex that was more effective in growth inhibition than cisplatin of human colon HT-29 and
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ovarian OVCAR-3 cells.’? Studies using data mining of vanadium-containing phosphatase
complexes®’ and synchrotron studies indicate most vanadium complexes lose their ligands when

31-38

binding to phosphatases®’ or transferrin, *° in blood, and in cell medium. In contrast, these
g to phosp

same complexes interact with human serum albumin and in some cases can form a protein

adduct that maintains the ligands.” 3

It is possible that complexes containing hydrophobic
ligands with steric hindrance preventing substitution reactions may enable uptake of the intact
complex and delivery to the cellular target and thus be a particularly potent cytotoxin to breast
and pancreatic cancer cells.**

To explore how these hydrophobic complexes will interact with membrane interfaces, we
have investigated the behavior of V(V) complexes with an ideal representation of a simple

4243 The reverse micelle

microemulsion ternary model membrane system shown in Figure 5.1.2.
(RM) is a ternary system, H,O/AOT/organic solvent, where AOT = sodium bis[2-
ethylhexyl]sulfosuccinate, is used as a simple but effective model system to explore the ability of
these hydrophobic coordination complexes to penetrate the interface, Figure 5.1.2. These self-
assembled structures form in a region of the phase diagram where there is little H,0, but

significant amounts of surfactant and organic solvent.***®

The interface system is dynamic, but
the overall stability of the system is governed by thermodynamic considerations rather than
kinetic ones and, thus, the most thermodynamically stable arrangements are preserved. In the
past, we have used mainly iso-octane or cyclohexane (or die-cyclohexane) as the organic
solvent®, but others have used pentane, benzene, chloroform, and carbon tetrachloride.”® The
microemulsion forms RMs, but the interfacial chemistry enables studies of how such metal

51-52

complexes will transverse interfaces and NMR spectroscopy provides evidence on whether
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the complexes decompose and where they interact with the interfaces in this simple model

system.

Figure 5.1.2. Schematic diagram of an RM present in a microemulsion. The four distinct locations
for potential solutes are labelled as follows: (a) the water pool, (b) the Stern layer, (c) the
surfactant hydrophobic layer, and (d) the organic solvent layer, iso-octane.

Studies with the BMOV/[VO,(ma),] system> and the V-dipic systems have demonstrated
remarkable differences in how even simple compounds interact with model membrane systems.
The BMOV/[VO;(ma);]” compounds hydrolyze as they approach the interface,”® whereas the V-
dipic complexes react differently depending on the oxidation state.>* The V(V) complex

[VO.dipic] is able to penetrate the interface, whereas the V(lIl) complex [V(dipic),] is found in

the water pool associating with the interface.” The V(IV)-dipic system can form two complexes,
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a neutral 1:2 complex [VO(dipic),] that is generally prepared upon synthesis, as well as a 1:1
complex [VO(H,0),(dipic)]. The former readily associates with the interface partially penetrating
the surface, whereas the 1:1 complex is interacting further up in the hydrophobic part of the
interface similarly to the V(V)-dipic complex. These studies demonstrate the versatile modes of

55-56

actions of these complexes, and considering that V-complexes are known to cycle between

redox states in the biological systems, this factor undoubtedly is involved in the mode of action

of the vanadium complexes.*" % 20359

Indeed, the redox chemistry of vanadium compounds is
likely to be associated with the generation of reactive oxygen species (ROS), which have been
implicated in the mode of action of vanadium compounds. This topic is beyond the scope of this
chapter and we refer the reader elsewhere on more information on this important topic.”>>°
Using this simple model membrane system, the chemistry of the ternary V(V) complex
[V(0)2(Hshed)] and two more hydrophobic analogs prepared from its complexation with
catecholate (cat) or di-tert-butylcatecholate (dtb) (Figure 5.1.1). These compounds belong to the
family of complexes formed from non-innocent ligands, and as a result, exhibit a broad spectrum
of redox chemistry.®° It is well known that V-compounds redox cycle upon administration, and a
number of studies have been done exploring the details of these processes. For the V-catecholate
complexes described in this chapter, the redox chemistry is mainly metal centred.®® There have
only been a few studies with vanadium-catechol complexes exploring their biological activities.®"
® A recent study demonstrated that these compounds affected cell growth in MDA-MB-231 and
PANC-1 cells with varying amounts of effectiveness.** Furthermore, a number of vanadium

compounds have been reported with naturally occurring non-polar flavonoids including

mechanistic studies probing the redox chemistry involved in these processes.® It is, therefore,
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important to investigate how these hydrophobic complexes interact in interface model systems

to explore how this may impact their anti-cancer activities.

5.2  Materials and Methods

5.2.1 Chemicals, Biochemicals, and General Methods

Most reagents were used without further purification including 2,2,4-trimethyl-pentane (iso-
octane, Sigma-Aldrich, 299.0%), deuterium oxide (D,0, Cambridge Isotope Laboratories, 99.9%),
Acetone HPLC grade, n-pentane, and argon. Sodium bis(2-ethylhexyl)sulfosuccinate (AOT, Sigma-
Aldrich, 99.8%) was purified using activated charcoal and methanol to remove acidic impurities
using a modified procedure of that previously reported (see below).'" 4% salicylaldehyde (SalA)
was purified via vacuum distillation to remove impurities prior to synthesis. [V(0),(Hshed)],
H,shed, [VO(Hshed)(cat)], and [VO(Hshed)(dtb)] were prepared according to literature

8870 All pH measurements were conducted using a Thermo Orion 2 Star pH meter

procedures.
with a VWR semi-micro pH probe.”* When samples were prepared for RM or D,0 NMR
experiments, deuterium oxide was used instead of H,0 and the pH was adjusted to consider the
presence of deuterium (pD = pH + 0.4) and therefore, we report values for both pD and pH for

%7.72 pre-sterilized media and sterile plastic ware used in cell culture were purchased from

clarity.
Life Technologies Australia. Human chondrosarcoma SW1353 cells were purchased from the
American Type Culture Collection (ATCC, Cat. No. HTB-94) and cultured using standard
techniques""74 in Advanced DMEM (where DMEM = Dulbecco’s modified Eagle’s medium;

Thermo Fischer Scientific, Cat. No. 12491-015). Abbreviations are as follows: aot, bis(2-

ethylhexyl) sulfosuccinate sodium salt; cat, catecholate; dtb, di-tert-butylcatecholate; DLS,
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dynamic light scattering; HEPES, (4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid; H,shed,
condensation product of salicylaldehyde and N-(2-hydroxyethyl)-1,2-ethanediamine; pdi,
polydispersity index; SalA, salicylaldehyde; HyDA, N-(2-hydroxyethyl)-1,2-ethanediamine; CCR2,
CC chemokine receptor 2; CCL2, CC chemokine ligand 2; CCR5, CC chemokine receptor 5.

5.2.2 Purification of NaAOT

NaAOT was purified by a slightly modified procedure from that reported previously.** > AOT
(60.0 g) was dissolved in methanol (150 mL) and the solution was shaken for a period of two

weeks in the presence of mesh activated charcoal (15.0 g).** "

The suspension was then vacuum
filtered through a bed of celite and then the methanol was removed, first via rotary evaporation
under reduced pressure at room temperature and then via high vacuum (~150 milliTorr) until
desired dryness was achieved. The residual water content ranged from 0.019 to 0.300 waters per
AOT and was measured as previously reported by NMR analysis.
5.2.3 Preparation of AOT/iso-octane Stock Solution and Reverse Micelle Samples

The 750 mM AOT/iso-octane stock solution was prepared by dissolving AOT (8.333 g, 18.80
mmol) in jso-octane in a volumetric flask (25.00 mL), diluting to the mark, and vortexing until
clear. For all six probe molecules studied, a 52.75 mM stock solution was used to prepare RM
containing suspensions. The stock solution was prepared by dissolving the probe molecule
(0.5275 mmol) in 750 mM AOT/iso-octane stock in a volumetric flask (10.00 mL), mixing until
solubilized, and then diluting to the mark. The probe AOT/iso-octane stock solutions containing
either vanadium or the H,shed ligand were mixed by hand and not vortexed to have as little

outside impact on hydrolysis as possible. Before the preparation of the 1 mL RM samples, 2 mL

solutions of varying concentrations of probe stock were created by diluting various aliquots of
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the 52.75 mM probe stock with the 750 mM AOT/iso-octane stock. Then, the 1 mL RM samples
(wo =6, 8, 12, 16, and 20) were made by diluting specific aliquots of the 2 mL solutions with
various amounts of D,0 (pH = 6.6, pD = 7.0, see General Methods for pH measurements). The
addition of the D,0 resulted in the formation of a white flocculent at the bottom of the samples
and, when shaken, a homogenous solution resulted. For the free H,cat and H,dtb ligand RM
samples, NMR studies were done immediately after preparation while the free H,SHED ligand,
[V(O),(Hshed)], [VO(Hshed)dtb], and [VO(Hshed)cat] RM samples were allowed to equilibrate
before the NMR spectroscopic studies were performed. The total V-concentration for the 1.0 mL
[V(O),(Hshed)] RM samples are as follows: wy 20, 2.41 mM; wy 16, 5.17 mM; w, 12, 11.05 mM;
wp 8, 23.53 mM; and wy 6, 36.72 mM. The overall concentrations for the 1.0 mL H,shed RM
samples are as follows: wy 20, 2.71 mM; wy 16, 5.65 mM; wy 12, 11.77 mM; wy 8, 24.48 mM; and
wWp 6, 37.87 mM. The total V-concentration for the 1.0 mL [VO(Hshed)(dtb)] RM samples are as
follows: wyp 20, 2.46 mM; wp 16, 5.23 mM; wp 12, 11.09 mM; wy 8, 23.55 mM; wg 6, 36.78 mM.
The total V-concentration for the 1.0 mL [VO(Hshed)(cat)] RM samples are as follows: wy 20, 2.41
mM; wp 16, 5.17 mM; wy 12, 11.05 mM; wy 8, 23.53 mM; wy 6, 36.72 mM.
5.2.4 Stability of Probe in Aqueous Solution and Reverse Micelles

The stability of the precursor complex [V(O).(Hshed)], vanadium(V) catecholates
[VO(Hshed)dtb] and [VO(Hshed)cat], and the free ligand H,shed in aqueous solution was
determined by solution NMR spectroscopy. NMR measurements of the hydrolysis of each probe
molecule in D,0 (pH =6.6, pD = 7.0, see General Methods for pH measurements) were done until
the probe molecule had reached equilibrium as evidenced by the NMR peak integrations

changing over time. Similar equilibrium stability measurements were taken for each V-compound
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in a wp = 12 RM. Once the equilibrium had been determined for each probe molecule in a RM
system, complete RM studies were performed at the determined equilibrium time point.

5.2.5 'Hand 'V NMR Spectroscopic Studies on Reverse Micelles

All **V solution NMR spectra were taken on a Varian 400MR NMR spectrometer with a
spectral window of -700 ppm to 700 ppm, 4096 scans, RD = 0.001 sec, and 90° pulse angle at 26
°C. The *H NMR spectroscopic experiments on the RMs were performed using a 400 MHz Varian
iNova NMR spectrometer or a 400 MHz MR400 spectrometer, using standard parameters at 22
or 26 °C, respectively. The 1D H spectra in CDCl; or de-DMSO were referenced to the internal
solvent peak at 7.26 ppm and 2.50 ppm, respectively. The 1D *H spectra in RMs were referenced
to the iso-octane methyl peak (0.904 ppm) as previously reported.67 >V solution chemical shifts
in DMSO are determined relative to external neat liquid VOCI; reference (0.00 ppm).”® >'v
solution chemical shifts in D,O or RMs are measured relative to an external 1 M sodium
metavanadate reference (pH = 12) which, in aqueous solution, produces two signals at -535.7
ppm (used as auxiliary reference) and -560.4 ppm, relative to VOCI3.”” Spectral data was

processed using MestReNova NMR processing software version 10.0.1.

5.2.6 Reverse Micelle Sample Preparation for Dynamic Light Scattering (DLS) Studies

RMs for DLS studies were prepared in a similar manner to those used for the NMR
spectroscopic experiments except that Distilled Deionized (DDI) H,0 (pH = 6.6) was used as the
water pool instead of D,0, and the 0.750 M AOT/RM solution was diluted to a 0.1 M AOT/RM

solution with iso-octane after the RMs were formed.
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5.2.7 Dynamic Light Scattering (DLS) Measurements

The hydrodynamic radius of wy = 12 and wy = 20 RMs was determined by DLS measurements
performed on a Malvern Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, UK). The
DLS cuvette (1 cm X 1 cm, glass) was washed three times with iso-octane followed by three
washes with the RM sample (prepared at pH 6.6). Then, the cuvette was filled with 1 mL of the
RM sample and closed with a Teflon cap. Each experiment was conducted at 25 °C and consisted
of a 700 sec. sample equilibration period followed by 10 measurements each made of 15 scans.’®
Each sample was measured in triplicate, and the diameter and pdi were recorded and compared
to those values in the literature.”” The data were analyzed using Malvern DLS Software. See
Supplementary Information.
5.2.8 Stability Studies by Electronic Absorption Spectroscopy

Freshly prepared stock solutions of [VO(Hshed)(cat)] or [VO(Hshed)(dtbc)] (10 mM V-complex
in DMSO) were diluted 100-fold either with DMSO or with cell culture medium (Advanced DMEM,
containing 2.0% vol. of fetal calf serum and 10 mM HEPES buffer, pH 7.4)*'. The spectra in the
350-1200 nm range (resolution, 1 nm; acquisition rate, 600 nm min'l) were acquired on an Agilent
Cary 5000 spectrometer at 295 K. The corresponding solvents were used in background scans.

5.2.9 Cytotoxicity Experiments

Advanced DMEM medium (Thermo Fisher Scientific Cat. No. 12491-015, where DMEM =
Dulbecco’s modified Eagle’s medium) was supplemented with L-glutamine (2.0 mM), antibiotic-
antimycotic mixture (100 U mL" penicillin, 100 mg mL" streptomycin and 0.25 mg mL™
amphotericin B) and fetal calf serum (FCS; heat-inactivated; 2% vol.). For proliferation

experiments, cells were seeded in 96-well plates at an initial density of 1.0x10° viable cells per
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well (counted using Invitrogen Countess device with trypan blue staining)’”>”* in 100 uL medium

and left to attach overnight. Freshly prepared 10 mM stock solutions in DMSO ([VO(Hshed)(dtb)]
or [VO(Hshed)(cat)]) or in Milli-Q H,0 (Na3VO,4, 99.98%, Aldrich Cat. No. 450243) were used for
cell assays. All the cell treatments, including controls, contained 0.50% (vol.) of DMS0.% Stock
solutions of the treatment compounds were diluted with fully supplemented cell culture media
to the required final concentrations, and the resultant media were either added to the cells
within one minute (fresh solutions) or left in cell culture incubator (310 K, 5% CO,) for 24 prior to
the cell treatments (aged solutions). For end-point viability assays, cells were incubated with
fresh or aged treatment compounds for 72 h, after which WST-8 reagent (Cell counting kit-8,
Dojindo Molecular Technologies) or Alamar Blue reagent (Thermo Fisher Scientific Cat. No.
DAL1025) was added at 10 pL/well. The cells were then incubated for further six hours, and the
absorbance at 450 nm (WST-8) or fluorescence at 570/585 nm (Alamar Blue) were measured
using Victor V> multi-well plate reader. For each treatment, six replicate cell-containing wells and
two background wells (containing all the components except cells) were used, and statistical
analysis of the data was performed using Origin software.?! Preliminary calibration experiments
with WST-8 assay have shown that the Asso values in the entire working range (0.25-1.5) were

linearly dependent on the number of viable SW1353 cells (~10%-10* cells per well).

5.3  Results and Discussion

5.3.1 Synthesis

[V(O),(Hshed)], [VO(Hshed)(cat)], and [VO(Hshed)(dtb)] and free ligand H,shed were

synthesized as previously described and the spectroscopic data was found to be consistent with
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that in literature.®®”°

The free ligand, Hzshed, is the condensation product of salicylaldehyde
(SalA) and N-(2-hydroxyethyl)-1,2-ethanediamine (NH,CH,CH,NHCH,CH,0H, abbreviated HyDA).
5.3.2 Solubility of Free Ligands and V(V) Complexes and Stability of Free Ligand H,shed
and [V(O),(Hshed)] in Reverse Micelle Samples

The three free ligands (Hshed and cat and dtb catechols) were all dissolved in aqueous
solution and iso-octane. The three complexes, [V(0)(Hshed)], [VO(Hshed)(cat)], and
[VO(Hshed)(dtb)] are all soluble in dimethylsulfoxide (DMSO), but have less solubility in aqueous
solution and no measurable solubility in iso-octane (2,2,4-trimethylpentane) as confirmed by
NMR spectroscopy. All three complexes had to be forced into aqueous solvents such as D,0 via
vortexing and at that point, the Schiff base ligand is subject to hydrolysis as shown in eq. (1) and
the [V(O),(Hshed)] complex as shown in eq. (2).

The stability of the precursor V(V) complex, [V(O).(Hshed)], was measured in aqueous
solution prior to the addition to the model membrane RM microemulsion system. We observed
that the vanadium complexes hydrolyzed as shown in eq. (2) at a faster rate in aqueous solution
than in the RM mixture. Due to the presence of the Schiff base in the ligand, once the complex
hydrolyzed, the ligand could continue to fragment into salicylaldehyde (SalA) and N-(2-
hydroxyethyl)-1,2-ethanediamine (HyDA) as shown in eq. (1) below. The equilibrium mixture of
both the ligand and [V(O),(Hshed)] complex in aqueous solution was reached as evident by the
NMR spectra recorded.

Hshed  + H3;0" — SalA + HyDA (1)

2[V(O)z(Hshed)] + 4HO — 2 H,VO4 + 2 Hshed™  (2)
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Once the equilibrium mixture of Hyshed ligand had been reached in aqueous solution, the
solution was added to form RMs from two concentrations of AOT/iso-octane stock solution
(0.200 and 0.750 M). Since the highest resolution 'H NMR spectra were obtained using 0.750 M
AOT stock solution, the rest of the studies were carried out using this stock solution
concentration (see below). >’V NMR spectra recorded for the precursor complex [V(0),(Hshed)]
in D,0 confirmed that it hydrolyzed in aqueous solution, and that equilibrium was reached by 20
min after sample preparation (see below). Compared to the aqueous solution, the equilibrium
reaction was reached slower in RMs and the equilibrium concentration was achieved after 40
min. These studies provided the time-scale of the experiments of the precursor [V(0),(Hshed)]
complex sample and provided guidelines for the timeframe of the studies with this complex as
well as the vanadium complexes with the catechol ligands studied, where the lower solubility is
problematic and causes issues with detecting the V-complex.

5.3.3 'V NMR Spectra of the [V(0),(Hshed)] Complex

In aqueous solutions, the equilibrium concentration of [V(0),(Hshed)] is about 60% of the
total vanadium. 'V NMR spectra of [V(0),(Hshed)] in DMSO, D,0, and in a series of RMs (w, = 6,
8,12, 16 and 20 prepared from 0.750 M AOT/iso-octane stock solution) are given in Figure 5.3.1.
Upon placement into the RM, the stability ratio was changed significantly and the amount of
[V(O),(Hshed)] complex in the RM environment is much smaller than in D,O (H,0), Figure 5.3.1.
These studies convincingly show that [V(O),(Hshed)] is destabilized by the RM environment more
so than in aqueous solution. Slightly more [V(O),(Hshed)] complex was observed in larger RMs

over smaller RMs.

173



[V(O)z(Hshed)] Vs

Dzo M i -
NN

wo 20 W(O)Z(ﬂfffi’)] i },5
Wo 16 jL_A
e BN
wo 8 [V(O)(Hshed)] ,M
— o
4

e NAL
DMSO [V(O)2(Hshed)]

-510 -520 -530 -540 -550 -560 -570 -580 -590 -600
f1 (ppm)

Figure 5.3.1. >V NMR spectra of [V(O),(Hshed)] in D,O and in a series of RMs (wp = 6, 8, 12, 16
and 20 prepared form a in 0.750 M AOT/iso-octane stock solution). The spectra were recorded
after equilibration was reached after 20 min for D,0 samples and after 40 min in RM samples.
The pH for D,0O and RMs was 6.6 and the pD was 7.0. The total V-concentration for the 1.0 mL
[V(O),(Hshed)] RM samples are as follows: wy 20, 2.41 mM; wy 16, 5.17 mM; w, 12, 11.05 mM;
Wy 8, 23.53 mM; and wy 6, 36.72 mM.

5.3.4 'H NMR Spectra of [V(0),(Hshed)] and H,shed

A series of "H NMR spectroscopic studies in RMs were carried out using [V(O),(Hshed)] and
the corresponding free ligand, H,shed. The RM studies with the [V(O),(Hshed)] complex
confirmed that the free H,shed ligand was formed from hydrolysis of complex, which was then
followed by subsequent hydrolysis of the H,shed ligand to SalA and HyDA. The hydrolysis was
confirmed in the D,0 spectra by the imine hydrogen signal (HC=N) at 8.81 ppm converting into
an aldehyde hydrogen (HC=0) at 9.98 pm (Figure 5.3.2). These peaks are not present in the dg-
DMSO spectrum for [V(0),(Hshed)] (Figure 5.3.2). The spectra are shown for RM sizes wy 8
through wy 20 and although the ligand hydrolysis is complete, increased reactions are taking
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place because increasing SalA: [V(0),(Hshed)] (the latter measured by Hy) ratio is observed in the

spectra as the RM size continues to increase (see spectrum at wy 20).
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Figure 5.3.2. *H NMR spectra of [V(O),(Hshed)] in D,O and in a series of RMs (w, = 8, 12, 16, and
20 prepared from 0.750 M AOT/iso-octane stock solution. The spectrum in D,O was recorded
after 20 min and the RM spectra were recorded after 40 min once equilibrium had been
established. SalA = salicylaldehyde. The pH for D,O and RMs was 6.6 and the pD was 7.0. The
total V-concentration for the 1.0 mL [V(O),(Hshed)] RM samples are as follows: wy 20, 2.41 mM,;
wWo 16, 5.17 mM; wp 12, 11.05 mM; wyp 8, 23.53 mM; and wy 6, 36.72 mM.

To further confirm the formation of the ligand hydrolysis product, SalA, a study of the non-
complexed free ligand, Hpshed, in a series of RMs was carried out (Figure 5.3.3). By monitoring
the 'H NMR chemical shifts, it is apparent that the free ligand is hydrolyzing upon contact with
the water pool (Figure 5.3.3). Formation of an aldehyde group signal (HC=0) at 9.90 ppm and a
decrease in the imine signal (HC=N) near 8.5 ppm readily shows the formation of one of the

starting materials of the Schiff base, SalA and almost complete conversion is seen after an
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equilibrium time of 45 min in D,O. The 'H NMR spectra demonstrated that the equilibrium
mixture was different in the RMs compared to the H,shed ligand in aqueous solution, and that
the Schiff base is more stable in the environment of the smaller RMs in contrast to the
[V(O),(Hshed)] complex. Combined, these results show that the SalA and the H,shed begin to
form both in solutions with uncomplexed free ligand H,shed (Figure 5.3.3) and with the precursor

[V(O),(Hshed)] complex (Figure 5.3.2).
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Figure 5.3.3. 'H NMR spectra of Hyshed in D,0 and in a series of RMs (wp =6, 8, 12, 16, and 20
prepared from 0.750 M AOT/iso-octane stock solution. The spectrum in D,0 was recorded after
35 min and the spectra in RMs were recorded after 45 min once equilibrium had been
established. Hydrogen labelling scheme is found in Figure 5.1.1. SalA = salicylaldehyde. The pH
for D,O and RMs was 6.6 and the pD was 7.0. The overall concentrations for the 1.0 mL Hyshed
RM samples are as follows: wy 20, 2.71 mM; wy 16, 5.65 mM; wp 12, 11.77 mM; wy 8, 24.48 mM;
and wp 6, 37.87 mM.

There is a chemical shift change observed for [V(0),(Hshed)] hydrogens H,, Hy,, Hc, Hg, and Hy

upon addition to the RM, which showed a change in chemical environment and supported the
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interpretation that the [V(O),(Hshed)] complex penetrated at least partially into the RM
interfacial layer (Figure 5.3.2). The free ligand H,shed hydrolyzed as evidenced by a peak at 9.94
ppm in D,0 and at 9.89 ppm in wy 8 RM (Figure 5.3.2). There is a chemical shift change observed
for H,shed hydrogens H,, Hy, He, Hg, and Hy, which also showed a change in chemical environment

and supported significant interaction of the H,shed ligand with the RM interface (Figure 5.3.3).

5.3.5 NMR Spectra of [VO(Hshed)(dtb)] in Aqueous Solution and in Reverse Micelle
Samples

>1\/ NMR spectra were recorded to determine if the [VO(Hshed)(dtb)] complex hydrolyzed in
aqueous solution and within RMs. This was non-trivial considering the low solubility of the V-
complex in aqueous solution; therefore, these samples were prepared by dissolving the
compound into the AOT/iso-octane stock solution rather than in the D,0O stock solution. The
equilibrium for the hydrolysis products was observed in a saturated [VO(Hshed)(dtb)]/D,0
sample that was sonicated for 5 min, then vortexed for ~1 min, and then allowed to sit for 60 min
(Figure 5.3.4). [VO(Hshed)(dtb)] hydrolyzed to form [V(O),(Hshed)] first and further hydrolysis
formed vanadate and the H,shed ligand according to eq. (3) and (4). The sample in dg-DMSO
(Figure 5.3.4) contained three signals for [VO(Hshed)(dtb)], the major peak signal is consistent
with literature®® and in addition, we also observed two minor peaks, which we attribute to
association and concentration phenomena. When placed in RMs, the equilibration was
established slightly faster in this system (~50 min) after which time point the spectra no longer

changed.
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Figure 5.3.4. >V NMR spectra of [VO(Hshed)(dtb)] in de-DMSO, iso-octane, and in a series of RMs
(wo =6, 8, 12, 16, 20 prepared from 0.750 M AOT/iso-octane stock solution). The spectrum in
D,0O was recorded after 60 min and the spectra in RMs was recorded after 50 min once
equilibrium had been established. The pH for D,O and RMs was 6.6 and the pD was 7.0. The total
V-concentration for the 1.0 mL [VO(Hshed)(dtb)] RM samples are as follows: wy 20, 2.46 mM; wy
16, 5.23 mM; wp 12, 11.09 mM; wg 8, 23.55 mM; wy 6, 36.78 mM.
[VO(Hshed)(dtb)] + H,0 — [V(O),(Hshed)]+H,dtb  (3)

[V(0),(Hshed)]+3H,0 — SalA+HyDAH"+H,VO, (4)

The >’V NMR spectra recorded for [VO(Hshed)(dtb)] in ds-DMSO, D,0, and in RMs (RMs (wg =
6, 8,12, 16, and 20) are shown in Figure 5.3.4. The spectrum in dg-DMSO shows three signals (see
above). No complex is observed in the D,0 spectrum documenting that this compound is not
soluble but does form vanadate oligomers when attempting to dissolve the material. In the RM

samples, more vanadate oligomers, possibly a little [V(O),(Hshed)], and two signals, which are
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attributed to the [VO(Hshed)(dtb)] complex are observed (Figure 5.3.4). Both >V and 'H NMR
spectra confirm that in RMs at higher concentration of the complex, more [VO(Hshed)(dtb)] is
observed than in pure D,O. When placing [VO(Hshed)(dtb)] in RMs, some of the complex
hydrolyzed, and there was a large change in chemical shifts from the dg-DMSO sample and the
distribution of signals varied depending on the size of the RM. This suggests that the
[VO(Hshed)(dtb)] complex is in an environment different from aqueous solution. As the size of
the RM changed, the chemical shifts did not significantly change consistent with the possibility
that the compound is in similar environments in the different sized RMs. These results are
consistent with an interpretation that the [VO(Hshed)(dtb)] complex increases stability through
association or interactions with the interface and although still separated from the water pool,
the water reaches the complex, initiating hydrolysis of [VO(Hshed)(dtb)] and resulting in the
formation of vanadate oligomers and [V(0O),(Hshed)] (Figure 5.3.4). As the RM size increases, the
amount of hydrolysis increases because the [VO(Hshed)(dtb)] complex signal decreases and the
increase in vanadate oligomers formed is observed (as evidenced by the changes in the metal
speciation).®

The 'H NMR spectra of [VO(Hshed)(dtb)] in D,O, d-DMSO, and various sized RMs were
collected (see Supporting Information Figure A5.1). The spectrum in D,O does not show all the
hydrogen peaks present in the [VO(Hshed)(dtb)] complex due to limited solubility of the complex;
however, the ligand of the complex was also hydrolyzed as evidenced by an aldehyde peak at
10.04 ppmin D,0 and at 9.91 ppm in RMs. These peaks are not present in the de-DMSO spectrum.
There is a chemical shift change for [VO(Hshed)(dtb)] aromatic hydrogens Hy, Hg4, He, and Hs,

which showed a change in environment of the complex and supports the interpretation based
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on the >'V NMR spectra of an association and possible penetration of the complex into the RM
interface. Combined, these studies show that the aqueous insoluble [VO(Hshed)(dtb)] complex
can solubilize and partition in a heterogeneous environment, but such an environment also

facilitates increased hydrolysis of the complex and its Schiff base ligand.

5.3.6 NMR Spectra of [VO(Hshed)(cat)] in Aqueous Solution and in Reverse Micelle
Samples

>1\/ NMR spectra were recorded as a function of time to determine if the [VO(Hshed)(cat)]
complex hydrolyzed after it was dissolved in aqueous solution, as well as in AOT/iso-octane RMs
(Figure 5.3.5). The solubility of [VO(Hshed)(cat)] was limited in aqueous solution; therefore, ~1
min of vortexing was needed to prepare a saturated sample of [VO(Hshed)(cat)] in D,0. This
system also had the potential of forming [V(0O),(Hshed)] and the H,shed ligand according to

equations (5) and (6).
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Figure 5.3.5. >’V NMR spectra of [VO(Hshed)(cat)] in D,O and in a series of RMs (w, = 6, 8, 12,
16, and 20 prepared from 0.750 M AOT/isooctane stock solution). The spectra were recorded
after equilibration was reached after 50 min for D,O samples and after 40 min for RM samples.
The pH for D,O and RMs was 6.6 and the pD was 7.0. The total V-concentration for the 1.0 mL
[VO(Hshed)(cat)] RM samples are as follows: wy 20, 2.41 mM; wy 16, 5.17 mM; wy 12, 11.05 mM;
Wy 8, 23.53 mM; and wy 6, 36.72 mM.
[VO(Hshed)(cat)]+H,0 — [V(O),(Hshed)]+H,cat (5)

[V(O),(Hshed)]+3H,0 — SalA+HyDAH"+H,VO, (6)

[VO(Hshed)(cat)] was dissolved in de-DMSO and in aqueous solution as well as in AOT/iso-
octane RMs. By >V NMR, no [VO(Hshed)(cat)] remained after being added to the D,0 solution or
the RM mixture and intact [VO(Hshed)(cat)] was only observed in dg¢-DMSO (Figure 5.3.5). These
results suggest that the equilibrium favors complex hydrolysis upon dissolution in D,O and that

the energetics are not sufficiently favorable for the complex to reform in RM samples. *H NMR
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spectra shows that the H;shed ligand from the complex does hydrolyze more slowly, because
some C=NH signal remains in wy 8-12 samples (see Figure A5.2). These studies do confirm that
the [VO(Hshed)(cat)] complex has significantly different properties than the [VO(Hshed)(dtb)]

complex.

5.3.7 Examining the AOT/iso-octane Reverse Micelles Containing H,shed, [V(0),(Hshed)],
[VO(Hshed)(cat)], [VO(Hshed)(dtb)], using Dynamic Light Scattering

To determine if RMs formed in the AOT/RM samples, wy = 12 and wy = 20 RM samples were
investigated using Dynamic Light Scattering (DLS). In Table A5.1 the RM samples are listed with
the no cargo, with Hyshed, with [V(0),(Hshed)], with [VO(Hshed)(cat)] or with [VO(Hshed)(dtb)].
The results show that AOT/iso-octane RM structures form in all cases and that the sizes are
comparative with literature values.” Furthermore, there were no significant differences
observed between the hydrodynamic radii of the empty RM samples and those containing cargo.
This suggests that no significant changes in the structures of the RMs are induced upon

placement of any of the probe molecules inside the RMs.

5.3.8 The Anti-Cancer Effects of V(V) Catecholate Complexes on Bone Cancer Cells
(SW1353 cells).

The hydrophobicity of the [VO(Hshed)(dtb)] complex may enhance complex stability to
hydrolysis and thus increase the ability of the compound to enter cells intact. The question
whether increased uptake due to hydrophobicity will be reflected in increased cytotoxicity was
investigated in human chondrosarcoma cells, SW1353. However, before these studies were

carried out we determined the stability of the compounds in cell culture media (Advanced
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DMEM, supplemented with 2.0% vol. of fetal calf serum and 10 mM of HEPES buffer to maintain
pH = 7.4 under ambient atmosphere)*! using electronic absorption spectroscopy, because both
[VO(Hshed)(cat)] and [VO(Hshed)(dtb)] showed strong absorbance bands in the visible and near-
IR range in accord with literature.®®

As shown in Figure 5.3.6, the absorption spectra of the [VO(Hshed)(dtb)] complex show intact
complex in DMSO and fresh media (DMSO shown with black lines in Figure 5.3.6; fresh media are
red). Although the complex is intact in DMSO, the [VO(Hshed)(dtb)] complex is only partially
stable over time in cell media where it ultimately undergoes hydrolysis. However, after 24 h the
[VO(Hshed)(dtb)] complex had degraded (shown with green lines in Figure 5.3.6). In contrast,
addition of [VO(Hshed)(cat)] (0.10 mM V-complex) to cell culture medium instantly caused
disappearance of the characteristic absorbance bands of the complex at ~530 nm and ~870 nm
(red line in Figure 5.3.6a). The [VO(Hshed)(cat)] complex is therefore much less stable than the
[VO(Hshed)(dtb)] complex. These results are consistent with the results by NMR spectroscopic
studies described above (Figures 5.3.4-5). Both complexes decomposed after 24 h incubation
with the cell culture medium at 310 K. The following cell culture studies were therefore done
with both fresh (1-2 min.) and aged solutions (24 h). This allowed us to compare the effects over
time for the two different V(V) Schiff base/catecholate compounds and vanadate in bone cancer
cells (human chondrosarcoma, SW1353 cells). This also permitted us to explore when

[VO(Hshed)(dtb)] was still intact and when both complexes were hydrolysed.
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Figure 5.3.6. Representative electronic absorption spectra of fresh (2 min after dissolution) and
aged (24 h after dissolution) of (A) [VO(Hshed)(cat)] and (B) [VO(Hshed)(dtb)] (0.10 mM V-
compound) in DMSO solutions or in cell culture medium (Advanced DMEM, containing 2.0% vol.
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of fetal calf serum and 10 mM HEPES buffer, pH 7.4).

Initial experiments on the anti-proliferative activities of the [VO(Hshed)(cat)] and
[VO(Hshed)(dtb)] complexes in SW1353 cells (Figure 5.3.7a) were carried out with the
consideration of their different hydrolysis rates in aqueous solutions, in cell culture media and in

artificial membrane systems (Figures 5.3.4-7). Stock solutions of both complexes in DMSO, which
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were stable for at least 24 h under ambient conditions (verified by electronic absorption
spectroscopy, Figure 5.3.6) were added to cell culture medium to the required final
concentrations (typically, 5.0 uM V). The resultant medium was either immediately added to the
cells (within 1 min. fresh medium), or allowed to age for 24 h (310 K, 5% CO,) prior to addition to
the cells.*® ® Vanadate (NasVOs, either fresh or aged in the medium) was used as a reference
compound.*® Previous studies by XANES spectroscopy>> and EPR spectroscopy® have shown that
vanadate converts to a mixture of V(V) (predominantly) and V(IV) complexes with medium
components upon aging. As shown in Figure 5.3.7a, [VO(Hshed)(cat)] was moderately active at
5.0 uM V-complex (cell viability after 72 h treatment was 40-50% of control), while Na3VO,4 added
to the media resulted in 70-75% of the control. For [VO(Hshed)(cat)] and vanadate, no significant
difference in anti-proliferative activity was observed between fresh and aged solutions in cell

culture medium.
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Figure 5.3.7. Anti-proliferative activity of [VO(Hshed)(cat)], [VO(Hshed)(dtb)] and Na3VO, in
human chondrosarcoma (SW1353) cells: (A) comparative effects of V(V) complexes at 5.0 UM V;
and (B) concentration-dependent effects for fresh solutions of [VO(Hshed)(dtb)]. Treatment
media were added to cells either within 1 min. after the addition of V(V) complexes (fresh media),
or pre-incubated with the V(V) complexes for 24 h at 310 K and 5% CO, before the addition to
cells (aged media). In both cases, cells were treated for 72 h (310 K, 5% CO,) before the
determination of cell viability by endpoint colorimetric assays (WST-8 or Alamar Blue). All the
treatments, including controls, contained 0.50% vol. DMSO. Error bars represent the mean values
and standard deviations of six replicate wells. The # sign shows highly significant difference (P <
0.001) in activity between fresh and decomposed solutions of [VO(Hshed)(dtb)].
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The [VO(Hshed)(dtb)] complex showed much stronger anti-proliferative activity when freshly
added to the medium (only ~2% of control), compared with the aged solution (50-60% of control)
(Figure 5.3.7a). Furthermore, compared to the less hydrophobic [VO(Hshed)(cat)] complex or the
ionic vanadate, the fresh solution of the more hydrophobic and intact [VO(Hshed)(dtb)] complex
was significantly more potent. As a result, we were interested in exploring the anti-proliferative
activity of [VO(Hshed)(dtb)] further. Concentration-dependent studies of fresh [VO(Hshed)(dtb)]
solutions using two different assays for cell viability, WST-8%> and Alamar Blue,® gave consistent
results with /ICso=1.3 £ 0.3 uM V and a plateau is seen at high V-concentrations (5-10 uM) (Figure
5.3.7b). This level of activity is similar or higher compared to that of well-established Pt(ll) anti-
cancer drugs in typical human cancer cell lines (ICso ~1-5 uM Pt)®’. Taken together, data from
Figures 5.3.4-6 shows that higher stability of [VO(Hshed)(dtb)] compared with [VO(Hshed)(cat)]
in cell culture medium and in the hydrophobic environment of cell membranes is likely to lead to
its significant cellular uptake before hydrolysis in aqueous medium is complete.?® The observed
higher cytotoxicity of fresh solutions in cell culture medium compared to aged ones correlates
with the greater stability of the [VO(Hshed)(dtb)] complex. High hydrolysis rates of
[VO(Hshed)(cat)] in cell culture medium (Figure 5.3.6) are likely to prevent cellular uptake of the
intact complex, which means that the anti-proliferative activity is due to decomposition products

5, 11, 33, 89-96

as have been recognized previously in multiple biological systems. Similar relation

between aqueous stability, cellular uptake, and anti-proliferative activity was observed

previously for Ru complexes.”’?®

We conclude that the increased hydrophobicity of the dtb
catechol ligand is preventing early hydrolysis leading to the enhanced cellular uptake of intact

[VO(Hshed)(dtb)] complex.
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5.3.9 Discussion

Numerous studies were carried out with different V compounds exploring the mode of action
and the identity of the active species when V-compounds were considered for treatment of

5, 57, 71, 93, 99

diabetes. It is well-known that V-compounds are protein tyrosine phosphatase

inhibitors,>” °>*°* however, much work has been done on the transport of V-compounds from

40,102-104

the administration site to the site of action. Specifically, studies have been done exploring

the transport of V-compounds in blood,*” ** 1% 1%>1% 3nd the speciation of these compounds™®

39, 106 d 37,103,105
7

> 197 have been investigated in detail both in model systems, in bloo in animal
model studies'® and in human studies."” Interaction of V-compounds with transferrin, human
serum albumin, or other blood components have demonstrated that V-compounds can lose one

37,103,105.109 Ho\y the vanadium compounds enter and

or more of their ligands and remain active.
what properties dictate entrance into the cells remains an important question.

These studies have shown that the interface dramatically impacted the stability of the
vanadium precursor complex, [V(0).(Hshed)], as well as two hydrophobic vanadium complexes,
[VO(Hshed)(cat)] and [VO(Hshed)(dtb)]. Both ternary mixed-ligand complexes are soluble in the
polar organic solvents such as DMSO and less so in nonpolar organic solvents (e.g., 2,2,4-
trimethylpentane). However, the inhomogeneous environment of a microemulsion supports
these V-complexes even if they have been hydrolyzed in the presence of interfacial water. Based
on the NMR spectroscopic studies presented in this work, the interaction with the RM interface
protects the V-compound against rapid initial hydrolysis. The slowed hydrolysis effect was more

pronounced for the more sterically-hindered hydrophobic dtb ligand. This effect could be due to

sterics or hydrophobicity of the ligand or a combination of both and studies with additional
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compounds will shed light as to the origin of this observation. Alternatively, it may be possible
that pKa values of the catechols can affect the inherent thermodynamic stability of the
coordination complexes. The pKa value of the parent catechol is higher than that of the t-butyl
substituted catechol and thus, the coordinated complex of the latter would be more stable. Initial
V-complex stability may be important for the anti-cancer activity of the compounds as shown by
the study in human bone cancer cells (chondrosarcoma). The anti-cancer effects reduce with
decreased hydrophobicity and decreased hydrolytic stability of the V-compounds. Future studies
with additional related V-compounds will shed further light on the exact origin of the anti-cancer
effects.

The kinetic stability of [VO(Hshed)(dtb)] in water and agueous media is unusual for a V-
complex but in this case, provides sufficient stability to enable this complex to enter cancer cells
intact. The hydrophobic environment of the cell membrane is likely to further stabilize this
compound.*! This unusual short-term stability of this highly cytotoxic V-complex may show
considerable promise in cancer treatment, particularly against aggressive cancers such as
prostate cancer. Since such hydrophobic complexes are likely to undergo cellular uptake via
passive diffusion through the cell membrane, it is important to investigate if hydrophobicity or
hydrolytic stability of these compounds correlates with uptake in membrane model systems.

The results presented here with two different hydrophobic catecholate complexes based on
studies in AOT-iso-octane microemulsion system shows that although the [VO(Hshed)(dtb)]
complex may be stabilized, the membrane system is not able to completely prevent hydrolysis
from the water penetrating the interface. If a complex remains intact for some limited time, this

will allow the drug to reach the cellular target intact. Importantly, the current results show that
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the intact complexes indeed interact with the interface and hence, the results are consistent with
the observation of increased cytotoxicity of fresh versus aged drug preparation. That is, the
freshly prepared solution contains more intact complex and the hydrolyzed aged solution
contains less intact complex. Accordingly, the solution with more intact [VO(Hshed)(dtb)]
complex is much more cytotoxic compared to the aged solution with degraded V-complex
towards the bone cancer cells investigated. Importantly, the results with the aged solutions
shows dramatically decreased cytotoxic effect for both V-complexes against SW1353 bone
cancer cells, consistent with the free ligands having no significant cytotoxicity (free ligands alone
are significantly less cytotoxic (unpublished data)).

Given the fact that humans are largely composed of water and cell assay studies generally
are done using water-based approaches, administration of hydrophobic drugs remains a
challenge. However, there are ways of delivering a drug into the body that does not require water
solubility but in the case of these very hydrophobic drugs, cell assays in agueous solution remains
problematic. The studies described herein may imply that hydrophobic metallo-compounds with
increased hydrolytic stability will continue to be of interest and suggests that alternative
approaches for effective drug delivery that will circumvent significant decomposition should be

developed.
5.4  Summary and Conclusions

The [VO(Hshed)(cat)] complex is found to have lower thermodynamic stabilities in both water
and cell culture medium compared to the [VO(Hshed)(dtb)] complex. Although the complexes
show limited stability in the presence of model membrane systems, this may be a consequence

of the pre-equilibrium that resulted in partial hydrolyzed complex(es). The greater activities
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observed in fresh solutions of V-catecholate complexes containing higher amounts of intact
compound in in vitro cytotoxicity assays in bone cancer cells and are in line with additional studies
in MDA-MB-231 and PANC-1 cells.* Importantly, the membrane model results shown here
demonstrate that the intact V(V) catacholate complexes will penetrate the membrane, which
supports the cell cytotoxicity assays that indicate the intact complexes are taken up before they
are decomposed in the cell medium.

In summary, the hydrophobic V(V) catecholate compounds presented here are found to
interact with model membrane systems and the V-complex with the highest stability is found to
have the most potent anti-cancer properties. It is possible that complexes containing
hydrophobic ligands with sterically hindered V-atom preventing substitution reactions may
enable uptake of the intact complex and delivery to the cellular target. Alternatively, similar
behavior could arise from different thermodynamic stabilities. Regardless of the origin, the
hydrophobic V(V) catecholate complexes were found to be a particularly potent cytotoxin to
bone cancer cells. These results warrant future studies of these and similarly stable hydrophobic

vanadium compounds as potential anti-cancer agents.
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Chapter 6: Summary, Concluding Remarks, and Future Directions

6.1 Summary and Concluding Remarks

The research presented in this dissertation builds a foundation for further research into
understanding biologically important, hydrophobic, redox-active molecules.

Chapter two described the synthesis and characterization of eight truncated MK analogs, as
well as the separation and characterization of geometric isomers formed in the reactions. The
fully unsaturated MK derivatives, MK-1, MK-2, and MK-3 were successfully synthesized from
menadione in two steps using a Lewis acid catalyst and the respective corresponding allylic
alcohol isoprenoid side chain. MK-1(H;) was successfully synthesized in single step from 1-iodo-
3-methylbutane utilizing a key radical alkylation reaction. The partially saturated MK-2(lI-H,) was
successfully synthesized in a single step from menadiol and isophytol, and the trans isomer was
separated from the cis isomer byproduct by preparative TLC followed by characterization. The
novel fully saturated MK-2(l,1l-Hs) was successfully synthesized in three steps from 3,7-
dimethyloctan-1-ol. The partially saturated MK-3(lI-H;) was successfully synthesized in seven
steps from B-citronellol and the trans isomer was readily separated from the cis isomer
byproduct by preparative TLC followed by characterization. Finally, the novel fully saturated MK-
3(1,11,111-Hg) was successfully synthesized in four steps from farnesol. The use of benzene-ds as a
diagnostic NMR solvent for the rapid evaluation of cis/trans mixtures for MK/vitamin K analogs
was essential as cis/trans peaks often coalesce in chloroform-d. Access to these MK derivatives

containing varying isoprenyl side chain length and degrees of saturation is crucial for determining
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why partial saturation of MK is observed in pathogenic M. tuberculosis and why mycobacterial
electron transport efficiency was decreased 3-fold when MenJ expression was disrupted.

Chapter three characterized the conformational and chemical properties of the hydrophobic
MK-2 molecule. Using 2D NMR spectroscopy, we established for the first time that MK-2 has a
folded conformation defined by the isoprenyl side chain folding back over the naphthoquinone
in a U-shape, which depends on the specific environmental conditions found in different solvents.
We used molecular mechanics to illustrate the conformations found by the NMR experiments.
The measured redox potentials of MK-2 differed in three organic solvents, where MK-2 was most
easily reduced in DMSO, which may suggest a combination of solvent effect (presumably in part
because of differences in dielectric constants) and/or conformational differences of MK-2 in
different organic solvents. Furthermore, MK-2 was found to associate with the interface of model
membranes represented by Langmuir phospholipid monolayers and RMs. MK-2 adopts a slightly
different U-shaped conformation within RMs compared to within solution, which is in sharp
contrast to the extended conformations illustrated in literature for MKs. These findings are
important because they show that even a truncated MK analog adopts a folded conformation
within hydrophobic environments, which may be important for recognition by respiratory
enzymes within the ETS or may affect electron transfer efficiency.

In chapter four, the conformations of the simplest MK analogs, MK-1 and MK-1(H,), within
organic solvents were elucidated by 1D and 2D 'H NMR spectroscopy. MK-1 and MK-1(H,)
adopted similar folded-extended conformations in each solvent but the preferred folded-
extended conformations differed slightly between solvent environments. The quinone redox

potentials of MK and MK-1(H,) were measured in three organic solvents, where a solvent effect
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(presumably due to a change in dielectric constant) was observed and most interestingly, a ~20
mV difference in semiquinone redox potential was observed between MK-1 and MK-1(H,). The
interaction of MK-1 and MK-1(H;) with phospholipid monolayers was characterized using
Langmuir phospholipid monolayers and the two MK-1 analogs were found to interact with the
phospholipid interface. Finally, using a complementary study, the location, orientation, and
conformation of MK-1 and MK-1(H;) within a RM model membrane interface was determined
using 1D and 2D NMR spectroscopy. The two MK-1 analogs interacted similarly with the RM
model membrane interface and MK-1 adopted a slightly different folded conformation within the
RM interface compared to that observed in organic solution. The elucidation of MK-1 and MK-
1(H,) conformation in solution and at a model membrane interface is essential and necessary as
understanding the conformational preferences of the first isoprene unit of MK is useful for
predicting conformations of the naturally occurring longer MK analogs within solution and
cellular membranes. We observed that partial saturation in the isoprenyl side chain only
minimally alters the conformation of MK-1 but may potentially affect the reactivity and function
within biologically relevant environments because a difference in the redox potential is observed.
MK analogs with longer isoprenyl side chains (e.g., MK-9) may also adopt folded conformations
although much more complex. Saturation of the double bond in the first isoprene unit of the
isoprenyl side chain serves to only minimally alter the preferred conformation although distinctly
affecting the redox function. The results of the studies herein provide a working model involving
the role of structure and redox potential that explains why partial saturation of MK is observed

in pathogenic M. tuberculosis, which is responsible for the deaths of ~1.3 million people annually.
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Chapter five demonstrates that certain hydrophobic vanadium(V) Schiff base/catecholate
compounds, shown herein, have increased stability in aqgueous media and affinity for membrane
interfaces. Depending on their hydrophobicity, they may be able to enter cells intact. Two
hydrophobic V(V) catecholate substituted analogues, [VO(Hshed)(cat)] and [VO(Hshed)(dtb)],
(Hshed = N-(salicylideneami- nato)-N’-(2-hydroxyethyl)-1,2-ethanediamine, cat = pyrocatechol,
and dtb = 3,5-di(tert-butyl)catechol and the vanadium(V) precursor [V(0)2(Hshed)]) were
synthesized for their ability to interact with membranes and their anti-cancer effects. Using >'V
and 'H NMR spectroscopy, the presence and location of the free ligand, H,shed, and the three
V(V) complexes were examined in a model membrane microemulsion system. The stability of the
three complexes was measured in aqueous solution, cell media, and an inhomogeneous
microemulsion system. Our results demonstrated that free ligand H,shed and the intact V(V)
complexes associated with the interface but that the V-complexes hydrolyzed to some extent
because oxovanadates were observed by >'V NMR spectroscopy and decreasing complex by
electronic absorption spectroscopy in cell media. When determining the effects of V(V)
catecholate complexes on bone cancer cells, the strongest effects were observed with the more
stable hydrophobic complex [VO(Hshed)(dtb)] that was able to best associate and penetrate the
model membrane system intact. These studies are consistent with the membrane permeability
studies being a good predictor for in vitro cytotoxicity assays because [VO(Hshed)(dtb)] can pass
through the cellular membrane intact, which may enhance its anti-cancer activities. Importantly,
the model membrane results shown herein demonstrate that the intact V(V) catacholate
complexes will penetrate the membrane, which supports the cell cytotoxicity assays that indicate

the intact complexes are taken up before they are decomposed in the cell medium. In summary,
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the hydrophobic V(V) catecholate compounds presented herein are found to interact with
membrane model systems and the V-complex with the highest stability is found to have the most
potent anti-cancer properties. It is possible that complexes containing hydrophobic ligands with
sterically hindered V-atom preventing substitution reactions may enable uptake of the intact
complex and delivery to the cellular target. Alternatively, similar complex stability behavior could
arise from different thermodynamic stabilities. Regardless of the origin, the hydrophobic Schiff
base V(V) catecholate complexes were found to be a particularly potent cytotoxin to bone cancer
cells. These results warrant future studies of these and similarly stable hydrophobic vanadium
compounds as potential anti-cancer agents, where one could envision cytotoxic V-complex
solutions being directly injected into the tumor via endoscopy to exhibit potent cytotoxic activity.

Overall, the findings of the studies presented in this dissertation help to further understand
how the conformation and the degree of saturation in the isoprenyl side chain of MK affects the
recognition, reactivity, and function of MK within the ETS of bacterial pathogens. These studies
are important because they begin to elucidate and provide a working model to explain the
chemical rationale as to why partially saturated MK-9 is observed in pathogenic M. tuberculosis,
which is responsible for the infection of ~2 billion people worldwide and the deaths of ~1.3
million annually. Furthermore, the studies with the hydrophobic vanadium(V) catecholate
metallo-complexes underpin a drug design concept exploiting hydrolytic stability imparted by
hydrophobicity and steric bulk of a non-innocent ligand. Metal complexes designed on these
principles may be successful anti-cancer drug candidates utilizing non-conventional drug delivery
strategies that circumvent solubility and stability issues such as direct injection of cytotoxic

solution into the tumor via endoscopy.
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6.2 Future Directions

The following discusses an amalgam of future studies that would provide more fundamental
information on the MK and MenJ system. These studies should shed further light on the role and
function of partial saturation of MK that is observed in pathogenic M. tuberculosis. Partial
saturation of the isoprenyl side chain of MK may be necessary for proper substrate recognition
by respiratory enzymes within the ETS, or may be able to affect electron transport efficiency of
the MK within the ETS, or may be a combination of both. The following also discusses future
studies that would explore hydrophobic vanadium(V) catecholate complexes as potential anti-
cancer drugs.

We have carried out a lot of electrochemical studies on truncated MK analogs. We have
demonstrated that saturation of the isoprene unit on MK-1 affects the redox potential by ~20
mV, which was discussed in chapter four. We have carried out further preliminary studies on the
eight synthesized MK derivatives as well as MK-7 and MK-9 and have observed an effect on redox
potential based on isoprenyl side chain length and degree of saturation for the longer MK
derivatives. These studies are the topic of a manuscript in preparation. An extract of
mycobacterial MK-9(ll-H,) would be of great interest to characterize by electrochemistry to
determine how much the redox potential differs from that of MK-9. This experiment would shed
light on the 3-fold decrease observed in mycobacterial electron transport efficiency when Men)J
expression is disrupted.

Preliminary structure-activity relationship studies with MenJ have been carried out by the
Crick group using our synthesized MK derivatives and some interesting in vitro results were

observed. These studies are the topic of a manuscript in preparation. Further structure activity

204



relationship studies are warranted. It would be interesting if MenJ took a fully saturated ring
system on the naphthoquinone of a MK analog as a substrate because such a substrate would
have no redox functioning capacity and may be a potential inhibitor of the electron transport
system or attenuate electron transport efficiency enough to compromise the bacteria. Another
MK analog that would be of interest to study would be to replace the branched methyl group on
the second isoprene unit of MK-2 or MK-3 with a C-F group to determine if this affected the
catalytic activity of MenlJ. Truncated MK analogs should be evaluated to determine their capacity
as electron transfer reagents in vivo within the mycobacterial ETS.

The studies presented within this dissertation concern the oxidized forms of MK derivatives.
This is mostly in part because the reduced form or quinol form of MK is highly susceptible to
spontaneous oxidation by atmospheric oxygen, which makes isolation or synthetic access to
these MK derivatives challenging. We speculate that the quinol form has different physical and
chemical properties, may adopt different conformations, and have different placement within
the cellular membrane. Interestingly, the quinol form of UQ is much more stable and may be a
good alternative to study than the air sensitive MK-quinol form. Efforts should be carried out to
synthesize the quinol analogs of UQ and then their conformations and interactions within model
membrane systems should be explored.

The synthetic procedures to carry out the C-C bond formation between the isoprenyl side
chain and the naphthoquinone head group could be optimized to improve the yield. The current
routes provide adequate material and in pure form; therefore, extensive time and effort was not

spent optimizing the procedures beyond the yields shown herein. Efforts should be put forth to
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optimize synthetic coupling procedures to access MK analogs where current yields are less than
30%.

Efforts should be put forth to further purify synthetic MK analogs to a crystalline state or
recrystallization efforts should be carried out to obtain suitable crystals for single crystal x-ray
diffraction analysis. MK-1(H;), MK-2, MK-4, MK-7 and MK-9 are crystalline powders and efforts
should be carried out to determine their solid state crystalline structure. These studies would
provide valuable information as to the solid-state conformation of MKs derivatives, which would
be useful for understanding solution conformations or the conformation adopted within cellular
membranes for MKs.

The synthesis of partially saturated MK derivatives leads to the formation of the undesirable
cisisomer. We could effectively purify the trans MK isomer from the cis/trans MK isomer mixture.
However, efforts to obtain the cis isomer from the cis/trans isomer were unsuccessful. Efforts
should be carried out to isolate the cis isomer from the trans/cis isomer mixture. It may be
worthwhile to try reverse phase preparative tlc, silver impregnated silica column, or gravitron
centrifugation tlc. The cis MK isomer would be desirable to have because cis and trans isomers
may have very different conformational, chemical, and biological properties. It would be
interesting to know if activity is observed with MenJ for the cis isomer of any fully unsaturated
truncated MK analog.

Inhibitor development should be explored for MenlJ if the catalytic function of MenlJ is
determined to be what is necessary for M. tuberculosis survival in macrophages. If the survival of
M. tuberculosis is dependent upon the presence of the protein and not related to the enzymatic

function, then development of an inhibitor may be very challenging. High-throughput screening
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efforts should be carried out such as fragment based screening for inhibitor development. The
synthesis of a tethered MK analog where the methyl is tethered in a ring system back to the
isoprenyl side chain may lock the molecule in a conformation where it is no longer able to fit into
the active site and redox cycle and may inhibit the ETS or provide us more information on what
conformation of MK MenlJ recognizes.

MenJ knockout rescue experiments should be pursued where mutant variants of M.
tuberculosis that lack expression of MenJ are infected inside a macrophage and then partially
saturated MK is introduced to see if it rescues the bacteria and restores survival. These
experiments are challenging from the standpoint that the hydrophobic MK derivative must
traverse two membranes to observe an effect, where one is the almost wax like membrane of M.
tuberculosis made up of very hydrophobic structural lipids such as the mycolic acids. This may be
circumvented by pre-soaking the bacteria with cell media containing partially saturated MK
derivative and then carrying out the macrophage infection experiments to see if rescue occurs.
However, experiments are currently being pursued where mutants of MenJ that fold correctly
but have no catalytic activity will be expressed in M. tuberculosis while infecting a macrophage
to determine exactly if the virulence factor is the enzyme MenJ or partially saturated MK-9. It
would be interesting to synthesize an MK analog that is substituted on the MK ring system that
has a small redox change magnitude (~20 mV) and see it rescues M. tuberculosis MenJ knockouts
infecting macrophage like cells or increases electron transfer efficiency within the ETS.

MK analogs of interest not already synthesized or commercially available should be
synthesized. Efforts were carried out and we were able to successfully synthesize MK-2(I-H,) that

is saturated at the first isoprene. However, the yield was less than 1% and we have since
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developed a better proposed synthetic method that should be carried out in the future. This
molecule is thought to not function properly in electron transport and it would be interesting to
explore the chemical rationale behind this observation further. Other MK analogs that have
substituents on the naphthoquinone ring that would perturb the redox potential would be
interesting to study. Benzophenone has been showed to mimic the structure of an isoprene unit
within the isoprenyl side chan. Therefore, MK-benzophenone analogs could be synthesized and
investigated for their chemical and biochemical properties. It would be very informative to
synthesize a MK analog that could covalently link to the active site of MenJ once bound, which
may provide information on the interactions of MK with MenJ and the active site since a crystal
structure of Menl still has not been obtained.

Preliminary conformational analysis of partially saturated MK analogs such as MK-2(ll-H,) and
MK-3(ll-H,) should be extended to other organic solvents and further into model membrane
systems. Preliminary studies show these partially saturated MK analogs can also adopt folded
conformations in organic solution. These compounds are crucial to study as they are truncated
mimics of the partially saturated MK product of the MenJ catalyzed reaction.

Computational studies should be carried out on these MK derivatives. Rigorous calculation
and comparison of the energies of conformations should be carried out. NMR chemical shift
calculations should be carried out to determine how closely the experimental chemical shifts
match predicted chemical shifts based on a proposed conformation. Computational studies
characterizing the HOMO-LUMO band gap energy should be carried out on the MK derivatives

described herein.
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Studies in model membrane systems should extended to more physiologically relevant
environments. Conformational analysis of truncated MKs in deuterated liposomes would be a
logical next step.

Rigorous studies on the chromatographic separation of MK homologs (varying side chain
length) would be very beneficial from both a synthetic standpoint and a fundamental chemical
information standpoint. HPLC work with truncated MK analogs for separation analysis (retention
times on a reverse phase column) based on isoprenyl side chain length and degree of saturation
would be very valuable.

We have begun characterizing the MK derivatives by spectroelectrochemistry looking at the
absorbance spectra under reduced and oxidized conditions and determining diffusion
coefficients of the MK analogs, which is the topic of a manuscript in preparation. However, UV-
Vis experiments should be carried out on truncated MK analogs for absorbance characterization
and at varying concentrations to study aggregation and possible stacking interactions. These
experiments would provide valuable information on the solution and association chemistry of
these compounds.

Studies should be extended to other essential to life lipoquinones such as ubiquinones. We
have already carried out a lot of studies in this area but due to length consideration of this
dissertation, this chapter was omitted. We carried out a 6-step synthesis to yield gram quantities
of ubiquinone-2 (UQ-2) and conformational analysis in two organic solvents and a reverse micelle
environment was carried out. Preliminary findings suggest a folded conformation for UQ-2 in
organic solutions and at the interface of RMs similar to lipoquinone analog, MK-2. These studies

are the topic of a manuscript that is in preparation.
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The chapter describing vanadium(V) catecholates set forth a concept exploiting
hydrophobicity and steric bulk of a ligand to slow initial hydrolysis of a metal complex, which
imparted increased stability in a model membrane system and exhibited potent cytotoxic effects
against bone cancer cell lines. These studies should be extended to other vanadium(V)
catecholate complexes with different substituents with varying amount of steric bulk and
hydrophobicity to determine the best structure for cytotoxic activity. Studies should also be
extended to exploring different tertiary stabilizing ligands other than H,shed. Many of these
studies are currently underway and will be the topic of future manuscripts. These vanadium(V)
catecholate complexes exhibit very interesting redox chemistry and a wide range of NMR
chemical shifts, which we have studied extensively and is the topic of a manuscript in preparation.

In summary, chapters two through four lay a solid foundation for a working model to describe
why partial saturation is observed in pathogenic M. tuberculosis, which has infected around one
third of the global population of humans with TB and is responsible for the deaths of ~1.3 million
worldwide. While these chapters have made significant discoveries such as truncated MK
derivatives adopting folded conformations and that saturation of the isoprenyl side chain on MK-
1 can affect the redox potential, there are still many key experiments to determine the chemical
rationale for why partial saturation is observed in MK within M. tuberculosis. This is an exciting
field and we hope that the studies presented herein and published elsewhere will spark an
interest in answering these perplexing biological questions. Chapter five explored a concept
exploiting hydrophobicity and steric bulk of a ligand to slow initial hydrolysis of a metal complex

and enhance membrane affinity and anti-cancer effects of vanadium(V) catecholate complexes.
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These concepts will be extended to other vanadium and metal complexes for potential novel

metallo-drugs to target hard to treat cancers such as pancreatic cancer.
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Appendix |: Contributions to Work

The material in chapter one is primarily from literature, background knowledge, or insights
gained from experience. Figures were prepared from original material or adapted for this
dissertation.

Some of the material in chapter two is published in ACS Omega with Jordan T. Koehn as the
primary author. Coauthors include Dean C. Crick and Debbie C. Crans. For this work, Jordan T.
Koehn carried out all the synthetic and experimental work, wrote the manuscript, prepared the
figures, and prepared the supporting information. Dean C. Crick gave input and advice on what
menagquinone derivatives would be of interest to make and helped with editing the manuscript.
Debbie C. Crans gave input and advice on what menaquinone derivatives to make and helped
with editing of the manuscript.

The material in chapter three is published” in the Journal of Organic Chemistry with Jordan T.
Koehn as the primary author. Coauthors include Estella S. Magallanes, Benjamin J. Peters, Cheryle
N. Beuning, Allison A. Haase, Michelle J. Zhu, Christopher D. Rithner, Dean C. Crick, and Debbie
C. Crans. For this work, Jordan T. Koehn helped write the manuscript, created most of the figures,
prepared the supporting information, synthesized menaquinone-2, carried out and analyzed the
organic solution 2D NMR experiments and data, and carried out and analyzed the 2D reverse
micelle NMR experiments and data. Estella S. Magallanes helped originally obtain 1D NMR data
in reverse micelles and outlined a rough draft of the manuscript. Benjamin J. Peters designed the

reverse micelle experiments and prepared and analyzed the Langmuir monolayer section.
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Cheryle N. Beuning acquired the electrochemical data and contributed to the electrochemistry
section. Allison A. Haase also helped acquire the Langmuir monolayer data. Michelle J. Zhu
helped acquire preliminary data of menaquinone-2 within reverse micelles. Christopher D.
Rithner gave valuable help for NMR interpretation and acquisition. Debbie C Crans helped write
the manuscript and gave valuable input on experiments and writing. Dean C. Crick and Debbie C.
Crans gave valuable advice and help preparing and editing the manuscript.

The material in chapter four is published? in Biochemistry with Jordan T. Koehn as the primary
author. Coauthors include Cheryle N. Beuning, Benjamin J. Peters, Sara K. Dellinger, Cameron Van
Cleave, Dean C. Crick, and Debbie C. Crans. For this work, Jordan T. Koehn wrote the manuscript,
created most of the figures, synthesized MK-1 and MK-1(H;), carried out and analyzed the organic
solution 2D NMR experiments and data, carried out and analyzed the 1D and 2D NMR data in
reverse micelles, and prepared the supporting information. Cheryle N Beuning acquired the
electrochemical data and contributed to the electrochemistry section. Benjamin J. Peters
prepared, analyzed, and helped write the Langmuir monolayer section. Sara K. Dellinger helped
acquire some of the original 1D 'H NMR spectra of MK-1 in different solvents. Cameron Van
Cleave also helped acquire the Langmuir monolayer data. Dean C. Crick gave valuable input on
the project. Debbie C. Crans gave valuable input and helped edit the manuscript.

The material in chapter five is published® in Dalton Transactions with Debbie C. Crans as the
primary author. Coauthors include Jordan T. Koehn, Stephanie M. Petry, Caleb M. Glover, Asanka
Wijetunga, Ravinder Kaur, Aviva Levina, and Peter A. Lay. For this work, Jordan T. Koehn
synthesized the vanadium complexes, trained and supervised undergraduate students

(Stephanie and Caleb) in synthesis and how to make and run reverse micelle experiments,
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prepared the figures, prepared the supporting information, analyzed data, and helped write and
edit the manuscript. Stephanie M. Petry carried out the NMR experiments in solution and within
reverse micelles and carried out the dynamic light scattering experiments. Caleb M. Glover
carried out the initial experiments in reverse micelles and helped getting the project running. UV-
Vis and cytotoxicity experiments were carried out by Asanka Wijetunga, Ravinder Kaur and Aviva
Levina. Peter A. Lay and Aviva Levina wrote the UV-Vis and cytotoxicity sections, gave valuable
advice, and helped edit the manuscript. Debbie C. Crans wrote the original outline and draft of
the manuscript, helped edit the manuscript, and provided valuable advice and input.

The material in chapter six provides a summary and concluding remarks of the work in the
preceding chapters. In addition, a future direction sections details where the author believes the
project should go and what experiments should be carried out in the future.

The following appendices state contributions to the published works that are not discussed
within the chapters of this dissertation or are supporting figures useful for further interpretations

of the data.
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Appendix llI: Supporting Information for Chapter 2

General Methods & Information. All non-aqueous reactions were carried out under an
atmosphere of argon in flame-dried glassware and were stirred on a magnetic stir plate using
anhydrous solvent unless otherwise noted. All solvents were purchased from commercial sources
and either used directly or after drying. Solvents were dried either by passing through an alumina
drying column (Solv-Tek Inc.) under argon pressure (i.e. benzene, methanol, and trimethylamine),
or by passing through a column packed with activated neutral alumina under argon pressure (i.e.
n-pentane), or dried over activated 3 A molecular sieves for 48-72 h under argon atmosphere (i.e.
tertbutanol, 10 g sieves / 100 mL solvent). Reactions were monitored by thin layer
chromatography (TLC) on Whatman Partisil® K6F TLC plates (silica gel 60 A, 0.250 mm thickness)
or Merck TLC Silica gel 60 Fys4 plates and visualized using a UV lamp (366 or 254 nm), Seebachs
stain (and heated to visualize), or KMnQ, stain (and heated to visualize) and preparative TLC was
carried out using full size 20 X 20 cm Merck TLC Silica gel 60 F,s4 plates and visualized using a UV
lamp. Products were purified by flash chromatography (SiliCycle®SiliaFlash® F60, 43-60 um 60 A).
Yields refer to dried, chromatographically and spectroscopically (‘*H NMR) homogenous materials
unless otherwise noted. All chemicals were used without purification unless otherwise noted. 'H
and °C spectra were recorded on a 400 MHz Varian Model MR400 or a Bruker Model Avance
Neo400 equipped with BBFO smart probe operating at 400 MHz or 101 MHz, respectively.
Chemical shift values (&) are reported in ppm and referenced against the internal solvent peaks
in 'H NMR (CDCls, & at 7.26 ppm; benzene-dg, § at 7.16 ppm) and in *C NMR (CDCls, & at 77.16
ppm; benzene-dg, 6 at 128.06 ppm). All NMR spectra were acquired either at 25 or 26 °C. Integral
values were determined using standard, uncalibrated NMR experiments and should be viewed
accordingly. 'H NMR spectra are reported as follows: chemical shift (multiplicity, coupling
constant, integration). The following abbreviations are used to indicate multiplicities: s, singlet;
d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. NMR spectra were processed using
MestReNova version 10.0.1. or 12.0.2 Details of NMR experiments are provided in representative
experimental sections and captions of figures.
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Figure A2.1: 1D 'H NMR (400 MHz) spectrum of MK-1 (2.4) at 26 °C in CDCl,.
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Figure A2.2: 1D *C NMR (101 MHz) spectrum of MK-1 (2.4) at 26 °C in CDCls.
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Figure A2.3: 1D 'H NMR (400 MHz) spectrum of MK-1(H,) (2.6) at 26 °C in d¢-benzene.
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Figure A2.4: *C NMR (101 MHz) spectrum of MK-1(H,) (2.6) at 26 °C in dg-benzene.
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Figure A2.7: 1D 'H NMR (400 MHz) spectrum of 30 mM cis/trans MK-2(lI-H,) (2.10) at 25 °C in C¢D.

10

223



14 RT4
86'GC
80'9¢

85°CLy
29l
ceE9L
L8¢Z
A&NN/

121954
szoz\
082
mm.me,.
ogze”
S6'8E~_
PEBE—
osov/

Z8°6LL~_
LeozL"
2T9zl

s

9092 90'8¢L
99°¢EL
89'ZEL
90°EEL
60°eeL
C9'LEL

€6°LEL

8LEVL

LZevt

S6'GPL

LB'SPL

oL'v8L
vZ'vsL

L678L
mm.vwrﬁ\

— J'—MJM¢_“ N R—

80 60 40 20

100
f1 (ppm)

160 140 120
Figure A2.8: 1D *C NMR (101 MHz) spectrum of 64 mM cis/trans MK-2(l1-H,) (2.10) at 25 °C in C¢Dg using 2000 scans.

180

200

224



e ® & CNT
< 4 & ) L
0 . 4@
8 8
8 7 6 5 4 3 2 1 0
f2 (ppm)

f1 (ppm)

Figure A2.9: 'H-"H 2D gCOSY NMR (400 MHz) spectrum of 64 mM cis/trans MK-2(I1-H,) (2.10) in C¢Dg at 25 °C. A standard gCOSY pulse

sequence was used consisting of 128 t1 increments with 8 scans per t1 increment.
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Figure A2.10: *H-3C 2D HSQC NMR (400 MHz) spectrum of 64 mM cis/trans MK-2(I1-H,) (2.10) in C¢Dg at 25 °C. A standard gHSQC pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and
methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.10.1: 'H-*C 2D HSQC NMR (400 MHz) spectrum of 64 mM cis/trans MK-2(lI-H,) (2.10) in C¢Dg at 25 °C. A standard gHSQC
pulse sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-
CH3) and methine (>CH-) groups and blue contour peaks correspond to methylene (-CH, -) groups.
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Figure A2.11: 1D 'H NMR (400 MHz) spectrum of 30 mM trans-MK-2(Il-H,) (2.10) at 25 °C in C¢Ds.
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Figure A2.12: 1D **C NMR (101 MHz) spectrum of 30 mM trans-MK-2(lI-H,) (2.10) at 25 °C in CgDs.
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Figure A2.13: *H-'H 2D gCOSY NMR (400 MHz) spectrum of 30 mM trans-MK-2(ll-H,) (2.10) in C¢Dg at 25 °C. A standard gCOSY pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment.
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Figure A2.14: H-*C 2D HSQC NMR (400 MHz) spectrum of 30 mM trans-MK-2(Il-H,) (2.10) in C¢Dg at 25 °C. A standard gHSQC pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and
methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.14.1: 'H-3C 2D HSQC NMR (400 MHz) spectrum of 30 mM trans-MK-2(1I-H,) (2.10) in C¢Ds at 25 °C. A standard gHSQC pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and
methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.15: 1D *H NMR (400 MHz) spectrum of 1-lodo-3,7-dimethyloctane (2.12) at 26 °C in CDCls.
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Figure A2.16: 1D **C NMR (101 MHz) spectrum of 1-lodo-3,7-dimethyloctane (2.12) at 26 °C in CDCl,.
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Figure A2.17: 1D "H NMR (400 MHz) spectrum of 100 mM MK-2(1,I1-H,) (2.13) at 26 °C in CDCls.
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Figure A2.19: 'H-'H 2D gCOSY NMR (400 MHz) spectrum of 100 mM MK-2(1,l1-Ha) (2.13) in CDCl; at 26 °C. A standard gCOSY pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment.
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Figure A2.20: 'H-*C 2D HSQC NMR (400 MHz) spectrum of 100 mM MK-2(1,11-Ha) (2.13) in CDCl; at 26 °C. A standard HSQCAD pulse
sequence was used consisting of 128 t1 increments with 4 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and

methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.20.1: "H-*C 2D HSQC NMR (400 MHz) spectrum of 100 mM MK-2(l,1-Ha) (2.13) in CDCls at 26 °C. A standard HSQCAD pulse
sequence was used consisting of 128 t1 increments with 4 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and
methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.21: 1D "H NMR (400 MHz) spectrum of 55 mM MK-3 (2.15) at 25 °C in CDCls.
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Figure A2.22: 1D °C NMR (101 MHz) spectrum of 55 mM MK-3 (2.15) at 25 °C in CDCls.
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Figure A2.23: 'H-'H 2D gCOSY NMR (400 MHz) spectrum of 55 mM MK-3 (2.15) in CDCl; at 25 °C. A standard gCOSY pulse sequence
was used consisting of 128 t1 increments with 8 scans per tl increment.
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Figure A2.24: 'H-3C 2D HSQC NMR (400 MHz) spectrum of 55 mM MK-3 (2.15) in CDCl; at 25 °C. A standard HSQCAD pulse sequence

was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and methine
(>CH-) groups and blue contour peaks correspond to methylene (-CH; -) groups.
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Figure A2.24.1: 'H-"3C 2D HSQC NMR (400 MHz) spectrum of 55 mM MK-3 (2.15) in CDCl5 at 25 °C. A standard HSQCAD pulse sequence

was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and methine
(>CH-) groups and blue contour peaks correspond to methylene (-CH; -) groups.
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Figure A2.25: 1D 'H NMR (400 MHz) spectrum of 8-iodo-2,6-dimethyloct-2-ene (2.17) at 26 °C in CDCls.
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Figure A2.26: 1D **C NMR (101 MHz) spectrum of 8-iodo-2,6-dimethyloct-2-ene (2.17) at 26 °C in CDCl.
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Figure A2.27: 1D *H NMR (400 MHz) spectrum of 6,10-dimethylundec-9-en-2-one (2.18) at 26 °C in CDCl,.
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Figure A2.28: 1D **C NMR (101 MHz) spectrum of 6,10-dimethylundec-9-en-2-one (2.18) at 26 °C in CDCls.
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Figure A2.29: 1D 'H NMR (400 MHz) spectrum of Methyl 3,7,11-trimethyldodeca-2,10-dienoate (2.19) at 26 °C in CDCls.
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Figure A2.30: 1D **C NMR (101 MHz) spectrum of Methyl 3,7,11-trimethyldodeca-2,10-dienoate (2.19) at 26 °C in CDCls.
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Figure A2.31: 1D 'H NMR (400 MHz) spectrum of 3,7,11-trimethyldodeca-2,10-dien-1-ol (2.20) at 26 °C in CDCls.
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Figure A2.32: 1D **C NMR (101 MHz) spectrum of 3,7,11-trimethyldodeca-2,10-dien-1-ol (2.20) at 26 °C in CDCls.
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Figure A2.33: 1D 'H NMR (400 MHz) spectrum of 53 mM cis/trans MK-3(Il-H,) (2.21) at 25 °C in C¢D.
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Figure A2.34: 1D *C NMR (101 MHz) spectrum of 53 mM cis/trans MK-3(lI-H,) (2.21) at 25 °C in C¢Dg using 2000 scans.
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Figure A2.35: 'H-'H 2D gCOSY NMR (400 MHz) spectrum of 53 mM cis/trans MK-3(Il-H,) (2.21) in C¢Ds at 25 °C. A standard gCOSY pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment.
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Figure A2.36: *H-"3C 2D HSQC NMR (400 MHz) spectrum of 53 mM cis/trans MK-3(I1-H,) (2.21) in C¢Dg at 25 °C. A standard gHSQC
pulse sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-
CHz) and methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.36.1: 'H-*C 2D HSQC NMR (400 MHz) spectrum of 53 mM cis/trans MK-3(lI-H,) (2.21) in C¢Dg at 25 °C. A standard gHSQC
pulse sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-
CH3) and methine (>CH-) groups and blue contour peaks correspond to methylene (-CH, -) groups.
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Figure A2.39: *H-'H 2D gCOSY NMR (400 MHz) spectrum of 20 mM trans-MK-3(Il-H,) (2.21) in C¢Dg at 25 °C. A standard gCOSY pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment.
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Figure A2.40: "H-*C 2D HSQC NMR (400 MHz) spectrum of 20 mM trans-MK-3(Il-H,) (2.21) in C¢Dg at 25 °C. A standard gHSQC pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and
methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.40.1: 'H-3C 2D HSQC NMR (400 MHz) spectrum of 20 mM trans-MK-3(lI-H,) (2.21) in C¢Ds at 25 °C. A standard gHSQC pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and
methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.41. *H-'H 2D ROESY NMR (400 MHz) spectrum of 20 mM trans-MK-3(Il-H,) (2.21) at 25 °C in C¢Ds. A standard ROESY pulse
sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2.0 sec. relaxation
delay. Blue intensity contours represent negative ROE’s and red intensity contours represent positive ROE’s. A sine square 90°
weighting function was used in the F1 and F2 dimensions.
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Figure A2.42: 1D 'H NMR (400 MHz) spectrum of 3,7,11-trimethyldodecan-1-ol (2.23) at 26 °C in CDCl.
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Figure A2.43: 1D **C NMR (101 MHz) spectrum of 3,7,11-trimethyldodecan-1-ol (2.23) at 26 °C in CDCls.
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Figure A2.44: 1D 'H NMR (400 MHz) spectrum of 80 mM 1-iodo-3,7,11-trimethyldodecane (2.24) at 26 °C in CDCl,.
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Figure A2.45: 1D *C NMR (101 MHz) spectrum of 80 mM 1-iodo-3,7,11-trimethyldodecane (2.24) at 26 °C in CDCls.
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Figure A2.47: 1D °C NMR (101 MHz) spectrum of 80 mM MK-3(1,I1,l1-Hg) (2.25) at 25 °C in CDCls.
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Figure A2.48: 'H-"H 2D gCOSY NMR (400 MHz) spectrum of MK-3(1,11,11l-Hg) (2.25) in CDCl5 at 25 °C. A standard gCOSY pulse sequence
was used consisting of 128 t1 increments with 8 scans per tl increment.
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Figure A2.49: 'H-"3C 2D HSQC NMR (400 MHz) spectrum of 80 mM MK-3(1,I1,11-Hg) (2.25) in CDCl5 at 25 °C. A standard gHSQC pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and
methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.49.1: *H->C 2D HSQC NMR (400 MHz) spectrum of 80 mM MK-3(1,11,11I-Hg) (2.25) in CDCl; at 25 °C. A standard gHSQC pulse
sequence was used consisting of 128 t1 increments with 8 scans per t1 increment. Red contour peaks correspond to methyl (-CHs) and
methine (>CH-) groups and blue contour peaks correspond to methylene (-CH,; -) groups.
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Figure A2.50: Comparison between 'HNMR (400 MHz) spectrum of cis/trans-MK-2(lI-H,) in CDClsz vs CsDg and comparison between 'H
NMR (400 MHz) spectrum of cis/trans-MK-3(ll-H,) in CDCl; vs. C¢Ds. The NMR spectra were recorded typically using 32 scans, at 25 or
26 °C and referenced to the internal solvent peak (see experimental for details). Not all the cis isomer peaks are labelled.
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Appendix lll: Supporting Information for Chapter 3

General 2D NMR Methods. Spectra were processed using MestReNova version 10.0.1. Details of
experiments are provided in representative experimental sections and captions of figures.
Spectra were collected both at 500 MHz and 400 MHz giving consistent results; however, all the
data presented herein was at 400 MHz due to less noise in the spectrum. The interpretations of
distances from NOE and ROE data were based off semi-quantitative examination of cross peak
intensity and then a distance extrapolated by using a modeled 3D energy minimized molecular
mechanics MK-2 conformation. Conformations were matched based off our interpretations;
however, more sophisticated methods need to be executed in the future to further confirm our
suggested conformations.
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Figure A3.1. 'H-'H 2D NOESY NMR (400 MHz) spectrum of 20 mM MK-2 at 26 °C in d¢-DMSO. A standard NOESY pulse sequence was
used consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time and 1.5 sec relaxation delay.
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Figure A3.2. 'H-'H 2D ROESY NMR (400 MHz) spectrum of 20 mM MK-2 at 26 °C in de-DMSO. A standard ROESYAD pulse sequence
was used consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2.0 sec. relaxation delay.
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Figure A3.3. 'H-'H 2D gCOSY NMR (400 MHz) spectrum of MK-2 in dg-DMSO at 26 °C. A standard gCOSY pulse sequence was used
consisting of 200 t1 increments with 8 scans per t1 increment.
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Figure A3.4. "H-"H 2D NOESY NMR (400 MHz) spectrum of 20 mM MK-2 at 26 °C in ds-pyridine. A standard NOESY pulse sequence was
used consisting of 200 transients with 16 scans in the f1 domain using a 500 ms mixing time and 1.5 sec relaxation delay.
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Figure A3.5. "H-'H 2D ROESY NMR (400 MHz) spectrum of 20 mM MK-2 at 26 °C in ds-pyridine. A standard ROESYAD pulse sequence
was used consisting of 200 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2.0 sec. relaxation delay.
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Figure A3.6. 'H-'H 2D gCOSY NMR (400 MHz) spectrum of 20 mM MK-2 in ds-pyridine at 26 °C. A standard gCOSY pulse sequence was
used consisting of 200 t1 increments with 8 scans per t1 increment.
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Figure A3.7. NOE/ROE slices for MK-2 correlation H,, to Hy. (A) NOE slice for MK-2 correlation Hy, to Hy in ds-DMSO, (B) ROE slice for
MK-2 correlation H,, to H, in de-DMSO, (C) NOE slice for MK-2 correlation H,, to H, in ds-pyridine, (D) ROE slice for MK-2 correlation H,,
to H, in ds-pyridine.
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Figure A3.8. 'H-'H 2D NOESY NMR (400 MHz) spectrum of 100 mM MK-2 in wp 12 reverse micelle at 26 °C. A standard NOESY pulse
sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and 1.5 sec. relaxation
delay.
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Figure A3.9. 'H-'H 2D ROESYAD NMR (400 MHz) spectrum of 100 mM MK-2 in wg 12 reverse micelle at 26 °C. A standard ROESY pulse
sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and 2.0 sec. relaxation
delay.
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Molecular Mechanics: MK-2 Conformational Analysis, Energies, and Hydrogen Distances.

Conformational analysis methods. These calculations were done to provide visual aids to help
interpret the NMR results. Specifically, calculations were done to characterize the local minima
with parameters similar to that obtained by the solution NMR studies. All the conformations
(Figure A3.10) were constructed by drawing the molecule and rotating bonds until a desired
conformation was obtained (except for conformation C). An energy minimization was then
carried out to obtain a conformation with realistic bond lengths and angles. Finally, a molecular
mechanics energy calculation was done to determine if the resulting conformation had similar
stability as the local minima obtained. Conformation C was obtained by drawing an extended
conformation and then 10,000 iterations were run leading to a sampling of different parts of the
energy surface for MK-2. These calculations were followed by an energy minimization and finally
a Molecular Mechanics energy calculation. It is important to note that conformations A and B (in
de-DMSO and ds-pyridine, respectively) were generated and then the internuclear distances
between 6-8 hydrogens (i.e. Hy-H,, Hy-H;, Hy-Hy, etc., see Table A3.1) were matched (i.e. bonds
rotated to move selected hydrogen of interest closer or farther away until internuclear distance
agreed with observed NOE or ROE intensity) to the interpreted NOE and ROE cross peak intensity
observed from experiment. As seen in Table A3.1, the conformations in dg-DMSO and ds-pyridine
differed in energy by less than 0.5 kcal/mol.

Table A3.1. Conformation energies of MK-2 and selected internuclear distances between
hydrogens.

Energy
K-2 Conformation (kcalimol) H,-H,* (A)H.H.2(A) Ho-H* (A) Ho-HR (A) Ho-H2 (A) Hy-H.® (A) Ho-H,® (A) Hy-Hy® (A) Hy-H® (A)
A) DMSO 66.8 3.7 22 4.7 59 26 438 25 41 6.
B) Pyridine 66.7 35 20 54 6.6 6.1 7.0 2.7 4.7 71
C) Representative low energy folded 60.2 3.7 21 55 49 2.6 4.5 23
(D) Extended chain conformation 83.5 3.6 4.0 35 58 8.3 7.9 54 2.0 5.5
E) Extended chain rotated up 83.1 22 25 6.6 7.5 10.0 14 4.0
F) Extended chain out of quinone plane
jout of the board 78.0 26 4.0 438 6.5 9.0 95 5.5
G) Extended chain out of quinone
lplane into the board 777 23 38 5.0 6.7 9.2 9.5 41
FH) Bent extended chain 80.3 4.0 3.6 54 64 8.3 9.5 3.5
MK-2 conformation inside RM interface 63.5 3.7 22 4.6 56 4.2 4.0 2.7

®All internuclear distances were determined using the closest hydrogens. For example, the
closest Hy, hydrogen was used to determine the distance to the closest Hq hydrogen.

Supplemental Conformational Analysis. The following discussion relating to the details of the U-
shape was omitted from the main paper due to space constraints. It is included here for the
readers interested in more details. When starting from an energy minimized extended planar
conformation of MK-2, kinks in the isoprenyl chain were observed in as little as 200 iterations
and folding of the isoprenyl chain was observed in as few as 500 iterations in most simulations.
The folded, U-shaped segment in the isoprenyl chain of MK-2 contains at least one g'g
conformation. MK-2’s alkyl chain carbons, C2-C6, distance was 3.5 A in de-DMSO. Conformational
analysis of pentane is a logical comparison as it takes five carbons in the isoprenyl chain of MK-2
to create the U-shaped fold observed in experiment and computation. Pentane’s C1-C5 g'g’
conformation distance was reported to be 3.42 A, whereas the g'g* conformation was 3.72 A
(and for comparison the tg conformation distance was 4.57 A).' The g*g” conformation in pentane
is energetically unfavorable due to the destabilizing “pentane effect.”! This destabilizing effect
describes the steric hindrance present in a conformation with gauche interactions, where one of
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the hydrogens distance between the ends of the chain is 2.24 A in pentane. This distance is
minimized in MK-2 due to the presence of the two double bonds in the isoprenyl chain. These
double bonds decrease the amount of hydrogen atoms present in the chain and increases the
end to end distance between the two alkene hydrogens. Furthermore, favorable n-nt stacking
within the alkenes in the isoprenyl chain may also stabilize the g'g” conformation more with a
larger favorable enthalpy contribution over entropic considerations. It was demonstrated using
microwave spectroscopy and computational calculations for the conformational isomers of 1,6-
heptadiyne that the presence of m bonds favors the molecule acquiring the gauche
conformations that are disfavored by steric repulsion in alkanes; this observation was attributed
to a stabilizing CH/r interaction (mostly dispersive in nature rather than electrostatic).” In MK-2,
two possibilities for this type of stabilization occur in a folded isoprenyl chain conformation
because of the presence of the two alkene units.

(A) «s B ¥, (© ¢ (D)

Figure A3.10. MK-2 conformations generated using MMFF94 calculations in the gas phase at
300° K. (A) MK-2 conformation in de-DMSO determined from NOESY and ROESY spectrum (66.8
kcal/mol, and internuclear distance H,-Hy: 2.6 R), (B) Potential MK-2 conformation in ds-pyridine
consistent with NOESY and ROESY spectrum (66.7 kcal/mol, and internuclear distance H,-Hy: 6.1
A), (C) Low energy structure of MK-2 found using 10,000 iterations and energy minimization (60.2
kcal/mol, and internuclear distance H,-H,: 2.6 A), (D) Commonly drawn MK conformation in
literature with MK-2 planar and chain extended (83.5 kcal/mol, and internuclear distance H,-H,:
7.9 A), (E) Planar MK-2 conformation with extended chain extended up (83.1 kcal/mol, and
internuclear distance H,-H,: 11.4 R), (F) MK-2 conformation with extended chain out of quinone
plane out of the plane of paper (78.0 kcal/mol, and internuclear distance H,,-H,: 10.0 ), (G) MK-
2 conformation with extended chain out of quinone plane into the plane of paper (77.7 kcal/mol,
and internuclear distance Hy-H,: 9.9 R), (H) MK-2 conformation with bent extended chain (80.3
kcal/mol, and internuclear distance Hy-H,: 8.3 A).
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Refer to the published manuscript® and corresponding supporting information for
Electrochemistry Experimental, Methods, and Data.

Refer to the published manuscript® and corresponding supporting information for Langmuir
Monolayer Studies Experimental, Methods, and Data.
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Appendix IV: Supporting Information for Chapter 4

Further Information for Processing of 2D NMR Spectra. Spectra were processed using
MestReNova version 10.0.1. Details of experiments are provided in representative experimental
sections and captions of figures. Spectra were collected both at 500 MHz and 400 MHz giving
consistent results; however, all the data presented herein was at 400 MHz (unless otherwise
noted) due to less noise in the spectrum. The interpretations of distances from NOE and ROE
data were based off qualitative examination of observed cross peak intensity and then a distance
extrapolated by using a modeled 3D energy minimized molecular mechanics MK-1 or MK-1(H,)
conformation. Conformations were created based on our interpretations; however, more
sophisticated methods need to be executed in the future to further confirm our suggested
conformations.

'H-'H 2D NOESY and 'H-'H 2D ROESY NMR spectra collected in organic solutions were
processed using MestReNova version 10.0.1. A Sine Square 90° weighting function was applied
in the f2 (t2) dimension and a Sine Bell 90° weighting function was applied in the f1 (t1)
dimension. The spectra were then phased and a Bernstein Polynomial Fit was applied with a
polynomial order of 3 in both dimensions separately. Symmeterize->Cosy-like command was
then applied to clean up the small amount of t1 noise in the spectra. We were cautious and the
use of this command did not introduce artifacts and did not seem to distort the cross peaks in
the spectra as the background noise was not strong but was necessary as t1 noise overlapped
cross peaks in most spectra. Spectra worked up using simple processing were compared to
spectra worked up using simple processing plus the symmeterize command and the cross peaks
appeared identical except the t1 noise was removed thus making the spectra much more
interpretable. The symmeterize command or function replaces the larger of two symmetrical
points with a point that has the same magnitude as the smaller one (as stated in the MestReNova
2015 MESTRELAB Research manual on pgs. 207-208). Unsymmetrically positioned noise and
artifacts are removed by this command but symmetrical noise or artifacts will be preserved. Most
importantly, the complementary experiments of *H-'H 2D NOESY and 'H-'H 2D ROESY NMR
spectra in organic solution produce the same results and agree with each other, demonstrating
the spectra were processed reliably.

'H-'H 2D NOESY and 'H-"H 2D ROESY NMR spectra collected in reverse micelle solutions were
processed using MestReNova version 10.0.1. These spectra are more complex and much more
challenging to process compared to spectra in simple organic solutions. A Sine Square 90° and
Gaussian weighting function was applied in the f2 (t2) dimension and a Gaussian weighting
function was applied in the f1 (t1) dimension. We used these weighting functions as they
appeared to produce the best signal/noise in the spectra. The spectra were then phased and a
Bernstein Polynomial Fit was applied with a polynomial order of 3 in both dimensions separately.
Symmeterize->Cosy-like was then applied to the spectra as the background noise in the 1-4.5
ppm range made the cross peaks undiscernible without applying this command. There are several
internal controls that demonstrate the reverse micelle spectra were processed reliably. For
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instance, lack of a cross peak between Hy and H,, which agrees with expected results and the
results from the organic solution spectra. Also, there is a cross peak observed between H,/s and
H, and not between H,/s and H, (Hy is overshadowed by H4/H4’ but a cross peak is not observed
where one would expect one), which agrees with expected results and that observed in the
organic solution spectra. Most importantly, the *H-'H 2D NOESY and ‘H-'H 2D ROESY NMR
spectra in reverse micelles produce the same results and agree with each other, demonstrating
the spectra were processed reliably.

Further Information on the Assignment of the MK-1 Terminal Methyl Hydrogens (H, & H,).
The ambiguity in the hydrogen peak assignment for the terminal methyls on the isoprenyl side
chain of MK-1 was clarified using *H-'H 2D NOESY and *H-"H 2D ROESY NMR. In all three solvents,
a strong NOE/ROE cross peak (expected for a cis relationship) was observed between the alkene
hydrogen, Hi, and the methyl singlet further up field, while a very weak or no cross peak
(expected for a trans relationship) was observed between Hi and the methyl singlet further
downfield. In addition, H,s only interacts with the methyl singlet that is further downfield and
not the methyl singlet that is further up field. This led to the determination that H, is the methyl
further downfield and Hy is the methyl further up field.
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Figure A4.1: 'H-"H 2D NOESY NMR (400 MHz) spectrum of MK-1 in ds-pyridine at 26 °C. A standard NOESY pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time and 1.5 sec. relaxation delay.
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Figure A4.2: 'H-'H 2D ROESY NMR (400 MHz) spectrum of MK-1 in ds-pyridine at 26 °C. A standard ROESYAD pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2 sec. relaxation delay.
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Figure A4.3: 'H-'H 2D gCOSY NMR (400 MHz) spectrum of MK-1 in ds-pyridine at 26 °C. A standard gCOSY pulse sequence was used
consisting of 200 t1 increments with 8 scans per t1 increment
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Figure A4.4: "H-'H 2D NOESY NMR (400 MHz) spectrum of MK-1 in ds-acetonitrile at 26 °C. A standard NOESY pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time and 1.5 sec. relaxation delay.
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Figure A4.5: "H-'H 2D ROESY NMR (400 MHz) spectrum of MK-1 in ds-acetonitrile at 26 °C. A standard ROESYAD pulse sequence was

used consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2.0 sec. relaxation delay.
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Figure A4.6: *H-'H 2D gCOSY NMR (400 MHz) spectrum of MK-1 in ds-acetonitrile at 26 °C. A standard gCOSY pulse sequence was used
consisting of 200 t1 increments with 8 scans per t1 increment.
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Figure A4.7: *H-"H 2D NOESY NMR (400 MHz) spectrum of MK-1 in dg-DMSO at 26 °C. A standard NOESY pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time and 1.5 sec. relaxation delay.
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Figure A4.8: "H-"H 2D ROESY NMR (400 MHz) spectrum of MK-1 at in dg-DMSO at 26 °C. A standard ROESYAD pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2 sec. relaxation delay.
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Figure A4.9: 'H-H 2D gCOSY NMR (400 MHz) spectrum of MK-1 in dg-DMSO at 26 °C. A standard gCOSY pulse sequence was used
consisting of 200 t1 increments with 8 scans per t1 increment.
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Figure A4.10: "H-"H 2D NOESY NMR (400 MHz) spectrum of MK-1 in a wo 12 reverse micelle at 26 °C. A standard NOESY pulse sequence
was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and 1.5 sec. relaxation delay.
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Figure A4.11: 'H-'H 2D ROESY NMR (400 MHz) spectrum of MK-1 in a wg 12 reverse micelle at 26 °C. A standard ROESYAD pulse
sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and 1.5 sec. relaxation
delay.
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Figure A4.12: *H-'H 2D NOESY NMR (400 MHz) spectrum of MK-1(H,) in ds-pyridine at 26 °C. A standard NOESY pulse sequence was
used consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time and 1.5 sec. relaxation delay.
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Figure A4.13: 'H-'H 2D ROESY NMR (400 MHz) spectrum of MK-1(H,) in ds-pyridine at 26 °C. A standard ROESYAD pulse sequence was
used consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2 sec. relaxation delay.
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Figure A4.14: 'H-"H 2D gCOSY NMR (400 MHz) spectrum of MK-1(H,) in ds-pyridine at 26 °C. A standard gCOSY pulse sequence was
used consisting of 200 t1 increments with 8 scans per t1 increment.
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Figure A4.15: "H-"H 2D NOESY NMR (400 MHz) spectrum of MK-1(H,) in ds-acetonitrile at 26 °C. A standard NOESY pulse sequence was
used consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time and 1.5 sec. relaxation delay.
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Figure A4.16: 'H-"H 2D ROESY NMR (400 MHz) spectrum of MK-1(H,) in ds-acetonitrile at 26 °C. A standard ROESYAD pulse sequence
was used consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2.0 sec. relaxation delay.
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Figure A4.17: *H-'H 2D gCOSY NMR (400 MHz) spectrum of MK-1(H,) in ds-acetonitrile at 26 °C. A standard gCOSY pulse sequence was
used consisting of 200 t1 increments with 8 scans per t1 increment.
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Figure A4.18: 'H-'H 2D NOESY NMR (400 MHz) spectrum of MK-1(H;) in de-DMSO at 26 °C. A standard NOESY pulse sequence was used
consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time and 1.5 sec. relaxation delay.
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Figure A4.19: "H-'H 2D ROESY NMR (400 MHz) spectrum of MK-1(H,) at in dg-DMSO at 26 °C. A standard ROESYAD pulse sequence was
used consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2 sec. relaxation delay.
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Figure A4.20: *H-'H 2D gCOSY NMR (400 MHz) spectrum of MK-1(H,) in de-DMSO at 26 °C. A standard gCOSY pulse sequence was used
consisting of 200 t1 increments with 8 scans per t1 increment.
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Figure A4.21: *H-'H 2D NOESY NMR (500 MHz) spectrum of MK-1(H,) in a wo 12 reverse micelle at 25 °C. A standard NOESY pulse
sequence was used consisting of 200 transients with 32 scans in the f1 domain using a 200 ms mixing time and a 1.5 sec. relaxation
delay.
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Figure A4.22: ROE/NOE traces for MK-1 and MK-1(H,) correlations. (A) ROE trace for MK-1
correlation Hy to Hy in ds-pyridine, (B) ROE trace for MK-1 correlation H, to H, in d3-ACN, (C) ROE
trace for MK-1 correlation Hy to H; in de-DMSO, (D) ROE trace for MK-1(H;) correlation Hy to Hy/,
in ds-pyridine, (E) ROE trace for MK-1(H;) correlation Hy to Hy/, in d3-ACN, (F) ROE trace for MK-
1(H,) correlation Hy to Hy/, in de-DMSO, (G) NOE trace for MK-1 correlation Hy to H, in a wp 12 RM,
(H) ROE trace for MK-1 correlation Hy to H, in a wp 12 RM.

311



Molecular Mechanics: MK-1 and MK-1(H;) Conformational Analysis, Energies, Hydrogen
Distances, & Cartesian Coordinates.

Conformational Analysis. Molecular mechanics (MM) calculations were carried out to provide
visual aids to understand the 2D NMR spectral results. Specifically, calculations were carried out
to characterize the local minima with parameters similar to that obtained by the solution 2D NMR
spectroscopic studies. All the conformations (Figure A4.23) were constructed by building the
molecule and then rotating bonds until a desired conformation was obtained (except for
conformation D and D1). An energy minimization was then performed to obtain a conformation
with realistic bond lengths and angles as well as provide an energy value to determine if the
resulting conformation had similar stability to other conformations obtained. Conformations D
and D1 were obtained by building an extended-flat conformation and then subjecting it to 10,000
iterations (leading to a sampling of different parts of the energy surface for MK-1 or MK-1(H,)
conformations) and then an energy minimization was carried out to produce realistic bond
lengths and angles and to provide an energy value for the conformation. As seen in Table S1, the
conformations of MK-1 in ds-pyridine, ds-acetonitrile, and de-DMSO differed by less than 5
kcal/mol and for MK-1(H,) by ~1 kcal/mol.

Table A4.1. Conformation energies of MK-1 and MK-1(H,) and selected distances between
hydrogens.

Energy
MK-1 Conformation (kcalimol)Hy-H,* (A) Hy-Hy? (A) HoH? (A) HeHi® (A) HicHy® (A) Hoky 3(A) HieHru® (A) HigHy ® (A) HowH, * (A)
(A) Pyridine 51.8 46 43 3.0 26 38 26 29 45 25
(B) Acetonitrile 48.6 3.9 5.2 4.0 21 3.8 23 28 4.7 23
(C) DMSO 473 3.2 4.7 4.0 21 38 23 26 48 21
(D) Low Energy MM Conformation 46.0 25 4.7 4.1 2.2 338 23 25 4.6 241
(E) Extended Planar Side Chain 65.8 5.1 26 20 36 3.8 23 2.7 49 29
(F) Extended Planar Side Chain Rotated Upwards 634 41 6.9 43 22 38 21 29 46 27
Reverse Micelle Proposed Conformation 50.3 238 55 44 23 38 23 23 45 31
Energy
MK-1 (H) Conformation (kcallmol)H,-H, * (A) HeHy® (A) HeHi* (A) HeeHi® (A) HieHs® (A) HicHy * (A) Hi-His® (A) HieHy ® (A) HieH:* (A) H-HL (A)
(A1)  Pyridine 421 3.6 5.2 28 21 26 26 25 43 23 49
(B1)  Acetonitrile 43.0 4.0 53 3.0 21 27 25 24 44 28 53
(c1) DMSO 419 34 43 26 22 26 26 25 45 213 49
(D1)  Low Energy MM Conformation 419 5.0 46 27 21 26 24 25 43 23 3.6
(E1) Extended Planar Side Chain 56.1 4.7 3.2 2.0 3.8 28 23 24 41 25 4.0
(F1) Extended Planar Side Chain Rotated Upwards 53.2 33 6.6 46 23 29 23 24 4.0 23 438

®All distances were determined using the closest hydrogens. For example, the closest H,hydrogen
was used to determine the distance to the closest H, hydrogen.
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MK-1
Series

MK-1(H,) (A1) (B1)
Series 4

(% 'S « <

Figure A4.23. MK-1 and MK-1(H,) conformations illustrated using MMFF94 calculations. MK-1
Series: (A) lllustrates proposed MK-1 conformation in ds-pyridine determined from 2D NOESY
and ROESY NMR spectra (51.8 kcal/mol, Hy-H,: 4.3 A), (B) lllustrates proposed MK-1 conformation
in ds-acetonitrile determined from 2D NOESY and ROESY NMR spectra (48.6 kcal/mol, Hy-H,: 3.9
R), (C) Illustrates proposed MK-1 conformation in dg-DMSO determined from 2D NOESY and
ROESY NMR spectra (47.3 kcal/mol, Hy-H,: 3.2 A), (D) Low energy MM conformation of MK-1
found using 10,000 iterations and energy minimization (46.0 kcal/mol, H,-H,: 2.5 A), (E)
Commonly illustrated MK conformation in literature with MK-1 extended-flat side chain (65.8
kcal/mol, Hy-H,: 5.1 A), (F) MK-1 conformation with extended planar side chain rotated up (63.4
kcal/mol, Hy-H,: 4.1 A). MK-1(H,) Series: (A1) lllustrates proposed MK-1(H,) conformation in ds-
pyridine determined from 2D NOESY and ROESY NMR spectra (42.1 kcal/mol, He-H,: 3.6 A), (B1)
[llustrates proposed MK-1(H,) conformation in ds-acetonitrile determined from 2D NOESY and
ROESY NMR spectra (43.0 kcal/mol, Hy,-H,: 4.0 A), (C1) lllustrates proposed MK-1(H,)
conformation in dg-DMSO determined from 2D NOESY and ROESY NMR spectra (41.9 kcal/mol,
H,-H,: 3.4 A), (D1) Low energy MM conformation of MK-1(H,) found using 10,000 iterations and
energy minimization (41.9 kcal/mol, Hy-H,: 5.0 A), (E1) Commonly illustrated MK conformation in
literature with MK-1(H,) extended-flat side chain (56.1 kcal/mol, Hy-H,: 4.7 &), (F1) MK-1(H,)
conformation with extended planar side chain rotated up (53.2 kcal/mol, Hy-H,: 3.3 A).
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Table A4.2. Cartesian coordinates for the proposed conformation of MK-1 in ds-pyridine obtained

from the xyz file.

34

1 |c| -4.3552 0.918053 0212182 2| 2 [ 6 [19

2 | c| -4.34055 0.717934 159071 2] 1 | 3 | 20

3 |c| -3.27499 0.038296 218288 2| 2 | 4 | 21

4 |c| -221579 -0.438753 139499 (23 |5 | 7

5 [c| -2.23004 -0.242801 0.020261 |2| 4 | 6 | 10

6 |C| -3.30577 0.435837 0574051 |2 | 1 | 5 |22

7 |c| -1.00416 -1.1471 203385 (3|4 [ 8 [11

8 |c| 0.071214 -1.54273 118714 |2 7 [ 9 |12

9 [c| 0.071774 -1.32885 -0.145605 |2 | 8 |10 [ 14
10 [c | -1.12855 -0.748128 0818388 |3| 5 | 9 [13
1 o] -1.12656 -1.38165 323617 |7 7

12 | c | 1.23297 -2.15957 191728 |1 | 8 | 23 | 24 | 25
13 |0| -1.21215 -0.685136 -2.04009 |7/ 10

14 [c | 1.2307 -1.68009 1.06158 1] 9 |15 | 26 | 27
15 | c | 223936 -0.560442 116218 |2 )14 [ 16 [ 28
16 | C | 3.35406 -0.544522 192157 | 2|15 |17 [ 18
17 | c | 4.24905 0.668451 -1.90662 |1 |16 | 29 [ 30 | 31
18 [c | 3.79741 -1.66232 282286 |1/16 |32 [33 | 34
19 |H| -5.18512 1.447 -0.252148 |5 1

20 |H| -5.15825 1.08822 220484 |5 2

(21 [H]| -3.27271 -0.117018 326085 |5 3

22 |H| -3.32937 0.592054 165176 |5 6

23 |H| 2.16399 -1.63506 1.6791 5|12

24 [H| 1.12618 -2.12094 3.00531 |5 12

25 |H| 1.33685 -3.21414 163924 | 5[ 12

26 |H| 1.73522 .2.5819 0691911 |5 14

27 |H| 0.865508 -1.93771 206214 |5 14

28 |H| 2.03015 0.326999 -0.565543 | 5| 15

29 |H| 4.54559 0.91791 -0.882394 |5 17

30 |H| 5.16698 0.498979 247922 |5 17

31 [H| 3.73531 1.52809 -2.34892 |5 17

32 |H| 3.16531 -2.55095 -2.74445 |5 18

33 [H| 3.78283 -1.33173 -3.86662 |5 18

34 [H| 482015 -1.9671 257614 | 5| 18
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Table A4.3. Cartesian coordinates for the proposed conformation of MK-1 in ds-acetonitrile

obtained from the xyz file.

34

1 [c| -3.4403 -3.41969 211734 2| 2 | 6 |19

| 2 [c| -2.59961 -4.20659 29009 [2]1 |3 |20

| 3 |c| -1.21833 -3.99674 287514 12| 2 | 4 |21

4 [c| -0.674514 -2.99209 206013 |2 3 | 5 | 7

5 |[c| -1.51404 -2.21567 127246 |2 | 4 | 6 |10

6 |C| -2.89942 -2.43027 129868 |2 | 1 | 5 |22

7 [c| 0.782562 -2.76735 203511 [3]| 4 | 8 |11

8 |[C| 1.31463 -1.5957 127569 |21 7 | 9 [12

9 [c| 0.495306 -0.838201 0.510346 |2 | 8 |10 | 14
110 |c | -0.958661 -1.17281 0397034 13| 5 | 9 |13
1 |o] 1.53403 -3.51871 264993 |7 | 7

(12 [c | 2.78683 -1.36019 146982 [1| 8 |23 |24 |25
13 o] -1.69811 -0.582697 | -0.378647 |7 |10

14 | c| 0.915901 0.352225 .0.332668 |1 9 |15 | 26 | 27
15 [ C | 0.540238 1.66791 0.304672 |2 |14 | 16 | 28
16 [ c|  1.11591 2.86566 0.087631 |2 |15 |17 | 18
17 | c| 0.628495 4.10159 0.796317 |1 |16 | 29 | 30 | 31
18 [Cc | 2.24608 3.11179 -0.876349 |1 |16 |32 | 33 | 34
19 |H| -4.5159 -3.5798 213348 |5 1

120 |H| -3.01911 -4.98236 353611 |5 | 2

21 |H| -0.56853 -4.61354 34965 |5 3

(22 [H| -3.55854 -1.81718 0.687786 |5 | 6

123 |H| 3.12164 -0.38486 1.10638 |5 | 12

24 |H| 3.04593 -1.39128 2.53504 |5 |12

(25 |H| 3.36983 -2.13122 0.952265 |5 | 12

126 |H| 1.99291 0.323787 -0.521304 |5 |14

(27 |H| 0.446869 0.274188 -1.32414 |5 |14

28 |H| -0.297896 1.63113 0.995094 |5 | 15

129 [H| -0.154584 3.88134 1.52363 |5 |17

130 |H| 1.45033 4.58639 1.32828 |5 | 17

31 |H| 0.220274 4.81078 0.072728 |5 | 17

(32 [H| 2.36964 2.30544 -1.6073 |5 |18

33 |H| 2.06669 4.03026 -1.44799 |5 |18

34 |H| 3.18667 3.23383 -0.328655 |5 |18
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Table A4.4. Cartesian coordinates for the proposed conformation of MK-1 in dg-DMSO obtained

from the xyz file.

34

1 |c| -4.84183 -0.361719 0146168 |2 | 2 | 6 |19

| 2 |c| -a.84756 -1.2823 0899869 2| 1 | 3 |20

3 |c| -3.64043 -1.73964 143002 (2] 2 [ 4 | 21

4 |c| -2.42161 -1.27881 0911377 (2| 3 |5 | 7

5 |c| -2.41542 -0.365379 0134451 (2| 4 | 6 | 10

6 |C| -3.62938 0.097346 0664636 |2 | 1 | 5 |22

7 |c| -1.15759 -1.77215 147817 |3 4 | 8 | 11

8 |c| o0.12676 -1.29374 0.886669 |2 | 7 | 9 |12

9 [c| o0.137797 -0.413758 0135745 |2 | 8 [10 [ 14
10 [c| -1.14311 0.124567 0689368 |3] 5 |9 [13
1 o] -1.17271 -2.55691 242207 |7 7

12 | c | 1.35837 -1.87032 1.53265 |1| 8 |23 |24 | 25
13 |o| -1.15383 0.955617 -1.59199 [ 7] 10

14 | c | 1.38824 0.116984 0811331 |1| 9 |15 | 26 | 27
15 |c | 1.95798 1.31204 -0.093449 | 2|14 | 16 | 28
16 | Cc | 3.25426 1.58378 0.167538 |2 |15 [ 17 | 18
17 [c | 3.63623 2.8362 0.912728 |1 |16 | 29 [ 30 | 31
18 [ C | 4.42395 0.739677 -0.255718 |1 |16 | 32 [ 33 | 34
19 |H| -5.78084 -0.002147 -0.56043 |5 1

120 |H| -5.79025 -1.64347 1.30556 | 5| 2

21 |H| -3.65215 -2.45866 224706 |5 3

22 |H| -3.63442 0.817616 -1.48146 |5 6

23 |H| 222075 -1.88008 0.862556 |5 | 12

24 |H| 1.62355 -1.28488 241731 |5 12

25 |H| 1.20388 -2.91141 1.8453 5|12

126 |H| 211784 -0.69028 -0.906738 |5 14

27 [H| 117224 0.407247 -1.8455 |5 14

28 | H 1.2119 2.04224 0.220831 |5 15

29 |H| 276267 3.41554 1.22924 | 5[ 17

30 |H| 4.20821 2.58201 181141 | 5] 17

31 |H| 4.25246 3.48151 0.278066 |5 17

32 |H| 4.1466 -0.103295 -0.892086 | 5| 18

33 |H| 5.13431 1.34708 -0.828206 | 5| 18

34 |H| 4.94202 0.341834 0.622958 |5 18
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Table A4.5. Cartesian coordinates for the proposed conformation of MK-1(H;) in ds-pyridine

obtained from the xyz file.

36
1 [c| -4.30468 0.017264 233954 |2] 2 | 6 |19

2 [c| -417819 -1.22687 295394 |2]1 | 3 |20

3 [c| -3.02635 -1.98876 275268 2| 2 | 4 | 21

4 |c| -1.99333 -1.50387 193762 |23 |5 | 7

5 [c| -211759 -0.263155 132675 |2 4 | 6 | 10

6 |c| -3.27783 0.499812 152595 |21 | 5 | 22

7 lc| -0.781125 -2.31429 174039 |3/ 4 [ 8 |12

8 |c| 0.335252 -1.74599 0927757 2| 7 | 9 | 11

9 |c| 0.217519 -0.542668 0.333189 2| 8 [10 |14
10 [c| -1.0362 0.260223 0476729 3|5 [ 9 [13
11 [c| 1.55536 -2.62423 0.876184 |1 8 | 23 | 24 | 25
12 (0| -0.697268 -3.43061 224052 |7 7

13 [0| -1.16939 1.34185 -0.086822 |7 |10

14 [ C 1.2805 0.099722 0.534478 |1] 9 | 15| 26 | 27
15 [c | 2.10936 1.12012 0.256986 | 1|14 | 16 | 28 | 29
16 [Cc | 3.08152 1.9269 -0.623747 |1/15 [ 17 | 18 [ 30
17 [c | 3.67001 3.08889 0.180769 |1/16 [31 32|33
18 [c | 4.21401 1.06507 118446 |1 |16 | 34 | 35 | 36
19 |[H| -5.20165 0.612896 249484 |5/ 1

120 [H| -4.97501 -1.60469 359065 |5/ 2

21 |H| -2.93465 .2.95983 323649 5] 3

22 |H| -3.3846 1.47354 1.05068 | 5| 6

23 |H| 243126 -2.12678 0.452803 |5 11

24 |H| 1.84254 -2.9413 1.8847 5| 11

25 |H | 1.35354 -3.51764 0.276762 | 5| 11

26 |[H| 1.93563 -0.659912 -0.972088 |5 14

27 |[H| 0.809133 0.58373 -1.39903 |5 14

28 |H| 1.43235 1.8191 0.765917 | 5| 15

29 |H| 266933 0.602486 1.04608 | 5| 15

30 |H| 252198 2.35252 146583 |5 16

31 |H| 4.33947 3.69307 -0.441052 |5 17

32 |H| 2.87566 3.74619 0.549882 | 5|17

133 |H| 4.23968 2.72849 1.04406 |5 17

34 |H| 4.89834 1.67239 17872 |5 18

35 |H| 3.83208 0.270798 18323 |5 18

36 |H| 4.7958 0.599938 -0.381446 | 5| 18
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Table A4.6. Cartesian coordinates for the proposed conformation of MK-1(H,) in ds-acetonitrile

obtained from the xyz file.

36
1 [c]| -3.01031 1.07664 477074 |2] 2 | 6 |19

2 [c| -2.15895 0.291051 554714 |2 | 1 | 3 | 20

3 [c| -1.06146 -0.345036 495815 |2 | 2 | 4 | 21

4 |c| -0.816146 -0.192095 35859 (213 |5 |7

5 [c| -1.66198 0.59468 281629 [2| 4 | 6 |10

6 |Cc| -2.76308 1.23119 340801 |2 1 | 5 |22

7 lcl 0.33791 -0.866483 297037 (3] 4 | 8 |12

8 |c| 0.54316 -0.730932 149353 [2] 7 | 9 |13

9 |c| -0.276821 0.036174 0.749097 |2 | 8 [ 10| 14
10 [c| -1.41093 0.778991 1.38362 |31 5 | 9 | 11

11 [o]| -2.13096 1.52878 0.73159 | 7] 10

12 [o| 1.10595 -1.52672 366316 | 7| 7

13 [c | 1.71146 -1.52895 0977383 [1] 8 (23|24 |25
14 [ c | -0.152102 0.291948 0738978 |1 9 | 15 | 26 | 27
15 [c | -1.16652 -0.5224 155508 | 1|14 | 16 | 28 | 29
16 [Cc | -1.41941 0.041176 296831 |1/15 |17 |18 [ 30
17 [c | -2.36921 -0.886115 373176 |1/16 [ 3132 |33
18 [c | -0.133196 0.253736 376304 |1 16 | 34 | 35 | 36
19 [H| -3.86618 1.57099 522603 | 5| 1

120 |H| -2.34666 0.173802 661192 |5 2

21 |H| -0.401737 -0.954311 557149 |5 3

(22 |H| -3.43112 1.84672 280533 |5 6

123 | H 1.7362 -1.60543 0.111704 |5/ 13

24 [H 1.6762 .2.55783 13554 |5 13

25 |H |  2.65079 -1.0725 -1.30939 |5 13

26 |H| 0.862373 0.079252 1.09409 |5 14

27 |H | -0.292727 1.36728 0.922874 |5 14

28 |H| -2.13315 -0.558887 1.03522 |5 15

29 |H| -0.818805 -1.56253 162003 |5 15

30 |H| -1.91781 1.01312 2.86672 |5 16

31 |H| -2.61102 -0.472699 4.7169 5| 17

32 |H| -3.31002 -1.0179 3.18609 | 5| 17

133 |H| -1.92012 -1.87535 3.87935 | 5|17

34 |H| -0.356666 0.538264 479851 |5 18

35 |H | 0.466854 1.05953 3.33072 | 5] 18

36 |H| 0.476008 -0.656151 378214 | 5] 18
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Table A4.7. Cartesian coordinates for the proposed conformation of MK-1(H;) in dg-DMSO

obtained from the xyz file.

34

1 |c| -4.84183 -0.361719 0146168 |2 | 2 | 6 |19

| 2 |c| -a.84756 -1.2823 0899869 2| 1 | 3 |20

3 |c| -3.64043 -1.73964 143002 (2] 2 [ 4 | 21

4 |c| -2.42161 -1.27881 0911377 (2| 3 |5 | 7

5 |c| -2.41542 -0.365379 0134451 (2| 4 | 6 | 10

6 |C| -3.62938 0.097346 0664636 |2 | 1 | 5 |22

7 |c| -1.15759 -1.77215 147817 |3 4 | 8 | 11

8 |c| o0.12676 -1.29374 0.886669 |2 | 7 | 9 |12

9 [c| o0.137797 -0.413758 0135745 |2 | 8 [10 [ 14
10 [c| -1.14311 0.124567 0689368 |3] 5 |9 [13
1 o] -1.17271 -2.55691 242207 |7 7

12 | c | 1.35837 -1.87032 1.53265 |1| 8 |23 |24 | 25
13 |o| -1.15383 0.955617 -1.59199 [ 7] 10

14 | c | 1.38824 0.116984 0811331 |1| 9 |15 | 26 | 27
15 |c | 1.95798 1.31204 -0.093449 | 2|14 | 16 | 28
16 | Cc | 3.25426 1.58378 0.167538 |2 |15 [ 17 | 18
17 [c | 3.63623 2.8362 0.912728 |1 |16 | 29 [ 30 | 31
18 [ C | 4.42395 0.739677 -0.255718 |1 |16 | 32 [ 33 | 34
19 |H| -5.78084 -0.002147 -0.56043 |5 1

120 |H| -5.79025 -1.64347 1.30556 | 5| 2

21 |H| -3.65215 -2.45866 224706 |5 3

22 |H| -3.63442 0.817616 -1.48146 |5 6

23 |H| 222075 -1.88008 0.862556 |5 | 12

24 |H| 1.62355 -1.28488 241731 |5 12

25 |H| 1.20388 -2.91141 1.8453 5|12

126 |H| 211784 -0.69028 -0.906738 |5 14

27 [H| 117224 0.407247 -1.8455 |5 14

28 | H 1.2119 2.04224 0.220831 |5 15

29 |H| 276267 3.41554 1.22924 | 5[ 17

30 |H| 4.20821 2.58201 181141 | 5] 17

31 |H| 4.25246 3.48151 0.278066 |5 17

32 |H| 4.1466 -0.103295 -0.892086 | 5| 18

33 |H| 5.13431 1.34708 -0.828206 | 5| 18

34 |H| 4.94202 0.341834 0.622958 |5 18
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Table A4.8. Cartesian coordinates for the proposed conformation of MK-1 in a wy 12 reverse

micelle obtained from the xyz file.

34

1 [c| -4.66912 -0.236265 0011421 [2| 2 | 6 |19
2 |c| .4.82158 -1.44273 0669263 2|1 [ 3 |20

3 [c| -3.69561 -2.14427 110217 |2 2 | 4 | 21

4 |[c| -2.41153 -1.63905 0851532 2| 3 | 5 | 7

5 [c| -2.25802 -0.438292 0171887 2| 4 [ 6 | 10

6 |c| -3.39066 0.266751 026084 |21 |5 |22

7 |c| -1.23409 -2.39432 130263 |3 4 | 8 | 12

8 |c| 0.120197 -1.80498 108452 |2/ 7 [ 9 |1
9 |c| 0.273519 -0.627298 044402 [2| 8 |10 ] 14
10 [c | -0.914497 0.090921 0115053 [3| 5 | 9 |13
1 [c| 1.23305 -2.63911 165989 |1 8 |23 | 24 | 25
12 (o] -1.37351 -3.4827 185033 |7 7

13 (0| .0.793124 1.09025 -0.815598 |7 |10

14 [c | 1.59894 0.032426 0138442 |1 9 | 15 | 26 | 27
15 [c | 1.89564 1.32549 0.859584 |2 |14 [ 16 | 28
16 [c| 1.60811 1.74793 210761 |2 /15[ 17 |18
17 [c | 1.98713 3.14307 2.53859 |1 16 | 29 | 30 | 31
18 [C | 0.928088 0.942251 317547 |1]16 | 32 | 33 [ 34
19 [H| .5.54507 0.311799 -0.351426 | 5| 1

20 |[H| -5.81599 -1.83952 0.862264 |5 2

21 |H| -3.82164 -3.08718 1.6323 5|3

22 |H| -3.28031 1.2087 0.795894 |5 6

23 |H| 219322 -2.12057 1.6956 5|11

24 [H| 1.00668 -2.92439 269324 |5 11

25 |H |  1.36337 -3.55216 1.06987 |5 11

26 | H 2.4496 -0.639835 0.283202 |5/ 14

27 |[H| 1.61784 0.244753 -0.940246 |5 14

28 |H| 242762 2.02709 0.213762_ | 5| 15

29 | H 2.4652 3.71385 1.7354 5|17

130 |H| 1.09553 3.69548 2.85299 |5 17

31 |H| 2.68837 3.10328 3.3789 5| 17

32 |H| 1.11425 -0.12676 3.06865 |5 18

33 | H 1.3079 1.21476 416671 | 518

34 |H| -0.150331 1.12807 316314 | 5] 18
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Refer to the published manuscript' and corresponding supporting information for
Electrochemistry Experimental, Methods, and Data.

Refer to the published manuscript' and corresponding supporting information for Langmuir
Monolayer Studies Experimental, Methods, and Data.

Dynamic Light Scattering Data for MK-1 and MK-1(H,).

Table A4.9. Dynamic Light Scattering measurements on MK-1 and MK-1(H;) in 0.1 M
AOT/isooctane RMs.

w, N(probes) N (Micelles) N (probes)/N (Micelles) MK-1rs(nm)  MK-1PDl  MK-1(H,) rhs (nm)  MK-1(H,) PDI Blank r,2 (nm) r,® Literature (hm)  Blank PDI

20 8.43 X 107 8.18 X 10 1.03 45(x04) 0.37 (£ 0.04) 42(x02) 0.36 (£ 0.04) 45(x0.3) 44 0.38 (£ 0.28)
12 211X 10% 2.08 X 101 1.01 34(0.1) 0.27 (£ 0.03) 34 (x0.1) 0.27 (£0.06) 3.72 (£ 0.02) 37 0.19 (£ 0.01)
4 8.31X 10** 8.30 X 10" 1.00 21(x0.) 0.51(x0.17) 22(x01) 042 (+0.02) 20(£0.1) 25 0.31 (£ 0.05)
a . . . o
Radius measurements were taken from the volume distribution
b
Ref. 2.

Interpretation of DLS measurements on MK-1 or MK-1(H,) Containing AOT/isooctane RMs. DLS
established the formation of RMs. Samples of MK-1 or MK-1(H,) RMs were prepared using 0.10
M AOT/isooctane and the results are shown in Table A4.9. The average radius obtained from wy
sizes 4, 12, and 20 compared favorably with those reported previously in the literature.” > * These
results were observed with RMs prepared with and without MK-1 or MK-1(H;). These results
showed that RMs formed, and that the presence of MK-1 or MK-1(H,) did not significantly affect
the size or stability of the RM.
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Appendix V: Supporting Information for Chapter 5
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Figure A5.1: 'H NMR spectra of [VO(Hshed)(dtb)] in dg¢-DMSOQ, iso-octane, and in a series of RMs
(wo =8, 12, 16, and 20 prepared from 0.750 M AOT/iso-octane stock solution). The spectrum in
D,0 was recorded after 60 min. and the spectra in RMs was recorded after 50 min. once
equilibrium had been established. Hydrogen labeling scheme is found in Figure 5.1.1. SalA =
Salicylaldehyde.
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Figure A5.2: *H NMR spectra of [VO(Hshed)(cat)] in dg-DMSO, D,0, and in a series of RMs (wp =
8, 12, 16, and 20 prepared from 0.750 M AOT/iso-octane stock solution). The spectrum in D,0
was recorded after 50 min. and the spectra in RMs was recorded after 40 min. once equilibrium
had been reached. Hydrogen labeling scheme is found in Figure 5.1.1. SalA = Salicylaldehyde.
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Table A5.1. Dynamic Light Scattering measurements on [V(O).(Hshed)], Hjshed,
[VO(Hshed)(cat)], Hpcat, [VO(Hshed)(dtb)], and H,dtb in 0.1 M AOT/isooctane RMs.

Wi wy =20
N(probe)/N(micelle) 23 1.4
[V(O).(Hshed)] r, (nm) 3.9 (+0.3) 4.5(+03)
PDI [V(0)(Hshed)] 0.33 (+0.16) 0.52 (+0.17)
H,shed r,2 (nm) 4.0 (+0.3) 4.3 (£0.3)
PDI Hzshed 0.20 (+0.08) 0.60 (+0.20)
[VO(Hshed)(cat)] ry2 (nm) 3.5 (+0.3) 4.3 (+0.4)
PDI [VO(Hshed)(cat)] 0.27 (£0.12) 0.46 (+0.18)
H,cat r,2 (nm) 3.8 (+0.2) 4.4 (+0.3)
PDI H,cat 0.43 (+0.16) 0.23 (+0.09)
[VO(Hshed)(dtb)] ry2 (nm) 3.6 (+0.5) 4.1 (x0.3)
PDI [VO(Hshed)(dtb)] 0.45 (+0.08) 0.16 (:0.05)
H,dtb rya (nm) 3.8 (x0.2) 4.3 (+0.3)
PDI H,dtb 0.22 (+0.08) 0.48 (+0.11)
Blank ry2 (nm) 3.6 (+0.3) 4.6 (+0.3)
PDI Blank 0.42 (+0.17) 0.50 (+0.19)
Lit. r,> (nm) 37 4.4

®Radius measurements were taken from the volume distribution
b
Ref. 1.

Interpretation of DLS measurements on [V(O),(Hshed)], Hshed, [VO(Hshed)(cat)], H.cat,
[VO(Hshed)(dtb)], and H,dtb Containing AOT/isooctane RMs.

DLS established the formation of RMs. Samples of [V(0),(Hshed)], Hyshed, [VO(Hshed)(cat)],
H,cat, [VO(Hshed)(dtb)], or H,dtb RMs were prepared using 0.10 M AOT/isooctane and the
results are shown in Table A5.1. The average radius obtained from wy sizes 12, and 20 compared
favorably with those reported previously in the literature. % 3 These results were observed with
RMs prepared with and without [V(O);(Hshed)], H,shed, [VO(Hshed)(cat)], Hacat,
[VO(Hshed)(dtb)], or H.dtb. These results showed that RMs formed, and that the presence of
[V(O),(Hshed)], Hashed, [VO(Hshed)(cat)], Hacat, [VO(Hshed)(dtb)], or Hodtb did not significantly
affect the size or stability of the RM.
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Appendix VI: Synthesis and Characterization of Partially and Fully

Saturated Menaquinone Derivatives

This is the manuscript that corresponds to chapter two and is published in ACS Omega.!
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ABSTRACT: Menaquinones (MKs) contain both a redox active quinone moiety and a hydrophobic repeating isoprenyl side
chain of varying lengths and degrees of saturation. This characteristic structure allows MKs to play a key role in the respiratory
electron transport system of some prokaryotes by shultling electrons and protons between membrane-bound protein complexes,
which act as electron acceptors and donors. Ilydrophobic MK molecules with partially and fully saturated isoprenyl side chains
are found in a wide range of eubacteria and archaea, and the structural variations of the MK analogues are evolutionarily
conserved but poorly understood. For example, Mycobacterium tuberculosis, the causative agent of tuberculosis, uses
predominantly MK-9(II-H,) (saturated at the second isoprene unit) as its electron carrier and depends on the synthesis of MK-
9(1I-H,) for survival in host macrophages. Thus, MKs with partially saturated isoprenyl side chains may represent a novel
virulence factor. Naturally occurring longer MK are very hydrophobic, whereas MK analogues that have a truncated (i.e,, one
to three isoprenes) isoprenyl side chain are less hydrophobic. This improves their solubility in aqueous solutions, allowing
rigorous study of their structure and biological activity. We present the synthesis and characterization of two partially saturated
MK analogues, MK-2(1I-H,) and MK-3(II-H, ), and two novel fully saturated MK derivatives, MK-2(LII'-H,) and MK-3(LILIII
Hg).

B INTRODUCTION biological roles and applications over the last 10 years.”™
Vitamin K, (or menadione), ths simplest 1,4-naphthoquinone
derivative, which lacks the isoprenyl side chain and non-
isoprenoids that have a variety of biological roles. These Tlatnra]l?r nec:nrrin.g N-aIky'iat?d e’ﬂﬁdm“m“ has also showzn
molecules contain both a redox active quinone moiety and a mtelf:shng I_n?k"mca] p.rup(.:rtlcs. In 2017, the potent r.)r:fhc
hydrophobic repeating isoprenyl side chain of varying lengths peptide af}tlbwtzc,.ll.-ntlh'han, was demonstrated Lo be effective
and degrees of saturation (Figure 1) depending on the ;%:J;sylb(:;::‘;w:ﬁ:; 11“2'“{".1‘; u:?x# :}etﬁ:’m:ﬂ
organism. Although the natur: occurring lipoquinones 4 j
gmy have lg:ger isopren‘y]'l}ysi.de chailg:s, Pthgse MK attributed to lysis of the bacterial membrane, where its
analogues have very low water solubility, which causes mefnbrane-d:smptmg ei??ects‘ depended on the preAcRee of MK,
problems for biological assays; therefore, the use of truncated which T.ems] ;he question if other MK deriva‘ms have the
MK derivatives can circumvent solubility issues in aqueous same effect.™ This repnﬂ underlines the importance of
assays, The 1943 Nobel prize in physiology or medicine was uf'lders_tanding the r.elam.:nshi.p between the MK structure, its
awarded to Ilenrik Dam and Edward Doisy for the discovery biological role, and its biological fum::hun.

and characterization of vitamin K (a MK), a key cofactor in MK analogues that contain partially and fully saturated
blood coagulation.' The i in and the importance of isoprenyl side chains of various lengths are found in eubacteria
MEK/vitamin K, its derivatives, and vitamers (e.g, vitamins K, and archaea. These characleristics are evolutionarily conserved
K,, and K,) have remained strong. Vitamin K, also knownas ~ and have long been used in laxcnomic classification efforts and
phylloguinone, is found in green plants and contains four phenotypic organization of bacteria.*~'* MK analogues with
isoprene units with the terminal three saturated and functions

Menaquinones (or naphthoquinones, MKs) belong to the class
of lipoquinones, which are a type of lipid-quinone containing

as an electron acceptor during photosynthesis within photo- Received: October 1, 2018
system L* Vitamin K, also known as menaquinone-4 (MK-4), Accepted: October 10, 2018
has been the subject of interesting reports, demonstrating its Published: November 5, 2018
icati © 2018 Amedcan Chemical Socie 14889 DO 10,107 1/ac soumega BHOFEI0
=g ACS Publications merican Chemic ty ok St vt
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menaquinone-2(T1-H,) [abhreviated as ]\:(K-Z(II-HZ_]J, (C) fully

(LTI-H,) [abt d as MK-2(I,TI-H,)], (D) partially

saturated menaguinone-3(11-H,) [abbreviated as ME-3(11-H,)], and (E) fully s:.t;u'lted menagquinone-3(LILII-Hg) [abbreviated as ME-3(LILII-

He)l.

one or more saturated isoprene units are found in some
members of Gram-positive and Gram-negative bacteria, and
the systematic preparation and characterization of a few
selected truncated partially and fully saturated MK derivatives
are described in this manuscript.”” "7 In contrast to partial
saturation, the fully saturated MK-7(14H) has been observed
in archaea, which are single-celled microbes comprising part of
the human microbiota.'™'” It is thought that the full saturation
of the isoprenyl side chain ohserved in archaea makes the
cellular membrane more tolerant to extreme environments
(eg, high temperature, high salinity, and low/high pH)."
Thus, many MK homologues that contain various degrees of
saturation in their isoprenyl side chains have been isolated, but
there is a limited understanding of the function of partially
saturated derivatives."®** Menaquinone-9(IL-H,) [abbreviated
as MK-9(II-H,), Figure 1A|, which is saturated at the second
isoprene, has been observed in a number of bacteria including
Mycobacterium phlei and pathogenic Mycobacterium tuber-
culosis." ' %1722 The biological significance of the partial
saturation of MK-9 has remained unclear even 50 years after its
first description.”” Remarkably, the synthesis of MK-9(II-H,)
was recently shown to be essential for M. tuberculosis survival in
host macrophages (white blood cells of the immune system);
thus, MK—9FH—HA} represents a potential novel virulence factor
involved in tuberculosis (TB) disease progression.“

Part of our ongoing studies includes why partial saturation of
MK-9 increases the virulence of pathogens such as M.
tuberculosis.” Therefore, we need access to MK analogues
containing partially and fully saturated isoprenyl side chains.
However, in general, they are neither commercially available
nor sold as a pure geometric isomer as in the case of vitamin
K. The potential for the formation of cis and trans MK
isomers and the separation and characterization of these
geometric isomers are sometimes overlooked in the literature,
but it is critical for their applications in biological systems. The
use of cis/trans MK mixtures in biological systems would lead
to inaccurate biological activities. Recently, the separation and
nuclear magnetic resonance (NMR) analysis of cis/trans
mixtures of the dietary suppl L g 1e-7 (MK-7)
was reported, demonstrating the importance in understanding
the different chemical, biochemical, conformational, and
physical ‘proper&es exhibited between cis and trans MK
isomers.”** Truncated MK analogues (i.e, one to three
isoprene units) have the advantage of being less hydraphobic,
which can improve their biological activity compared to longer
isoprenyl MK analogues (e.g, MK-7 and MK-9) and can be
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prepared using a similar methodology described in this
manuscript and reports elsewhere.”%?”

In this manuscript, we have synthesized and characterized
four partially and fully saturated truncated isoprenyl MK
derivatives (Figure 1B—E) as well as separated and
characterized the geometric isomers formed in the reactions.
We have adopted the simple naming system where MK-2 with
a saturated double bond at the second isoprene unit is denoted
as menaquinone-2(11-H,) and abbreviated as MK-2(11-H,),
where II denotes the second isoprene unit and H, denotes the
saturation of one double bond (Figure 1B).*** This naming
system follows for higher degrees of saturation such as MK-
2(LI-H,), that is, saturated at isoprenes 1 and IT and MK-
3(LILLUI-H), that is, saturated at isoprenes I, I, and III
(Figure 1C,E). Although MK-2(11-H,) and menaquinone-3(11-
;) [abbreviated as MK-3(]I—]I})1 were known in literature
reports mostly in the 19508 ' and MK-2(I-H,) was
considered in a computational model study,™ there are no
madern syntheses reported, and these analogues have not been
extensively characterized nor have their geomelric isomers
been resolved and characterized in the literature. Evidence
supports the trans MK isomer as the only biologically active
isomer.”” Therefore, the separation and iselation of geometric
isomers of MK derivatives is critical when testing these
compounds in biological assays

The synthesis and charactesization of partially and fully
saturated isoprenyl MK analogues, such as the two novel fully
saturated MK derivatives described in this work, are important
for understanding their requirement in biological systems, as
little is known about their physical properties, reactivity, or 3D-
conformation within solution or cell membranes. Access to
these partially and fully saturated truncated MK analogues in
the pure geometric form is critical, considering the recent
discovery and timeli for understanding why partially
saturated MKs [eg, MK-9(IFIL), Figure I1A] may be 2
potential virulence factor against pathogenic M. tuberculosis,
when currently around one-third of the world's population is
infected with latent TB and over 1.3 million people worldwide
die annually from TB.*

B RESULTS AND DISCUSSION

In the following, we describe the synthesis and characterization
of two partially saturated MK analogues, MK-2(IT-H,) and
MK-3(11-H,), using modified ard adapted procedures. We also
describe the synthesis and characterization of two novel fully
saturated MK analogues, MK.2(LII-H,;) and MK-3(LILII-

DOk T0.1021/3¢50meqa SbU2620
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Scheme 1, Synthetic Scheme for the Coupling Reaction Using a MgF,-48 Catalyst To Obtain MK-2(II-H,) 3 from Menadiol 1
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Fi, 2. Comparison of the 1D 'H NMR (400 MHz) spectra for the mixture of cis/trans-MK-2(11-H,) and trans-MK-2(1l-H,) in CsDj at 25 “C.
(Ag Structure

of trans-ME-2(I1-H;) with the proton labeling scheme key, (B

) structure of cis-MK-2(II-H,), (C) 1D ‘H NMR spectrum of the cls/

trans mixture of MK-2(II-H,) in C;Dy and (D) 1D 'H NMR spectrum of {rans-ME-2(II-H;) in C.Ds.

H,), utilizing a key radical alkylation reaction. This is the first
report on a preparatory scale utilizing a primary alkyl radical
coupling reaction o access fully saturated MK derivalives,
although in situ analysis of menaquinone-1(H,) was reported
previously."” Importantly, a convenient analysis can be carried
out by rapid detection using benzene-d, as an NMR solvent for
the evaluation of cis and trans MK mixtures (peaks coalesce in
CDCI, disguising potential isomers formed). The cis/trans
isomers can then be readily separated using preparative thin-
layer chromatography (TLC) and analyzed.

Synthesis and Characterization of MK-2(ll-H;). The
partially saturated MK analogue, MK-2(II'H;) 3, was
synthesized in a single step using Friedel-Crafts coupling
between menadiol 1 and isophytol 2 (Scheme 1). The
precursor menadiol was synthesized, as previously described,
from menadione.**** The partly hydroxylated heterogeneous
Lewis—Bransted acid catalyst, MgF,-48, was synthesized as
previously described.” ™' 'We chose MgF,48 over other
catalysts because it was readily prepared Irom inexpensive
methanol and Mg” powder as well as from commonly available
48% aqueous hydrofluoric acid.** "' Furthermore, the partly
hydroxylated MgF, catalyst was recently used with a biphasic
n-heptane/polyene carbonate solvent system to synthesize
vitamin K, and K -chromanol."’ Therefore, we thought this
catalyst would be an excellent choice to synthesize the partially
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saturated MK-2(II-H,), which has the analogous (but
truncated) structure of vitamin K, [or MK-4(ILILIV-H,)].

The Friedel-Crafts alkylation of 1 and 2 (Scheme 1)
followed by in situ oxidation of dihydro-MK-2(11-H,) formed
the desired product 3 in an 11% yield. The low yield may be
attributed to the formation of the undesired C2 isomeric side
product (see Scheme 1), which was readily separated using
column chromatography. The inherent instability of menadiol,
which is prone to auto-oxidation even when purified
immediately before use may also contribute to the low yield.
MEK-2(1I-H,) 3 was obtained as a yellow/red oil. The reaction
was carried out in the dark, and the product was exposed
minimally to light as previons studies have shown that
interconversion to undesirable geometric isomers can oceur
through photo-oxidation if exposed to light.!%#4

We considered other possible catalysts to carry out the
transformation shown in Scheme 1. For instance, we also
explored a commercially available strong Bronsted acid catalyst
(Nafion perfluorinated powdered resin and Nafion perfluori-
nated ion-exchange resin in 10 wt % dispersion in water);
however, the yields were significantly lower with the increased
formation of the C2 prenylated isomeric side product (see
Scheme 1). Furthermore, we were concerned about the Nafion
catalyst (containing super acidic sites) dehydrating isophytol to

DOk T0.1021/3¢50meqa SbU2620
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Scheme 2. Synthetic Scheme for the Three-Step Synthesis To Obtain MK-2(LII-H,) 7°
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“The first step forms the mesylate from 4. The second step forms aliphatic iodide 5 via a 5,2 reaction. The final step couples menadione 6 and
aliphatic iodide § using a radical alkylation initiated by benzoyl peroxide.

Scheme 3. Synthetic Scheme for the Seven-Step Synthesis To Obtain MK-3(II-H,) 13 from f-Citronellol 87>
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form undesirable phytadienes,*” which presumably contribute
to it being a less desirable catalyst for this purpose.

An interesting feature of MKs is the possibility of geometric
isomer formation (Figure 2A,B). The biologically active trans
isomer of vitamin K, is the natural biological form of vitamin
K,.”” Evidence also demonstrates that biological MKs have an
all-trans configuration of the double bonds within the isoprenyl
side chain.”” The geometric isomers of vitamin K;, MK-7 and
MEK-9(TI-H,) (isolated from M. phlei, Figure 1A), have been
successfully separated; therefore, efforts to isolate the trans
isomer of MK-2(I[-H,) from its cis isomer byproduct (Figure
2B) were carried out.'®™*” MK2(II'H,) 3 was initially
isolated as a 2.7:1 mixture of trans/cis isomers (by NMR
integration of alkene peaks in benzene-d;) after column
chromatography. The trans isomer of MK-2(1I-H,) 3 can be
isolated using preparative TLC, similar to reports for vitamin
K, analogues’’ and MK analogues.'®

The successful separation of the trans isomer of 3 by
preparative TLC allowed for characterization of a single pure
geometric isomer of MK-2(TI-H,), Figure 2. The structural
assignment of trans-MK-2(II-H,) (Figure 2) was elucidated
using two-dimensional (2D) NMR. spectroscopic methods
['H-'H correlation spectroscopy (COSY) and 'H-1C
heteronuclear single quantum correlation (HSQC) spectros-
copy; see the Supporting Information for spectra, Figures S1—
$4.1 and $7-58.1]. Spectra obtained in benzene-d; (C.D,)
result in less overlap of the NMR signals for the cis/trans
isomer mixture (Figure 2C,D), compared to CDCl; where
some of the geometric isomer peaks overlap (e.g., cis/lrans
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alkene protons coalesce in CDCl,) and the formation of
isomers is not obvious, Therefore, the use of CiD; as a
diagnostic NMR solvent for the evaluation of cis/trans
mixtures for MK analogues was critical and is in line with a
recently reported NMR analysis of cis/trans isomer mixtures of
MK-7"* (see the Supporting Information for spectra in CDCly
versus CgDy, Figure $40).

Synthesis and Characterization of MK-2(LlI-H,). The
fully saturated isoprenyl MK analogue, MK-2(LII-H,) 7, was
synthesized in three steps from commercially available 3,7-
dimethyloctan-1-0l 4 (Scheme 2). The first step converted
aliphatic alcohol 4 to the mesylate, which was then subjected
to an Sy2 reaction using Nal to yield l-iodo-3,7-dimethy-
loctane § in 47% yield over two steps.* The alkyl iodide 5 was
then coupled to menadione 6 via radical alkylation using
benzoyl peroxide®” as a radical initiator to yield MK-2(L1I-FL,)
7 in 17% yield. The yield for the coupling reaction is close in
range with that reported in the literature for other coupling
reactions for the synthesis of MK ar]a]mguesh’s‘:l T#% The
unreacted alkyl iodide 5 can be r d during
chromatography. In an effart to ensure selectivity of
prenylation at C3 versus C2 (Scheme 2), the slow addition
of napthoquinone 6 during the reaction was carried out so that
the naphthoquinone stationary concentration in the reaction
mixture is low compared to the prenyl iodide concentration.”
MEK-2(L1I-H,) 7 was obtained as a yellow oil. This is the first
report of the synthesis and characterization of MK-2(LII-H,) 7
(see the Supporting Information for the 2D NMR spectra,
Figures 513-514.1), the fully saturated analogue of MK-2,

1.
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Figure 3. Comparison of the 1D 'H NMR (400 MHz) spectra for the mixture of cis/frans-MK-3(11-H,) and frans-MK-3(11-H,) in C,D, at 25 °C.
(A) Structure of trans- MK-3(11-H;) with the proton labeling scheme key, (B) structure of cis-ME-3(II-H,), (C) 1D 'H NMR spectrum of the cis/
trans mixture of MK-3(II-H,) in C,Dy, and (D) 1D ‘H NMR spectrum of trans-MK-3(II-H,) in C,D,. Overlapping cis/trans peaks have been left

unlabeled.

Synthesis and Characterization of MK-3(ll-H;). The
partially saturated isoprenyl MK analogue, MK-3(11-H,) 13,
was synthesized in seven steps from commercially available f-
citronellol 8 (Scheme 3) via a modified adaptation of a
combination of a reported synthesis of MK-4(I1-H,)*" and a
less recent 1965 synthesis of MK-3(I1-H,).”" First, the
hydroxyl group of f-citronellol 8 was converted into iodide 9
through methane sulfonate in 66% yield over two steps.”” The
introduction of a carbonyl group to produce citronellylacetone
10 was accomplished under basic conditions in 88% yield over
two steps.'® This was followed by a Homer—Wadsworth—
Emmons reaction to give methyl ester 11 in 62% yield.”
Reduction of 11 with the Vitride reagent produced 6,7-
dihydrofarnesol 12 in 83% yield***® Finally, MK-3(11-H,) 13
was obtained from the BF;-catalyzed coupling between the
partially saturated a]]ghc alcohol 12 and menadiol 1 (prepared
from menadione)”*™" in 12% yield."*** The low yield may be
attributed to the formation of the undesired C2 isomeric side
product (see Scheme 3), which was readily separated using
column chromatography. MK-3(II-H,) 13 was obtained as a
yellow oil.

Similar to MK-2(I1-H,) 3, MK-3(II-H,) 13 was initially
isolated as a 2.7:1 mixture (by NMR integration of alkene

eaks in CgDy) of trans/cis isomers. However, the trans isomer
fl"xgnre 3A) can be isolated from the cis isomer byproduct
(Figure 3B) using prepmtnre TLC, s:mllar to a report on cis/
trans vitamin K1 g MK can be very
sensitive; for example, during purification, we observed
degradation of £mns-MK—3{ll-H ,) (Figure 3A) within a
solution of dichloromethane (DCM) that was not stabilized
with amylene. This was evidenced by a decreased integration
value for the alkene proton at 5.19 ppm and the appearance of
two extra peaks at ~1.3 ppm and a peak at 1.12 ppm in C,D,.
Amylene is a radical scavenger, and it is likely that the alkene is

14893

333

undergoing a radical reaction with chloride radicals present in
the unstabilized DCM. Similar to MK-2(I1- H,) 3, the use of
benzene-d; as a diagnostic NMR solvent for the evaluation of
cis/trans mixtures of MK-3(ILIL,) 13 (Figure 3C,D) was
essential becanse the presence of the cis isomer was not well-
abserved in CDCI, (see the Supporting Information for spectra
in CDCI, vs benzene-d,, Figure §40).

The structural assignment of frans-MK-3(11-H,) (1-1§um 3)
was elucidated using 2D NMR spectroscopic methods ['TI—'IT
COSY, 'H-"C HSQC, and 'H—~"H rotating frame O\m:hauser
effect spectroscopy (ROLSY); see the Supporting Information
for spectra, Figures $23—526.1 and §29—831]. The assignment
of the alkene proton Hy at .13 ppm was determined by the
following: the observation of a cross peak in the COSY
spectrum at 5.13 and 1.73 ppm (assignment I1,, Figure 3), the
observation of a cross peak at 513 and 1.94 ppm (assignment
H,, Figure 3), and the lack of an observed cross peak at 5.19
and 1.73 ppm (H,,). The assipnment of alkene proton H, at
5.19 ppm was determined by thz observation of a cross peak al
5.19 and 1.67 ppm and the lack of a cross peak at 5.19 and 1.73
ppm (IL,). 'H—'H 2D ROESY NMR spectroscopy (see the
Supporting Information) also supported the alkene assignment
by the observation of a ROE cross peak at 5.19 and 1.67 ppm
(H,~H, interaction) and the lack of a ROE cross peak at 5.19
ppm and L.56 ppm. The assignment of the terminal methyl
groups, H, and H,, was also determined by "H—'H 2D ROESY
NMR spectrascopy. It is anticpated that a ROE cross peak
would be observed between the alkene proton H, and the
methyl group, that is, cis to K, because of the close spatial
proximity, and a ROE cross peak is observed, as expected, at
5.19 and 1.67 ppm (H,—H, interaction) (see the Supporting
Information). Although H, and H; are within the spatial limits
of an expected ROE cross peak observation, an ROE cross
peak is not observed at 5.19 ppm and 1.56 ppm. This supports
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Scheme 4, Synthetic Scheme for the Four-Step Synthesis To Obtain MK-3(LILIII-H,) 17¢
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“The first step is a transfer hydrogenation to produce the fully saturated alcohol 15 from farnesol 14, The second step forms the mesylate from 15.
The third step forms aliphatic indide 16 via a 8,2 reaction. The final step couples menadione 6 and aliphatic indide 16 using a radical alkylation

initiated by benzoyl peroxide.

the structural assignment of H, as trans to the alkene proton
H,, as H, is further away, spalially, from H; compared to H,.
Synthesis and Characterization of MK-3(LIIIlI-Hg).
The fully saturated isoprenyl MK analogue, MK-3(LILIIL-II,)
17, was synthesized in four steps (Scheme 4) from the
commercially available allylic alcohol, farnesol 14. The first
step was the Pd- catalyzed transfer hydrogenation of farnesol to
yield the fully saturated alcohol 15 in 88% yield."” Subsequent
mesylation of the alcohol of product 15 followed by
substitution with Nal gave aliphatic iodide 16 in 47% yield
over two steps.”™** The final step was the radical coupling of
menadione 6 and aliphatic iodide 16 using benzoyl peroxide®”
as the radical initiator to yield the desired final product, MK-
3(LOIO-H,) 17, in 15% yield. This yield is similar to that
attained for the coupling reaction to obtain MEK-2(L1I-H,) 7.
The unreacted aliphatic iodide 16 can be recovered during
purification. Similar to MK-2(LII-IL,) 7, in an attempt to
ensure good selectivity of prenylation (C3 over C2, Scheme 4),
slow addition of napthoquinone 6 to the prenyl iodide solution
during the course of the reaction was carried out.”” Similar to
the synthesis of MK-2(LII-H,) 7 above, this is the second
report of this type of primary alkyl radical coupling reaction to
access MK and the first report on a preparatory scale. MK-
3(LILILI-H,) 17 was obtained as a yellow oil. This is the first
report for the synthesis and characterization of MK-3(LILIII-
Hy) 17 (see the Supporting Information for 2D NMR spectra,
Figures §38-539.1), the fully saturated analogue of MK-3.

H CONCLUSIONS

The results of these studies will allow for the synthesis of
various MK analogues and give access Lo previously unexplored
compounds with unknown biological activity. In summary, this
manuscript described the synthesis and characterization of four
truncated partially and fully saturated isoprenyl MK analogues
as well as separated and characterized the geometric isomers
formed in the reactions. The partially saturated MK-2(II-H,)
was successfully synthesized in a single step from menadiol and
isophytol, and the trans isomer was separated from the cis
isomer byproduct by preparative TLC, followed by character-
ization. The novel fully saturated MK-2(LII-H,) was
successfully synthesized in three steps from 3,7-dimethyloc-
tan-1-ol. The partially saturated MK-3(I1-H;) was successfully
synthesized in seven steps from f-citronellol, and the trans
isomer was readily separated from the cis isomer byproduct by
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preparative TLC, followed by characterization. Finally, the
novel fully saturated ME-3(LILII-H;) was successfully
synthesized in four steps from farnesol. The use of benzene-
d, as a diagnostic NMR solvent for the rapid evaluation of cis/
trans mixtures for MK/vitamin K analognes was essential as
cis/trans peaks often coalesce in chloroform.d.

The separation and characterization of an MK analogue’s
trans isomer is essential for use of these compounds in
biological systems or for understanding biological systems that
use MK because evidence shows that the cis isomer is not
biologically active. The partially and fully saturated MK
analogues synthesized in this manuscript are substrate
analogues for enzymes involved in MK/vitamin K metabolism
and are essential for understanding the structure—activity
relationships of these biological systems.'” They are also
critical for understanding the function, reaclivity, and
conformation of partially saturited MK analogues as little is
currently known. These MK anclogues are also of interest from
a therapeutic and medicinal standpoint. For instance, MK-4
(vitamin K,) was recently skown to be a potential new
therapeutic strategy to treat rheumatoid arthritis; it is a
proposed drug for the effective treatment of osteoporosis and
has anticancer properties. Nevertheless, the synthesis of
partially saturated MK analog ins a challenge as
there is currently not a suitable catalyst to selectively saturate
an individual isoprene unit on an MK analogue while leaving
the other double bonds unaffected. Impartantly, the synthesis
and characterization of these partially and fully saturated MK
substrate analogues is essential for understanding why they are
necessary for various organisms to survive, and most
importantly, understanding the reason MK-9(IL-H,) (ie,
saturated at the second isoprene unit) is a potential virulence
factor for pathogenic M. tuberculosis, which is responsible far
the deaths of ~1.3 million people annually.

I

B EXPERIMENTAL SECTICN

General Information. Menadiol 1 was synthesized as
previously described”®® from menadione, and the MgF%-'ivS
sol—gel catalyst was synthesized, as previously described.™ '
For clarity, any mention of MK-2(II-H,) or MK-3(TI-H,) is
assumed to be the cis/trans mixture, whereas the trans isomer
is specifically written as trans- MK-2(II-H,) or trans ME-3(I1
H,). We used the standard abbreviations adopted by the
American Chemical Society, for example, ethyl acetate
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(EtOAc), methanol (MeOl), distilled-deionized water (DDI-
H,0), chloroform-d (CDCl,), benzene-d; (C;Dg), equivalent
(equiv), room temperature (r.t.), R; (retention factor), high-
resolution mass spectrometry (HRMS), calculated (caled),
megahertz (MHz), Hz (hertz), and so forth. Sce the
Supporting Information for general methods and information,
materials, and one-dimensional (1D) and 2D NMR spectra of
synthesized compounds.

NMR Spectroscopic Studies. The synthesized com-
pounds were dried under vacuum for ~2—4 days (~130—
200 mTorr), unless otherwise noted, lo ensure as much
residual solvent from purification was removed as possible.
Samples for NMR studies were prepared immediately prior to
running the samples using deuterated solvents sealed under an
inert atmosphere in glass ampules. The NMR sample solutions
were placed under an argon atmosphere immediately and
capped, and then the spectra were acquired, unless otherwise
noted. NMR samples of MKs were protected from light by
wrapping the ples in an alumi foil while not in the
NMR instrument hecause of potential degradation. 'H and **C
spectra were recorded using a Varian model MR400 or a
Bruker model AVANCE Neo400 spectrometer equipped with
a BBFO smarl probe and an automated tuning module
operating at 400 or 101 MIlz, respectively. Chemical shift
values () are reported in ppm and referenced against the
internal solvent peaks in '"H NMR (CDCl,, § at 7.26 ppm;
benzened,, & at 7.16 ppm) and in “C NMR (CDCl, 4 at
77.16 ppm; benzene-dy, & at 128.06 ppm). All NMR spectra
were recorded at either 25 or 26 °C. NMR spectra were
processed using MestReNova version 10.0.1. or 12.0.2. See the
Supporting Information for 1D & 2D NMR spectra and NMR
experimental details.

Mass Spectrometry and Elemental Analysis. HRMS
experiments were conducted either on an Agilent 6224 TOF
LC/MS [O-time-of-flight (TOF)] interfaced with the Direct
Analysis in Real Time (DART) source (lonSense DART-100)
or on a Bruker MaXis TOF MS (Q-TOF) interfaced with the
DART source (IonSense DART-SVP). A standard of Jeffamine
was used as an internal standard calibration for HRMS DART
experiments carried out in the positive mode. Combustion
elemental analysis was carried out by ALS Environmental
located in Tucson, AZ.

Preparation of MK-2(Il-H,) (3). Compound 3 was
accessed from 1 and 2.

Preparation of 2-(3,7-Dimethyloct-2-en-1-yl)-3-methyl-
naphthalene-1,4-dione MK-2(lI-H;) (3). To a dry 150 mL
round-bottom thick-walled pressure flask was added a dry stir
bar, dry heptane (21 mL), and polyene carbonate (21 mL).
The solution was bubbled with argon for several min. Then,
menadiol 1 (1.22 g 7.00 mmol) was added and stirred until
dissolution occurred under argon bubbling. Then, isophytol 2
(109 g 7.00 mmol) was added, followed by MgF,-48 (350
mg). The biphasic reaction mixture was bubbled with argon for
~1 min and then sealed tightly with a Teflon screw cap. The
sealed reaction mixture was covered in an aluminum foil to
minimize light exposure and was stirred for 5 h at 100 °C
under an argon atmosphere. The yellow biphasic suspension
was then cooled to an ambient temperature. The 'H NMR
spectrum of the crude product confirmed product formation
by the presence of a doublet at 3.37 ppm (CDCL). The layers
were separated, and the polyene carbonate layer (hottom
layer) was extracted with n-pentane (3 X 100 mL). The
combined yellow organic extracts were washed with DDI H,O

(100 mL), washed with sat. NalICO; (100 mL), washed with
brine (100 mL), dried over anhydrous Na,SO,, and
concentrated under reduced pressure at an ambient temper-
ature. The crude oil was dried overnight under reduced
pressure to yield 1.31 g of crude red oil. The crude red oil was
purified by flash column chromatography (300 mL of 230-
400 mesh SiO,, 20:1 n-pentane/EtOAc, 40 mm column) to
yield 0.235 g (0.757 mmol, 10.8% yield) as a yellow/red oil
after drying under vacuum (200 mTorr). The C2 isomeric side
product was readily separated by flash column chromatography
eluting after the C3 desired product. The product was obtained
as a mixture of trans/cis isomers (rativ of trans/cis = 2.7:1 by
NMR integration of alkene peaks), as has similarly been
reported for vitamin K, analogues® and varions MK
analogues.”” 'H NMR (400 MHz, C/D;): § 8.00-806 (m,
2H), 7.0-7.06 (m, 2H), 5.12 (t, ] = 7.0 Hz, 1H, trans isomer),
5.06 (t, ] = 7.0 Hz, 1H, cis isomer), 3.28 (d, J = 7.7 Hz, 2H, cis
isomer), 3.26 (d,] = 7.1 Hz, 2H, trans isomer), 2.19 (t, J= 7.8
Hz, 2H, cis isomer), 1.98 (s, 3H), 1.92 (t, J = 7.5 Hz, 2H, trans
isomer), 1.72 (s, 3H, trans isomer), 1.63 (s, 3H, cis isomer),
1.50-1.58 (m, 1H, dis isomer),1.40—1.49 (m, 1H, trans
isomer), 1.40-148 (m, 2H, cis isomer), 1.31-1.39 (m, 2H,
trans isomer), 1.21-1.27 (g, 2H, cis isomer), 1.06—1.11 (g,
2H, trans isomer), 0.93 (d, J = 6.6 Iz, 611, cis isomer), 0.83 (d,
] = 6.6 Hz, 6H, trans isomer). “C NMR (101 MIIz, C;D,): &
184.99, 184.97, 184.24, 184.16, 145.97, 145.95, 14321, 143.18,
137.93, 137.62, 133.09, 133.06, 132.68, 132.66, 12631, 126.22,
120.31, 119.82, 40.36, 39.34, 38.95, 32.56, 28.35, 28.20, 26.25,
26.15, 26.08, 25.98, 23.54, 22.87, 22.81, 16.32, 12.62, 12.58.
HRMS (DART, Q-TOE): caled for Cs,H,,0, [(M + I1)'],
311.2006; found, 311.2018.

A sample for analytical characterization of trans-MK-2(11-
H,) was purified by normal phase preparative TLC (see
experimental below) on silica gel using (30:1) n-pentane/
EtOAc as the eluting solvent; R; cis: 0.37, R; trans: 0.32; ratio
of trans/cis before separation was 2.7:1 (the ratio was
measured from the NMR integration of alkene peaks).
Although we isolated the pure trans isomer, the cis isomer
coeluted with the trans isomer, and efforts to obtain a sample
of the pure cis isomer were not successful. The cis and the
trans isomers have different MMR spectra in C/Dy for the
protons and carbons within the isoprenyl side chain. Data for
trans-ME-2(I1-H,): ‘I NMR (400 MHz, CD;): & 8.00—8.07
(m, 2H), 7.00-7.05 (m, 2H), 5.12 (t, ] = 7.0 Hz, 1H), 3.26 (d,
J=7.0 Hz, 2H), 1.98 (5, 3H), 192 (1, ] = 7.5 Hz, 2H), 1.72 (5,
3H), 1.40—1.49 (m, 1H), 1.31-1.39 (m, 2H), 1.06-1.11 (g,
2H), 0.83 (d, J = 6.6 Hz, 6H). "C NMR (101 Mllz, C,D,): &
184.98, 184.24, 145.97, 143.21, 137.62, 133.09, 133.05, 132.69,
132.66, 126.31, 12622, 119.82, 40.36, 38.95, 2820, 26.25,
26.08, 22.81, 16.32, 12.58. HRMS (DART, Q.TOF): calcd for
C;H;,0; [(M + H)"], 311.2006; found, 311.1991. NMR data
for the cis isomer (obtained from spectra with both cis and
trans isomers present): ‘II NMR (400 MIIz, C,D,): & 8.00—
8.06 (m, 2H), 7.00-7.06 (m, 2H), 5.06 (t, ] = 7.0 Hz, 1H),
3.28 (d, J = 7.7 He, 2H), 2.19 (1, ] = 7.8 Hz, 2H), 1.98 (5, 3H),
1.63 (s, 3H), 1.50-1.58 (m, 1H), 1.40—1.48 (m, 2H), 1.21—
1.27 (g, 2H), 0.93 (d, ] = 6.6 Hz, 6H).

A sample for analytical characterization of frans-MK-2(1I-
I,) was prepared by using normal phase preparative TLC.
First, 8.0 mg of cis/trans-MK-2(I1-H,) (dissolved in a minimal
amount of DCM) was loaded onto a preparative TLC plate via
a capillary tube and then eluted once using 30:1 n-pentane/
EtOAc and an elution time of 45 min. The TLC plate was
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briefly air-dried and then eluted a second time under the same
conditions. The yellow band was illuminated under ultraviolet
light, and while illuminated, the band was divided into a top
two-third and a bottom one-third. The bottom one-third was
carefully removed with a razor blade, extracted with DCM,
filtered through a disposable Pasteur pipette filled with glass
wool (prerinsed with DCM), concentrated under reduced
pressure at an ambient temperature, and dried for 4 days at
reduced pressure (200 mTorr) to provide 2.5 mg of trans-MK-
2(11-H,) as a yellow oil (31.3% recovery).

Preparation of MK-2(LIl-H,) (7). Compound 7 was
accessed through compound § from commercially available
compound 4.

I-loda-3,7-dimethyloctane (5). To a dry 250 mI round-
bottom Schlenk flask was added a dry stir bar, 3,7-dimethyl-1-
octanol 4 (8.61 g, 54.4 mmot), and dry DCM (100 mL), which
was then purged/evacuated with argon repeatedly. The
solution was cooled to 0 °C in an ice—H,O bath. Then,
methanesulfonyl chloride (2.16 mL, 320 g 27.9 mmol, 12
equiv) was added under an argon atmosphere followed by
dropwise addition of dry triethylamine (11.39 mL, 826 g, 81.6
mmol, L.5 equiv) over 5 min at 0 °C, The resulting solution
was stirred at an ambient temperature for 1.5 h under argon.
The reaction was quenched with sat. NaHCO, (100 mL), and
then the phases were separated. The aqueous layer was
extracted with diethyl ether (3 x 100 mL). The combined
organic extracts were washed with sat. NaHCO; (100 mL),
washed with brine (100 mL), dried over anhydrous Na,SO,,
and then concentrated under reduced pressure at an ambient
temperature (residual triethylamine can be removed by
vacuum pumping for ~1 h) to yield 9.65 g of crude yellow
oil. The crude mesylate was dissolved in dry and degassed
acetone (100 mL, dried over anhydrous K,CO, immediately
prior for ~10 min) in a dry 250 mL round-bottom Schlenk
flask. Then, Nal (16.50 g, 110.0 mmol, 2.0 equiv) was added,
and the solution was refluxed for 2 h under argon. The white
reaction mixture was diluted with ice=DDI1 H,0 (100 mL)
and diethyl ether (100 mL), and then the phases were
separated. The aqueons layer was extracted with diethyl ether
(3 X 100 mL). The combined organic extracts were washed
with sat. NaHCO, (100 mL), washed with brine (100 mL}),
dried over anhydrous Na,S0,, and then concentrated under
reduced p at an ambi perature to yield 9.83 g of
crude clear and yellow oil. The erude product was purified by
flash column chromatography (800 mL of 230—400 mesh
8i0,, 10:1 n-pentane/EtOAc, 70 mm column) to yield 6.91 g
(25.8 mmol, 47.4% yield) as a clear and colorless oil after
drying under vacuum (150 mTorr). 'H NMR (400 MHz,
CDCL,): § 3.14—3.28 (m, 211), 1.83—1.92 (m, 111), 1.60—1.69
(m, 1H), 1.48—1.58 (m, 2H), 1.21-135 (m, 3H), 1.06-1.21
(m, 3H), 0.87 (d, ] = 6.6 Hz, 9H). '*C NMR (101 MHz,
CDCL): 6 41.13, 39.33, 34.04, 28.10, 24.68, 22.85, 22.75,
18.89, 5.58. Anal. Caled for C,oH,,I: C, 44.79; I1, 7.89, Found:
C, 44.81; H, 7.72.

2-(3,7-Dimethyloctyl)-3-methylnaphthalene-1,4-dione
MK-2(LI-H,) (7). To a dry 100 mL round-bottom Schlenk flask
was added a dry stir bar and dry and degassed benzene (30
mL) followed by l-iodo-3,7-dimethyloctane 5 (2,68 g 10.0
mmol, 1 equiv). To a dry 20 mL vial was added dry and
degassed benzene (15 mL) followed by menadione 6 (1.72 g,
10.0 mmol) and benzoyl peroxide (2.42 g, 10.0 mmol, 1 equiv)
and then sonicated until dissolution occurred under argon. The
naphthoguinone—benzoyl peroxide solution was added drop-
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wise for over 2 h 15 min to the refluxing prenyl iodide solution,
which was under an argon atmosphere during the reaction.
After the addition was complete, the solution was refluxed for
an additional 1 h. The solution was diluted with sat. NaHCO,
(100 mL) and diethyl ether (100 mL), and then the phases
were separated. The agueous layer was extracted with diethyl
ether (3 X 100 mL). The combined organic extracts were
washed with sat. NaHCO, (100 mL), washed with brine (100
mL), dried over anhydrous Na,50,, and then concentrated
under reduced pressure al an ambient temperature to yield a
crude yellow powder. The crude powder was purified by flash
column chromatography (10:1.5 n-pentane/EtOAc) to yield
0.539 g (1.73 mmal, 17.3% yield) after drying under vacuum
(150 mTorr) as a yellow oil. 'H NMR (400 MHz, CDCL,): 8
8.05—8.09 (m, 2H), 7.66-7.70 (m, 2H), 2.85—2.68 (m, 2H),
2.18 (5, 3H), 1.12-1.58 (m, 10H), 0.98 (d, ] = 6.6 Hz, 3H),
0.87 (d, ] = 6.6 Hz, 6H). ’C NMR (101 MHz, CDCL): §
185.51, 184.81, 148.13, 143.02, 133.44, 133.40, 13240, 132.34,
12638, 126,32, 39.45, 37.08, 3590, 33.58, 28.11. HRMS
(DART, O-TOF): caled for C,;11,40; [(M + 11)*], 313.2162;
found, 313.2158.

Preparation of MK-3(ll-H,) (13). Compound 13 was
accessed through compounds 9, 10, 11, and 12 starting from
commercially available compound 8.

8-lodo-2,6-dimethyloct-2-ene (9). To a dry 500 mL round-
bottom Schlenk flask was added a dry stir bar, (+)f-citronellol
8 (17.00 g 108.8 mmol), dry DCM (200 mL), and dry
trimethylamine (22.8 mL, 16.52 g 1632 mmol, 1.5 equiv),
which was then purged/evacuated with argon repeatedly.
Then, methanesulfonyl chloride (104 mL, 1533 g 1338
mmol, 1.23 equiv) was added dropwise for over 5 min at 0 °C
under argon. The resulting solution was stirred at an ambient
temperature for 1.5 h under argon. The reaction was quenched
with sat. NaHCO; (200 mL), and then the phases were
separated. The agueous layer was extracted with diethyl ether
(3 > 100 mL). The combined organic extracts were washed
with sat. NaHCO, (100 mL), washed with brine (100 mL),
dried over anhydrous Na,80,, and concentrated under
reduced pressure at an ambient temperature (residual
triethylamine can be removed by vacuum pumping for ~1
h) to yield a crude orange oil The crude mesylate was
dissolved in dry acetone (200 mL) in a dry 500 mI round-
bottom Schlenk flask. Then, Nal (33.00 g, 220.2 mmol, 2.02
equiv) was added, and the solution was refluxed for 3 h under
argon. The resulting white reaction mixture was diluted with
ice—DDI H,0 (200 mL) and diethyl ether (100 mL), and then
the phases were separated. The aqueous layer was extracted
with diethyl ether (3 X 100 mL). The combined organic
extracts were washed with sat. NaHCO; (100 mL), washed
with brine (100 mL), dried over anhydrous N2,50,, and then
concentrated under reduced pressure at an ambient temper-
ature to yield 22.56 g of crude yellow oil The crude yellow oil
was purified by flash column chromatography (800 mlL of
230-400 mesh Si0),, 10:1 n-pentane/EtQAc, 70 mm column)
to yield 19.10 g (71.8 mma, 66.0% yield) after vacuum
pumping (150 mTorr) overnight as a clear and colorless oil
'H NMR (400 MHz, CDCL): & 5.09 (t, J = 7.0 Hz, 1H),
3.13-3.28 (m, 2H), 1.92—-2.02 (m, 2H), 1.84—1.92 (m, 1H),
1.69 (s, 3H), 1.62—1.67 (m, 1H), 1.61 (s, 3H), 1.51—1.59 (m,
1H), 1.29-1.39 (m, 1H), 1.13-1.22 (m, 1H), 0.89 (d, ] = 6.6
Hz, 3H). "*C NMR (101 MHz, CDCL,): & 131.63, 124.60,
41.06, 36.47, 33.73, 25.87, 2547, 18.81, 17.84, 532. HRMS
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(DART, Q-TOF): caled for CyolL, I [(M + I)'), 267.0604;
found: 267.0613.

6,10-Dimethylundec-9-en-2-one (10). To a dry 250 mL
round-bottom Schlenk flask was added a dry stir bar and dry
terl-butanol (60 mL, dried over activated 3 A molecular sieves
10 g sieves/100 mL solvent) followed by t-BuOK (4.92 g, 40.3
mmeol, 1.2 eqniv). and the solution was refluxed for 30 min
under argon to dissolve +-BuOK and then cooled to 60 °C.
Then, ethyl acetoacetate (4.81 g, 36.9 mmol, 1.1 equiv) was
added dropwise, and the reaction mixture was stirred for 30
min at 60 °C under argon. Then, 8-iodo-2,6-dimethyloct-2-ene
9 (8.94 g, 33.6 mmol) was added dropwise. The reaction
mixture was refluxed for 25 h under The reaction
mixture was then vacuum-filtered and washed with diethyl
ether (50 mL). The filtrate solvent was removed under
reduced pressure at an ambient temperature. To the crude
residue was added 2 N KOH (128 mL), and the reaction
mixture was stirred for 3 h at 80 °C under argon, The reaction
mixture was cooled to ambient temperature, and then the
alkaline solution was acidified with acetic acid (20 mL). The
acidified solution was extracted with diethyl ether (3 X 100
mL). The combined organic extracts were washed with sat.
NaHCO, (100 mL), washed with brine (100 mL), dried over
anhydrous Na,SO,, and then concentrated under reduced
pressure at an ambient temperature to yield 6.37 g of crude
clear and colorless oil. The crude oil was purified by vacuum
distillation (bp: 108—111 *C/4 mmHg)™* to yield 5.82 g (29.6
mmol, 88.1% yield) as a clear and colorless oil after drying
under vacuum (150 mTorr). "H NMR (400 MHz, CDCL,): &
5.09 (t,J = 7.2 Hz, 1H), 2.40 (t, ] = 7.5 Hz, 211), 2.13 (s, 3H),
1.87-2.03 (m, 2H), 1.68 (s, 3H), 1.60 (s, 3H), 1.49—-1.63 (m,
2H), 1.34—1.43 (m, 1H), 1.23—1.34 (m, 2H), 1.05—1.17 (m,
2H), 0.87 (d, ] = 6.5 Hz, 3H). '*C NMR (101 MHz, CDCL,):
§ 209.43, 131.26, 125.00, 44.26, 37.09, 36.58, 32.42, 30.01,
25.87, 25.66, 21.54, 19.58, 17.79. HRMS (DART, O-TOF):
caled for C;,H,.0 [(M + H)"], 197.1905; found, 197.1894.

Methyl 3,7.11-Trimethyldodeca-2,10-dienoate (11). To a
50 mL dry round-bottom Schlenk flask that was purged/
evacuated with argon was added NaOMe (4.87 g, 90.2 mmol,
1.36 equiv to triethyl phosphonoacetate) followed by MeOH
(1251 g), and this solution was stirred for 5 min under argon.
To this solution was added triethyl phosphonoacetate (14.86 g,
66.3 mmol, 1.54 equiv) dropwise and allowed to stir at an
ambient temperature for 30 min under argon. To a dry 250 mlL.
round-bottom Schlenk flask was added dry pentane (80 mlL,
dried by passing through an activated neutral alumina column
under argon immediately prior) followed by 6,10-dimethy-
lundec-9-en-2-one 10 (8.45 g 43.0 mmol). Then, the
phosphonium ylide solution was added dropwise over 10
min under argon. The reaction mixture was stirred for 4 h at an
ambient temperature under argon. Then, DDI H,0 (100 mL)
was added to terminate the reaction. The reaction mixture was
extracted with pentane (3 % 100 mL). The combined organic
extracts were washed with sat. NaHCO, (100 mL), washed
with DDI H;0 (100 mL), washed with brine (100 mL), dried
over anhydrous Na,80,, and then concentrated under reduced
pressure at an ambient temperature to yield 9.60 g of crude oil
after vacuum pumping overnight. The crude oil was purified by
flash column chromatography (95:5 n-pentane/EtOAc) to
yield 6.71 g (26.6 mmol, 61.9% yield) as a clear and colorless
oil after drying under vacuum (150 mTorr). 'H NMR (400
MHz, CDCL): & 5.66 (s, 1H), 5.09 (t, ] = 7.1 Hz, 1H), 3.68 (5,
3H), 2.15 (s, 3H), 2.11 (t, J = 7.6 Hz, 2H), 1.90-2.00 (m,
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211), 1.68 (s, 3H), 1.60 (s, 3H), 1.37—1.57 (m, 3H), 1.24—
1.33 (m, 2H), 1.08—1.17 (m, 211), 0.87 (d, ] = 6.6 [Tz, 3H).
“C NMR (101 MIz, CDCL): 8 167.44, 160.87, 131.27,
125.01, 115.16, 50.91, 41.37, 37.14, 36.57, 32.38, 25.87, 25.68,
24.97, 19.64, 18.88, 17.78. HRMS (DART, O-TOF): caled for
C1sHuNO [(M + NH,)"|, 242.2478; found, 242.2484.
3,7,11-Trimethyldodeca-2,10-dien-1-o0f (12). To a dry 250
mL round-bottom Schlenk flask was added a dry stir bar, dry
pentane (85 mlL, dried over an activated alumina column
under argon immediately prior), and methyl 3,7,11-trimethyl-
dodeca-2,10-dienoate 11 (831 g, 329 mmol). The flask was
purged/evacuated with argon repeatedly. Then, Vitride reagent
(Red-Al sodium bis(2-methoxyethoxy)aluminum hydride
solution, 32.1 mL of >60 wt % solution in toluene, 98.7
mmol, 3.0 equiv) was added dropwise via a dry glass syringe.
The reaction mixture turned milky white upon addition of the
Vitride reagent. The reaction mixture was stirred for 1.75 h at
an ambient temperature under argon and was completed by
TLC analysis (10:1 n-p JELOAC, stain with KMnQ, to
visualize) and by I NMR analysis. A Fieser method quench
was used as follows."® The reaction solution was coeled to —78
°C (dry ice/acetone), and then DDI H,O (20 mL) was slowly
added (dropwise) under argon purge to quench the reaction.
The reaction solution was removed from the —78 “C (dry ice/
acetone) bath, and then 15% ag NaOH (20 mL) was added
slowly followed by DDI H,0 (60 mL) and n-pentane (100
mL). The solution was stirred at an ambient temperature for
30 min. The solution was filtered through a pad of Celite and
washed with n-pentane (200 mL), and then the phases were
separated. The aqueous layer was extracted with n-pentane (3
% 100 mL). The combined organic extracts were washed with
sat. NaHCO, (100 mL), washed with DDI H,0 (100 mL),
washed with brine (100 mL), dried aver anhydrons Na,SO,,
and then concentrated under reduced pressure at an ambient
temperature, The crude oil was vacuum-pumped over night to
yield 6.34 g as a crude opaque colorless oil. The crude oil was
purified via flash column chromatography (1000 mL of 230
400 mesh $i0;, 5:1 n-pentane/EtOAc, 70 mm column) to
yield 6.09 g (27.2 mmol, 82.7% yield) as an opaque colorless
ail after drying under vacuum (150 mTorr). 'H NMR (400
MHz, CDCI,): & 5.41 (t, ] = 7.5 Hz, 1H), 5.10 (t, / = 7.1 Ha,
1H), 4.15 (d, J = 7.0 Hz, 2H), 190—2.07 (m, 411), 1.73 (s, 311,
cis isomer*), 1.68 (s, 3H), 1.67 (s, 311, trans isomer*), 1.60 (s,
3H), 1.33-1.47 (m, 3H), 123132 (m, 2H), 1.06-1.17 (m,
2H), 0.87 (d, ] = 6.6 Hz, 3H). "C NMR (101 MHz, CDCI,):
4 14040, 131.18, 125.14, 123.28, 59.58, 40.01, 37.23, 36.74,
32.47, 25.87, 25.70, 25.25, 19.73, 17.78, 16.33. HIRMS (DART,
Q-TOF): caled for C;H,NO [(M + NIL)"], 242.2478;
found, 242.2473. *Determined from the 'H-C 2D HSQC
and '"H-'H 2D COSY NMR spectra (data not shown).
2-Methyl-3-(3,7,11-trimethyldodeca-2,10-dien-1-yl)-
naphthalene-1,4-dione MK-3(1-H,) (13). To a 100 mL round-
bottom Schlenk flask was added a stir bar, EtOAc (16 mL),
and 1,4 dioxane (16 mL), and then the flask was purged/
evacuated with argon repeatedly. Then, menadiol 1 (2.50 g
11.5 mmol, 4:1 menadiol/menzdione by NMR integration in
CDCl;; menadiol is unstable in CDCI,) and 3,7,11-
trimethyldodeca-2,10-dien-1-ol 12 (2.81 g 12.5 mmol, 1.09
equiv) were added followed by dropwise addition of distilled
BF, etherate (0.8 mL, fresh bottle) under argon. The reaction
mixture refluxed at 70 °C for 3 h under argon. The reaction
mixture turned dark orange and was quenched with ice—DDI
H,0 (100 mL) and then extracted with diethyl ether (3 % 100

DOk T0.1021/3¢50meqa SbU2620
ACS Omega 2018, 3, 1486914501



ACS Omega

mL). The combined yellow organic extracts were washed with
sat. NaHCO, (100 mL), washed with DDI H,0 (100 mL),
washed with brine (100 mlL), dried with anhydrons Na,S0Q,,
and then concentrated under reduced pressure at an ambient
temperature to yield 5.06 g of the crude red solid. The crude
solid was purified by flash column chromatography (1000 mL
of 230—400 mesh §i0,, 20:1 n-pentane/EtOAc) to yield 1.28
g (yield at this stage = 29.4%, 3.38 mmol) as a red oil, but
further purification was needed as evidenced by 'H NMR
analysis. The C2 isomeric side product was readily separated
by flash column chromatography eluting after the C3 desired
product. The red oil was subjected to a second column
chromatography purification using the same conditions as the
first purification, and then the material was dried under
reduced pressure (150 mTorr) overnight to yield 0.501 g (1.32
mmol, 11.5% yield) as a yellow oil. Similar to vitamin K;
a.mlclguzs,'” various MK analngnzs)‘? and MK-2(11-H,) 3, the
product was obtained as a mixture of trans/cis isomers (ratio
of trans/cis = 2.7:1 by NMR integration of alkene peaks). 'H
NMR (400 MHz, C,D,): & 8.00—8.07 (m, 2H), 7.01-7.06 (m,
2H), 527 (t, ] = 7.1 Hz, 1H, dis isomer), 5.19 (t, ] = 7.1 Hz,
1H, trans isomer), 5.13 (t, ] = 7.0 Hz, 1H, trans isomer), 5.07
(t, ] = 7.0 Hz, 1H, cis isomer), 329 (d, J = 7.2 Hz, 2H, cis
isomer), 3.26 (d, ] = 7.1 Hz, 21, trans isomer), 2.21 (t, ] = 7.5
Hz, 2H, cis isomer), 1.98 (s, 3H), 1.94 (t, ] = 7.5 Hz, 2H, trans
isomer), 1.73 (s, 3H, trans isomer), 1.71 (s, 3H, cis isomer),
1.67 (s, 3H, trans isomer), 1.64 (s, 3H, cis isomer), 161 (s,
3H, cis isomer), 1.56 (s, 3H, trans isomer), 1.01-1.51 (m,
9H), 0.95 (d, J = 6.6 Hz, 3H, cis isomer), 0,86 (d, J = 6.5 Hz,
3H, trans isomer). “C NMR (101 MHz, C,D,): 8 184.99,
184.96, 184.23, 184.15, 145.96, 143.20, 143.18, 137.93, 137.59,
133.08, 133.05, 132.68, 132.66, 130.97, 130.89, 126.31, 126.22,
125.58, 125.51, 120.32, 119.87, 40.40, 37.60, 37.58, 37.39,
3692, 32.80, 32.66, 32.60, 2627, 26.12, 26.06, 25.99, 25.95,
2591, 25.80, 25.67, 23.55, 19.86, 19.81, 17.79, 17.73, 16.33,
12.63, 12.59. HRMS (DART, Q-TOF): caled for C,H,,0,
[(M + H)'], 379.2632; found, 379.2643.

A sample for analytical characterization of frans-MK-3(II-
H,) was prepared similarly as described (see experimental
below) for frans- MK-2(II H,) above by normal phase
preparative TLC on silica gel using (30:1) n-pentane/EtOAc
as the eluting solvent; R; cis: 0.35, Ry trans: 0.30; ratio of trans/
cis before separation was 2.7:1 (ratio by NMR integration of
alkene peaks). Importantly, the bottom one-half of the band
was isolated, instead of the bottom one-third of the band as
was done to obtain frans-MK-2(11-H,). This purification
provided 3.7 mg of trans-MK-3(I1-H,) as a yellow oil (43.5%
recovery) from the initial 8.5 mg cis/trans mixture loaded onto
the TLC plate after drying under vacuum (200 mTorr) for 4
days. Similar to MK-2(IT-H,) 3, we isolated the pure trans
isomer; however, the cis isomer coeluted with the trans isomer,
and efforts to obtain a sample of the pure cis isomer were not
successful. Similar to MK-2(I1-H,) 3, the cis and trans isomers
of MK-3(1I-H,) have different NMR spectra in C;Dj for the
protons and carbons that belong to the isoprenyl side chain.
Data for trans MK-3(II- H,): ‘H NMR (400 MHz, C,.D,): &
8.00-8.07 (m, 2H), 7.00-7.06 (m, 2H), 5.19 (t, ] = 7.1 Hg,
1H), 5.13 (, ] = 7.0 Hz, 1H), 3.27 (d, ] = 7.1 Hz, 2H), 1.98 (s,
3H), 1.94 (t, ] = 7.5 Hz, 21), 1.73 (s, 3H), 1.67 (s, 3H), 1.56
(s, 3H), 1.01-1.47 (m, 9H), 0.86 (d, | = 6.5 Hz, 3H). “C
NMR (101 MHz, C,D,): & 184.97, 184.24, 145.96, 14321,
137.59, 133.08, 133.05, 132.69, 132.67, 130.89, 126.31, 126.22,
125.51, 119.87, 40.40, 37.58, 36.91, 32.60, 26.27, 26.06, 2591,

25.67, 19.81, 17.73, 16.33, 12.59. IIRMS (DART, Q-TOF):
caled for C,;Hy 0, [(M + H)], 379.2632; found, 379.2639.
NMR data for the cis isomer (obtained from spectra with hoth
cis and trans isomers present): ‘H NMR (400 MHz, C.D,): &
8.00—8.06 (m, 2H), 7.01-7.06 (m, 2H), 527 (t,] = 7.1 Hg,
1H), 5.07 (t, ] = 7.0 He, 1H), 329 (d, ] = 7.2 Hz, 2H), 221 (t,
J=7.5 Hz, 21), 1.98 (s, 311), 171 (s, 3H), 1.64 (s, 3H), 1.61
(s, 3H), 1.01—151 (m, 9H), 0.95 (d, J = 6.6 Iz, 3H).

Preparation of MK-3(LILIII-H;) (17). Compound 17 was
accessed through compounds 15 and 16 starting from
commercially available compound 14.

3,7.11-Trimethyldodecan-1-ol (15). To a dry 500 mL
round-bottom Schlenk flask was added a dry stir bar, dry
methanol (200 mL), ammonium formate (29.15 g, 462.3
mmol, 928 equiv), and farnesol 14 (1108 g, 49.83 mmol),
followed by careful addition of the palladium catalyst by a
funnel (2.14 g 20.1 mmol, 0.4 equiv). The reaction mixture
was stirred at an ambient temperature for 5 days under positive
pressure from an argon balloon, and 'II NMR analysis showed
only residual alkene present. The reaction mixture was filtered
through a pad of Celite and washed with MeOH (600 mL).
MeOH was removed under reduced pressure at an ambient
temperature. The crude product was then filtered through a
silica plug (4:1 n-pentane/EtOAc, 500 mL eluent) and washed
with EtOAc (300 mL). The organic filtrate was concentrated
under reduced pressure at an ambient temperature to yield a
crude clear and colorless oil. The crude oil was suspended in
diethyl ether (200 mL), washed with sat. NaHCO, (200 mL),
washed with brine (100 mL), dried over anhydrous Na,SO,,
and then concentrated under reduced pressure at an ambient
temperature to yield a crude clear and colorless oil. The crude
oil was purified by flash column chromatography (1000 mL of
230-400 mesh Si0,, 4:1 n-pentane/EtOAc, 70 mm column)
to yield 999 g (43.7 mmol, 87.8% yield) as a clear and
colorless oil after drying under vacuum (150 mTorr). 'HI NMR
(400 MHz, CDCL): 6 3.63-3.73 (m, 211), 1.49—1.63 (m,
3H), 1.01-1.42 (m, 14H), 0.89 (d, ] = 6.5 Hz, 3H), 0.86 (d, ]
= 6.6 Iz, 611), 0.84 (d, ] = 6.8 Hz, 3H). *C NMR (101 MHz,
CDCL): § 61.43, 4021, 40.13, 39.51, 37.64, 37.60, 37.51,
37.47, 3741, 32.94, 29.67, 29.65, 28.13, 24.97, 24.94, 24.52,
22.87, 22.78, 19.89, 19.84, 19.82, 19.77. IIRMS (DART, Q-
TOE): caled for C;sHyNO [(M + NH,)*], 246.2791; found,
246.2796.

1-lodo-3,7,11-trimethyldodecane (16). To a dry 250 mL
round-bottom Schlenk flask was added a dry stir bar, 3,7,11-
trimethyldodecan-1-ol 15 (941 g, 41.2 mmol), and dry DCM
(125 mL). The flask was purged/evacuated with argon
repeatedly. The solution was cooled to 0 °C in an ice—H,0
bath. Then, dry triethylamine (861 ml,, 6.25 g, 61.8 mmol, 1.5
equiv) was added to the flask followed by dropwise addition of
methanesulfonyl chloride (3.82 mL, 5.66 g 49.4 mmol, 1.2
equiv) at 0 °C for over 5 min while stirring under argon, The
reaction mixture was stirred at in ambient temperature for 40
min under argon. The off-white reaction mixture was quenched
with sat. NaHCO; (100 mL), and then the phases were
separated. The aqueous layer was extracted with diethyl ether
(3 x 100 mL). The combined organic extracts were washed
with sat. NaHCO, (100 mL), washed with brine (100 mL),
dried over anhydrous MgSO,, vacuum-filtered, and then
concentrated under reduced pressure at an ambient temper-
ature (residual triethylamine can be removed by vacoum
pumping for ~1 h) to yield 1298 g of crude clear and light-
yellow oil. T'o another dry 250 mL round-bottom Schlenk flask
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was added dry and degassed acetone (100 mL, dried over
anhydrous K,CO; for ~10 min immediately prior) and crude
mesylate followed by Nal (15.44 g, 103.0 mmol, 2.5 equiv).
The reaction mixture turned bright yellow upon addition of
Nal and was refluxed for 1 h and 40 min under argon. The
yellow reaction mixture was diluted with diethyl ether (100
mL) and DDI IO (100 mL), and then the phases were
separated. The aqueous layer was extracted with diethyl ether
(3 x 100 mL). The combined organic extracts were washed
with sat. NaHCO; (100 mL), washed with brine (100 mL),
dried over anhydrous MgSO,, vacuum-filtered, and then
concentrated under reduced pressure al an ambient lemper-
ature to yield a crude yellow murky oil To remove the salt
impurities, the crude oil was suspended in #-pentane (100 mL)
and washed with DDI H,O (100 mL), and then the phases
were separated. The agueous layer was extracted with n-
pentane (3 X 100 mL). The combined organic extracts were
washed with sat. NaHCO; (100 mL), washed with brine (100
mL), dried over anhydrous MgSO,, vacuum-filtered, and then
concentrated under reduced pressure at an ambient temper-
ature to yield 13.19 g of crude clear and light-yellow oil. The
crude oil was purified by flash column chromatography (1000
mL of 230-400 mesh SiO,; 100% n-pentane, R; = 0.71, 70 mm
column) to yield 6.52 g (19.3 mmol, 46.8% yield) after drying
under vacuum (200 mTorr) as a clear and colorless oil. 'H
NMR (400 MHz, CDCL): § 3.14-3.28 (m, 2H), 1.83-1.92
(m, 1H), 1.60-1.69 (m, 1H), 147—1.57 (m, 2H), 1.01-1.41
(m, 13H), 0.84-0.88 (m, 12H), "C NMR (101 MHz,
CDCL): 6 41.19, 41.12, 39.52, 37.52, 37.46, 37.42, 37.40,
36.76, 36.70, 34.07, 34.04, 32.93, 32.91, 28.15, 24.98, 24.96,
24.38, 2437, 22.89, 22.79, 19.90, 19.83, 18.95, 18.89, 5.55.
Anal. Caled for C,:Hy I: C, 53.25; H, 9.24. Found: C, 53.78;
H, 9.38.
2-Methyl-3-(3,7,11-trimethyldodecyl)naphthalene-1,4-
dione MK-3(ILIILHy) (17). To a dry 100 mL round-bottom
Schlenk flask was added under argon, a dry stir bar, dry and
degassed benzene (30 mL), and l-iodo-3,7,1 1-trimethyldode-
cane 16 (3.38 g, 10.0 mmol, 1.00 equiv). To a dry 20 mL vial
was added benzene (15 mL), which was degassed via argon
needle purge, followed by menadione 6 (1.72 g 10.0 mmol,
1.00 equiv) and benzoyl peroxide (2.42 g 10.0 mmol, 1.00
equiv) and then sonicated until dissolution occurred under
argon. The naphthoquinone—benzoyl peroxide solution was
added dropwise to the refluxing prenyl iodide solution for over
2 h and 15 min while the reaction mixture was refluxing under
argon. The solution was then refluxed for an additional 1 h
The reaction mixture was diluted with sat. NaHCO, (100 mL})
and DDI H,O (100 mL), and then the phases were separated.
The aqueous layer was extracted with diethyl ether (3 x 100
mL). The combined yellow organic extracts were washed with
sat. NaHCO; (100 mL), washed with brine (100 mL), dried
over anhydrous MgS80,, and concentrated under reduced
pressure at an ambient temperature to yield 6.63 g of crude
yellow powder. The crude product was purified by flash
column chromatography (1000 ml of 230—400 mesh 8i0,,
10:1 n-pentane/EtOAc, 70 mm column) to yield 0.555 g (1.45
mmol, 14.5% yield) after drying under vacuum (200 mTorr) as
a yellow oil. '"H NMR (400 MHz, CDCL): & 8.05-8.09 (m,
2H), 7.66—7.70 (m, 2H), 2.55-2.68 (m, 2I1), 2.18 (s, 3H),
1.02-1.57 (m, 17H), 0.98 (d, ] = 6.6 Hz, 3H), 0.84—0.87 (m,
9H). C NMR (101 MHz, CDCL): 5 185.53, 184.82, 148.14,
143,03, 133.45, 133.42, 13241, 132.34, 126,40, 126.33, 39.52,
37.55, 37.52, 37.44, 37.20, 37.17, 35.95, 35.86, 33.59, 32.94,
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28.14, 24.98, 24.95, 24.57, 22.88, 22.79, 19.90, 19.85, 19.69,
19.62, 12.65. HRMS (DART, Q-TOF): caled for Cygi1;,0,
[(M + H)*], 383.2945; found, 383.2935.

W ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsome-
22.8b02620.

General experimental information, materials, and 1D
(' & C) and 2D NMR ('H-'H gCOSY, 'H-"C
HSQC, and 'H-'H ROESY) spectroscopic and
structural data for synthesized compounds (PDF)

B AUTHOR INFORMATION
Corresponding Author

#L-mail: Debbie.Crans@colostate.edu,
ORCID

Jordan T. Koehn: 0000-0003-3008-6303
Dean C. Crick: 0000-0001-9281-7058
Debbie C. Crans: 0000-0001-7792-3450

Notes
The authors declare no compeling financial interest.

B ACKNOWLEDGMENTS

Drs. Crans and Crick thank NIH for funding (grant
#AI1119567) and NSF for funding (grant #CHE-1709564).
Dr. Crans also thanks the Arthur Cope Foundation
administered by the American Chemical Society for the partial
support. We also thank Calorado State University Libraries
Open Access Research and Scholarship Fund for partial
funding of open access option. We also thank Thomas J. Olson
for early contributions to the MK-3(LILIII-IL,) synthesis.

B REFERENCES

(1) Kurosu, M.; Begar, E. Vitamin K, in Electron Transport System:
Are Enzymes Tnvolved in Vitamin K, Biosynthesis Promising Drug
Targets? Molecules 2010, 15, 15311553

(2) van der Est, A, Electron Trensfer Involving Phylloguinone in
Photosy I In Pi I; Golbeck, J. H,, Ed; Advances in
Photosynthesis and Respiration; Springer: Dordrecht, 2006; Vol. 24,

(3) Nakagawa, K.; Hirota, Y.; Sawada, N.; Yuge, N.; Watanabe, M.;
Uchino, ¥; Okuda, N.; Shimomura, Y,; Suhara, Y; Okano, T.
Identification of UBIAD1 as a Novel Human Menaquinone-4
Biosynthetic Enzyme. Nature 2010, 468, 117-121.

(4) Vos, M.; Esposito, G.; Edirisiaghe, J. N.; Vilain, §.; Haddad, D.
M.; Slabbaert, J. B; Van Meensel, S; Schaap, O; De Strooper, B,;
Meganathan, R,; Morais, V. A; Verstreken, P, Vitamin K; Is a
Mitochondrial Electron Carrier That Rescues Pinkl Deficiency.
Science 2012, 336, 1306-1310.

(S) Dragh, M. A; Xu, Z; Al-Allak, Z. S; Hong, L. Vitamin K,
Prevents Lymphoma in Drosophila. Sei. Rep. 2017, 7, 17047,

(6) Okamoto, H.; Shidars, K; Hoshi, D.; Kamatani, N. Anti-arthritis
Effects of Vitamin K, (Menacuinone-4) - a New Potential
Therapeatic Strategy for Rheumatoid Arthritis, FEBS [ 2007, 274,
4588—4594,

(7) Astudillo-Sanchez, P. D; Mborales-Martines, D; Sanchez, A
Rocha-Ortiz, G.; Salas-Feyes, M Electrochemical Study of the
Interactions B Anionic Species of Menadione and Alkylated
Nucleoh in Dimethylsulfoxide. | Flectroanal Chem. 2017, 801,
104-113.

(8) Josey, B. ].; Inks, E. 5; Wen, X; Chou, C. J. Structure-Activity
Relationship Study of Vitamin K Derivatives Yields Highly Potent
Neuroprotective Agents. J. Med. Chem. 2013, 56, 1007-1022.

DOk T0.1021/3¢50meqa SbU2620
ACS Omega 2018, 3, 1486914501



ACS Omega

(9) Rahn, J. J.; Bestman, J. E; Josey, B. J; Inks, E. S,; Stackley, K. D,
Rogem, C.E Chou, C. J; Chan, §. §. LNowl.Wt:rmnKAmlngx
in Zebrafish and Mouse Models of Epilepsy.
Nmrmmr:: 2014, 259, 142-154.
(10) Chadar, D.; Camilles, M.; Patil, B.; Khan, A; Weyhermiiller, T.;
Salunke-Gawali, S. Synthesis and Characterizati Ikylami

of n-alky
Derivatives of Vitamin K3: Molecular Structure of Z—pmpylamino -3
methyl-1,4-naphthoquinone and Antibacterial Activities. J. Mol. Struct.
2015, 1086, 179189,

(11) Kathawate, L.; Joshi, P. V,; Dash, T. K; Pal, 5; Nikalje, M.;
‘Weyhermiiller, T,; Puranik, V. G.; Konkimalla, V. B.; Salunke-Gawali,
S. Reaction Between Lawsone and Aminophenol Derivatives:
Synthesis, Characterization, Molecular Structures and Antiprolifer-
ative Activity. |. Mol. Struct. 2014, 1075, 397—405.

(12) Itnh, H; Tukumulu, K Kaji, T; Paudel, A; Panthee, S,

H; i K; Inoue, M Total Synthesis and
Bmlugu.:l Mode of Action of WAP-8294A2: A Menaquinone-
Targeting Antibiotic. J. Org. Chem. 2018, 83, 6924—6935,

(13) Tt R H. Naturally Occurring Qui Academic Press
Inc, 1971.

(14) Collins, M. D.; Jones, D, Distril of 1 jid Qui
Structural Types in Bacteria and Their Taxonomic Implimtions.
Microbiol. Rev, 1981, 45, 316—354.

(IS) Collins, M. D,; Shah, H. N,; Minnikin, D. E. A Note on the

tion of N 1 Mixt of Bacterial Menaquinones using
Reverse Phase Thin-layer Chromatography. J. Appl. Bacterlol. 1980,
48, 277—2812.

(16) Dunphy, P. J; Brodie, A. F. The Structure and Function of
Quinones in Respiratory Metabolism. Methods in  Enzymology;
Academic Press, 1971; Vol 18, pp 407—461.

(17) Dunphy, P. J; Gutnick, D. 1.; Phillips, P. G.; Brodie, A. F. A
MNew Natural Naphthoquinone in Mycobacterium phlei. Cis-dihydro-
menaquinone-9, Structure and Function. . Biol Chem. 1968, 243,
398-407.

(18) Ogawa, T.; Isobe, K; Mori, T; Asakaws, 5; Yoshimura, 'I'.,
Hemmi, H. A novel ge:mylgemnyi mductue from the meth

(27) Daines, A. M.; Payne, R. J.; Humphries, M. E; Abell, A. D. The
Synthesis of Naturally Occurring Vitamin K and Vitamin K
Analogues. Curr. Org. Chem. 2003, 7, 16251634,

(28) IUPAC-IUB. N lature of Qui with Lsop
Chains. Pure Appl. Chem. 1974, 38, 439447,

(29) Phoenix, J; Edwards, . H. T;; Jackson, M. J. The effect of
vitamin E analogues and long hydrocarbon chain compounds on
induced muscle damage. A novel role for a-tocopherol?
Biochim. Biophys. Acta, Mol. Basis Dis. 1991, 1097, 212-218.

(30) Wiss, O.; Weber, F,; Ritegg, R ; Isler, O. The Biological Activity
of Vitamins K, and K, and their Isoprenclogs. Hoppe-Seyler’s Z.
Physiol. Chem. 1959, 314, 245=249,

(31) Noll, H. Physicochemical Characterization of Vitamin K
Homologs. 1. Tdentification by a Novel Method of Quantitative
Infrared Spectrophotometry. J. Bivl Chem. 1960, 235, 2207-2216.

(32) Tsler, O; Riiegg, R; Studer, A;; Jiirgens, R. Specificity of the
Vitamin K, Cunshtutlun mdm. Analogs Toward C in Linkagy
Hoppe-Seyler’s Z. Physiol. Chem. 1953, .3.9‘; 290-309.

(33) Azerad, R; Cyrot, M. Q. Synthesis of T'wo Dihydrofarne-

finaphthoqui Related to Vitamin K2(45)H from Mycobacte-
rium pbf::. Bu.ﬂl Soc. Chim. Fr. 196§, 12, 3’?40—3'?4-5

(34) Karrer, P.; Yap, K. S. Uber cin wei
a-Tocopherols. Helv. Chim. Acta 1940, 23, 581-584.

(35) Zakharov, A. V.; Vogt, N. Conformational Analysis of Vitamin
K, Model Molecule: A Theoretical Study. Struct. Chem. 2011, 22,
305-311.

(36) Glaziou, P; Sismanidis, C.; Floyd, K.; Raviglione, M. Glahal
Epidemiology of tubercalosis. Cold Spring Harbor Perspect. Med, 2015,
5, a017798.

(37) Coppa, F.; Fontana, F.; Minisci, F.; Barbosa, M. C. N.; Vismara,
E. Homolytic alkylation of naphthoquinene and methyl-naphtoqui-
none. Enthalpic steric and polar effects. Tetrahedron 1991, 47, 7343—
7352,

(38) Suhara, ¥.; Wada, A; Tachibana, ¥.; Watanabe, M ; Nakamura,
K.; Nakagawa, K; Okano, T. Structure-activity Relationships in the

id Sicle-

calci

1,

des

B

cificity.

1
- o 3

archacon Meth s unique
FEBS ]. 2014, 281, 3165-3176.

(19) Bang, C.; Schmitz, . A Archaea Associated with Human
Surfaces: Not To Be Underestimated. FEMS Microbiol. Rev. 2015, 39,
631648,

(20) Gale, P. H.; Arison, B. H,; Trenner, N. R; Page, A. C,; Folkers,
K.; Bradie, A. F. Characterization of Vitamin K9(H) from

bacterium phlei. Biochemisiry 1963, 2, 200-203,

(W) Azerad, R; Cyrot, M-Q; lederer, E. Structure of the
I_‘ljhydmm.enaqumone-g of My\cobﬂdrrﬁrm phlei. Biochem. Biophys.
Res. Commun. 1967, 27, 249252,

(22) Azerad, R; Cyrot-Pelletier, M.-O. Structure and Config

Lo/ of Vitamin K Analogues into Menaquinone-4. Substrates
Essential to the Synthesis of M 4 in Cultured Human Cell
Lines. Bioorg. Med. Chem. 2010, 18, 3116-3114.

(39) Wuttke, S,; Coman, 5. M; Scholz, G.; Kirmse, H; Vimont, A.;
Daturi, M; Schroeder, 8. L. M.; Kemnitz, E. Novel Sol—Gel Synthesis
of Acidic MgF,, (OH), Materials. Chem.—Eur. J. 2008, 14, 11488—
11499,

(40) Coman, §. M; Parvalescu, V. I; Wauttke, S; Kemnitz, E.
Synthesis of Vitamin K, and KE;-Chromanol by Friedel—Crafts
Alkylation in Heterogencous Catalysis, ChemCatChem 2010, 2, 92—

(41) Coman, S M.,; Patil, P.; Wuttke, S,; Kemnitz, E. Cyclisation of

of the Polyprenoid Side Chain of Dihydromenaquinones from Myco-
and Corynebacteria. Biochimie 1973, 55, 591—603.

(23) Upadhyay, A.; Fontes, F. L.; Gonzalez-Juarrero, M.; McNeil, M.
R; Crans, D). C; Jackson, M,; Crick, D. C. Partial Saturation of
Menaguinone in Mycobacterium tuberculosis: Function and
Fssentiality of a Novel Reductase, Men]. ACS Cent Sei. 2015, 1,
292-302.

(24) Sitkowski, J; Bocian, W; Szterk, A. The application of
multidimensional NMR analysis to cis/trans isomers study of
menaquinone-7 (vitamine K2MEK-7), identification of the
(E,23,E2,w)-menaquinone-7 isomer in dietary supplements. [, Mol.
Struct. 2018, 1171, 449457,

(25) Szterk, A; Zmystowski, A; Bus, K. Identification of cis/trans
isomers of menaquinone-7 in food as exemplified by dietary
supplements. Food Chem. 2018, 243, 403—409.

(26) Koehn, J. T.; Magallanes, E. §; Peters, B. ].; Beuning, C. N;
Haase, A. A; Zhu, M. ]; Rithner, C D_, Crick, D. C; Crans, D.C. A
Synthetic Isuprmmd Lipogui 2, Aduptu a Folded
Conformation in So]ulum and at a Model Membrane Interface. ] Org.
Chem. 2018, 83, 275-188.

14500

340

inorganic ﬂuondes—haghl}r chemo- and
for (-_t)-m L. Chem. Ci 2009,

diastcrcnselccﬂw:- Iy
460-462.

(42) DiMari, S. J.; Rapoport, H. The Reconstitution of Oxidative
Phosphorylation in Mycobacterizm phlei with cis- and trans-
Phylloguinone. Evidence against lsomerization, Bivchemisiry 1968,
7, 2650~2652.

(43) Creed, D; Werbin, H; Daniel, T. The Mechanism of
Photooxidation of the M mes. Tetrahedron Lett. 1981, 22,
2039-2042.

(44) Lowenthal, J.; Chowdhury, M. N. R. Synthesis of Vitamin K,
analogs. A New Class of Vitamin K, Antagonists. Can. |. Chem. 1970,
48, 39573958,

(45} Kim, J.; Matsuyama, 5.; Su-m.kj, T Deutemled Analogues of
4,8-dimethyldecanal, the Aggreg of Triboli
castaneum: Synthesis and Pheromonal Ad.wity. J. Labelled Compd.
Radiopharm. 2004, 47, 921-934.

(46) Fieser, L. F; Fieser, M. Reagents for Organic Synthesis; Wiley:
New York, 1967; Vol. 1, pp 581-395.

(4‘?) Lerman, L.; Weinstack-Rosin, M., Nudelman; A. An Improved

ynthesis of Hydroxyindoles. Syntkesis 2004, 18, 3043—3046.

G

DOk T0.1021/3¢50meqa SbU2620
ACS Omega 2018, 3, 1486914501



ACS Omega

(48) Bennett, C. J; Caldwell, S. T;; McPhail, D. B; Morrice, P. C;
Duthie, G. G.; Hartley, . C. Potential Therapeutic Antioxidants that
Combine the Radical Scavenging Ability of Myricetin and the
Lipophilic Chain of Vitamin E to Effectively Inhibit Microsomal Lipid
Peroxidation. Bioorg. Med. Chem. 2004, 12, 2079-2098.

(49) Upadhyay, A.; Kumar, 5.; Rooker, 8. A;; Kochn, J. T.; Crans, D.
C.; McNeil, M. R;; Lott, J. 5; Crick, D, C. Mycobacterial Men]: An
Onidoreductase: Involved 1 Menagol Bi hesis. ACS Chem.
Biol. 2018, 13 (9), 2498—2507.

14501

341

DOk T0.1021/3¢50meqa SbU2620
ACS Omega 2018, 3, 1486914501


Text


Appendix VII: A Synthetic Isoprenoid Lipoquinone, Menaquinone-2,
Adopts a Folded Conformation in Solution and at a Model Membrane

Interface

This is the manuscript that corresponds to chapter three and is published in the Journal of

Organic Chemistry.*

342



References

1. Koehn, J. T.; Magallanes, E. S.; Peters, B. J.; Beuning, C. N.; Haase, A. A.; Zhu, M. J.; Rithner, C. D,;
Crick, D. C.; Crans, D. C., A Synthetic Isoprenoid Lipoquinone, Menaquinone-2, Adopts a Folded
Conformation in Solution and at a Model Membrane Interface. J. Org. Chem. 2018, 83, 275-288.

343



The Journal of Organic Chemistry

JOC

% Cite This: J. Org. Chem. 2018, 83, 275-286

pubs.acsorgfjoc

A Synthetic Isoprenoid Lipoquinone, Menaquinone-2, Adopts a
Folded Conformation in Solution and at a Model Membrane

Interface

Jordan T. Koehn,”® Estela S. Magallanes,” Benjamin J. Peters,” Cheryle N. Beuning," Allison A. Haase,”
Michelle J. Zhu," Christopher D. Rithner,’ Dean C. Crick,” and Debbie C. Crans®"**

"Chemistry Department, *Cell and Molecular Biology Program, and IMicrobiology, Immunoelogy, and Pathology Department,
Colorado State University, Fort Collins, Colorado 80523, United States

© Supporting Information

ABSTRACT: M

( Tk .
1 5 &

\ 79 1

memb und protein

electrons bet:
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] 1es, MK) are isoprenoids that play key
roles in the respiratory electron transport system of some prokaryotes by shuttling
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the hydrophobic MK-2 molecule. Using 2D NMR spectroscopy, we established for
the first time that MK-2 has a folded conformation defined by the isoprenyl side-
chain folding back over the napthogquinone in a U-shape, which depends on the
specific environmental conditions found in different solvents. We used molecular
mechanics to illustrate conformations found by the NMR experiments. The
measured redox potentials of MK-2 differed in three organic solvents, where MK-2
was most easily reduced in DMSO, which may suggest a combination of solvent
effect (presumably in part because of differences in dielectric constants) and/or
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conformational differences of MK-2 in different organic solvents, Furthermore, MK-2 was found to associate with the interface of
model membranes represented by Langmuir phospholipid monelayers and Aerosol-OT (AOT) reverse micelles. MK-2 adopts a
slightly different U-shaped conformation within reverse micelles compared to within solution, which is in sharp contrast to the

extended conformations illustrated in literature for MKs,

B INTRODUCTION

Isoprenocids are among the mosl numerous and diverse
compounds found in nature.' ™ It was reported that 55,000 of
these naturally occurring compounds had been identified by
2007;” an estimate that increased to 70,000 in 2015." Classes of
isoprenoids include lipoquinones, sterols, carotenoids, preny-
lated proteins, dolichols, monoterpenes, and sesquiterpenes.
These compounds are involved in diverse functions such as
electron transport, hormone function, membrane structure and
fluidity, vision, photoprotection, insect reproduction, fragrance,
and defense. The solution structures of many of these
compounds, such as the sterols, are well studied. However, the
conformations of long linear polymers of isoprene units such as
those found in the side-chains of lipoquinones involved in
bacterial and eukaryotic electron transport systems (ETS) have
not been characterized."™” Lipoquinones are small hydrophobic
molecules that shuttle electrons between the membrane-bound
protein complexes acling as electron acceptors and donors in the
respiratory ETS. Two major structural groups of lipoquinones
are recognized: ubiquinones (or benzoquinones, UBQ) typically
found in eukaryotes and Gram-negative prokaryotes and
menaquinones (or naphthoquinones, MK) typically found in
Gram-positive prokaryotes, including many pathogens such as
Mycobacterium tuberculosis. The roles and applications of
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lipoquinone derivatives are currently being explored where a
range of different approaches ae used for combatting human
diseases.”*" This manuscript aims to characterize the
conformation of a synthetic trunzated MK analog within organic
solutions and within a model membrane interface as well as
document the redox potential of these sy accompanying
the conformational studies.

Iere, we use an abbreviation system where MK with two
isoprene units is MK-2 and with nine isoprene units is MK-9,
Tigure 1. Naturally occurring lipoquinones are characterized by
the presence of an isoprenyl side-chain of varying length from 1
to 14 isoprene units*** depending on the species of origin; a
characteristic long used to assigt taxonomic efforts. Textbooks
often represent UBQ and MK as “Q” or *MQ" in illustrations of
the ETS, and in primary literature they are generally shown in an
extended conformation, Figure 1.7"%** The extended con-
formation of these molecules seems highly unlikely in light of the
one-step cyclization of squalene epoxide, an isoprenoid
compound containing six isoprene units, to form the protosterol
cation, which contains the basic steroidal ring system with eight
chiral centers.**** Woodward reported the cyclization of this
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Figure 1. Structure of menaquinone-9 (MK-9), a representative MK
found in Mycobacterium tuberculosis (top) and MK-2, a simplified MK
analog (hottom), is also shawn. Protons are labeled on MK-2 for
spectral interpretation.

O o

representative MK reference compound as it is the simplest MK
containing a napthoquinone and repeating isopreny! side-chain
allowing comparison to more complex MK-derivatives found in
various microurganism""u'“ First, the conformation of ME-2
was investigated in organic solvents (polar and hydrophobic).
Next, because we are ultimately interested in the function of
these derivatives, we measured the electrochemical potential of
MEK-2 in the organic solvents where the conformations were
determined. Finally, the location and conformation of MK-2 in
simple membrane model systems was examined. Combined, our
results show that MK-2 folds into a U-shaped conformation in
solution contrary to common perception and that a folded,
slightly different U-shaped conformation also exists in the
presence of a simple model lipid membrane interface.

H RESULTS AND DISCUSSION
Synthesis of MK-2, MK-2 was synthesized using a procedure

polyisoprenoid squal ing only one st

out of the possible 256 (2{) in 1953.%*° The stereospecificity of
this reaction requires preorganization of the epoxide before
protonation, and such a conformer is not the extended
conformation commonly depicted in the literature,

Small angle X-ray diffraction experiments with the isoprenoid
dolichol, an alcohol with 18—20 isoprene units, indicated that the
molecule adopted a helical structure in organic solvent.”” The
ofthe isoprenoid moiety in MK derivatives is likely
important to its fmction as an electron-transfer agent and other
biological roles. Although nothing is known about the
conformation of MK derivatives, limited conformational analysis
is available on different classes of compounds includin,
alkenes, and fatty acids with much simpler structures.
all-frans conformations of alkanes are generally considered the
most stable, and therefore, it is expected that the most prevalent
conformation of an alkane is the fully extended alkyl chain.** A
few studies have been reported with simple alkanes and a range of
other, more complex compounds with large alkane-components
such as in polyenes and fatty acids.”®*° The U-shape in fatty acids
was described when bound to a fatty acid binding protein
(FABP), where the alkyl chain region of two faltg acids, palmitic
and oleic acids, folds over in the shape of a U 15 2008, Xeray
crystal structure analysis, as well as NMR spectroscopy, also
supported the U-shaped conformation of amphiphilic alkyl
chains bound to a synthetic receptor where the folded Cy, C,,
and C; tions have iclinal as well as gauche
arrangements,”*’ Based on these few examples, we hypothe-
sized that MKs will adopt folded conformations depending on
specific environmental conditions.

In this manuseript, we describe the synthesis and character-
ization of a truncated MK derivative with two isoprene units.
MK-2 (Figure 1) can be characterized in detail and serves as a

£
contor

galnes

in literature (Scheme 1),"* First, menadione 1 was reduced to
the corresponding menadiol 2 using aqueous sodium dithionite.
Geraniol 3 was coupled to menadiol 2 using the Lewis acid
catalyst, baron trifluoride. This preparation produced a yield of
20% overall, which is lower than the reported MK-2 preparation
with the deuterated analog in literature.”* The lower yield
appears to be due lo extensive alkylation at the C2 position
instead of the desired C3 position; however, this side product is
readily separated using column chromatography. Highly pure
material yields a yellow solid upon crystallization at —20 °C and
retains this state when warmed to room temperature, while
material with impurities does not crystallize and remains a red oil.

1D "H NMR Spectroscopic Studies of MK-2 in Different
Solvents. MK-2 was first characterized using 1D 'H NMR
spectroscopy. Figure 2 shows 'H NMR spectra of MK-2 in
isooctane (2,2,4-trimethylpentane), d.-pyridine, d.-benzene, d,-
acetonitrile, d-DMSO, and D,0. The observed chemical shifts
of MK-2 vary dramatically in the different solvents shown.
Hydrophobic solvent environments including aliphatic (iso-
actane) and aromatic (d.-pyridne and d,-benzene) as well as
hydrophilic (d;-acetonitrile, d, DMSO, and H,0/D,0) solvent
environments generate very different spectroscopic signatures.
For example, the pairs of aromatic protons, H /H, and H_/H,,
are significantly different in the two different classes of solvents.
This observed variation in chemical shift could be attributed to
conformational changes of MK-2 in the various solvent
environments investigated, altetations of the electronic state
due to interaction with the solvent, or most likely, a combination
of both. Focusing on the 'H NMR spectra of MK-2 in the three
hydrophilic solvents, dy-acetonitrile, 4, DMSQ), and D,0, some
differences and similarities are ebserved (Figure 2). The MK-2
spectrum in D,0 required significantly more scans to produce a
reasonable spectrum because of the poor solubility in D,0. The

Scheme 1. Synthetic Route To Prepare MK-2 4 from Menadiol 2 and Geraniol 3 using Lewis Acid Catalyst Conditions***®

BF 3 Etherate
EtOAc/Dioxane 1:1
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Pigure 2. 1D 'H NMR (400 MHz) spectra of MK-2 in hydrophilic (d,-DMSO, d;-acetonitrile, and D;0) and hydrophobic |isooctane (2,2,4-
trimethtylpentane), d,-pyridine, and d,-benzene] solvents. Proton peak text labeling corresponds to MK-2 structure in Figure 1.

proton chemical shifts generally are observed further upfield in
D,0, presumably indicative of more aggregation in this solvent.
The alkene H, and IT; proton signals are not observed in the D,0
spectrum because of overlap with the HOD peak. However, the
HOD signal in the d-DMSO spectrum is ohserved at 3.3 ppm,
which allows for observation of the alkene protons, Hy, and H; at
4.9 ppm. The spectrum of MK-2 in d; DMSO is very similar to
that in dy-acetonitrile, and both also have some similarities to the
MEK-2 spectrum in D,0. The aromatic protons, IL/I,, shifted
about 0.2 ppm from the II /I, signals in both solvents. This
suggests that these protons remain in similar chemical environ-
ments in these two solvent environments. Combined, these three
spectra provide a representation of the properties of the MK-2 in
a hydrophilic solvent environment.

Next, the aromatic and alkene protons were examined in the
hydrophobic solvents, isooctane, d.-pyridine, and dj-benzene
(Figure 2). Here, protons H,, Hy, H, H; Hy, and H, are observed
and readily identified. The signals from alkene protons, Hy, and
H, are both further downfield compared to the signals in
hydrophilic solvents, and most interestingly, the two alkene
protons become nonchemical shift equivalent in d;-pyridine.
This contrasts with the aliphatic protons in the spectrum in dg-
benzene, which are like those in d-DMSO except for H, H, H,,
and I'L, The changes in the chemical shifts are most distinctive in
the aromatic and alkene protons, suggesting that there are some
major differences in their respective environments. Together,
these differences strongly indicate that MK-2 is sensitive to the
solvent environment. However, information from 2D NMR
experiments is needed to elucidate if this change in chemical shift
is due to conformational variations and/or solvent effect.

'H-'H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Studies of MK-2 in d,-DMSO and d-
Pyridine. Differences b 1 the confor ohserved in
d-DMSO vs d;-pyridine are likely manifested by the
conformation minimizing the unfavorable interactions with the
solvent envire t and ma g favorable intramolecular
interactions with the isoprenyl side-chain. To investigate the
conformation of MK-2 in organic solvents, we utilized two
different but complementary 2D NMR methods, '"H-'H 2D
NOESY and 'H-'H 2D ROESY. Figure 3 shows the "H-'H 2D
NOESY and ROESY NMR spectra of MK-2 in dg-DMSO and
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portions of the spectrum in dy-pyridine, Figure 3A shows the
complete "H—'H 2D NOESY spectrum of MK-2 in d-DMSO
and Figure 3B—C shows zoomed in regions of interest in the
NOESY and ROESY spectra collected in d,-DMSQ, respectively
(see Figures S3-54 for full spectra). Figure 3D-F shows
zoomed in regions of interest in the NOESY and ROESY spectra
collected in dc-pyridine, respectively (see Figures $6—57 for full
spectra). Figure 3B,D illustrates that MK-2 alkene protons, Hy,
and H,, are in similar environments in d-pyridine and d-DMSO
due to the observance of similar NOE cross peaks. In both
solvents, Figure 3B,D) shows NOE cross peaks illustrating that H,
and H, interact with H,/H,,, H,, H, and H,. Figure 3B,D shows
NOE cross peaks demonstrating praton H_ interacts with
protons H,/H, and H_/H,, in koth d;-DMSO and d,-pyridine.
Figure 3C,E shows partial '"H—"H 2D ROESY NMR spectra
where the focus is on proton H, in d-DMSO and dy-pyridine
(see Figures 54 and S7 for full spectra and Figure 59 fo: NOE/
ROE correlation traces (slices)). Figure 3B—C shows partial
spectra for MK-2 in d,-DMSO, where NOE and ROE cross peaks
indicate the H,, proton interacts with H, H, H, and H,.
However, the lack of ROE cross peaks in Figure 3E shows H,,
does not interact with H, or H, in ds-pyridine (observed cross
peaks between H,, and H or H, in d-pyridine are likely due to
TOCSY exchange). The obsgrvanon of cross peaks shows that
there are similar interactions between the aromatic and alkene
protons in the two solvents; however, there is a twist around the
C—C bond leading to closer proximity of the H,, with the H,, H,
H,, and H, protons in d- DMSO. The NOE and ROE cross peaks
in the d;-DMSO spectrum in Figure 3 clearly support a folded, U-
shaped conformation for MIK-2 in d,-DMSO. However, evidence
of a folded conformation for MK-2 is not as definitive in d.-
pyridine due to the lack of NOF and ROE cross peaks between
H, and H, or H,. If MK-2 did adopt a U-shaped conformation in
d;-pyridine, it would have a conformation as shown in Figure 4B,
where the distance between H,, and H,/H, is beyond observation
in the 'H—'I1 2D NOESY and ROESY NMR experiment. This
conformation for MK-2 in d-pyridine is based on other NOE/
ROE cross peaks observed (ie., H, to Hy, H, to H or H, H, to
H,). Figure 3F illustrates 7—n stacking between pyrid.lne and part
of the napthoquinone ring, which could possibly explain the lack
of interaction between H,, and H, or H,.
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Figure 3, ‘H—'H 2D NOESY and 'H-'H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-2 in d,-DMSO and d.-pyridine at 26 °C. (A) Full
'H-'H 2D NUESY NMR. spectrum of MK-2 in d;-DMSO. (B) Partial ‘H~'H 2D NOESY NMR spectrum of MK.2 in d-DMS0. (C) Partial '"H-'H
2D ROESY NMR spectrum of MK-2 in d-DMSO. (D) Partial ‘H—'H 2D NOESY NMR spectrum of MK-2 in d.-pyrdine. (E) Partial ‘H—'H 2D
ROESY NMR spectrum of MK-2 in d,-pyrdine. (F) Partial 'H—"H 2D ROESY NMR spectrum of MK-2 in d,-pyridine illustrating stacking interactions.
Blue intensity contours represent negative NOE's or ROE's, and red intensity contours represent positive NOE's or ROE's. A standard NOESY pulse

i ¢ was used isting of 200256 transients with 16 scans in the f1 domain using a S00 ms mixing time anda 1.5 5 relaxation delay. A standard
ROESYAD pulse sequence was used consisting of 200 or 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and 2 2.0 s relaxation
delay. The structure of MK-2 is shown with a proton labeling scheme key. Green arrows indicate proton H., where the observed cross peaks differed the
most between the two solvents studied.

lllustrating MK-2 Conformations using Molecular MK-2, can assume many diferent conformations. Using
Mechanics. MK-2 has a short repeating isoprenyl chain (C,,) molecular mechanics calculations, we explored the energy
but contains enough carbons to produce numerous degrees of surface and visualized specific conformations defined by the
rotational freedom; therefore, even the truncated version of MK, 'H-"H 2D NOESY and ROESY NMR experiments of MK-2 in
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(A)

Figure 4, MK-2 conformations generated using MMFF94 calculations
to illustrate the conformations elucidated by the 21 NMR studies. (A)
lllustrates the MK-2 conformation in d;-DMSO determined from
'H-'H 2D NOESY and ROESY NMR spectral data cross peak
interactions (668 kcal/mol, and internuclear distance H,—H,: 2.6 A).
(B) Nlustrates a potential U-shaped MK-2 confarmation in d.-pyridine
consistent with the '"H—'H 2D NOESY and ROESY NMR spectral data
cross peak interactions (66.7 keal/mol, and internuclear distance H, ~
H,: 6.1 A). See Supporting Information for a table of selected protan to
proton distances for conformations A and B.

dg-DMSO and de-pyridine. Specific conformations were
generated based on distances imposed by the NMR data and
then energy optimized to produce realistic bond lengths and
angles for these conformations. Finally, an energy was calculated
to ensure that the conformation was at a reasonable energy.
Longer calculations generally lead to rotations around bonds and
conformations not exactly as those suggested from the NMR data
(see below and Supporting Information). The intent with the
molecular mechanics caleulations was to illustrate conformations
corresponding to the 'H-"H 2D NOESY and ROESY NMR
spectral data in de-DMSO and dg-pyridine constrained by all
cross peak interactions observed as well as to provide visual aids
(Figure 4). One of the low-energy conformations generated for
MK-2 has a conformation (‘Figure 4A, 66.8 keal/mal, HW—H},- 2.6
A) consistent with the 2D NOESY and ROESY spectral
parameters ohserved in d,DMSO. Figure 4B illustrates a
potential conformation of MK-2 that is consistent with the 2D
NOESY and ROESY spectral parameters observed in dy-pyridine
(66.7 keal /mol, H,~1I1,: 6.1 A). See Table Sl for selected proton
to proton distances for conformations seen in Figure 4A-B
consistent with the 2D NOESY and ROESY NMR spectral
parameters. The MK-2 conformation determined in d;-DM5O
adopts a folded, U-shaped conformation.

Fewer NOE and ROE cross peaks were observed in ds-
pyridine that would indicate a folded conformation, and although
this does not preclude a U-shaped conformation, it does suggest
that the H,,—H, internuclear distance is longer and outside the
observable range using the 'H—'H 2D NOESY and ROESY
NMR experiment. We based this folded conformation off other
NOE and ROE cross peaks ohserved, which were suggestive of
folding (see Figure 3 and related discussion). However, a U-
shaped conformation has been observed by NMR analysis in
another aromatic solvent, ds-benzene, for n-dodecane.”” The U-
shaped conformations shown in Figure 4 are representative of
many possible stable conformations MK-2 could adopt. For
comparison, Figure §12C shows another favorable conformation
for MK-2 that has a characteristic U-shape, The energy of the
conformation C shown in Figure 512C was the lowest energy we
found. This conformation was obtained by subjecting an
extended MK-2 conformation to 10,000 iterations followed by
an energy minimization, ilustrating that nonextended con-
formations are readily reached and energetically favorable.
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Combined, the stability of the U-shaped conformations shown
by these simple calculations is in line with work reported that
showed 'H NMR spectra of n-pentane and n-hexane measured in
polar and spherical solvents such as DMSO favor gauche
conformations as well as the reported U-shaped conformations
of alkyl chains bound to synthetic receptors.””***” The folded
conformations for MK-2 demonstrated herein from experiments
align with reported computationally determined conformations
for MK analogs."® However, it is contrary to the general
expectation that the all-trans conformations of alkanes or alkyl
components are the most stable,”*****

In addition to the U-shaped conformations seen in
conformations A and B in Figure 4, a series of alternative
conformations of MK-2 (Figure S12DE) were also generated
from the structures most often depicted by representations in the
literature and then were energy optimized. Conformations D—H
in Figure 512 were generated to compare these conformations
energetically to the two U-shaped conformations shown in
Tigure 4A—B. The energies of conformations D—I1in Figure S12
were all higher (~11 to ~23 kcal/mol) than the conformations
found in d;DMSO, d;-pyridine, and conformation C (Figure
§12). Additional analysis of conformations and a table of selected
internuclear distances of MK-2 conformations from Figure 4 and
TFigure S12 are given in Table S1.

Selected simple alkanes and a few other, more complex
compounds with long alkyl-segments such as in polyenes and
fatty acids report that the extended and folded forms are
comparable in energy to the all-trans form.”*"” The "pentane
effect” for longer chains destabilizes the gauche conformations
because of unfavorable g'g™ arrangements, which increases the
energy hy ~0.55 keal/mol with each kink in the chain®*" In
contrast, gauche arrangements are often energetically favored
because of entropic contributions.”* This is in part due to the
spatial requirements that all molecules exert and can be justified
using limited sphere considerations.” Gauche arrangements tend
to favor folded conformations where the degree of folding of n-
alkanes (C;—Cj,) in solution depends on the strength of the
dispersion force of the solven:" and the degree of folding
increases with increasing chain length of the solute.”** Other
molecules that contain alkyl chains such as fatty acids and
polyethylene derivatives have also been reported as either
extended chains or in folded conformations depending on
physical and environmental conditions.”""*"** Conformational
analysis of long chain allylic pelyunsaturated fatty acid chains
using Hartree—Fock calculatiors showed that conformational
differences between the all-frans and helical folded structures are
only a few keal/mol.”” Ultimately, there are a few but strongly
convincing examples®”*=" that folded and/or U-shaped
conformations are likely to become much more important than
have been recognized previously. The studies presented herein
represent a new class of compounds that adopt a U-shaped
conformation, illustrating that these folded conformations are
likely to be important and may impact the biological function of
these lipoquinone systems. It is very impartant to recognize the
maolecular plasticity, which allows the alkyl chain to assume
shapes depending on the comple mentary structures or influences
of the immediately surrounding environment.

Electrochemistry of MK-2 in Different Solvents. Our
interest in these systems relates to the fact that the redox
potential of MK is important n shuttling electrons between
protein complexes. Although the focus of this manuscript has
been on the conformations of these compounds, we are
particularly interested in redox properties because we are aiming
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to investigate the function of these systems as well. For MKs to
carry out this process, MKs must associate with the trans-
membrane proteins invalved in the electron-transfer pracesses.””
The electron-transfer processes all take place within or near the
membrane interface with two one electron reduction processes
sequentially forming the radical anion (semiquinone) and then
the dianion.”*** Even though there has been many reports in
literature on the redox potentials of MK derivatives, the origin of
these changes is not well understood.”™* These processes are
particularly poorly understood when the quinones are present in
a hydrophobic molecule that is entirely or partly located in the
membrane of a biological system. Although, it is premature to
correlate conformation with redox potential, we are seeking
systematic information where redox potentials and conforma-
tions are known (i.e,, within different organic solvents) and the
electrochemical data on this system becomes an important frame
of reference because the conformational analysis has been carried
out. We hypothesized that the redox potential of MK-2 will vary
based on organic solvent environment.

Although this hypothesis would be anticipated to be
confirmed, it is important to measure how and if the magnitude
of the redox potential changes as the environment
changes Dbecause the function of MK-2 is tied to the redox
potentials. Initially, redox studies were planned to be carried out
in DMSQO, acetonitrile, and benzene; however, because of low
solubility of all of the electrolytes examined in benzene, benzene
was replaced with pyridine as a representative aromatic solvent, ™
The electrolyte tetrabutylammonium perchlorate (TBAP) was
chosen because 1D "H NMR studies showed that the addition of
TBAP to MK-2 solutions (solvents: d--DMSO, d;-pyridine, d-
acetonitrile) did not affect the observed chemical shifts of the
MEK-2 protons, and thus no evidence for artifacts due to ion
pairing would be observed (see Supporting Information for
further description of the electrochemical analysis, and see Figure
§13 for MK-2/TBAP NMR studies).

MK-2's first electrochemical potential is the one electron
reduction of the quinone to semiquinone (Q/Q"), and the
second is the one electron reduction of the semiquinone to the
dianion (Q"~/Q*), Scheme $1°°7** The cyclic voltammo-
gram’s (CVs) of MK-2 and an internal standard of ferrocene
(Fc"/Fc) in three organic solvents are shown in Figure 5. The Q/
Q" E,j, vs Fc'/Fe for MK-2 in DMSO, CH;CN, and pyridine
were measured to be —1.155 (+£0.001) V, —1.230 (+0.003) V,
and —1.331 (£0.001) V, respectively. As shown in Figure 5, we
included the Fc*/Fc reference in the data presented. These
results are consistent with Q/Q" E, ; vs Fc"/Fc values given for
1,4-naphthoquinone.*”** The values determined experimentally
for Q" /Q* E,;, vs Fc'/Fe for MK-2 in DMSO, CH;CN, and
pyridine were measured to be —1.863 (+0.008) V, —1.902
(£0.012) V, and —2.075 (£0.003) V, respectively (Table §2).Tn
Figure 6, the half wave potentials are plotted showing the trend
that both redox processes are more readily reduced in DMSO
than CH;CN or pyridine similar to the trend observed in
literature for 1,4-napthoquinone potentials.*

In summary, during the first electrachemical process
producing the semiquinone, MK-2 has the most positive
potential in DMSO and the most negative potential in pyridine,
showing MK-2 is slightly more reducible in DMSO than pyridine
or CH,CN. The observation of differing redox potentials
between organic solvents supports the second hypothesis that
the redox potential of MK-2 is influenced by the specific arganic
solvent, where a contributing factor to the observed changes is
due to the differences between the dielectric constant of each
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Figure 5. Three representative CVs of 2 mM ME-2 in CH,CN, DMSO,
and pyridine. The potentials are referenced to the Fc'/Fc couple (2
mM) determined in cach solvent. From left to right, redox processes are
Q' /Q%, Q/Q*, and Fe'/Fe. Each sample has 0.1 M TBAP and was
degassed with argon gas for 10 min at ambient room temperature before
spectra were recorded. Current sweeps are in the anodic direction from
=2V ito 1 Vand back to =2 V. A 100 mV scan rate was used.
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Figure 6, Measured E, ;, (vs Fe'/Fein V) of ME-2Q/Q" and Q° /Q*
redox processes vs solvent. Added lines show the distinction between
each solvent for each redox process Fach salvent was run in triplicate
with error bars shown. Student’s { test indicated the half wave potentials
of each redox process are significantly different in each solvent (p < 0.01
for Q*~/(Q* CH,CN-DMSO and p ¢ 0.0001 for all other comparisans).
See Supporting Information for details.

solvent. The different organic solvents influence the observed
redox potential of MK-2, and from the 21D NMR studies on the
conformation of MK-2, slight differences in conformation were
observed, which may suggest that a combination of solvent effect
and conformational differences of MK-2 may affect the redox
potential.

Interaction of Langmuir Phospholipid Monolayers
with MK-2. The physiologically relevant environment for
MEKs is in assodation with membranes; therefore, we also
studied the interaction of MK-2 with a more direct model
membrane interface, a phospholipid monolayer. Several
membrane models exist incleding Langmuir phospholipid
monolayers, liposomes, micelles, and reverse micelles (RM)
(Figure 7).”~°' Each model system has advantages and
disadvantages, and we have chosen to investigate the
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Figure 7. Schematic diagram of (A) a Langmuir phospholipid
monolayer and (B) a RM present in a microemulsion. Labeling for
the RM is as follows: the water pool (A), the Stern layer (B), the
surfactant tails (C), and the organic solvent, isooctane (D).

phospholipid monolayer because of MKs direct association with
a membrane and the RM system because RMs allow for the
determination of molecular placement and conformation of MK-
2 within the interface.”* ™"

First, we describe our studies with Langmuir phospholipid
monolayers®™®" consisting of phospholipids to gain insight into
the interactions between two classes of phospholipids
(dipalmitoylphosphatidylcholine (DPPC) or dipalmitoylphos-
phatidylethanolamine (DPPE)) and MK derivatives. These
studies will demonstrate how the phospholipid packing is
affected by the presence of MK derivatives as it interacts with the
phospholipid interface (Figure 7A).°***~* Due to the low
solubility of MK-2 in aqueous environments, the Langmuir
phospholipid monolayer studies involve experimental protocols
used for other materials with low solubility in water, such as
UBQ.**" Figure 8 shows the change in surface pressure as a
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function of area per molecule of DPPC or DPPE in the presence
of various amounts of MK-2. The resulting compression moduli
as functions of surface pressure are shown in Figure §14.

The compression isotherm of DPPC shows a transition at ~8
mN/m and both DPPC and DPPE collapse at ~55 mN/m
similar to findings reported in literature.™ The compression
isotherm of the 1:1 mixture of DPPC and MK-2 shows a
disappearance of the gas to liquid phase transition at 8 mN/m,
suggesting there is a condensing effect of MK-2 with DPPC at a
high area per molecule/low surface pressure. Moving to DPPE,
the 1:1 mixture of MK-2 with DPPE reduces the collapse
pressure of the film to 50 mN/m, showing destabilization of the
DPPE film. The pure MK-2 films had limited stability shown by a
maximum surface pressure of ~20 mN/m. This result suggests
MK-2 forms a less stable film than the phospholipids.**~** To
understand the interactions of MK-2 with DPPE and DPPC
further, the compression moduli were calculated using equation
4 (see Supporting Information), where the compression
modulus is the measure of the compressibility of the film.

Our results are interpreted as MK-2 having a condensing effect
on DPPC phospholipid films at high area per molecule/low
pressure and destabilization of DPPE phospholipid films. The
resulting mixed films (DPPC/MK-2 or DPPE/MK-2) were also
consistent with reported UBQ, suggesting similar trends where
UBQ was shown to be compressed out of the phaospholipid
interface.”** In summary, MK-2 has a condensing effect on
DPPC phospholipid films, a destabilization of DPPE phospho-
lipid films, and is most hkag compressed out of the phospholipid
film similar to I.]BQ6°'°" Unfortunately, these studies do not
directly show whether a folded or extended conformation of MK-
2 exists. A folded conformation occupies a larger volume than the
extended conformation, which would affect packing within the
phospholipid interface. Our studies do demonstrate that MK-2
interacts with the phospholipid model memb interfaces of
DPPC and DPPE even above physiologically relevant pressures.
1t is possible that the observation of the destabilization of the
DPPE phospholipid films (not observed for DPPC) by the
presence of the MK may suggest a folded MK-2 conformation
that does not fit in the organization of the DPPE film (possibly
related to packing of the phospolipid).

1D 'H NMR Spectroscopic Studies of MK-2 in RMs. Our
ultimate objective was to characterize the molecular details of
MK-2's association with membrane-like interfaces. This
characterization includes determining the location and con-
formation of MK?2; therefore. the RM model system was
investigated (Figure 7B).S%%°657 In the RM, a ternary
microemulsion system forms when a surfactant is dissolved in
an organic solvent and the addition of water creates nanosized
water droplets encased in surfactant. ****%70=7" Thig dynamic,
yet simple, model can provide molecular detail on location and
conformation of MK at an interface using NMR spectroscopy,
whereas the use of phospholipids such as DPPC can have
overlapping proton signals with key MK proton signals makm?g
interpreting conformational infor very complex.”""*~
RM systems provide information regarding the location,
conformation, and physical interactions of MK with lipid films
and potentially membranes, which allowed us to examine our
third hypothesis that the membrane interface influences the
conformation of the MK derivative.

To explore the location of MK-2 at a lipid/water interface
further, studies were conducted using a simple microemulsion
interfacial system, which allows for identification of molecular
placement. Figure 9 shows a stack plot of 1D *H NMR spectra for
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Figure 8, ression isotherms of MK-2 films (dotted lines), DPPC or DPPE phospholipid films (solid lines), or a 50:50 mixture of MK-2 and

phospholipid (dashed line). On the left (A) are the resulting compression isotherms of MK-2 and DPPC, while on the right (B) are the resulting

compression isotherms of MK-2 and DPPE.

wa 12 empty were carried out. These studies confirmed the formation of RMs,

and that the RM did not change significantly upon the addition of

Waoutene ':f"?:: Hlle MK-2. This was carried ougte i:nvygml.lj@ieasm'fu? the sizes in the

Wik presence and absence of MK-2 and confirming that the size was

M M as those reported previously (data not shown).* Qverall, these

wo 8 results are consistent with MK-2 penetrating the RM model

A M membrane interface; however, 2D studies are described helow to

W ld .3 e get more information regarding the placement and conformation
w16 of MK-2 within the RM system.

M M 'H-'H 2D NOESY and ROESY NMR Spectroscopic

Wy 20 Studies of MK-2 in a RM Model Membrane System. To

I . Tty provide further evidence regarding the location, orientation, and

E’S - f&rt "\ conformation of MK-2 within RMs, we obtained the '11-'11 2D

T i 5 e NOESY NMR spectrum and the 'H-'H 2D ROESY NMR
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Figure 9. 1D 'H NMR (400 MHz) spectra of MK-2's aromatic protons,
H,, H,, H,, and H, in D,0, isooctane, and different sized RMs. Proton
peak text labeling corresponds to MK-2 proton labeling scheme key
found in Figure 3. H, Hy, H,, and H, protons undergo a chemical shift
upon inclusion inside RMs.

the aromatic protons (F,/H, and H,/I1;) of MK-2 in solutions
of D,0, isoactane, or isooctane salutions of MK-2 containing
RMs (D,0/AQT/isooctane microemulsions) of various sizes
(wy: 4, 8, 12, 16, and 20, where w, = [D,0]/[AOT]) and for
comparison with an empty AOT /isooctane RM. The aromatic
MK-2 protons in the AOT /isooctane RMs are similar to the
signals observed in isooctane but very different from the signals
observed in D,0. The distance between H,/H, and H,/H, is
0.52 ppm in isooctane, 0.47 ppm in the RM, and 0.27 ppm in
D, 0. This suggests that the environment of the MIC-2 protons in
the AOT/isooctane RMs is more like an environment in
isooctane than 1,0, where MK-2 is no longer in isooctane but
associating with the AOT molecules. The signals from the H./H,
protons in the AOT/isooctane RMs do change slightly as the RM
size increase or decreases. This observation is also consistent with
MEK-2 penetrating and residing in the interface.

Ta verify that the RMs formed in the samples used and that the
properties of the samples are consistent with previous
studies,™ > dynamic light scattering (DLS) experiments
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spectrum of MK-2 in a w, 12 RM, Figures 10 and 11, Figure 10
shows a partial 'H—'H 2D NOZSY and ROESY NMR spectra
indicating both AOT and MK-2 protons, whereas Figure 11
focused in on selected proton interactions specifically in the
NOESY spectrum (see Figures $10—S11 for full spectra). Figure
11A shows cross peaks between the aromatic I/, and I1./I1;
and parts of the AOT CIH, and CHj tail groups (ie, H8' and
HI10' protons, see Figure 12 for AOT proton labeling key).
Figure 11B shows cross peaks ketween alkene protons, H, and
H,, with HOD and AOT's H1, H1', H3, and H3' protons and
only evidence of a weak interaction between MK-2 and
isooctane. These interactions are consistent with placement of
MEK-2 between the AOT tails, as shown using a depth perception
drawing in Figure 12.

Regarding the conformation of MK-2 associated with the
RM-—water interface, the NOE and ROE aross peaks in Figure 10
show interactions between H, and H,/H, and between H,, and
the alkene protons, Hy/H, whica is consistent with a folded, U-
shaped conformation. In the proposed conformation, the C2—
C6 atom to atom distance in MK-2's isoprenyl side-chain was
found to be 3.6 A, which is ccnsistent with a U-shape (g'g™
conformation, Figure 13) for MK-2 placed at the RM interface
(see Supporting Information for further discussion and
internuclear distances of different MK-2 conformations). An
illustration of an MK-2 conformation consistent with these
observations is shown in Figure 13. This U-shaped conformation
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Figure 10, Partial 'H—"H 2D NOESY and ROESY NMR (400 MHz) spectra of MK-2 inside w;, 12 RM at 26 °C. (A) Partial 'H—"H 2D NOESY NMR.
spectrum in a w, 12 RM. (B) Partial ‘H—'H 2D ROESY NMR spectrum in a w, 12 RM. Blue to blue proton text labeling shows MK-2 to MK-2
interactions, teal lo teal proton text labeling shows AOT to AOT interactions, and blue to teal proton text labeling shows ME-2 to AOT interactions.
Blue i ity gative NOE's or ROE's and red intensity contours represent positive NOE's or ROE's. A standard NOESY pulse
sequence was um‘r] mnmtmg of 256 transients with 16 scans in the fl domain using a 200 ms mixing time and 2 1.5 5 relaxation delay. A standard
ROESYAD pulse sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and 2 2.0 s relaxation delay.
See Figure 3 for MK-2 proton labeling scheme key and Figure 12 for AOT proton labeling scheme key,
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Figure 11. Partial 'H="H 2D NOESY NMR (400 BA‘LHZ) spectra of MK-2 inside a w, 12 RM at 26 °C illustrating interactions of MK-2 with the AOT
surfactant tails. (A) Interactions between MK-2's aromatic protons and AOT. (B) Interactions between MK-2 alksne protons and AOT, The blue to
blue praton text labeling shows MK-2 to MK- lmmmons, teal to teal proton text labeling shows AOT to AOT interactions, and blue to teal proton text
labeling shows MK-2 to AO'T interactions. Blue i gative NOE's, and red intensity contours represent positive NOE's. A
mndardNOESYpulsesequmemmedmnﬁsﬂngofl&ﬂmslems\mhlémslntheﬂ domain using a 200 ms mixing time and a 1.5 s relaxation
delay. See Figure 3 for MK-2 proton labeling scheme key and Figure 12 for AOT proton labeling scheme key.

observed when MK-2 is associated within the RMs changed need to prepare and study such derivatives both experimentally
slightly from that observed in d,-DMSQ regarding where the and computationally.
double bond overlaps with the napthoquinone moiety. The The extended conformations of long chain biological
overlap of the alkene and napthoquinone functionalities in the molecales such as fatty acids and polyenes a:e enerally shown
conformation associated with the interface is best illustrated by in the literature if the structure is presented.”***" However, a few
the top view in Figure 13B. Importantly, the U-shape fold studies of isoprene conformers ind 1,3 acychc dienes show the
remains, but slight rotation around the C—C bond facilitates the extended frans alkane conformations compare in energy with
conformational changes in the U-shape. folded or helical conformaticns.”>* Although the folded
Implications of Folded Conformations for MK Deriva- conformations in those studies may be slightly higher in energy
tives. Natural MKs contain a naphthoquinone and an isoprenyl than unfolded conformations, the difference is surprisingly small.
side-chain with some variable number of repeating isoprene The C—C single bond lengths reported for stearic acid decreases
units, where MKs support the electmn—lrmsfer reactions in a under high pressure.”* These bond shrinkages cause conforma-
range of systems.™ 43 MK-2 was synth llowing for detailed tional and shape changes in stearic acid favoring folded
characterization of the molecule. The remlts presented herein for conformations.* Previous studies using high-temperature UV-
MK-2 suggests that other important MK derivatives in biology absorption spectroscopy, molecular orbital calculations, and gas-
will adopt folded conformations as well and demonstrates the phase electron diffraction found that isoprene and chloroprene
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Far Away

Figure 12. Ilustration of MK-2's proposed folded, U-shaped
conformation and placement in the RM interface. This arrangement is
consistent with "H—'H 2D NOESY and ROESY NMR spectral data
obtained in a wy, 12 RM; however, ME-2 likely tumbles frecly within the
interface but maintains interactions with the region of AOT shown in
the lustration. Color depth fading legend shows dark red as doser in
distance and dark blue as farther in distance from the reader. AOT
proton labeling scheme key is shown.

(&)

(B}

L
Side View

Figure 13. MK-2 conformation at an interface visualized using
MMFF94 calculati Maleenl E S »

the 3D conformation of MK-2 in a RM that is consistent with 'H—lﬁ
2D NOESY and ROESY NMR spectral data. (A) Side view of energy
minimized conformation (63.5 keal/mol, and internuclear distance H, —
H,: 40 A) showing MK-2's isoprene side-chain adapting a hook-like
shape also known as a folded, U-shaped conformation. (B) Top view of
energy minimized conformation showing the terminal isoprene methyl

groups overlapping the carbonyl groups on the napthoquinone.

conformations did, in fact, favor folded conformations.*"**

Although these conditions are nonphysiological, they do
d rate that ch in a physical parameter can affect the
preferred conformation. Previous work has been carried out with
fatty acids where the experimental studies showed that the
conformations of the alkane portion of the fatty acids can and do
change similar to conformations of MK-2 as shown in this
wark."” Our studies confirm the first hypothesis that MKs have
different conformations depending on specific environmental
conditions, which was achieved by first synthesizing MK-2 and
then demonstrating that a U-shaped, folded conformation was
adopted in d,-DMSO, which was different from the con-
formation in d.-pyridine.

Conformations can affect reactivity, and as in this case, the
electron-transfer reactions facilitated by MK. MK forms
complexes with several enzymes during the electron-transfer
processes, and although kinetic characterizations of these
systems have been reported,”™ ™" less is known structurally.
The redox potentials of MK-2 depicted in Figure 6 illustrate the
trend where the most positive potential is in DMSO and the most
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negative potential is in pyridine, which agrees with literature
reports on menadione. " These results have identified that the
redox potential of MK-2 changes as a function of solvent, and the
origin of this change (presumably in part due to a change in
diclectric constant between solvents) and whether these
observed solvent effects can be associated with changes in
conformation should be investigated in the future using both
suitable high-level computational methods as well as electro-
chemistry. Indeed, the change in redox potential is likely to be
important, and since there is no conjugation between the
isoprenyl side-chain and napthoquinone, these effects are very
interesting and may reflect thal the energy required for the
reduction is determined by the energy difference of the
HOMO-LUMO gap in the two different conformations.*
Orbital analysis of the HOMO—LUMO gap could potentially be
informative and describe the orgin of the observed varied
biological effects of a series of N-alkyl MK derivatives that have
been reported.””™ For example, replacement of a CH, group
with a N atom modifies the parent system, creating a class of
compounds with a nitragen bound directly to the “naphthoqui-
none group.” These molecules have dramatically different
biological properties than the parent MK derivatives,”"" and it
is possible that these activities could be related to the change in
fundamental physical and chemical properties that occurs with
N-alkyl isoprenoid substitution of the naphthoquinone ring.
Combined, these results confirm the second hypothesis that the
redox potential of MK-2 is influenced by organic solvent
environment (in part due to dielectric constant of solvent),
which is likely to be important for understanding the mechanistic
details in MK metabolism.

The third hypothesis involves determining if the association of
MK with the membrane interface influences the conformation of
the MK derivative. We investigated the interaction of MK-2 with
a phospholipid Langmuir monolayer, which is a simple 2D model
of a single leaflet of a cell membrane.””*** The fact that MK-2
interacts with the phospholipid monolayer is consistent with the
expected MK affinity for the hydrophobic phospholipids that
make up the cell membrane. Langmuir monolayer studies
support interaction of MK-2 with the phospholipid monolayer
interface; however, the lipoquinone is likely compressed out of
the interfacial portion of the pkospholipid monolayer into the
more hydrophobic alkyl tail groups on the top of the monolayer
as the pressure increases. Unfortunately, Langmuir phospholipid
monolayer studies could not determine the conformation of MK
2; however, the RM surfactant interface complements studies
with the phospholipid monolayer interface. The question of
folding was further investigated by combining 'H NMR
spectroscopic studies of MK-2 in organic solution and in a
simple model membrane system, RMs. The conformation of
MK-2 was characterized in organic solvents and was found to
differ slightly from the conformation when it was associated with
the surfactant interface within RMs. It is to be expected that MK-
2 would have an affinity for the interface because of its
hydrophobicity, which agrees with results ohserved in the RM
system. The RM interface is known to be penetrated by water
molecales and thus less packed than a biological membrane and,
therefore, has a lower interface pressure meaning MK-2 is
unlikely to be compressed out once inside.™""”" The '"H NMR
spectroscopic studies in RMs allowed us to observe the
association of MK-2 with the interface molecules as well as
with itself in its folded state. The 'H—'H 2D NOESY and
ROESY NMR spectral data indicate that the U-shaped
conformation of MK-2 (Figure 13) remained intact while

UGt 10,102 1/acs joc. Fbiiabay
4. Crg, Chem. 2018, 83, 275288



The Journal of Organic Chemistry

associating with the RM model membrane interface; however,
the overlap between the alkene and the napthoquinone varies
with the specific environment. The small changes in the U-
shaped conformation document the environmental influence on
the conformational folding of MK-2. These results are very
important because they document the possibility that MK
derivatives in the cell membrane environment may be folded, and
if so, such folds will impact the interaction with proteins in the
ETS and affect reactivity and function.

Naturally occurring lipoquinones are characterized by the
presence of an isoprenyl side-chain of varying length depending
on the species of origin. MK-2’s isoprenyl side-chain is shorter
than most lipoquinones involved in electron transpart; therefore,
it may not fully mimic the interactions generated by MK
derivatives with longer isoprene chains with the membrane or the
enzyme systems. ITowever, these results show that the folding of
MK-2 is very important and may suggest that MK derivatives
with the longer isoprenyl side-chains may adopt folded
conformations as well. Understanding how MK-2 and other
MK derivatives fold in a hydrophobic environment is critical to
gauge how these molecules will behave within a biclogical
membrane assaciated with the ETS.

Investigation of the conformation of a particular MK
derivative’s location and conformation will also allow for a
more realistic interpretation of data obtained with the novel
fluorogenic probe, a vitamin K analog, reported to fluoresce after
reduction to the quinol.”* Studies with this new probe may help
provide information on the role that vitamin K plays in key redox
processes. Accurate information obtained from the use of this
probe would provide better quality data regarding pholosyn-
thesis and cellular respiration, and future consideration of MK
derivatives location and conformation will be important for
proper interpretation of the results obtained from the use of this
probe.

B CONCLUSIONS

Conformations exhibited by alkanes and alkenes are essential for
explaining trends in reactivity and manifestation of physical
properties, bul little is understood regarding biological systems
with hydrophobic small components containing alkyl segments.
The studies p d in this ipt describe the chemical
and biochemical properties of MK, which is an essential
component of the ETS in many Gram-positive bacteria,
including pathogens such as Mycobacterium tuberculosis,
Mycobacterium leprae, and Staphylococcus aureus, to name a few.
‘We report for the first time in this class of molecules that MK-2
adopts a folded, U-shaped conformation in organic solution. The
specific nature of the conformation varied within different
organic solvents and thus confirmed our first hypothesis that
MK-2 conformations are very sensitive to their environment.
These findings contrast with the simple, extended conformation
represented in textbooks and the literature that is shown for ME
derivatives as well as the more common “Q”, belonging to the
UBQ family of lipoquinones.

The change in the observed redox potentials of MK-2 with
different organic solvents confirmed our second hypothesis. This
is important for future studies probing the function of the
substrate and potential correlation between conformation and
redox potential of MK derivatives, and although most of the
studies in this manuscript are of a structural nature, it is important
to recognize that the function is likely related to the
conformation of the MK-derivative. The discovery that MK-2
adopts a folded conformation may suggest that other MK
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derivatives will have similar conformations, which ultimately will
impact all the biological systems in which MKs have a role such as
within the ETS in specific Gram-positive hacterial pathogens.
The result of a stable U-shape conformation in solution and
within an interface is important as little information is available
on essential hydrophobic biological components.

Although the NMR spectral data illustrated using molecular
mechanics allowed for the conclusion that MK-2's conformation
is environment dependent, it was important to investigate if this
U-shaped conformation d at a memb like interface.
We used two brane model sy to investigate this
question. The more physiologically relevant DPPC/DPPE
phosphalipid monalayers confirmed that MK-2 interacted with
the phospholipid interface similar te UBQs; however, the
conformation of MK-2 remained unspecified. Complementary
studies using the AOT-RM model membrane system allowed
determination of the molecular location of MK-2 as penelrating
the water—surfactant interface as well as the conformation of
MEK-2 within the RM interface. We found that the folded, U-
shaped conformations observed in organic solution remained
upon association with the AOT-RM interface, but the U-shaped
conformation differed slightly indicaling the interface’s environ-
mental influence on conformation. Together, these results
support the interpretation that the MKs conformation remains
folded in a U-shape even in contact with a model membrane
interface, which agrees with our third hypothesis.

More broadly, the results of this study will also enhance our
understanding of folded conformations for chemically and
biologically important hydrophobic small molecules in solutions
and confined hydrophobic environments. The shape and, thus,
the conformation of these molecules are relevant for molecular
recognition motifs and the processing of these molecules within
the membrane. This manuscript represents the first attempt to
characterize the conformation as well as the chemical and
biochemical propertics manifested by the conformation of any
electron transferring lipoquinone derivative. Although many
studies have been carried out with these systems kinetically, the
conformation and how this impzcts the biological chemistry has
not yet been addressed.

B EXPERIMENTAL SECTION

Preparation of (E}-2-(3,7-Dimethylocta-2,6-dien-1-yl}-3-
methylnaphthalene-1,4-dione |4). To a 500 mL mund-bottom
Schlenk flask were added a stir bar, diethyl ether (100 mL), and
menadione (5.00 g, 29.0 mmol). Then, 10% aq. Na;5,0; (100 mI, 57.4
mmol) was added, and the solution immediately turned dark red. After
30 min of stirring at ambient temperature, the solution was clear yellow.
The aquecus layer was separated and extracted with diethyl ether (3x,
100 mL). The combined ic extracts were washed with sat
NaHCO; (100 mL), followed by DDI H,O (100 mL), and last with
brine (100 mL). The combined organic extracts were dried with
anhydrous Na,50, and then concentrated under reduced pressure at
room temperature. The crude powder was triturated with pentane (50
mL), vacuum filtered, and washed with pentane (100 mL) to yield 4.25 g
as a pale purple solid. Menadiol formation is indicative by 'H NMR.
(CDCly) hy the presence of a peak at 6.64 ppm and is consistent with
literature. ™

Toa 100 mL round-bottom Schlenk flask was added ethyl acetate (16
mL) and 1,4-dioxane (16 mL), which was purged/evacuated with argon
repeatedly. Then, crude menadiol (.50 g, 4:1 menadiol:menadione by
NMR integration, 11.5 mmol) was zdded, followed by geraniol (1.92 g,
12.5 mmol), and then dropwise addition of fresh BF, etherate (0.8 mL).
The solution was allowed to reflux at 70—72 °C for 3 hunder argon. The
dark orange colored reaction mixture was quenched with ice-FLO (100
mL) and then extracted with diethyl ether (3x, 100 mL). The yellow
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arganic extracts were washed with sat. NaHCO; (100 mL), washed with
DDLH,O (100 mL), washed with brine (100 mL), dried with anhydrous
Ma, 80, and then concentrated under reduced pressure at room
temperature to yield 3.71 g of crude red oil. The crude oil was purified by
flash column chromatography (1000 mL of 230-400 mesh $i0,, 70 mm
column, 20:1 pentane/cthyl acetate). The yellow oil obtained was dried
under reduced pressure (~125 mTorr) overnight to yield 0.713 g (2.31
mmol, 20.1% yield) as a yellow solid. The scale of this reaction was ~14
times larger than the previously reported synthesis.”* 'H NMR (400
MHz, d-DMSO) 8: 7.96—8.01 (m, 2H), 7.80—7.84 (m, 2H), 4.96-5.00
(m,2H), 3.30 (d, 2H, ] = 4 Hz), 2.10 (s, 3H), 1.92-2.04 (m, 4H), .73
(s, 3H), 1.53 (s, 3H), 1.49 (5, 3H). *C NMR (100 MHz, d-DMSO) &
184.7,183.6,145.3, 142.9, 136.4, 133.9, 131.5,130.7, 1259, 125.8, 123.9,
1194,26.0,25.4, 254, 17.5, 16.1, 12.4. LEMS (ESL 70 eV, EtOAC) m/z:
[(M + H)'] Caled for C,\H,.0, 3092; found 309.2. HRMS (ESIL,
OTOF) mfz: [(M + H)'] Caled for C,H,,0, 309.1849; found
309.185L

Mass Spectrometry. Low-resolution mass spectrametry (LRMS)
experiments were conducted by electron spray ionization mass

in Figure §12 were generated by rotating bonds to achieve the desired
conformation followed by an energy minimization using 20-50
iterations and an RMS gradient of 0.1, A table of structural parameters
such as selected distances between hydrogen atoms within the
conformations and energies calculated for the 3D conformations can
be found in the Supporting Information section:

Electrochemistry Methods. All electrochemistry was performed
on a CHI 750D patentiostat. For the cyclic voltammetry (CV), a
classical three electrode system was used with scan rate of 100 mV/s at
22 °C. The working electrode was a glassy carbon electrode (BASI
MF2012, 3 mm), and the counter electrode was a platinum wire
electrode (BASi MW1032). The Ag'/Ag reference electrode (BASI
MW1085) was constructed hy inserting a Ag wire inta a freshly prepared
solution of organic solvent (CH,CN, DMSO, or pyridine) with 0.1 M
TBAP and 0.01 M AgNO,. Detail, I, instr ion, and
analysis are available in the .‘supporb.ng I.nfom:ahon.

Langmuir Monolayer Comp herms. The
for each experiment consisted of approximately 50 mL of a 20 mM
sodium phwphal.e buffer (pH ?4} The phospholipid solution was

Lk

spectrometry (ESI) on an Agilent tech 6130 Quadrupol

At
-2

LCMS. High-resolution mass spectrometry (HRMS) experiments were
carried out using an Agilent 6220 TOF LC/MS (*OTOF") interfaced to
an Agilent 1200 HPLC with electrospray (ESI) mode.

NMR Spectroscopic Studies. 1D and 2D “H studies were carried
out both in organic solvents and more complex media (see below for
RM studies). 'H and “*C spectra were recorded using a Varian Model
MRA400 or Model Inovad00 operating at 400 and 100 MHz, respectively.
Chemical shift values (&) mmpm‘tedmppm and referenced against the
internal solvent peaks in 'H NMR (d,-DMSO, 4 at 2.50 ppm; CDCL, &
at 7.26 ppm; d.-pyridine, & at 8.74 ppm; d,-acetonitrile, & at 1.94 ppm;
D,0, §at4.79 ppm; C,Dy, 6 at 7.16 ppm) and in *C NMR (d-DMSO0,
& at 39.52 ppm). All NMR spectra were recorded at either 22 or 26 °C.

Solution 1D 'H NMR Spectroscopic Studies. Samples were
prepared by dissolving ~5 mg of ME-2 in either 0.5 mL of isooctane, d-
pyridine, C,D, d,-acetonitirle, 4-DMSO, or D,0. The MK-2 sample in
D,0 was vortexed for ~1 h to dissolve maximum amount of ME-2. The
NMR. spectrum was collected by running 32 scans and was locked onto
the deuterated solvent except for isooctane, which was ran unlocked
using CDCl; as a spectral window reference.

Sample Preparation for Solution 'H-'H 2D NOESY and
ROESY NMR Spectroscopic Studies. Ta prepare the samples in de-
DMSO and dy-pyridine, 0.0031 g of MK-2 was dissolved in 0.5 mL of
solvent to yleld a 20 mM solution of MK-2. The NMR tubes containing
the ME-2 solution were purged with prior to data collection.

'"H-"H 2D NOESY and ROESY NMR Spectroscopy in Organic
Solution. 2D NMR. spectroscopic studies in organic solution were
carried out on a Varian model MR400 400 MHz magnet at 26 °C. A
standard NOESY pulse e was used g of either 200 or
256 transients with 16 scans in the fl domain using a 500 ms mixing
time, 45° pulse angle, and a 1.5 s relaxation delay. A standard ROESYAD
pulse sequence was used consisting of either 200 or 256 transients with
16 scans in the {1 domain using a 400 ms mixing time, 45° pulse angle,
and a 2.0 s relaxation delay. The NMR was locked onto either d,-DMSO
or d;-pyridine and referenced to the internal solvent peak. The resulting
spectrum was processed using MestReNova NMR software version
10.0.1

Molecular Mechanics Calculations. To obtain visual aids of MK-2
conformations, Merck molecular force field 94 (MMFF94) molecular
mechanics gas-phase simulations were conducted using ChemBio3D
Ultra 120 at 25 °C. Starting conformations were obtained from
ChemDraw structures or by rotating desired bonds and then either had
simulations run or simply an encrgy minimized to achieve the desired
conformation. Conformations A= in Figure 4 were generated and then
energy d with a root quare (RMS) g t of 0.1 and
up to S0 iterations to obtain conformations that :gimed with our
interpretation of the cross peak ohservations in the '"H—"H 2D NOESY
and ROESY NMR spectral data. One simulation was run for 10,000
iterations and then energy minimized using an MMFF94 encrgy
minimization calculation using 500 iterations with a RMS gradient of
0.001 to achieve conformation C in Figure 512C. Conformations D-H
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dered phosphalipid into a chloraform:me-
Lhanoi (9:1,v:v) wluhon to produce 1 mM phospholipid stock solution.
The film applied to the subph isted of 20 I of phosphalipid
stock solution or a 50:50 mole fraction mixture of MK-2 with either
DPPC or DPPE. The resulting film was equilibrated for 15 min and then
compressed using a Teflon nibbon at a rate of 10 mm/min (2.4 AY
chain). The surface pressure was measured using the Wilhemy plate
method where a wire probe was used as the plate on a Kibran uTrough
X5.” The reported compression isotherms are reported as an average of
three trials (constructed by afvcmgmg the three isotherms in excel). See
Supporting Information for comp dulus data and interp
tion.

Sample Preparation for RM NMR Spectroscopic Studies. A
0.50 M AOT stock solution was made by dissolving AOT (5.56 g, 12.5
mmol) in isooctane (25.0 ml.). RMs were prepared by mixing the 0.50
M AOT stock solution with 1,0 (pH 7.0) and then vortexed until clear.
MEK-2 RMs were made in a similar manner except an 11.2 mM ME-2
stock solution was prepared by directly dissolving MK-2 in the 0.50 M
AOT/isooctane solution, Then, the MK-2-AOT-isooctane stock
solution along with D,0 (pH 7) were used to make RMs.

1D "H NMR Spectroscopic Studies of AOT/Isooctane RMs
That Contain MK-2. 1D ‘H NMR spectroscopic experiments were
carried out using a Varian Inova 430 MHz instrument using routine
parameters (pulse angle: 45°, relaxation delay of 1 5) at 22 °C. The RM
spectrawere internally ri'_fmnccd using the isooctane methyl peak set to
0.904 ppm.% Data analysis and b‘pe[tmm workup were done using the
NMR software, MestReNova version 10.0.1.

Sample Preparation for 'H-"H 2D NOESY and ROESY NMR
Spectroscopic Studies (RMs). To prepare the AOT/isooctane stock
solution, 0.22 g AOT (0.50 mmol} was dissolved into isvoctane (1.0
mL) for a final 0.50 M AQT stack sokition. Then 0.035 g (1.10 mmol) of
ME-2 was dissolved into the 0.50 M AOT stock solution for a final
concentration of 110 mM MEK-2 Then, 892.6 uL of MK-2 AOT/
isooctane stock solution was mixed with 107.3 uL of D;O (pH = 7) and
then vortexed until clear. This final mixture results in a w, 12 RM
microemulsion with an overall concentration of ME-2 being 100 mM
(~29 molecules per RM).

"H-"H 2D NOESY and ROESY NMR Spectroscopic Studlﬁ in
AOT/lsooctane wy 12 RM. 2D NMR samples were ran using simil
conditions used previously”’ using a Varian model MR400 400 M'H.z
magnet at 26 °C. A standard NOESY pulse sequence was used
consisting of 256 transients with 16 scans in the f1 direction usinga 200
ms mixing time, 45" pulse angle, and a relaxation delay of 1.5 5. A
standard ROESYAD pulse sequence was used consiting of 256
transients with 16 scans in the f1 direction using a 200 ms mixing
time, 45° pulse angle, and a relaxation delay of 2.0 s. The NMR was
locked onto 10% D, 0, and the spectrum was referenced to the isooctane
methyl peak at 0.904 ppm as previously reported.” The resulting
spectrum was processed using MestReNova NMR software version
10.0.1. The 3D structure illustrativn within a RM was drawn using
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ChemBioD) Ultra 12.0 and ChemBio3D Ultra 12.0 hased on spectral
parameters described under results.
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ABSTRACT: Menaquinones (MKs) are essential for electron transport in prokaryotes, and importantly, partially saturated
MXKs represent a novel virulence factor. Ilowever, little is known regarding how the degree of saturation in the isoprenyl side
chain influences conformation or quinone redox potential. Men] is an enzyme that selectively reduces the second isoprene unit
on MK-9 and is contextually essential for the survival of Mycobacterium tuberculosis in J774A.1 macrophage like cells, suggesting
that Men] may be a conditional drug target for pathogenic mycobacteria, Therefore, fundamental information about the
properties of this system is important, and we synthesized the simplest MKs, unsaturated MK-1 and the saturated analogue,
MEK-1(H,). Using two-di ional nuclear ic resonance spectroscopy, we established that MK-1 and MK-1(H,)
adopted similar folded—extended conformations zi.e., the isoprenyl side chain folds upward) in each solvent examined but the
folded—extended conformations differed slightly between organic solvents. Saturation of the isoprenyl side chain slightly altered
the MK-1 analogue conformation in each solvent. We used molecular mechanics to illustrate the MK-1 analogue conformations.
The measured quinone redox potentials of MK-1 and MK-1(H,) differed between organic solvents (presumably due to
differences in dielectric constants), and remarkably, an ~20 mV semiquinone redox potential difference was observed between
MK-1 and MK-1(H,) in pyridine, acetonitrile, and dimethyl sulfoxide, demonstrating that the degree of saturation in the
isoprenyl side chain of MK-1 influences the quinone redox potential. Finally, MK-1 and MK-1(H,) interacted with Langmuir
phospholipid monalayers and Aerosol-OT reverse micelle (RM) model membrane interfaces, where MK-1 adopted a slightly
different folded conformation within the RM model membrane interface.

pubs.acs.org/biochemistry

ninones are a unique type of a,f-unsaturated ketone

isting as metabalites in numerous pathways where

they have many functions in nature.'~® The importance of
quinone chemistry has been recognized since the mid-1800s.
Quinone-containing compounds can be antioxidants, antitu-
moral agents, or carcinogenic agents and are the inherent
components of biological systems such as photosystem 1L' ©
Menagquinones (MKs) (or naphthoquinones) are members of
the lipoguinone (lipid-quinone) class of molecules and are
essential components of the respiratory electron transport
system (ETS), where they shuttle electrons and protons
between protein complexes by acting as electron donors and
acceptors.” Partial saturation of the isoprenyl side chain of MK
has been known for a long time, but Men] was recently shown
to selectively reduce MK-9 at the second isoprene unit,
demonstrating the origin and necessity of partially saturated
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MKs for the survival of the bacteria.”” Currently, little is
known regarding the conformation of MKs in solution or
within cell membranes and how partial saturation of the
isoprenyl side chain affects conformation and quinone
reaclivity, even though the structures and biological signifi-
cance of lipoquinones and isoprenoids have been known for
more than 50 years.**~'" It is well known that evolutionarily
conserved structural differences in the lipoguinone headgroup
alter quinone redox potential,’ but how partial saturation of
the isoprenyl side chain affects quinone redox potential
remains uncertain. Therefore, this work aims to characterize
the conformation of the most fundamental MKs containing
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Figure 1. Structures of (A) MK-9(1I-H,), present within Mycobacterium

saturated MK analogue, MK-1(H,).

tuberculosis, (B) the unsaturated MK analogue, MK-1, and (C) the

one isoprene unit (unsaturated ve saturated side chain) in an
organic solution and a model membrane interface and to
determine the g redox potentials of unsaturated MK-1
and saturated MK-1(I1,) in organic solutions.

MZKs are structurally characterized by a naphthoquinone
moiety and a repeating isoprenyl side chain of varying length
(Figure 1), where the latter is a characteristic that has long
heen nsed to assist taxonomic efforts.'*'® The most widely
known MK compound is vitamin K; (or MK4), which is
essential for life in humans as it is a key cofactor in blood
coagulation.'® MK-4 was recently shown to be biosgmthe&ized
in humans'” and as a part of the ETS in Drosophila.'® Vitamin
K, (or menadione), the simplest 1,4-naphthoquinone deriva-
tive lacking the isoprenyl side chain, has been reported to have
significant antitumoral properties.” N-Alkylated MK derivatives
have also been synthesized and characterized in the literature,
with several exhibiting interesting biological properties.'®™"
The truncated MK analogues, menaquinone-1 (MK-1) and
menaquinone-1(H,) [MK-1(H,)], are vital to study as they are
the simplest, most fundamental MKs, where they retain the
core requirements (ie., a naphthoquinone moiety and a one-
unit isoprenyl side chain). MK-1(H,) is crucial to study as it
lacks the double bond in the isoprenyl side chain, and
importantly, biologically isolated MK analogues containing
partial saturation (reduced double bond) in the isoprenyl side
chain have been reported (Figure 1).° ® Truncated MK
analogues are more soluble than the natural MK substrate, thus
allowing rigorous characterization in aqueous assays.®
Furthermore; MK-9 contains 80 hydrogens with significant
spectral overlap, making conformational analysis nontrivial
Therefore, the conformational analysis of these two truncated
MEK-1 analogues is essential as the conformation of the first
isoprene unit will influence the conformation of the rest of the
isoprenyl side chain in naturally occurring longer MK
analogues [e.g, MK-4, MK-9, or MK-9(II-I1,) (Figure 1)].

The synthesis of truncated MK analogues is necessary as it
allows experimental conformational analysis to be carried out.
Molecular conformations are significant for manifesting
physical and chemical reactivity as well as recognition in
biological systems. MKs contain alkyl side chains of varying
lengths, and conformations have been reported for various
alkanes, alkenes, and fatty acids, which all contain alkyl chains
of varying lengths. ™ ** For example, the degree of folding of
C4—C;;, n-alkanes in solution depends on the strength of the
dispersion force of the solvent and increases with an increase in
chain length®" ™" Furthermore, studies of #-hexane and n-
pentane in various solvents suggested that the solvent
environment had only minor effects on the conformational
equilibrium.* Interestingly, conformations observed in polar
and spherical solvents such as dimethyl sulfoxide (DMSO)
favored gauche conformations.” Computational studies have
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been carried out on MK analogues in which folded
conformations were found to be favorable.”™ Importantly,
we recently reported that menaquinone-2 (MK-2) adopts a
folded, U-shaped conformation in solution and within a model
membrane interface.’’ H , MK-1 contains only one
isoprene nnit and presents the best opportunity for a flat—
extended conformation to exist, and therefore, it is important
to determine if a flat—extended (ie, trans or extended
configuration of the side chain and isoprene planar), folded—
extended (ie., isoprene folded upward), or U-shaped
conformation (e, isoprene folded up and back toward the
naphthoquinone in a U shape) is preferred (see the illustration
below). On the basis of these selected examples, we
hypothesized that MK-1 analogues adopt folded conformations
regardless of the degree of saturation in their isoprenyl side
chain.

The conformation and electronic properties of a molecule
can affect both the reactivity and function of a molecule in
solution and within biological environments. The longer
partially saturated isoprenyl side chain MK analogne, MK-
9(I1-H,) (Figure 1), is an clectron transporter within
Mycobacterium tubereulosis, and the synthesis of MK-9(11-H,)
was found to be essential for the survival of pathogenic M.
tuberculosis in host macrophages; thus, partially saturated MKs
represent a novel virulence factor.” In addition, partially
saturated MK analogues have been reported in other organisms
such as members of the genera Streplomyces and Actino-
madura.'' 1t is unclear whether hydrogenation of the double
bond in specific isoprene units changes the reactivity of the
quinone system. The double honds present within the
isoprenyl side chain are not corjugated to the quinone system
within MK. Therefore, it would not be anticipated that a
significant change in the quinone redox potential would occur
upon reduction of an isoprenyl unit. However, it has been
reported that even when there is no direct conjugation
hetween the quinone system and a substituent group,
electrochemical reduction of the quinone system is sensitive
to the electronic perturbation of the substituents." Thus, it is
possible that partial saturation in the isoprenyl side chain could
influence the quinone redox potential, where an indirect
through-bond effect could be a contributing factor and/or
conformational effects of the substituent, Therefore, we
hypothesized that the quinone redox potential of MK-1 may
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be influenced by the degree of saturation in the isoprenyl side
chain.

In this work, MK-1 and MK-1(H,) (Figure 1) were first
synthesized and then their conformations within organic
solvents were elucidated by one-dimensional (1D) and two-
dimensional (2D) 'H nuclear magnetic resonance (NMR)
spectroscopy. MK-1 and MK-1(H,) adopted similar folded—
extended conformations in each solvent, but the preferred
folded—extended conformations differed slightly between
solvent environments. The quinone redox potentials of MK
and MK-1(11,) were measured in three organic solvents, where
a solvent effect (presumably due to a change in the dielectric
constant) was ohserved, and most interestingly, an ~20 mV
difference in semiquinone redox potential was observed
between MK-1 and MK-1(H,). The interaction of MK-1 and
MK-1(I1,) with phospholipid monolayers was characterized
using Langmuir phospholipid monolayers, and the two MK-1
analogues were found to interact with the phaspholipid
interface. Finally, using a complementary study, the location,
orientation, and conformation of MK-1 and MK-1(H,) within
a reverse micelle (RM) model membrane interface were
determined using 1D and 2D NMR spectroscopy. The two
MK-1 analogues interacted similarly with the RM model
membrane interface, and MK-1 adopted a slightly different
folded conformation within the RM interface compared to that
observed in an organic solution.

B EXPERIMENTAL SECTION

Materials. Menadione (crystalline), sodium hydrosulfite
(85.0%), 1,4-dioxane (99.9%), 3-methyl-2-buten-1-0l (99%),
BF, etherate (>46.5%), Luperox A98 benzoyl peroxide
(>98%), 1-iodo-3-methylbutane (97%), dioctyl sulfosuccinate
sodium salt (AOT, 97.0%), isooctane (2,2,4-trimethylpentane,
299.0%), chloroform (99.8%), methanol (99.9%), tetrabuty-
lammonium perchlorate (TBAP, 299.0%), ferrocene (Fc,
anhydrous), silver nitrate (AgNO, 299.0%), and activated
charcoal were purchased from Sigma-Aldrich and used as
received unless otherwise noted. Absolute ethanol and ultra-
high-purity argon gas (99.9%) were acquired from Pharmco-
Aaper and Airgas, respectively. Deuterated solvents of
acetonitrile (d;-ACN or CD,CN) (99.8% D), dimethyl
sulfoxide (d; DMSO) (99.9% D, 0.08% (v/v) tetramethylsi-
lane), and d-benzene (>99.6%) were acquired from Sigma-
Aldrich. Deuterium oxide (D,0, 99.9%), d;-dichloromethane
(99.9%), and d,-methanol (99.8%) were acquired from
Cambridge Isotope Laboratories, Inc. Deuterated pyridine
(99.8% D) was purchased from Arcos Organics. DPPC (1,2
dipalmitoyl-sn-glycero-3-phosphocholine, >99.0%) and DPPE
(1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine, >99.0%)
were purchased from Avanti Polar Lipids Inc. Monosodium
phosphate (NaH,PO,, 96.0%) and sodium phosphate dibasic
anhydrous (Na,HPO,) were purchased from Fisher Scientific,
and distilled deionized water (DDI H,0) was purified with a
Barnstead E-pure system (~18 MQ cm).

General Methods. All non-aqueous reactions were carried
out under an argon atmosphere in flame-dried glassware, and
all mixtures were stired on a magnetic stir plate using an
anhydrous solvent unless otherwise noted. Reactions were
monitored by thin layer chromatography (TLC) on Whatman
Partisil K6F TLC plates (silica gel 60 A, 0.250 mm thickness)
and visualized using an ultraviolet lamp (366 or 254 nm).
Products were purified by flash chromatography (SiliCycleSi-
liaFlash F60, 43—60 pm, 60 A). Yields refer to chromato-
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graphically and spectroscopically ('II NMR) homogeneous
materials unless otherwise noted. All chemicals were used
without purification except AOT and the organic salvents.
AOT was purified using activated charcoal and methanol to
remove acidic impurities using previously reported methods.™
Organic solvents dimethyl sulfoxide (DMSQ), acetonitrile
(CH;CN or ACN), and pyridine were purified by distillation
and then dried over activated 3 A molecular sieves (40 g/200
mlL of solvent) for 3 days. Benzene was dried by being passed
through an alumina drying column (Solv-Tek Inc.) under
argon pressure. When samples were prepared for RM NMR
experiments, deuterium oxide was used instead of H,O and the
pH was adiusted to consider the presence of deuterium (pD =
0.4 + pH).*” 'H and “*C NMR spectra were recorded on a 400
MHz Varian Model MR400, 400 MHz Varian iNova400, or
500 MHz Varian iNova500 spectrometer. Chemical shift
values (5) are reported in parts per million and referenced
against the internal solvent peaks in 'H NMR (CDCl,, 6 7.26;
dy-acetonitrile, § 1.94; d,-DMSO, § 2.50; d;-methanol, § 4.87;
d,-methylene chloride, § 5.32; d-benzene, § 7.16; d.-pyridine,
&§ 8.74; D,0, & 4.79) and in '*C NMR (CDCL,, & 77.16; 4,
benzene, § 128.06).

Preparation of 2-Methyl-3-(3-methylbut-2-en-1-yl)-
naphthalene-1,4-dione, MK-1 (3). Menadiol 2 was
synthesized as previously described®” from menadione 4, and
MK-1 3 was synthesized previously.® However, in this work,
the reaction to form MEK-1 3 was scaled up and character-
ization reported data in CDCl,. To a dry 100 mL Schlenk flask
were added a stir bar, EtOAc (16 mL), and 14-dioxane (16
mL}, which was then purged/evacuated with argon repeatedly.
Then, crude menadial 2 (2.50 g 4:1 menadiol:menadione by
NMR integration; note that menadiol is prone to autoxidation
in CDCly 1148 mmol) was added followed by 3-methyl-2-
buten-1-ol 1 (1.08 g, 12.52 mmol) and then dropwise addition
of distilled BF, etherate (0.8 mL). The reaction solution
turned dark orange and was refluxed at 70 °C for 3 h under
argon. The reaction was quenched with ice and H,0 (100
mL), and then the mixture extracted with diethyl ether (3 x
100 mL). The yellow organic extracts were washed with
saturated NaHCO; (100 mL), washed with brine (100 mL),
dried with anhydrous Na,50,, and then concentrated under
reduced pressure at ambient Lemperature to yield 3.50 g of
crude red oil. The crude oil was purified by flash column
chromatography (1000 mL of 230—400 mesh 8i0;, 70 mm
column, 20:1 n-pentane:EtOAx). The red oil obtained was
dried under reduced pressure (~125 mTorr) overnight to yield
0.628 g of a deep red oil (2.61 mmol, 22.7% yield): 'II NMR
(400 MHz, CDCL,) & 8.06—8.08 (m, 2H), 7.67—7.69 (m, 211),
5.02 (t, ] = 7.0 Hz, 111), 3.36 (d, 2H, ] = 7.0 Hz), 2.19 (s, 3H),
1.79 (s, 3H), 1.69 (s, 3H); “C NMR (101 MHz, CDCl,) &
185.6, 184.7, 1462, 1434, 134.1, 133.47, 13342, 132.33,
13230, 1264, 1263, 119.3, 263, 25.9, 18.2, 12.8; HRMS
(DART) m/z [ (M + H)'] caled for C,411,,0, 241.1223, found
241.1222.

Preparation of 2-lsopentyl-3-methylnaphthalene-
1,4-dione, MK-1(H,) (6). To a dey 100 mL round-bottom
Schlenk flask were added a stir bar and dry and degassed
benzene (30 mL) followed by l-iodo-3-methylbutane 5 (1.98
& 10.0 mmol, 1 equiv), which was then purged/evacuated with
argon repeatedly. To a dry 20 ml. vial was added dry benzene
(15 mL), which was then depssed via argon needle purge,
followed by addition of menadione 4 (1.72 g, 10.0 mmol) and
benzoyl peroxide (2.42 g, 10.0 mmol, | equiv). This solution

DOt 10U acs. byochem, P U000
Blochemiszry 2019, 58, 15961615



Biochemistry

was sonicated until dissolution occurred under argon. The
naphthoquinone/benzoyl peroxide solution was added drop-
wise over 135 min to the refluxing prenyl iodide solution,
which was under an argon atmosphere during the reaction.
After the addition was complete, the solution was refluxed for
an additional 1 h. The solution was then diluted with saturated
NaHCO; (100 mL) and diethyl ether (100 mL), and then the
two phases were separated. The aqueous layer was extracted
with diethyl ether (3 X 100 mL), and the combined organic
extracts were washed with saturated NaHCO; (100 mL),
washed with brine (100 mL), dried with anhydrous Na,SO,,
and then concentrated under reduced pressure at ambient
temperature to yield a crude yellow powder. The crude powder
was purified by flash column chromatography (10:1.5 n-
pentane:EtOAc) to yield 0.493 g of a yellow solid (2.03 mmol,
20.3% yield) after drying overnight under reduced pressure
(~128 mTorr): '"H NMR (400 MHz, C,D,) § 8.05—8.07 (m,
2H), 7.04-7.06 (m, 2H), 2.41-2.45 (m, 2H), 1.92 (s, 3H),
1.45—-1.55 (m, 1H), 1.16—1.21 (m, 2H), 0.89 (d, J = 6.6 Hz,
2H); C NMR (101 MHz, C.D;) & 184.9, 184.3, 147.5, 142.7,
133,09, 133.08, 132.74, 13271, 12626, 12621, 37.8, 28.9,
25.2, 22.5, 12.3; HRMS (DART) m/z [(M + H)'] caled for
Cel1;0; 243.1380, found 243.1378.

Mass Spectrometry. IHigh-resolution mass spectrometry
(HRMS) experiments were conducted on an Agilent 6224
TOF LC/MS instrument [O-time-of-flight (TOF)] interfaced
with the Direct Analysis in Real Time (DART) source
(IonSense DART-100). A standard of Jeffamine was used as an
internal standard calibration for HRMS DART experiments
carried out in positive mode.

NMR Spectroscopic Studies. ID and 2D 'H NMR
spectroscopic studies were carried out both in organic solvents
and in an RM model membrane system. ‘I and “C NMR
spectra were recorded using either a Varian model MR400,
model Inova400, or model Inova500 spectrometer operating at
either 400, 500, or 101 Mz, respectively. Chemical shift
values () are reported in parts per million and referenced
against the internal solvent peaks in '"H NMR (CDCl,, 8 7.26;
d-ACN, 5 1.94; d-DMSO, § 2.50; d-methancl, 5 4.87; d;-
methylene chloride, & 5.32; d;-benzene, 4 7.16; d;-pyridine, 4
874; D,0, § 4.79) and in *C NMR (CDCl;, 8 77.16; d,-
benzene, 5 128.06). All NMR spectra were recorded at either
22, 25, or 26 °C. See figure captions and the Supporting
Information for more details.

Solution 1D 'H NMR Spectroscopic Studies. Samples
were prepared by dissolving ~5.0 mg of MK-1 in 0.5 mL of
either d,-chloroform, d,-methylene chloride, d;-methanol, d;-
DMSO, dgpyridine, d;-ACN, or dgbenzene. The NMR
instrument was locked onto the respective deuterium signal
in the deuterated solvent used. NMR spectra were then
collected using 32 scans for each sample. The data were
processed using MestReNova NMR processing software
version 10.0.1. The spectra were manually phased, and then
the baseline was corrected using a Bernstein Polynomial Fit
(polynomial order 3). The obtained spectra were referenced to
the proper internal solvent peak.

Sample Preparation for '"H-'H 2D NOESY and 'H-'H
2D ROESY NMR Spectroscopic Studies. To prepere the
solutions of MK-1 or MK-1(H,) in d; pyridine, 4, ACN, and
d-DMSO, 0.0024 g of MK-1 or 0.0024 g of MK-1(H,) was
dissolved in 0.5 mL of a deuterated solvent to produce a 20
mM solution of MK-1 or MK-1(H,), respectively. The NMR
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samples containing the MK-1 or MK-1(I1,) solution were
purged with argon briefly and capped prior to data collection.
'H-'H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Solution Studies. 'H—'H 2D NOESY
NMR and 'H-'H 2D ROESY NMR speclroscopic experi-
ments were conducted using a 400 MHz Varian MR400 NMR
spectrometer operating at 26 °C. A standard NOESY pulse
sequence was used consisting of 256 transients with 16 scans in
the fl domain using a 500 ms mixing time, a 45° pulse angle,
and a 1.5 s relaxation delay. The standard ROESYAD pulse
sequence consisted of 256 transients with 16 scans in the f1
domain using a 400 ms mixing time, a 45° pulse angle, and
2.0 s relaxation delay. The NMR was locked onto either d;-
pyridine, d-ACN, or d,-DMSO. The resulting spectrum was
processed using MestReNova NMR software version 10.0.1
(see the Supporting Information for further details). The
spectra were referenced to the proper internal solvent peak.
Molecular Mechanics Calculations. To illustrate con-
formations for MK-1 and MK-1(H,), Merck Molecular Force
Field 94 (MMFF94) molecular mechanics pas phase
simulations were conducted using ChemBio3D Ultra 12.0 at
25 °C. Starting conformations were obtained by building
ChemDraw structures and rotating desired bonds, and then
simulations were run followed by energy optimization or
simply an energy minimization to achieve the desired
conformation. Conformations A, Al, B, Bl, C, and Cl in
Figure 5 were constructed and then energy minimized with a
root-mean-square (RMS) gradient of 0.1 and up to 50
iterations to obtain MK-1 and MK-1(H,) conformations that
agreed with our interpretation of the cross peak observations
and intensities in the 'H—'H 2D NOESY and ROESY NMR.
spectral data. Two simulations were run for 10000 iterations
and then energy minimized using an MMFF%4 energy
inimization calcul using 500 iterations with an RMS
gradient of 0.001 to achieve conformations D and D1 in Figure
$27. Conformations E, El, F, and Fl in Figure 527 were
generated by rotating bonds to achieve the desired
confoermation followed by an energy minimization using 20—
50 iterations and an RMS gradient of 0.1, A table of structural
parameters such as selected distances between hydrogens
within the conformations in Figure 5 and Figare 527 and
energies calculated for the thres-dimensional (3D) conforma-
tions can be found in the Supporting Information. Tables of
Cartesian coordinates for the MK1 analogue conformations
can be found in the Supporting lnformation.
Electrochemistry Methods. The electrochemistry was
performed on a CHI 750D potentiostat. For cyclic
voltammetry, a classical three-electrode system was used with
a scan rate of 100 mV/s at ambient temperature. A glassy
carhon working electrode (BASi MF2012, 3 mm) was lightly
polished between runs with alumina powder and then rinsed
with water and ethanol. A platinum wire counter electrode
(BASi MW1032) was gently polished between runs with 600
grit sandpaper. A Ag’/Ag reference electrode (BASi MW1085)
was constructed by using the Ag wire gently polished with 600
grit sandpaper inserted into a freshly prepared solution of
organic solvent (ACN, pyridine, or DMSQ) with 0.1 M TBAP
and 0.01 M AgNO,. This reference electrode was equilibrated
in the MK-1 or MK-1(H,) solution (2 mM) of the same
organic solvent for 10 min. The solutions were bubbled for
~$§—10 min with argon gas to ensure as much dissolved O,(g)
was removed as possible before the cyclic voltammogram was
recorded. All half-wave potentials recorded were referenced to
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the internal standard Fc'/Fc couple by subtracting the
averaged potential in each solvent. The Fc*/Fe couple against
the Ag™/Ag reference in ACN was 0.081 £ 0.002 V, in DMSO
was 0.176 + 0.004 V, and in pyridine was 0.562 + 0.001 V.
The reliability of the Fc"/Fc couple half-wave potential in each
solvent was within experimental error.

E .+E,
Bipp= =
2 (85]
e
— = 1, for areversible process
' (2)
&Hl’ = El" = Ei"" n=uxx Qs
P (3)

The half-wave potentials are calculated using eq 1, where E,
and E,, are the cathodic and anodic peak potentials,
respectively. The cathodic and anodic peak currents, i, and
iy respectively, were measured manually with a ruler on the
cyclic voltammograms in centimeters to determine reversibility
as a measure of the closeness to unity (eq 2). The number of
electrons, n, in each process was determined using eq 3, where
x is the adjustment factor in each solvent determined by setting
the standard ferrocene number of electrons to 1 (n = 1).
Electrochemistry performed in non-aqueous solvents may have
AE, values that are not indicative of the number of electrons;
therefore, the ferrocene standard was used to determine the
true value. See the Supporting Information for mare detailed
electrochemistry methods and discussion.

Langmuir Monolayer Compression Isotherms. Lang-
muir phospholipid monolayers were prepared using a Kibron
pitroughXS. The subphase consisted of ~50 mL of a 20 mM
phosphate buffer (pH 7.4). Phospholipid stock solutions of
18.4 mg (1 mM) of DPPC or 17.3 mg (1 mM) of DPPE were
prepared by dissolving the phospholipid in 25 mlL of a
chloroform/methanol solvent [9:1 (v/v)]. Stock solutions (1
mM) of both MK-1 and MK-1(H,) were prepared with 0.97
and 0.96 mg, respectively, in 4 mL of a chloroform/methanol
solvent [9:1 (v/v)]. Then, 20 uL of a stock solution [20 nmol
of DPPC, DPPE, MK-1, or MK-1(H,) | or a mixture (10 nmol
of lipid and 10 nmol of MK) was applied in dropwise fashion
to the surface of the subphase. This was then allowed to
equilibrate for 15 min, allowing the lipids to spread and the
solvent to evaporate. The DPPC/DPPE mixed solution and
MK-1 or MK-1(H;) were prepared by mixing equimolar

of phospholipid and MK analogue in a separate vial
before application to the subphase. The resulting monolayer
was compressed at a rate of 10 mm min™" (5§ mm min™* from
two sides) with a Teflon ribbon, and the surface tension was
measured using the Wilhemy plate method using a wire probe
as the Wilhemy plate. The temperature of the compression
isotherm experiments was kept istent at 25 °C using a
circulating water bath. The surface pressure reported is
caleulated from eq 4, where & is the surface pressure, v, is
the surface tension of water without lipid (72.8 mN/m***'),
and 7 is the surface tension of water with lipid present during
compression. Each compression isotherm presented herein is
an average of three measurements. The data acquired were
processed using OriginPro version 9.1 graphing software. The
compression modulus was calculated as described in the
Supporting Information.

R=F=7
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Sample Preparation for RM NMR Spectroscopic
Studies. A 0.50 M AOT stock solution was prepared by
dissolving AOT (5.56 g, 12.5 mmol) in isooctane (25.0 mL).
Empty RMs were prepared by mixing a 0.50 M AOT stock
solution with a D;O water pool and then vortexed. MK-1 and
MK-1(H,) RMs were made in a similar manner, the only
difference being a 14.3 mM stock solution for MK-1 or ME-
1(1L,) was prepared by dissolving MK-1 or MK-1(IL),
respectively, in a 0.50 M AOT/isooctane solution. The RMs
were then prepared using the MK-1 or MK 1(H;) AOT/
isooctane stock solution. First, 2,0 mL samples were made
using specific amounts of MK-1 or MK-1(H,) AOT /isooctane
stock solution and then diluting the sample to 2.0 mL with the
0.50 M AOT /isooctane solution. From the 2.0 ml solutions,
1.0 mL RM samples were prepared using designated amounts
of the 2.0 mL sample and then adding the proper amount of
D,0 at pH 6.65 (see General Methods for pH measurements)
for MK-1 [the D,0 pH was 6.71 for the MK-1(H,) samples]
to form RMs of the desired size. The samples were then
vortexed until the solution was clear. The overall concen-
trations for the 1.0 mL MK-1 RM samples are as follows: w; 4,
13.8 mM; w, 8, 6.5 mM; wy 12, 3.5 mM; w, 16, 1.9 mM; and
w, 20, 1.3 mM. The overall concentrations for the 1.0 mL MK-
1(H,) RM samples are as follows: w, 4, 13.8 mM; w, 8, 6.4
mM; w, 12, 3.5 mM; w, 16, 2.0 mM; and w; 20, 1.4 mM.

1D 'H NMR Spectroscopic Studies of AOT/Isooctane
RMs Containing MK-1 or MK-1(H,). NMR spectra of MK-1
and MK-1(H,) in various size RMs, isooctane, and D,0 were
obtained using a Varian Inova 400 MHz instrument operating
at 22 °C using routine parameters (45° pulse angle and 1 s
relaxation delay) and 64 scans. The NMR instrament was
locked onto the 10% D,O signal for the RM samples and
locked onto 100% D,O for the sample in D,0. The 1D 'H
NMR spectra of MK-1 or MK-1(H,) in isooctane were doped
with ~5% dgbenzene for the NMR instrument to lock onto
and to achieve properly shimmed spectra. The spectral data
were processed using MestReNova NMR processing software
version 10.0.1. The spectra were manually phased, and then
the baseline was corrected using a multipoint baseline
correction (cubic splines). The spectrum in D,O was
referenced to the internal D.O peak, and the spectra in
isooctane and RMs were referenced to the isooctane methyl
peak (0.904 ppm) as previously reported.™

Sample Preparation for 'H—"H 2D NOESY and 'H-'H
2D ROESY NMR Spectroscopic Studies in AOT/
Isooctane RMs. RM samples of MK-1 and MK-1(H,) were
prepared in the following manner. A 0.50 M AOT stock
solution was first prepared by dissolving AOT (556 g 12.5
mmol) in isooctane (25.0 mL). A 1.0 mL stock solution of 112
mM MK-1 in an AOQT/isooctane solution was prepared by
dissolving 27.7 mg of MK-1 in 1.0 mL of a 0.50 M AOT/
isooctane stock solution. To prepare a w, 12 RM, 894.68 uL of
a 112 mM ME-1 AOT fisooctane stock solution and 105.32 L.
of D,O at pH 7.03 were mixed together and then vortexed
until the solution was clear. The MK-1(H,) w, 12 RM sample
was prepared like that of MK-1 using a 112 mM stock solution
and D;O (pH 7.01). This final mixture results in a wy 12 RM
microemulsion with an overall concentration of MK-1 or MK-
1(IL,) of ~100 mM (~29 melecules per RM). The NMR
samples containing the MK-1 or MK-1(H,) RM salution were
purged with argon briefly and ca};uped prior to data collection.

'H-'H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Studies in a w, 12 AOT/Isooctane RM.
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Scheme 1. (A) Synthetic Scheme for the Allylic Alcohol Coupling Reaction To Form MK-1 3 and (B) Synthetic Scheme for the
Radical Alkylation of Menadione 4 and 1-Iodo-3-methylbutane 5 To Form MK-1(I,) 6%*"*'~
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2D NMR spectra of MK-1 and MK-1(H,) in RMs were
obtained usm& similar conditions and methods described
previously’”***® using a 400 Mz Varian MR400 NMR
spectrometer operating at 26 °C for MK-1 and were obtained
using a 500 MHz Varian Inova 500 spectrometer operating at
25 °C for MK-1(H,). A standard NOESY pulse sequence was
used consisting of 200 or 256 transients with either 16 or 32
scans in the fl domain using a 200 ms mixing time, a 45° pulse
angle, and a 1.5 s relaxation delay. A standard ROESYAD pulse
sequence was used consisting of 256 transients with 16 scans in
the f1 domain using a 200 ms mixing time, a 45° pulse angle,
and a 2.0 s relaxation delay. The NMR instrument was locked
onto the 10% D,O signal. The resulting spectrum was
processed using MestReNova NMR software version 10.0.1
(see the Supporting Information for further details). The
spectrum was referenced to the isooctane methyl peak at 0.904
ppm on both axes as previously reported.’ The 3D
conformation illustration within an RM interface was
constructed using ChemDraw Professional 15.0 and Chem-
Bio3D Ultra 12.0 based on spectral parameters described in
Results and Discussion.

Dynamic Light Scattering (DLS) Studies. RMs for DLS
studies were prepared as described for the NMR spectroscopic
studies except that DDI H,O was used as the water pool
instead of D,0 and 0.50 M AOT was diluted with isooctane
after the RM had formed to a final AOT concentration of 0.1
M. The hydrodynamic radius of the RMs was determined by
DLS measurements performed on a Malvern Zetasizer Nano
ZS instrument (Malvern Instruments, Malvem, UXK.). The
DLS cuvette (1 em X 1 ¢m, glass) was washed three times with
isooctane followed by three washes with the RM sample. Then,
the cuvette was filled with 1 mL of the RM sample and closed
with a Teflon cap. Each experiment was conducted at 25 °C
and consisted of a 700 s sample equilibration period faﬂow&d
by 10 ing of 15 scans each” Each
sample was measured in triplicate, and the radius and
polydispersity (PDI) were recorded. The data were analyzed
using Malvern Zetasizer Software version 7.11 and compared
to values reported in the literature.'" See the Supporting
Information for data and interpretation.

....... ts cor

M RESULTS AND DISCUSSION

Synthesis and Characterization of MK-1 Analogues.
We have previously synthesized MK-1," and it has been
synthesized by other reported routes;"* ™" however, here we
present a scaled-up version and NMR spectral characterization
in chlorofarm-d (Scheme 1). Menadiol 2 was synth d as
previously described from menadione 4.77*%*! To introduce
the isoprenyl side chain, menadiol 2 was treated with 3-methyl-
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2-buten-1-ol 1 in the presence of the Lewis acid catalyst, boron
trifluoride.*”' MK-1 3 was obtained as a red oil in 2 23% yield
(Scheme 1). Although the route to obtain MK-1(1,) has been
reported in the literature™ (Scheme 1), the product was not
isolated in pure form or characterized by NMR spectroscopy.
We modified and optimized the reported route to increase the
yield and scaled the reaction up to a prepa.l:atorry scale using a
similar methodology we recently reported.”’ MK-1(H,) 6 was
synthesized by a one-step radical alkylation reaction in which
menadione 4 and 1l-iodo-3,7-dimethylbutane 5 were coupled
using benzoyl peroxide as the radical initiator.”™** MK-1(H,)
6 was obtained as a yellow powder in a 20% yield (Scheme 1).
The menadione/benzoyl peroxide solution was added
dropwise over ~2 h to the refluxing prenyl iodide solution
to keep the stationary menadione 4 concentration sufficiently
low in the reaction to ensure good selectivity of alkylation,
favoring alkylation at C3 over C2 (Scheme 1). pired

1D "H NMR Spectroscopic Studies of MK-1 in Organic
Solvents. The synthesis of MK-1 and MK-1(H,) provided
material to investigate if the solvent environment induced
chemical shift changes. NMR spectra of MK-1 were collected
in various organic solvents ranging from aromatic to non-
aromatic and of differing polarity (Figure 2). The most drastic
chemical shift change observed for MK-1 was in the aromatic
solvents, d¢-benzene and d,-pyridine, compared to the other
solvents in Figure 2. This is seen by focusing on the chemical
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Figure 2. 1D 'H NMR (400 MHz| spectra illustrating chemical shift
dlfferem:r_ﬁ of MK-1 hydmgens between wvarious organic solvent

s, Abl ions: ACN, d-acetonitrle; DMSO, d,-
dimethyl sulfoxide; MeOH, d,-metaanol; DCM, d,-dichloromethane;
Pyr, depyridine. A structure of MK-1 with a hydrogen labeling
scheme key is shown in Figure 3.
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Pigure 3. "H-"H 2D NOESY and 'H-"H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-1 in d.-pyridine, d -acetonitrile (d,-ACN), and d-
DMSO at 26 °C. (A) Full 'H—"H 2D NOESY NMR spectrum of MK-1 in d,-pyridine. (B) Partial 'H—"H 2D NOESY NMR spectrum of MK-1 in
d,-pyridine. (C) Partial '"H—'H 2D ROESY NMR spectrum of MK-1 in dy-pyridine. (D) Partial 'H~'H 2D NOESY NMR spectrum of MK-1 in dy-
ACN. (E) Partial 'H—'H 2D ROESY NMR spectrum of MK-1 in d,-ACN. (F) Partial 'H—'H 2D NOESY NMR spectrum of MK-1 in d,-DMSO.
(G) Partial 'H—"H 2D ROESY NMR spectrum of MK-1 in d-DMSO. Blue intensity contours represent negative NOEs or ROEs, and red intensity
contours represent positive NOEs or ROEs. A standard NOESY pulse sequence consisting of 256 transients with 16 scans in the f1 domain using a
500 ms mixing time and a 1.5 s relaxation delay was used. A standard ROESYAD pulse sequence consisting of 256 transients with 16 scans in the f1
domain using a 400 ms mixing time and a 2.0 s relaxation delay was used. The structure of ME-1 is shown with a hydrogen labeling scheme key.
Green arrows indicate hydrogen H,, where the observed cross peaks differed the most between the three solvents studied.
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Figure 4. 'H—'H 2D NOESY and 'H-'H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-1(H,) in di-pyridine, dy-acetonitrile (d:-ACN),
and d,DMSO at 26 °C. (A) Full 'H~'H 2D NOESY NMR spectrum of MK-1(H,) in d.-pyridine. (B) Partial 'H~'H 2D NOESY NMR spectrum
of MK-1(H,) in d;-pyridine. (C) Partial 'H~'H 2D ROESY NMR spectrum of MK-1(H,) in d;-pyridine. (D) Partial ‘H—'H 2D NOESY NMR
spectrum of MK-1(H,) in d:-ACN. (E) Partial '"H~'H 20 ROESY NMR spectrum of MK-1(H.) in d,-ACN. (F Partial 'H—'H 2D NOESY NMR
spectrum of MK-1(H,) in d,-DMSO. (G) Partial ‘H—H 2D ROESY NMR spectrum of MK-1(H, ) in d-DMSC. Blue intensity contours represent
negative NOEs or ROEs, and red intensity contours represent positive NOEs or ROEs. A standard NOESY pulse sequence consisting of 256
transients with 16 scans in the {1 domain using a 500 ms mixing time and a 1.5 s relaxation delay was used. A standard ROESYAD pulse sequence
consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and a 2.0 5 relaxation delay was used. The structure of MK-
L1(H,) is shown with a hydrogen labeling scheme key. Green arrows indicate hydrogen H,, where the observed cross peaks differed the mast
between the two solvents studied, and black ovals highlight the region that changes the most between spectra

shift differences observed between the MEK-1 aromatic is nearly 1 ppm in d,-benzene compared to 0.2—0.4 ppm in the
hydrogens, H,/H, and H./Hy. The chemical shift difference other solvents. The methylene hydrogens, H,/H, and the
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Figure 5. MK-1 and MK-1(H,) conformations generated using MMFF94 calculations to illustrate the possible conformations consistent with the
'H—'H 2D NOESY and ROESY NMR spectral studies in which conformations agree with observed cross peak interactions and intensities. MK-1
series: (A) proposed MK-1 conformation in d-pyridine determined from 'H—'H 2D NOESY and ROESY NMR spectral data for cross peak
interactions (51.8 keal /mal; H,-H,43 A), (B) propased MK-1 conformation in d;-ACN determined from "H—'H 2D NOESY and ROESY NMR
spectral data for cross peak interactions (48.6 keal/mol; H,~H,, 3.9 A), and (C) proposed MK-1 conformation in d-DMSQ determined from
'H-'H 2D NOESY and ROESY NMR spectral data for cross peak interactions (47.3 keal/mol; H.—H,, 3.2 A). MK-1(H,) serics: (Al) proposed
ME-1(H,) conformation in ds-pyridine determined from 'H-'H 2D NOESY and ROESY NMR spectral data for cross peak interactions (42.1
keal/mol; H—H,, 3.6 A), (B1) proposed MK-1(H,) conformation in d:-ACN determined from ‘H—'H 2D NOESY and ROESY NMR spectral
data for cross peak interactions (43.0 kcal/mol; H,~H,, 4.0 A), and (C1) proposed MK-1(H,) conformation in de-DMSO determined from
'H-'H 2D NOESY and ROESY NMR spectral data for cross peak interactions (41.9 keal/mol; H.—H,, 3.4 A).

naphthoquinone methyl (H,) also shift in dg-benzene
compared to the other solvents. Via examination of the
chemical shift differences in the spectra in Figure 2, it is clear
that MK-1 is influenced by solvent environment, but whether
MEK-1 adopts different conformations in these organic solvent
environments remains unclear.

'H-'H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Studies of MK-1 and MK-1(H;) in ds-
Pyridine, d;-Acetonitrile, and d;-DMSO. The 1D 'H NMR
experiments demonstrated that the solvent environment
impacts the chemical environment surrounding MK-1 enough
to change the observed chemical shift. However, whether the
conformation of MK-1 and MK-1(H,) changes depending on
the solvent environment remained unclear. Therefore, we used
two different complementary 2D NMR spectroscopic
techniques (*H-'H 2D NOESY and 'H-'H 2D ROESY
NMR) to elucidate the conformation of the MK analogues in
organic solutions. We present the 2D NMR data for MK-1 in
Figure 3, the 2D NMR data for MK-1(H,) in Figure 4, and the
3D conformations for MK-1 and MK-1(H,) in Figure 5. We
used a semiquantitative approach for the 2D NMR conforma-
tional analysis in which NOE/ROE distance intensities are as
follows: a strong cross peak intensity is an ~2-3 A distance, a
medium cross peak intensity is an ~3—4 A distance, and a
weak cross peak intensity is a >4 A distance.” We standardized
the signal intensities on the basis of the intensity of the IT,~I1
cross peak of MK-1 or MK-1(H,), which was used as the
internal intensity calibrant (the actual distance is 2.5 A, which
indicates a strong cross peak). Figure 3 shows 'H—'H 2D
NOESY and 'H—"H 2D ROESY NMR spectra of MK-1 in d.-
pyridine, d;-acetonitrile (d,-ACN), and d-DMSO (see Figures
§3=811 and $16-524 for full 2D NMR spectra and Figure
526 for ROE/NOE correlation traces). These organic solvents
were chosen because they differed sufficiently with regard to
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shape, polarity, and aromatic versus non-aromatic and are well
behaved in electrochemical studies.

The conformation of ME-1 in d;-pyridine was determined
by analyzing the 'H—'H 2D NOESY and ROESY NMR
spectra (Figure 3A—C and Figures 53 and $4). Figure 3B
shows a strong NOE cross peak observed between hydrogens
H,/, and H, and a weak NOE cross peak between H,;, and H,
(see the Supporting Information for hydrogen peak assign-
ments of H, and H,). Weak NOE/ROE cross peaks are also
observed between H, and H, (Figure 3B,C), which supports a
folded—extended conformation in which the terminal methyl
groups orient themselves in a manner to fold upward (C-C
bond rotation allows the methyl groups to rotate upward)
positioning I, close enough to H, to observe a NOE/ROE
cross peak. The weak cross peak (same phase as the diagonal)
observed between H, and H, is likely due to TOCSY exchange.
The weak NOE cross peak in Figure 3B between H, and H,
has an intensity similar to that of the NOE cross peak observed
between H, and H,, which is not explained by an extended—
flat conformation (see Figure $27E and Table S1 for structure
and internuclear distances of the MK-1 flat—extended
conformation). Together, these observations provide evidence
that MK-1 adopts a folded-extended conformation in ds-
pyridine in which the isoprenyl side chain folds upward.

With regard to the conformation of MK-1 in d;-ACN, panels
D and E of Figure 3 (Figures 56 and §7) show a weak NOE/
ROE cross peak observed between H, and H, and no cross
peak observed between H, and H. The cross peak observed is
opposite in phase to the diagonal and possibly due to chemical
exchange or TOCSY exchange, TOCSY exchange is more
likely as are there are no readily exchangeable hydrogens in the
molecule, There is a weak NOE cross peak between H, and H,
that is visible only in the spectrum upon zooming in on lower
floors, which is not consisient with an extended—flat
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conformation and is different from that observed in d,-
pyridine, indicating shghtiy dﬁerent conformations adopted
between solvent envi , the cross peak
intensity between H,,, a.ud H, or H, is similar to that in ds-
pyridine, There is also a NOE/ROE cross peak observed
between II, and HOD and between II, and the solvent, d;-
ACN, and interactions between MK and the solvent were not
observed in the 2D NMR spectra of MK-1 in d;-pyridine or d;-
DMSQ. On the basis of ohservations described above, MK-1
likely adopts a folded—extended conformation in d;-ACN that
differs slightly from the folded—extended conformation in dg-
pyridine.

Finally, the conformation of MK-1 in d;-DMSQO was
determined. Panels F and G of Pigure 3 (Pigures 59 and
§10) show a weak NOE cross peak between H, and H, and a
medium NOE/ROE cross peak between H, and H, and with
no NOE/ROE cross peak observed between H, and H,. This is
similar to the cross peaks observed in d,-ACN, but the I, to
H, cross peak is stronger in d,-DMSQ, indicating alightly
different conformations. These observations would not be
explained by a flat—extended conformation, and MK-1 likely
adopts a folded—extended conformation in d,-DMSO more
similar to that in dy-ACN than in d-pyridine,

To investigate whether saturation of the alkene in the
isoprenyl side chain influences the conformation of MK-1(H,),
'H-'H 2D NOESY and 'H-'H 2D ROESY NMR spectra
were collected in d.-pyridine, d,-ACN, and d,-DMSO (Figure
4). Similar NOE/ROE cross peaks were observed for MK-
1(H,) in d,-pyridine and MK-1 in d.-pyridine (Figure 4A—C
and Figures 516 and §17). Specifically, a weak NOE/ROE
cross peak between I, and II,/I-I,. a medium NOE/ROE cross
peak between H, and H,, and a medium NOE/ROE cross
peak between H,,, and H, were observed. There is also no
NOE/ROE cross peak observed between H, and H, which
further supports a folded—extended conformation. This is
suggestive of a similar conformation for MK-1(H,) and MK-1
in dg-pyridine, where both adopt a similar folded—extended
conformation. Similar NOE/ROE cross peaks were observed
for MK-1(I1,) in d;-ACN and MK-1 in d-ACN (Figure 4D,E
and Figures S19 and §20). Specifically, the lack of an
observable cross peak between H, and H,/H, (compared to
a weak NOE/ROE cross peakmﬂle case ofM.K 1), a medium
NOE/ROE cross peak between H, and H,,, a medium NOE/
ROE cross peak between I, and H, and a very weak NOE/
ROE cross peak hetween H, and H, was observed. There is
also no NOE/ROE cross peak observed between H, and H,
This is suggestive of a similar conformation for MK-1(H,) and
ME-1 in d;-ACN, where both adopt a similar folded—extended
conformation. Comparable NOE/ROE cross peaks were
observed for MK-1(H,) in de-DMSO and MK-1 in dg-
DMSO (Figure 4F,G and Figures 822 and 523). For instance,
a medium NOE/ROE cross peak between H, and H/H,, a
medium NOE/ROE cross peak between H, and H,, a
medium NOE/ROE cross peak between I, and /11, and a
medium NOE/ROE cross peak between H, and H,; were
observed. There was also ne NOE/ROE cross peak observed
between H, and H, This is su ive of a comparable
conformation for MK-1(H,) and MK-1 in d;-DMSOQ, where
both adopt a similar folded—extended conformation.

Considering the similar trends in cross peaks and intensities
observed for MK 1 and MK-1(H,) in d,-pyridine, d;-ACN, and
d;-DMSO, it appears that saturation does not affect the
conformation significantly. The subtle differences observed for
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MK-1 and MK-1(I1,) in the different organic solvents suggest
that slightly different folded-extended conformations are
adopted between each of the organic solvents, but MK-1 and
MEK-1(H,) have very similar conformations in each solvent.
This suggests that there could be a correlation between a
preferred conformation in each solvent environment and that a
simple change such as saturation of a double bond cnly slightly
influences this preferred conformation. Overall, these truncated
MK analogues appear to adopt folded—extended conforma-
tions in organic solutions based on the 2D NMR data and the
folded—extended conformations differ slightly between solvent
environments. However, it is possible that an equilibrium
population exists between multiple conformations (e.g., folded
and/or nonfolded conformations). The observations from the
2D NMR spectroscopic studies support our first hypothesis
that the most fundamental MK-1 analogues adopt folded
conformations regardless of the degree of saturation in their
isoprenyl side chain.

Illustrating MK-1 and MK-1(H,} Conformations Using
Molecular Mechanics. To clearly show illustrations of MK-1
and MK-1(H,), conformations were generated on the basis of
our interpretation of observed cross peak intensities in the
'H-'H 2D NOESY and ROESY NMR spectral data using a
semiquantitative approach. We used molecular mechanics
(MM) calculations to illustrate and model these conforma-
tions. This allowed us to explore the energy surface of
conformations corresponding to MK-1 or MK-1(H,) in either
d.-pyridine, d,-ACN, or d,DMSO determined from the
spectral data and provided a means for a visual comparison
between conformations (Figure 5). Specific conformations
were generated by constraining internuclear distances con-
sistent with the observed 2D NMR spectral data and then
energy optimized to calculate an energy value as well as
produce realistic bond lengths and angles.

One of the low-energy conformations generated for MK-1
(Figure SA; 51.8 keal/mol; H,~I1, 4.3 A) is consistent with
the 2D NOESY/ROESY spectral parameters in dy-pyridine. A
lower-energy conformation for MK-1 (Figure SB; 48.6 kcal/
mol; TL,—I1, 3.9 A) is consistent with the 2D NOESY/ROESY
spectral parameters in d;-ACN. A slightly lower-energy
conformation for MK-1 (Figure 5C; 47.3 keal/mol; H~H,,
32 A) is consistent with the 2D NOESY/ROESY spectral
parameters in de-DMSO. One of the low-energy conformations
generated for MK-1(H,) (Figure 5A1; 42.1 keal/mal; H,-H,,
3.6 A) is consistent with the NOESY/ROESY spectral
parameters in dpyridine. A conformation with a slightly
higher energy for MK-1(H,) (Figure 5B1; 43.0 kcal/mol; I1,—
H,, 4.0 A) is consistent with the 2D NOESY/ROESY spectral
parameters in dy-ACN. A lower-energy conformation for MK-
1(H,) (Figure 5C1; 419 keal/mol; H,—H, 3.4 A) is
consistent with the 2D NOESY/ROESY spectral parameters
in de-DMSO, All six of these conformations exhibit folding of
the isoprenyl side chain upward oul of the guinone plane
(Figure 5) and can be described as folded—extended
conformations. Each conformition for MK-1(H,) is very
similar to that of MK-1 in each organic solvent environment
examined based on 2D NMR studies.

For comparison, conformations seen in panels D and D1 of
Figure 527 are the lowest-energy conformations we found for
MK-1 or MK-1(H,), where a1 extended—flat conformation
was subjected to a MM simulation using 10000 iterations
followed by an energy minimization, which illustrates that
folded conformations are easly reached and energetically
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Scheme 2. Illustration of the One-Electron Reduction of the Q_ (Q) of MK-1 to the Semiquinone Radical Anion (Q"7)

and the Second One-Electron Reduction to the Dianion (Q* )
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favorable. In addition to the folded conformations shown in
Figure §, a series of alternative flat conformations for MK-1
and MK-1(H,) (panels E, E1, F, and F1 of Figure S27) were
also generated on the basis of what is commonly seen in life
science textbooks and literature and then subjected to energy
optimization, ”***¢ These flat—extended conformations are
~11-20 kecal/mol higher than the lowest-energy conforma-
tions of MK-1 and MK-1(H,). A table of selected internuclear
distances for conformations seen in Figure 5 and Figure 527 is
given in the Supporting Information.

Importantly, the folded—extended conformations for MIC-1
determined in an ic solution closely resemble the folded
conformation of the first isoprene unit of MK-2 (containing
two isoprene units), which we determined previously in the
same organic solvent environments.”

Reactivity of MK-1 and MK-1(H,) in Different Organic
Solvents: Electrochemistry. To determine the effect of
saturation of the MK isoprenyl side chain on the quinone
redox potential, we used cyclic voltammetry to measure the
redox potentials of MK 1 and MK-1(H,). Both MK-1 and MK-
1(H,) have two reversible single-electron redox processes; the
first is the qmnone I:o semiquinone (Q/Q" ) process, and the
second the se to dianion (Q*7/Q*") process
(Scheme 2). The half-wave potentials for each redox process
Q/Q" and Q*~/Q?~ in each solvent for ME-1 and ME.1(H,)
are listed in Table §9, and cyclic voltammograms are shown in
Figure 6. The electrolyte tetrabutylammonium perchlorate

a7e*QiQ”  Fc'lFe Qa* Q@™ Fe'Fe
(L ACN 1.0x10°* ACN
0.0-
0.0§
A0x10°:
A 20
g,‘hw; DMSO sonc*{ DMSO
t L
g (1]
Sox10®
3
©Q s oa10t Aox10t
sox10¢| Pyridine seavt{ Pyridine
0.0
.9
Al
Son10* Aoxiot

2 " [] 2 4 L]
MK-1, E vs Fc'IFe (V) MK-1(H_), E vs Fc™iFc (V)

Figure 6. Six cyclic voltammograms of 2 mM MK-1 and MK-1(H,) in
ACN, DMSO0, and pyridine. The potentials are referenced to the Fc*/
Fc couple internal standard (2 mM) determined in each solvent.
From left to right, redox processes are Q* /QF, Q/Q", and Fe'/Fe,
respectively. Each sample has 0.1 M TBAP and was degassed with
argon gas for 10 min at ambient temperature before spectra were
recorded. Current sweeps are in the anodic direction from —21to 1 V
and back to =2 V vs Ag/AgCL A 100 mV/s scan rate was used.
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(TBAP) was chosen because of its excellent solubility in all
organic solvents. Furthermore, the addition of TBAP to MK-1
solutions in each salvent did not affect the ohserved chemical
shifts of the MK-1 hydrogens, and thus, no evidence of ion
pairing or association was found (see Figure 528). The water
content of the solvents can affect the semiquinone Q ~/QF
process as acidic hydrogens influence hydroquinone produc-
tion, which results in potentials that approach the quinone Q/
Q* half-wave potentials, and therefore, we comi)ared only the
first redox process, Q/Q"", in our anaIyses,”‘s Thus, it was
important that we carried out our electrochemical experiments
in anhydrous aprotic organic solvents as this issue is then
avoided and organic solvents more closely resemble the native
MK environment within a cellular membrane compared to
aqueous solutions.

As shown in Figure 6, the ferrocene couple, F¢™/Fc, was
used as an internal reference standard so that the half-wave
potentials are set to 0 V versus Fc'/Fe. The values of Q/Q"
E,;; versus Fe™/Fe for MK-1 in ACN, DMSO, and pyridine
were measured to be —1.227 £+ 0.002, —1.158 £ 0.002, and
—1.319 + 0.001 V, respectively. The values of Q/Q" E,;;
versus Fc™/Fc for MK-1(H,) in ACN, DMSO, and pyridine
were measured to be —1.247 + 0.007, —1.179 + 0.002, and
=1.343 + 0.001 V, respectively, The values of Q/Q"" E,;,
versus Ec™/Fe are near those reporl.ed for 1,4-naphthoquinone
and those previously reported by our group for MK-2.*7*%%
The values Q*~/Q’~ E,;, versas Fe'/Fe for MK-1 in ACN,
DMSO, and pyridine were meisured to be —1.882 + 0.014,
—1.949 + 0.006, and —2.037 + 0.005 V, respectively. The
values of Q" /Q* E,;, versus Fc'/Fe for MK-1(H,) in ACN,
DMSO, and pyridine were meisured to be —1.912 + 0.009,
—1.9947 + 0.0008, and —2.109 + 0.005 V, respectively. The
measured quinone half wave redox potential differences in
these solvents are statistically significant as they are distinctly
different from each other at high confidence intervals (see
Figure 7 caption and the Supporting Information).

The difference in millivolts between the unsaturated MK-1
and the saturated MK-1(I,) quinone redox potential in each
solvent of the less variable Q/Q" process is of the same
magnitude as ~20 mV with specific values of 20.033 + 0.007,
21.333 £ 0.002, and 23.917 % 0.001 mV for ACN, DMSO,
and pyridine, respectively (Figure 7). The Q/Q'~ process
potentials are less variable as the presence of acidic hydrogens
and/or water can create the hydroquinone species, which
results in the Q*~/QY™ process coalescing onto the first redox
potential. Our previous work with MK-2 demonstrated that the
isoprenyl side chain folds over toward the naphthoquinone
moiety and that the solvent environment can influence the
preferred conformation.”” The mixing of molecular orbitals
(MOs) on the naphthogquinone moiety with the isoprenyl side
chain may potentially result in different energies of the
electrochemical band gap (or EOMO to LUMO gap) needed
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Figure 7. Measured E, , (vs F¢'/Fe in volts) of MK-1 and MK-1(H,)
Q/Q* and Q* /Q* redox process vs solvent. Each solvent was run
in triplicate, with error bars shown. Added horizontal lines show the
distinction hetween each solvent for each redox process. All salvent
comparisons (ACN vs DMSO, etc.) for each redox process half-wave
potential for MK-1 or ME-1(H,) are statistically different with
Student’s t test confidence intervals of 99.9% (p < 0.0001), except for
that of the ACN vs DMSO Q/Q"" of MK-1, which was 99.5% (p <
0.0016) (four degrees of freedom). Comparisons between MK-1 and
MEK-1(H,) half-wave potentials of Q/Q° and Q" /Q for each
solvent were at the 99.9% (p < 0.0001) confidence level, except for
those of ACN, which were 98% (p < 0.0089) and 95% (p < 0.0355),
respectively (four degrees of freedom). See the Supporting
Information for data.

to reduce the qui carbonyl oxygen to an anionic oxygen
radical. The electrochemical band gap is suggestive of the
potential observed or the energy required to reduce or oxidize
an electrochemical process. This difference in the band gap
energy results in unique half-wave potentials as the energy (E)
and potential difference (V) are directly proportional as shown
clearly by the electrostatic equation E = VQ, where Q is charge.
The saturation or unsaturation of the isoprenyl side chain can
therefore potentially influence these MOs and may alter the
quinone redox potential in this manner. The semiquinone
redox potential difference of ~20 mV between MK-1 and MK-
1(H,) could indicate the band gap energy difference between
the saturated and unsaturated double bond in the one-unit
isoprenyl side chain. However, the difference of ~20 mV is
most likely due to an indirect effect manifested by a through-
bond electronic change by the isoprenyl substituent on the
quinone. An indirect substituent effect was used to explain a
redox potential change for an N-aromatic substituent on a
quinone." The conformational differences in MK-1 between
solvents were small, and the short isoprenyl side chain has
limited spatial reach toward the naphthoquinone. If such an
effect existed hetween conformation and redox potential, it
may not be evident in the one-isoprene unit system. However,
suitable high-level computational calculations should be carried
out to characterize the HOMO—-LUMO gap of this system and
determine the exact contributions to the observed ~20 mV
difference.

We also observed a trend in the data of the potential
difference for the Q/Q" process as compared by solvent
versus degree of saturation (Table 510). For MK-1 and MK-
1(H,), the potential differences in the Q/Q"" process between
ACN and DMSO are 6£9.250 4 0.003 and 67.950 + 0.008 mV,
respectively. The other solvent comparisons also yield values
that agree with each other. For MK-1 and MK-1(H,), the
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potential differences in the Q/Q" process between DMSO
and pyridine are 161.050 & 0.002 and 163.633 % 0.002 mV,
respectively. Similarly, the potential differences of MK-1 and
MEK-1(H,) of the Q/Q"" process between ACN and pyridine
are 91.800 + 0.003 and 95.683 + 0.008 mV, respectively. This
conserved difference in the Q/Q'" half-wave potentials
between MK-1 and MK-1(IL,) in each solvent may signify
that how the isoprenyl side chain folds is truly solvent-
dependent and/or may suggest that the conformation of the
short isoprenyl side chain (five carbons) of ME-1 has little
effect on the observed quinone redox potential in the one-
isoprene unit system.

In summary, both MK-1 and MK-1(H,) during the first
electrachemical process p ing the semiqui have the
most positive potentials in DMSO and the most negative
potentials in pyridine, demonstrating MK-1 or MK-1(H,) is
slightly more reducible in DMSO than in ACN or pyridine.
Most remarkably, the observation of an ~20 mV change in
quinone Q/Q"" E,;, between MK-1 and MK-1(I,) supports
our second hypothesis that saturation of the isoprenyl side
chain of MK-1 affects the observed quinone redox potential.
This is the first time that these subtle changes have been
demonstrated in a quinone/MK system. The difference is
presumably mainly due to a through-bond indirect effect,
which results in an electronic perturbation of the quinone
system upon saturation of the isoprenyl side chain. There was
not a large difference between the MK-1 analogne con-
formations, and therefore, changes in the observed redox
potentials are not likely due to conformational differences.
However, a potential correlation should be investigated using
the appropriate fully unsaturated and partially saturated MK-2
analogues in combination with computational methods to
determine if conformational folding of the second isoprene
unit can alter the quinone redox potential in MK analogues
with an unsaturated versus a partially saturated isoprenyl side
chain.

Interaction of Langmuir Phospholipid Monolayers
with MK-1 and MK-1({H,). To understand the interaction and
conformation of fundamental MK analogues within a
membrane environment, we focused on characterizing the
interaction of the most simple, truncated MK analogues, MK-1
and MK-1(H,), with model membrane interfaces. Model
membrane systems, such as Langmuir phospholipid mono-
layers, liposomes, micelles, and RM microemulsions, have been
used to characterize the interaction and location of probe

lecules with branelike interfaces (Figure 8),*%¢ ¢
Langmuir phospholipid morolayers and RMs are two
complementary model membrane systems that together can
be used to characterize the interaction, location, placement,
and conformation of MKs within a model membrane interface.
Using these two model membrane systems together allowed us
to determine whether MK-1 enalogues interact with model
membrane interfaces and if a folded conformation is adopted
within the RM model membrane interface.

Surface pressure compression isotherm experiments using
Langmuir monolayers (Figure 8A) have been useful in
characterizin| % interactions among lipids, lipids and fai
acids,”""*""* and lipids and hfdmglulic xsoleuaes.“-""-'
During a surface-pressure compression isotherm experiment,
condensing and expanding effects caused by the presence of
another lipid (such as MK) can be observed and changes in
phase transitions of the lipids can indicate an interaction
between the two lipids. To establish that the two MK
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Pigure 9. Compression isotherms of ME-1 and MK-1(H,) films (dashed red lines), DPPC or DPPE phospholipid monolayers (solid black lines),

ar a 50:50 mixture of MK-1 or MK-1(H,) and a phospholipid (dotted blue lines): (A) compression isotherms

of MK-1 and DPPC, (B)

compression isotherms of MK-1 and DPPE, (C) compression isotherms of MK-1(H,) and DPPC, and (D) compression isotherms of MK-1(H,)

and DPPE.

analogues interact with membrane interfaces, compression
isotherms of Langmuir monolayers were used to characterize
the interactions of MK-1 and MK-1(H,) with phospholipid
interfaces of common phospholipids found in biological
wntem.q mr:h as dipalmitoylphasphatidylcholine (DPPC) or
dipalmi phatidylethanolami (DPPE) 73=73 There
furﬂ, surfa.ce pressure compression isotherms of La.ugmm:
monolayers consisting of DPPC, DPPE, MK-1, MK- 1(H,), or
a mixture of a phospholipid and an MK analogue were
performed to determine if the MK analogues had any effect on
the packing and compressibility of the phospholipids. The
resulting compression isotherms are shown in Figure 9. The
control monolayers of DPPC and DPPE are comparable to
what has been found in the literature.’”® The DPPC
monolayers both show a characteristic gas—liquid phase
transition at 5 mN/m and collapse at 55 mN/m. The DPPE
monolayers also collapsed at 55 mN/m, which aligns well with
results in the literature """

The MK-1 and MK-1(H,) pure films were compressed in
the same manner as the phospholipid films. Both MK-1 and
MK-1(H,) monolayers did not reach a pressure above 20 mN/
m similar to ﬁndm%reported for ubiquinone-10 (UQ-10) and
plastoquinone.”>”™"” The films were not able to reach a high
pressure like other lipoquinones, suggesting that the MK films
cither slightly soluble in the subphase (similar to UQ.2"") as
the pressure was increased or aggregation was occurring, which
has been shown for lipoquinones with longer isoprenyl side

chains.*”™" Most likely, the MK-1 analogues are aggregating as
neither analogue was soluble in D,0 (see 1D ‘H NMR
RM Spectroscopic Studies).

When the MKs are mived with DPPC or DPPE
phospholipids, differences in phase transitions and compres-
sion moduli indicate that an interaction with the MK analogues
and phospholipids can be observed. First, the gas to liquid
phase transition for DPPC is nonexistent when either MK-1 or
MEK-1(I1,) is present. This suggests a condensing effect at low
pressures. Within all the compression isotherms of the mixed
maonolayers, a change in slope occurs at ~20 mN/m [similar to
the collapse pressure of MK-1 and MK-1(H,)], which follows
the patxem in the Iitemtu:e with the MK analogues being

p d out of the monolayer to the top of the monolayer
snmhr to UQ.""! To determine if the MK-1 analogues still
affected the phospholipid monolayers even at higher surface
pression moduli of each eurve are compared
in Figure 929 (see the Supporting Information for compression
moduli data and interpretation). In each case, the mixed
monolayer exhibited a decreas: in ils compression modulus
(easier to compress) than the pure phospholipid monolayers,
indicating that the MK malogues affect the phospholipid
monolayer through jon even at physiologically
relevant surface pressures (~3U 35 mN/m)."

Qverall, the MK analogues do not form stable monolayers at
high pressures (>20 mM/m) and have a compressing effect on
the phospholipid monolayers, aad at higher pressures, the MK
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Figure 10. 1D 'H NMR (400 MHz) spectra of (A) MK-1 and (B) MK-1(H,} aromatic hydrogens H,, Hy, H, and Hy in different sized RMs (w, 4,
8, 12, 16, and 20) prepared from a 0.50 M AOT fisonctane stock solution. MK-1 or MK-1(H,) in iscoctane is used as a comparison reference
spectrum, and w, 12 Empty is a control spectrum without MK-1 or MK-1(H,). Peaks are labeled with corresponding hydrogens for MK-1 and MK-
1(H,) (see Figures 3 and 4 for the hydrogen labeling scheme key). Hydrogens, H,, Hy, H,, and H;, undergo a shift upon insertion into the RMs for
hath MKs. The averall concentrations for the 1.0 mI. MK-1 RM samples are as follows: wy 4, 13.8 mM; wy 8, 65 mM; wy 12, 3.5 mM; wy 16, 1.9
mM; w; 20, 1.3 mM. The overall concentrations for the 1.0 mL MK-1(H;) RM samples are as follows: w, 4, 13.8 mM; w, 8, 6.4 mM; w; 12, 3.5
mM; wy 16, 2.0 mM; wy 20, 1.4 mM.
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Figure 11. Partial ‘H—'H 2D ROESY and ‘*H-'H 2D NOESY NMR (400 MHz) spectra of MK-1 in a w, 12 RM. (A) Partial ROESY spectrum
illustrating interactions of MK-1 aromatic hydrogens with AOT. (B) Partial NOESY spectrum illustrating interactions of MK-1 H, hydrogens with
AOT. Blue to blue hydrogen text labeling shows MK-1—MK-1 interactions, and blue to teal hydrogen text labeling shows MK-1—AOT interactions.
Blue intensity contours represent negative NOEs or ROEs, and red intensity contours represent positive NOEs or ROEs. See Figure 3 for the MK-1
hydrogen labeling scheme key and Figure 13 for the AOT hydrogen labeling scheme key. A standard NOESY pulse sequence consisting of 256
transients with 16 scans in the {1 domain using a 200 ms mixing time and a 1.5 s relaxation delay was used. A standard ROESYAD pulse sequence
consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and a 2.0 s relaxation delay was used.

analogues most likely are compressed out of the monolayer to fully characterize the location, orientation, and conforma-
onto the phospholipid tails similar to previnm}y re_gnrted tion of the MKs within a mode! membrane interface, we used
lipoquinones with longer isoprenyl side chains.””**"""" It is RMs (Figure 8B), which are temary microemulsion systems in
important to note that the Langmuir phospholipid monolayers which the surfactant is dissolved in an organic solvent and the
do not provide evidence of a folded MK conformation due to addition of water creates nanosized water droplets encased in
the nature of the experiment; however, they do demonstrate the surfactant."®'~%"%" ME.1 or MK-1(I1,) was placed in
that MK-1 and MK-1(H,) interact with the phospholipid RMs of various sizes (w, 4, 8, 12, 16, and 20; where w; =
model membrane interface even at physiological surface [H,0]/[AOT]), and then 1D ‘H NMR spectra were obtained

pressures like other quinones, and there was not a large for each RM size as well as a spectrum in isooctane (2,2,4-
difference observed between the unsaturated and saturated trimethylpentane) (Figure 10).
MK-1 analogue.”’ """ The chemical shift difference between MK-l aromatic

1D 'H NMR Spectroscopic Studies of MK-1 and MK- hydrogens, I1,/I], and I/, is greater with a value of 0.55
1(H;) in RMs. The studies carried out using Langmuir ppm in isooctane versus that of MK-1 in w;; 20 = 0.47 ppm or
phospholipid monolayers established that the two MKs wy 4 = 0.45 ppm RMs, which i diagnostic of a change in the
interacted with the phospholipid interfice. However, the i surrounding MK-1 (Figure 10). Similarly, the
placement, orientation, and conformation of the MK-1 chemical shift difference between MK-1(H,) aromatic hydro-
analogues within an interface were still uncertain. Therefore, gens, H,/Hy, and H./H,, is greater with a value of 0.56 ppm in
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(A) Partial NOESY RM
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Figure 12. Partial 'H—'H 2D NOESY and 'H-'H 2D ROESY NMR (400 MHz) spectra of MK-1 in a wp 12 RM. (A) Partial 'H-'H 2D NOESY
NMR spectrum in a wy 12 RM. (B) Partial ‘H-'H 2D ROESY NMR spectrum in a wy 12 RM. Blue to blue hydrogen text labeling shows ME-1-
ME-1 interactions, and blue to teal hydrogen text labeling shows MEK-1—-AOT interactions. Blue intensity contours represent negative NOEs or
ROEs, and red intensity contours represent positive NOEs or ROEs, See Figure 3 for the MK-1 hydrogen labeling scheme key and Figure 13 for the

AOT hydrogen labeling scheme key. A standard NOESY pulse

ing of 256 t with 16 scans in the fl domain using a 200 ms

mixing time and a 1.5 s relaxation delay was used. A standard BDE:SYAD pulse sequence consisting of 256 transients with 16 scans in the f1 domain

using a 200 ms mixing time and a 2.0 5 relaxation delay was used.

isooctane versus that of MK-1(H,) in w, 20 = 0.47 ppm or w,
4 = 045 ppm RMs (Figure 10). The loss of splitting (peak
broadening) observed for the aromatic hydrogens as the RM
size decreases is altributed to the poorer ability of MK-1 or
MK-1(H,) to tumble freely within the RM interface of smaller
sized RMs (e.g, w, 4). We were unable to obtain a spectrum in
D,0 as neither MK was soluble even after extended sonication
due to the hydrophobicity of the two MK analogues and it is
not likely that either of the MKs are in the water pool due lo
the very poor water solubility of each compound. Together, the
results demonstrated that there was a significant chemical shift
difference between the aromatic hydrogens in isooctane and
the RMs for both MK-1 analogues. Therefore, we can conclude
that neither of the MK-1 analogues are interacting with the
isooctane and are residing either at the RM interface or within
the AOT alkyl tail region. Furthermore, DLS experiments were
carried out and demonstrated that inserting MK-1 or MK-
1(H,) into the RM does not alter the size of the RM or destroy
the RMs once inside and the RMs are stable aver the course of
NMR experiments (see Table §12). Overall, we concluded that
MEK-1 and MK-1(H,) interacted with RMs and resided within
the RM model membrane interface.

'H-'H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Studies of MK-1 and MK-1{H,) in a RM
Model Membrane System. The 1D 'H NMR spectra of
MEK-1 and MK 1(H;) in RMs demonstrated that MK1
analogues reside within the interface of RMs. However, more
information was needed to determine the orientation, position,
and conformation while the MK-1 species is residing inside the
RM interface. MK-1 was placed inside a w; 12 RM, and
'H-'H 2D NOESY and 'H-'H 2D ROESY NMR spectra
were obtained (Figures 11 and 12 and Figures §12 and §13).
NOE/ROE cross peaks between MK-1 and AOT provide
evidence for the location, orientation, and conformation within
the RM interface. Figure 11A shows ROE cross peaks among
all four aromatic hydrogens of MK-1 and the CII,/CH, groups
of the AOT alkyl tails. Figure 11B shows cross peaks b

1 is located within the RM interface. Panels A and B of Figure
12 show NOE/ROE cross peaks between H./H, and H,
between H, and H, and between H, and H1 and H3 and the
lack of a cross peak between H, and H;, which supports a
folded conformation for MK-1 while it is residing in the
interface (see Figure S26 for ROE/NOE correlation traces).
On the basis of these observetions, MK-1 is oriented in a
manner in which the naphthoquinone is positioned toward the
AOT alkyl tails and the folded isoprenyl side chain is
positioned between hydrogens HI/H1' and I3/H3 as
illustrated in Pigure 13. A propased folded MK-1 conformation
that is consistent with the 2D NOESY and ROESY spectral
data ig illustrated in Figure 14. The phase of the MK-1 to MK-
1 cross peaks observed in the NOESY spectrum (Figures 11
and 12) within the RM interface is the opposite phase of the
diagonal, indicating MK-1 is behaving as a small molecule
within the RM interface and likely tumbling freely but

(o]

SR

Figure 13. lllustration of the placement and proposed conformation
of MK-1 penetrating the RM interface. This arrangement is consistent
with the 'H—'H 2D NOESY and "H—'H 2D ROESY NMR spectral

MEK-1's alkene hydrogen H, and HOD, H1, H3/H3', and H4/
H4'. Figure 12A also shows cross peaks between hydrogens
H,/H, and H1, H3, and H3', which together indicate that MK-
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data ok 1 in a wy 12 RM. However, MK-1 likely tumbles freely
within the interface but maintains interactions with the region of AOT
shown in the illustration. The ADT hydrogen labeling scheme key is
shown.
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(A)

Side View

Top View

Figure 14. Proposed conformation of ME-1 at an RM interface
illustrated using MMFF94 calculations that is consistent with 'H="H
2D NOESY and '"H-'H 2D ROESY NMR spectral data. (A) Side
view of the energy-minimized folded MK-1 conformation (50.3 keal/
mol; H,—H, internuclear distance, 2.8 A). (B) Top view of the
energy-minimized proposed MEK-1 conformation showing the
isoprene methyl groups positioned folded upward.

maintaining interactions with the AOT regions shown in
Figure 13.

To determine if saturation of the isoprenyl side chain affects
the lacation and arientation within the RM interface, the same
experiment was carried out with MK-1(H;) (Figure §25).
NOE cross peaks are observed between MK-1(H,) aromatic
hydrogens, H,—H and AOT’s CH, and CH; alkyl tail groups
(Figure §25). NOE cross peaks are observed between
methylene hydrogens, H,/H,, and HOD, H1/H1', H3/H3,
and H4/H4'. NOE cross peaks are observed between the
naphthoguinone m , H, and HOD, H1/H1', H3/H3', and
H4/H4' (Figure 525). The AOT and isooctane hydrogens
overlapped with MK-1(I1,)'s terminal methyl hydrogens, 11,
and H,, and the methine hydrogen, H), signals in the spectrum
for MK-1(H,) within the RM interface; therefore, we were
unable to determine the conformation of MK-1(H,) within the
interface with confidence. Despite this, we would anticipate
that MK-1(11,) adopts a folded conformation similar to that of
ME-1 within the RM interface based on similar interactions
observed in the 1D and 2D NMR experiments carried out for
MEK-1. Together, these observations demonstrate that MK-
1(H,) interacted with the interface and has a position and
orientation similar to those of MK-1, indicating that saturation
of the isoprenyl side chain does induce an observable change in
the position and orientation within the RM interface.

Overall, the '"H—'H 2D NOESY and ROESY NMR spectral
data of MK-1 inside an RM interface are consistent with MK-1
adopting a folded conformation within an RM model
membrane interface. Interestingly, the conformation of MK-1
inside the RM interface remains folded but differs slightly from
the folded conformations observed in organic solutions. The
observation that MK-1 adopts a folded conformation within
the RM model membrane interface is important as under-
standing the conformational preferences of the first isoprene
unit of MK will be crucial in determining and understanding
conformations of the naturally occurring longer MK analogues
within cellular membranes.

B CONCLUSIONS

Lipoguinones such as MK, are special types of lipid-quinones
and are essential components of the ETS. Partial saturation of
MK in these biological systems is necessary for some
organisms to survive such as pathogenic M tubereculosis.”*"!
The rationale for the observation of partially saturated MK
derivatives in various organisms remains unclear. It is
intriguing as the double bonds present in the isoprenyl side
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376

chain of MK are not conjugated with each other or to the
redox active quinone system and therefore would not be
expected to affect the redox potential. Interestingly, we recently
showed that MK-2 adopts a folded conformation in which the
double bond in the second isoprene unit is in the proximity of
the quinone carbonyl groups on the naphthoquinone and
potentially have an influence on the reactivity of the quinone."’
The studies described herein improve our understanding of the
chemical, conformational, and hiochemical properties on an
important class of quinone-containing compounds involved in
electron transfer processes. The partially saturated MKs
I P ¥ an ""“"'ﬂ 1 | gruup or Lia), g “{ -q 16 1
molecules that are essential for pathogenic taxonomic
classification.

In this work, we first demonstrated using a semiquantitative
2D NMR spectroscopy approach that the two simplest, most
fundamental MK analogues, unsaturated MK-1 and saturated
MK-1(H,), adopt similar folded—extended conformations in
each organic solvent but differ slightly between each organic
solvent environment. We also observed that the degree of
saturation in the isoprenyl side chain of MK-1 only slightly
alters the conformation. Importantly, the conformations
observed for MK-1 closely resembled the conformation of
the first isoprene unit in MK-2, which we previously showed
adopted folded conformations in solution and within 2 model
membrane interface.”” Together, these results support the first
hypothesis that MK-1 analogues adopt folded conformations
regardless of the degree of saturation in their isoprenyl side
chain.

The quinone redox potentials of MK-1 and MK-1(I1,) were
measured in varions anhydrous organic solvent environments.
The organic solvent environments studied more closely
resemble the environment of the cellular membrane in which
native MKs are located and serve as better comparisons for
biological reactivity than those carried out in aqueous
solutions. We demonstrated that the measured quinone
redox potentials of MK-1 and MK-1(H,) varied with the
solvent environment (presumatly mainly due to differences in
dielectric constants) where the ease of quinone reduction for
the Q/Q"" process follows the trend DMSO > ACN »
pyridine. Remarkably, we repcet for the first time that the
degree of saturation in the isoprenyl side chain of MK-1
influences the observed guinone redox potential, where
unsaturation in the isoprenyl side chain of MK-1 makes the
quinone easier to reduce by ~20 mV and the difference is
conserved across several organic solvents (pyridine, ACN, and
DMSO). The observed ~20 mV redox potential difference is
presumably due mostly to a pe-turbation of the electronics of
the quinone system upon saturztion of the double hond by an
indirect through-bond effect. The observation of a 20 mV
difference in the redox potential between the two MK-1
derivatives with a saturated and unsaturated isoprenyl side
chain observed in three different solvents is unexpected and
may reflect some important general reactivity pattern of this
system. We speculate that if such a difference is also observed
for the MKs with longer isoprenyl side chains that it may
reflect the biological function of these molecules and
provide evidence for the possibility that such a small difference
in redox potential may be biologically significant. Ilowever, in
the simple MK-1 system containing one isoprene unit, the side
chain may not have the spatial reach needed present in the
MK-9 system, and therefore, more data are needed to properly
evaluate the longer MK derivatives. The electrochemical results
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confirm our second hypothesis that saturation of the isoprenyl
side chain of MK-1 affects the observed quinone redox
potential.

Finally, combining results, we found MK-1 and MK-1(H,)
both interacted with Langmuir phospholipid monolayers and
RM model membrane interfaces, where MK-1 and MK-1(H,)
had very similar interactions with the Langmuir phospholipid
monolayers (DPPC and DPPE phospholipids) and similar
placement and location within the RM interface. Importantly,
MK-1 also adopted a folded conformation within the RM
madel membrane interface, further supporting our first
hypothesis. The results combined from all the conformational
analysis studies presented herein for MK-1 and MK-1(H,)
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Appendix IX: Hydrophobicity May Enhance Membrane Affinity and Anti-

Cancer Effects of Schiff Base Vanadium(V) Catecholate Complexes

This is the manuscript that corresponds to chapter five and is published in Dalton Transactions.!
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effects of Schiff base vanadium(v) catecholate complexes

Two hydrophobic V(v) catecholate substituted Schiff bases
[VO(Hshed)(cat)] and [VO{Hshed)(dtb)] differing in the catechol,
where, (Hshed = N-(salicylideneaminato)-N'-(2-hydroxyethyl)
1,2-ethanediamine, were examined for their ability to interact
with a model membrane system and their anti-cancer effects in
human chrondrosarcoma (SW1353) cells.
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Introduction

Hydrophobicity may enhance membrane affinity
and anti-cancer effects of Schiff base vanadium(v)
catecholate complexesti

Debbie C. Crans, {9 #2° Jordan T. Koehn, {52 Stephanie M. Petry, 2 Caleb M. Glover,?
Asanka Wijetunga,® Ravinder Kaur,® Aviva Levina " and Peter A. Lay () ¢

Anti-cancer activities of vanadium compounds have generated recent interest because of a combination
of desirable properties for chermnotherapy, i.e., strong cytotoxicities, anti-metastatic activities and relatively
low systemic toxicities. Certain hydrophobic vanadium(v) Schiff base/catecholate compounds, which as
shown herein. have increased stability in aqueous media and affinity for membrane interfaces. Depending
on their hydrophobicity, they may be able to enter cells intact. In this manuscript, twa hydrophobic V(v)
catecholate substituted analogues, [VO(Hshed)(cat)] and [VO(Hshed)(dtb)], (Hshed = N-(salicylideneami-
nato)-A-(2-hydroxyethyl)-1.2-ethanediamine, cat = pyrocatechol, and dtb = 3,5-diltert-butyl)catechol
and the vanadiumlv) precursar (V(O)a(Hshed)]) were synthesized for their ahility to interact with mem-
branes and their anli-cancer effects. Using *'V and "H NMR spectroscopy, the presence and location of
the free ligand, Hushed, and the three Viv) complexes were examined in a model membrane micro-
emulsion systern. The stability of the three compl WAS T d in aqueous solution, cell media and
an inhomogeneous microemulsion system. Qur results demonstrated that free ligand H:shed and the
intact Viv) complexes associated with the interface but that the V-complexes hydrolyzed to some extent
because oxovanadates were observed by *V NMR spectroscopy and decreasing complex by absorption
spectroscopy in cell media. When determining the effects of Vlv) catecholate complexes on bone cancer
cells, the strongest effects were observed with the more stable hydrophobic complex [VO([Hshed)dtbl]
that was able to best associate and penetrate the model membrane system intact_ These studies are con-
sistent with the membrane permeability studies being a good predictor for in witro cytotoxicity assays
because VO(Hshed)idtb)l can pass through the cellular membrane intact. which may enhance its anti-
cancer activities.

based classes of complexes have been of interest for decades
and are increasing in importance. Vitamins and nutritional

Medicinal applications of metal complexes in the past have
been dominated by the anti-cancer platinum drugs as well as a
range of complexes used for imaging diagnostics and nuclear
medicinal applications.” However, several additional metal-

“Chemistry Department, Colorado State University, Fort Collins, Colorado 80523,
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tThis conuibution was submited to the special issue prepared after the 7
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$Electronic supplementary information (ES1) available: Fig, S1: 1D 'H NMR
spectra of [VO[Hshed)(cat]] in D,0, DMSO and reverse micelles; Fig. 82: 1D 'H
NMR spectra of [VO[Hshed)(dtb]] in D,0, DMSO, and reverse micelles; dynamic
light scantering dara. See DOI: 10.1039/c9dm0601]

This joumnal Is © Tne Roval Scciety of Chemistry 2019

additives often include metal-ion containing supplements.®™* A
large number of different formulations for iron and vanadium
are testament to the existence of a range of methodologies that
can be applied to increase the efficacy of absorption.™
Furthermore, Lipinski’s rules’® based on an empirical and stat-
istical evaluation of efficacy suggest that statistically successful
drugs are of certain size, hydrophobicity, polarity, or reactivity,
which thus limits the chemical space to search for available
drugs. However, some of the more successful drugs do not
follow these empirical rules, such as cisplatin; therefore, drug
and supplement design continues to include the entire chemi-
cal space. For example, recent investigations have introduced
promising hydrophobic titanium and vanadium drugs.'® *° The
water solubility of these compounds and other hydrophobic
drugs is very limited, and as a result, the methods for in vivo
studies with these compounds involves dissolving the com-
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Fig. 1 The structures are labelled as follows: (a) Hycat; (b) Hpdtb; () Hpshed, (d) VIO)(Hshed)], (e) VO{Hshed){cat)], {f) [VO{Hshed)dtb), (g) example
of a hydrolytically stable titanium complex.?® (h) example of a hydrolytically stable vanadium complex.2® and (i) AOT.

pounds in methanol, ethanol, or DMS0 or dissolution in assays
containing surfactants andfor DMSO. In this work, we examine
the solubility, stability, and interactions of representative hydro-
phobic metal complexes (Fig. 1) and free ligand Hashed with a
model membrane interface and their anti-cancer effects.
Identification of inhibitors for signal transduction remains
an important target in drug discovery. Phosphatase inhibitors
that are particularly potent, or effective in animal studies,
include a series of titanium, vanadium, and zinc coordination
complexes.”” " In several studies,>*® a series of com-
pounds were tested, and a correlation between hydrophobicity
and stability with potency was highlighted, for example, see a
representative compound in Fig. 1g.%* The Tshuva group used
this approach with vanadium compounds and prepared a
hydrophobie vanadium complex (Fig. 1h), which was found to
have anti-eancer properties as well.** The high hydrophaobicity
of these compounds tends to protect the complexes against
initial hydrolysis making them more likely to penetrate mem-
branes and extend their lifetime and enter into cells intact. An
example of such a compound is shown in Fig. 1h; a vanadium
complex that was more effective than cisplatin in growth inhi-
bition of human colon HT-29 and ovarian OVCAR-3 cells.”
Studies using data mining of vanadium-containing phospha-
tase complexes™ and synchrotron studies indicate that most
vanadium complexes lose their ligands when binding to phos-
phatases®* or transferrin® in blood, and in cell medium.*® ¥
In contrast, these same complexes interact with human serum
albumin and in some cases can form a protein adduct that
maintains the Iigands.y" % 1t is possible that the complexes
containing hydrophobie ligands with steric hindrance prevent-
ing substitution reactions may enable the uptake of the intact
complex and delivery to the cellular target and thus be particu-
larly potent cytotoxins to breast and pancreatic cancer cells.*®

6384 | Caiton Trans., 2019, 48, 6583-6365

To explore how these hydrophobic eomplexes will interact
with membrane interfaces, we have investigated the behavior
of V(v) complexes with an ideal representation of a simple
microcmulsion ternary model membrane system shown in
Fig. 2.*'** The reverse micelle (RM) is a ternary system, H,0/
AOT/organic solvent, where AOT = sodium bis[2-ethylhexyl]-
sulfosuccinate, used as a simple but effective model system to
explore the ability of these hydrophobic coordination com-
plexes to penetrate the interface, Fig. 2. These self-assembled
structures form in a region of the phase diagram where there

Fig. 2 Schematic dlagram of an RM present in a2 microemulsion. The
four distinct locations for potential solutes are labelled as follows: (a)
the water pool, (b) the Stern layer, (c) the surfactant hydrophobic layer,
and (d) the organic solvent layer, iso-octane.

This joumal is © The Royel Society of Chemistry 2019
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is little H,O, but significant amounts of surfactants and
organic solvents.”**" The interface system is dynamic, but the
overall stability of the system is governed by thermodynamic
considerations rather than kinetic ones and, thus, the most
thermodynamically stable arrangements are preserved. In the
past, we have used mainly iso-octane or cyclohexane (or d,4
cyclohexane) as the organic solvent,* but others have used
pentane, benzene, chloroform, and carbon tetrachloride.*
The microemulsion forms RMs, but the interfacial chemistry
enables studies of how such metal complexes will transverse
interfaces™ " and NMR spectroscopy provides evidence on
whether the complexes decompose and where they interact
with the interfaces in this simple model system.

Studies with thc BMOV/[VO,(ma),]~ system®™ and the
V-dipic systems have demonstrated remarkable differences in
how even simple compounds interact with model membrane
systems. The BMOV/[VO,(ma),]” compounds hydrolyze as they
approach the interface,” whereas the V-dipic complexes react
differently depending on the oxidation state.™ The V(v)
complex [VO.dipic]™ is able to penetrate the interface, whereas
the V(i) complex [V(dipic),] is found in the water pool assaci-
ating with the interface.™® The V(i)-dipic system can form
two complexes, a neutral 1:2 complex [VO(dipic),]*~ that is
generally prepared upon synthesis as well as a 1:1 complex
[VO(H,0);(dipic)]”. The former readily associates with the
interface partially penetrating the surface, whereas the 1:1
complex is interacting further up in the hydrophobic part of the
interface similarly to the V(v)-dipic complex. These studies
demonstrate the versatile modes of actions of these com-
plexes,”* and considering that V-complexes are known to
cycle between redox states in the biological systems, this factor
is undoubtedly involved in the mode of action of the vanadium
complexes. 1015199458 1ndeed,  the chemistry of
vanadium compounds is likely to be associated with the gene-
ration of reactive oxygen species (ROS), which have been impli-
cated in the mode of action of vanadium compounds. This
topic is beyond the scope of this manuscript and we refer the
reader elsewhere for more information on this important
topic. 5455

Using this simple model membrane system, the chemistry
of the ternary V(v) complex [V(O),(Hshed]] and two more
hydrophobic analogs prepared from its complexation with
catecholate (cat) or di-tert-butylcatecholate (dtb]) (Fig. 1) ligand
were studied. These compounds belong to the family of com-
plexes formed from non-innocent ligands, and as a result,
exhibit a broad spectrum of redox chemistry.” It is well known
that V-compounds redox cycle between V(v) and V(iv) upon
administration, and a number of studies have been carried out
exploring the details of these processes. Because we focus on
V(v) compounds in this study, we refer readers elsewhere on
this important topic.***'***” For the V-catecholate com-
plexes deseribed in this work, the redox chemistry is mainly
metal centred.®® There have only been a few studies with
vanadium-catechol complexes exploring their biological
activities.*” * A recent study demonstrated that these com-
pounds affected cell growth in MDA-MB-231 and PANC-1

redox

This joumnal Is © Tne Roval Scciety of Chemistry 2019
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cancer cclls with varying amounts of effectivencss.’

Furthermore, a number of vanadium compounds have been

reported with naturally oceurring non-polar flavonoids including

mechanistic studies probing the redox chemistry involved in

these processes.™ It is, therefore, important to investigate how

these hydrophobic complexes interact in interface model systems
to explore how this may impact their anti-cancer activities.

Results

Synthesis

[V{O).(Hshed)], [VO(Hshed)(cat)], and [VO(Hshed)(dtb)] and
free ligand H,shed were synthesized as previously described
and the speetroscopic data were found to be consistent with
the literature.®* ™ The free ligand, H,shed, is the condensation
product of salicylaldehyde (SalA) and N-(2-hydroxyethyl)-1,2-
cthancdiamine (NH,CH,CH,;NHCH,CHoOH, abbreviated as
HyDA).

Solubility of free ligands and V(v) complexes and stability of
free ligand H,shed and [V(0),(Hshed)] in RM samples

The three free ligands (H.shed and cat and dtb catechols) were
all dissolved in aqueous solution and iso-octane. The three
complexes, [V(0);(Hshed)], [VO[Hshed)(cat)], and [VO(Hshed)
(dtb)], are all soluble in DMSO, dimethylsulfoxide, but have
less solubility in aqueous solution and no measurable solubi-
lity in iso-octane (2,2 4-trimethylpentane) as confirmed by
NMR spectroscopy. All three complexes had to be forced into
aqueous solvents such as D,0 via vortexing and at that point
the Schiff base ligand is subject to hydrolysis as shown in egn
(1) and the [V(0),(Hshed)] complex as shown in egn (2).

The stability of the precursor V(v) complex, [V(0)y(Hshed]],
was measured in agueous solution prior o the addition to the
model membrane RM microemulsion system. We observed
that the vanadium complexes hydrolyzed as shown in cqn (2)
at a faster rate in agueous solution than in the RM mixture,
Due to the presence of the Schiff base in the ligand, once the
complex hydrolyzed, the ligand could continue to fragment
into salicylaldehyde (SalA) and N-(2-hydroxyethyl)-1,2-ethane-
diamine (HyDA) as shown in egn (1) below. The equilibrium
mixture of both the ligand and [V(0),(Hshed)] complex in
aqueous solution was obtained as evident by the NMR spectra
recorded.

Hshed™ + H;0% — SalA +HyDA (1)
2[V(0), (Hshed)] + 4HO™ — 2H,VO,”~ + 2Hshed~  (2)

Once the equilibrium mixture of the Hyshed ligand had
been obtained in aqueous solution, the solution was added to
form RMs from two concentrations of AOT/iso-octane stock
solution (0.200 and 0.750 M). Sinee the highest resolution *H
NMR spectra were obtained using 0.750 M AOT stock solution,
the rest of the studies were carried out wsing this stock solu-
tion concentration (sec below). *'V NMR spectra recorded for
the precursor complex [V(O);(Hshed]] in D,0 confirmed that it

Datton Trans., 2019, 48, 6383-6395 | 6385
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hydrolyzed in aqucous solution, and that cquilibrium was
reached by 20 min after sample preparation (see below).
Compared to the aquevus solution, the equilibrium reaction
was slower in RMs and the equilibrium concentration was
achieved after 40 min. These studies provided the time-scale of
the experiments of the precursor [V(0);(Hshed)] complex
sample and provided guidelines for the timeframe of the
studies with this complex as well as the vanadium complexes
with the catechol ligands studied where the lower solubility is
problematie, which causes issues in detecting the complex.

1y NMR spectra of the [V(0),(Hshed)] complex

In aqueous solutions, the equilibrium concentration of
[V(Q)(Hshed)] is ahout 60% of the total vanadium. *'V NMR
spectra of [V(0);(Hshed)] in DMSO, D,0, and in a series of RMs
{ws = 6, 8, 12, 16 and 20 prepared from 0.750 M AOT/iso-octane
stock solution; where w, = [HyO)[AOT]) are given in Fig. 3.
Upon placement into the RM, the stability ratio was changed
significantly and the amount of the [V(0),(Hshed)] complex in
the RM environment is much smaller than in D,0 (H,0),
Fig. 3. These studies convincingly show that [V(O),(Hshed)] is
destabilized by the RM environment more so than in agueous
solution. A slightly greater amount of the [V(O),(Hshed)]
complex was observed in larger RMs over smaller RMs.

'H NMR spectra of [V(0),(Hshed)] and H,shed

A series of "H NMR spectroscopic studies in RMs were carried
out using [V(0),(Hshed)], and the corresponding free ligand,
Hjshed. The RM studies with the [V(0),(Hshed)] complex con-
firmed that the free Hyshed ligand was formed from the hydro-
lysis of the complex which, was then followed by subsequent
hydrolysis of the Hyshed ligand to SalA and HyDA. The hydro-
lysis was confirmed in the D,O spectra by the imine proton
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Fig. 3 Sty NMR spectra of [V[0),(Hshed)] in D,0O and in a series of RMs
{wp = 6, 8B, 12, 16 and 20 prepared from 0.750 M AOT/iso-octane stock
solution). The spectra were recorded after equilibration was reached
after 20 min for D20 samples and after 40 min in RM samples. The pH
for D;O and RMs was 66 and the pD was 7.0. The total
V-concentrations for 1.0 mi V{O)(Hshed)] RM samples are as follows:
wy 20, 2.41 mM; wy 16, 517 mM; wy 12, 11.05 mM; wy B, 23.53 mM; and
wq 6, 36.72 mM.
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Fig. 4 'H NMR spectra of [V{O),(Hshed)] in D,O and In a serles of RMs
Iwp = B, 12, 16. and 20 prepared from 0.750 M ACT/iso-actane stack
solution). The spectrum In DO was recorded after 20 min and the RM
spectra were recorded after 40 min once equilibrium had been estab-
lished. SalA = salicylaldehyde, The pH for D-0O and RMs was 6.6 and the
pD was 7.0. The total V-concentrations for 1.0 mbL [V(O);(Hshed)] RM
samples are as follows: wo 20, 241 mM: wo 16, 517 mM; wo 12,
11.05 mM; wy 8, 23.53 mM; and wy 6, 36.72 mM.

signal (HC=N) at 8.81 ppm converting into an aldehyde
proton (HC=0] at 9.98 pm (Fig. 4). These peaks are not
present in the ds-DMSO spectrum of [V(O),(Hshed)] (Fig. 4).
The spectra arc shown for RM sizes wy 8 through wy 20 and
although the ligand hydrolysis is complete, increased reactions
are taking place because an increasing SalA:[V(0),(Hshed)]
(the latter measured by H,) ratio is observed in the spectra as
the RM size continues to increase (see spectrum at wy, 20).

To further confirm the formation of the ligand hydrolysis
product, SalA, a study of the non-complexed free ligand,
H,shed, in a series of RMs was carried out (Fig. 5). By monitor-
ing the 'H NMR chemical shifts, it is apparent that the free
ligand is hydrelyzing upon contact with the water pool (Fig. 5).
The formation of an aldehyde group signal [HC=0) at
9.90 ppm and a decrease in the imine signal (HC=N) near
8.5 ppm readily shows the formation of one of the starting
materials of the Schiff base, SalA, and almost complete conver-
sion is seen after an equilibrium time of 15 min in D,0. The
'H NMR spectra demonstrated that the equilibrium mixture
was different in the RMs compared to the Hyshed ligand in
aqueous solution, and that the Schiff base is more stable in
the environment of the smaller RMs in contrast to the
[V(0);(Hshed)] complex. Combined, these results show that
SalA and H,shed begin to form both in solutions with un-
complexed free ligand H,shed (Fig. 5) and with the precursor
[V(0):(Hshed)] complex (Fig. 4).

There is a chemical shift change observed for
[v(0).(Hshed)] protons H,, Hp, He, Ha, and H, upon addition to
the RM, which showed a change in the chemical environment
and supported the interpretation that the [V(O],(Hshed]]
complex penetrated at least partially into the RM interfacial
layer (Fig. 4). The free ligand Hyshed hydrolyzed as evidenced
by a peak at 9.94 ppm in D,0 and at %89 ppm in w, 8 RM
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Fig. 5 'H NMR spectra of H;shed In D,O and In a series of RMs (w, = 6,
8, 12, 16, and 20 prepared from 0.750 M ADT/iso-octane stock solution).
The spectrum in DO was recorded after 35 min and the spectra in RMs
were recorded after 45 min once equilibrium had been established.
Proton labelling scheme is found in Fig. 1. SalA = salicylaldehyde. The
pH for D,O and RMs was 6.6 and the pD was 7.0. The overall concen-
trations for 1.0 mL Hashed RM samples are as follows: wy 20, 2.71 mM;
wp 16, 5.65 mM; wy 12, 11.77 mM; wy 8, 24.48 mM; and wy 6, 37.87 mM.

(Fig. 4). There is a chemical shift change ohserved for Hyshed
protons H,, H,, H, Hy, and H,, which also showed a
change in the chemical environment and supported a signifi-
cant interaction of the Hyshed ligand with the RM interface
(Fig. 5).

NMR spectra of [VO(Hshed)(dtb)] in aqueous solution and in
RM samples

'V NMR spectra were recorded to determine if the [VO{Hshed)
(dtb]] complex hydrolyzed in aqueous solution and within RMs.
This was non-trivial considering the low solubility of the
complex in aqueous solution; therefore, these samples were pre-
pared hy dissolving the compound into the AOT/iso-octane stock
sulution rather than in the D,0 stock solution. The equilibrium
for the hydrolysis products was observed in a saturated
[VO(Hshed)(dth)J/D,0 sample that was sonicated for 5 min,
then vortexed for ~1 min, and then allowed to sit for 60 min
(Fig. 6). [VO(Hshed)(dtb)] hydrolyzed to form [V(O).(Hshed)]
first and further hydrolysis formed vanadate and the Hjshed
ligand according to eqn (3) and (4). The sample in di-DMSO
(Fig. 6) contained three signals for [VO(Hshed)(dtb)], the major
peak signal is consistent with the litcrature®™ and in addition
we also observed two minor peaks, which we attribute to
association and concentration phenvmena. When placed in
RMs, the equilibration was established slightly faster in this
system (~50 min) after which time point the spectra no longer
changed.

[VO(Hshed)(dth)] + Hy0 — [V(0),(Hshed)] + Hpdth  (3)

[V(0),(Hshed)] + 3H,0 — SalA + HyDAH' + H,VO,~  (4)

The *'V NMR spectra recorded for [VO(Hshed)(dtb)]
in d-DMSO, D,0, and in RMs (RMs (i, = 6, 8, 12, 16, and 20))
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Fig. & Sy NMR spectra of [VO(Hshed)(dtb)] in dg-DMSO, iso-octane,
and In a serles of RMs {w, = 6, 8, 12, 16, 20 prepared from 0.750 M AQT/
iso-octane stock solution). The spectrum in DO was recorded after
60 min and the spectra in RMs were recorded after 50 min once equili
briurn had been established. The pH for D;O and RMs was 6.6 and the
pD was 7.0. The total V-concentrations for 1.0 mL [VO([Hshed)(dtb)] RM
samples are as follows: wgp 20, 246 mM; wp 16, 523 mM; wy 12,
11.09 mM; wy 8, 23.55 mM; wy 6, 36.78 mM.

are shown in Fig. 6. The spectrum in d,-DMSO shows three
signals (see above). No complex is observed in the D,0 spec-
trum documenting that this compound is not soluble but does
form vanadate olizomers when attempting to dissolve the
material. In the RM samples, more vanadate oligomers, poss-
ibly a little [V(0),(Hshed]], and two signals, which are attribu-
ted to the [VO(Hshed)(dtb)] complex are observed (Fig. 6). Both
'y and 'H NMR spectra confirm that in RMs at a higher con-
centration of the complex, more [VO(Hshed)(dtb)] is observed
than in pure D,0. When placing [VO[(Hshed)(dtb)] in RMs,
some of the complex hydrolyzed, and there was a large change
in chemical shifts from the ds-DMSO szmple and the distri-
bution of signals varied depending on the size of the RM. This
suggests that the [VO(Hshed)(dth]] complex is in an environ-
ment different from agueous solution. As the size of the RM
changed, the chemical shifts did not significantly change, con-
sistent with the possibility that the compound is in similar
environments in different sized RMs. These results are consist-
ent with an interpretation that the stability of the [VO{Hshed)
(dtb)] complex increases through associiation or interactions
with the interface and although still separated from the water
pool, the water reaches the complex, initiating the hydrolysis
of [VO(Hshed)(dtb)] and resulting in the formation of vanadate
oligomers and [V(0),(Hshed)] (Fig. 6). As the RM size
increases, the extent of hydrolysis increases because the
[VO(Hshed)(dtb)] complex signal decreases and an increase in
oligomers formed is ohserved (as evidenced by the changes in
the speciation).5

The 'H NMR spectra of [VO(Hshed)(dtb)] in D»O, d<-DMSO,
and various sized RMs were recorded (see ESI Fig. §11). The
spectrum in D,0 does not show all the proton peaks present
in the [VO(Hshed)(dtb)] complex due to limited solubility of
the complex; however, the ligand of the complex was also
hydrolyzed as evidenced by an aldehyde peak at 10.04 ppm in
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D40 and at 9.91 ppm in RMs. These peaks arc not present in
the d;-DMSO spectrum. There is a chemical shift change for
[VO(Hshed)(dtb)] aromatic protons Hy, Ha, He, and Hy, which
showed a change in the environment of the complex and sup-
ported the interpretation based on the "'V NMR spectra of an
association and possible penetration of the complex into the
RM interface. Combined, these studies show that the aqueous
insoluble [VO(Hshed)(dtb)] complex can solubilize and par-
tition in a heterogeneous environment, but such an environ-
ment also facilitates increased hydrolysis of the complex and
its Schiff base ligand.

NMR spectra of [VO(Hshed)(cat)] in aqucous solution and in
RM samples

*ly NMR spectra were recorded as a function of time to
determine if the [VO[Hshed)(cat]] complex hydrolyzed after
it was dissolved in aqueous solution, as well as in AOT/iso-
octane RMs (Fig. 7). The solubility of [VO(Hshed)(cat)] was
limited in aqueous solution; therefore, ~1 min of vortexing
was needed to prepare a saturated sample of [VO(Hshed)(cat)]
in D;O. This system also had the potential of forming
[V(0),(Hshed)] and the Hjshed ligand according to eqn (5)
and (6).

[VO(Hshed)(cat)] + H,0 — [V(0), (Hshed)] + Hydth  (5)
[V(0),(Hshed)] + 3H,0 — SalA + HyDAH™ + H,VO,~  (6)

[VO(Hshed)(cat)] was dissolved in d;-DMSO and in aqueous
solution as well as in AOT/iso-octane RMs. By *'V NMR, it was
found that no [VO(Hshed)(cat)] remained in the D,O solution
or the RM mixture and intact [VO(Hshed)(cat)] was ohserved
only in dg-DMSO (Fig. 7). These results suggest that the equili-
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Fig. 7 W NMR spectra of [VO[Hshed)(cat)] in D,O and in a series of
RMs (wp = 6, 8, 12, 16, and 20 prepared from 0.750 M AQT/iso-octane
stock solution). The spectra were recorded after equilibration was
reached after 50 min for D20 samples and after 40 min for RM samples.
The pH for DO and RMs was 6.6 and the pD was 7.0. The total
V-concentrations for 1.0 mlL [MO(Hshed)(cat]] RM samples are as
follows: wy 20, 241 mM; w, 16, 517 mM; w, 12, 11.05 mM; wy, B,
2353 mM; and wg 6, 36.72 mM.
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brium favors complex hydrolysis upon dissolution in D,0 and
that the energetics are not sufficiently favorable for the
complex to reform in RM samples. 'H NMR spectra show that
the H,shed ligand from the complex does hydrolyze more
slowly, because some C=NH signal remains in w, 8-12
samples (see Fig. S2}). These studies do confirm that the
[vO(Hshed)(cat)] complex has significantly different properties
than the [VO(Hshed)(dth)] complex.

Examining the AOT/iso-octane RMs containing H,shed,
[V(O),(Hshed)}, [VO(Hshed)(cat)] and [VO{Hished)(dtb)]

using dynamic light scattering

To determine if RMs formed in the AOT/RM samples, w, 12
and wp, 20 RM samples were investigated using Dynamic
Light Scattering (DLS). In Table 81, the RM samples are listed
with the no cargo, with H,shed, with [V(0).(Hshed)], with
[vO(Hshed)(cat)] or with [VO(Hshed)(dtb)]. The results show
that AQT/iso-octane RM structures form in all cases and that
the sizes are comparative with literature values.*” Furthermore,
there were no significant differences obscrved between the
hydrodynamic radii of the empty RM samples and those con-
taining cargo. This suggests that no significant changes in the
structures of the RMs are induced upon placement of any of
the probe molecules inside the RMs.

The anticancer effects of V[v) catecholate complexes on bone
cancer cells (SW1353 cells)
The hydrophobicity of the [VO(Hshed)(dtb)] complex
enhances complex stability to hydrolysis and thus
increases the ability of the compound to enter the cells intact.
The question whether increased uptake due to hydrophobicity
will be reflected in increased cytotoxicity was investigated in
human chondrosarcoma cells, SW1353. However, before these
studies were carried out, we determined the stability of the
compounds in cell culture media (advanced DMEM, sup-
plemented with 2.0 vol% of fetal calf serum and 10 mM of
HEPES buffer to maintain pH = 7.4 under an ambient atmo-
sphere)™ using electronic absorption spectroscopy, because
both [VO(Hshed)(cat)] and [VO(Hshed)(dtb)] showed strong
absorbance bands in the visible and near-IR range in accord
with the literature.*®

As shown in Fig. 8, the clectronic abserption spectra of the
[VO{Hshed)(dtb]] complex show an intast complex in DMSO
and fresh media (DMSO shown with black lines in Fig. 8; fresh
media with red lines). Although the complex is intact in
DMSO, the [VO(Hshed)(dtb)] complex is anly partially stable
over time in cell media where it ultimately undergoes hydro-
lysis. However, after 24 h the [VO(Hshed)(dtb)] complex had
degraded (shown with green lines in Fig. 8). In contrast, the
addition of [VO[Hshed)(cat)] (0.10 mM V-complex] to cell
culture medium instantly caused the disappearance of the
characteristic ahsorbance bands of the complex at ~530 nm
and ~870 nm (red line in Fig. 8a). The [VO{Hshed)(cat]]
complex is, therefore, much less stable compared to the
[VO(Hshed)(dtb)] complex. These results are consistent with the
results by NMR spectroscopic studies described above (Fig. 6
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Fig. 8 Representative absorption spectra of fresh (2 min after dis-
solution) and aged (24 h after dissolution) (a) [VO{Hshedl(cat)] and (b)
[VO{Hshed)(dtb)] (0.10 mM V-compound) In DMSO solutions or In cell
culture medium (advanced DMEM, containing 2.0 vol¥ of fetal calf
serum and 10 mM HEPES buffer, pH 7.4).

and 7). Both complexes decomposed after 24 h incubation
with the cell culture medium at 310 K. The following cell
culture studies were, therefore, carried out with both fresh and
aged solutions. This allowed us to compare the effects over
time for the two different V(v) Schiff base/catecholate com-
pounds and vanadate in bone cancer cells (human chondro-
sarcoma, SW1353 cells). This also permitted us to explore
when [VO(Hshed)(dtb)] was still intact and when both com-
plexes were hydrolysed.

Initial experiments on the anti-proliferative activities of the
[VO(Hshed)(cat)] and [VO(Hshed)(dtb)] complexes in SW1353
cells (Fig. 9a) were carried out with the consideration of their
different hydrolysis rates in aqueous solutions, in cell culture
media and in artificial membrane systems (Fig. 6-9). Stock
solutions of both complexes in DMSQ, which were stable for at
least 24 h under ambient conditions (verified hy electronic
absorption spectroscopy, Fig. 8) were added to cell culture
medium to the required final concentrations (typically, 5.0 pM
V). The resultant medium was cither immediately added to the
cells within 1 min (fresh medium}, or allowed to age for 24 h
(310 K, 5% CO,) prior to addition to the cells.”*’ Vanadate
(Na;vO,, cither fresh or aged in the medium) was used as a
reference compound.” Previous studies by XANES spec-

This joumnal Is © Tne Roval Scciety of Chemistry 2019

View Article Online

Paper

a 5.0 pMV{V)for 72 h, WST-8 assay
I (V) freshly added to the madium
I V(V) aged in the medium (24 h)

Cell viability, %

DMSO  MavO, [VO[HMshed) [VO{Hshed)
control (cat)] (dtb))

b , [VO(Hshed)(dtb)]. freshly added, 72 h

™ H

g

251  _s—\W5T-Bassay
—&— Alamar blue assay

0.1 1 10
V], uM

Fig. 9 Anti-proliferative activity of [VO(Hshed)(catll, [VO(Hshed)(dtbll
and NazVO, in human chondrosarcoma (SW1353) cells: (a) comparative
effects of Vivl complexes at 5.0 uM V; and [b) cancentration-dependent
effects for fresh solutions of [VO(Hshed)(dtb)]. Treatment media were
added to cells either within 1 min after the addition of V{v) complexes
[fresh media), or pre-incubated with the Viv) complexes for 24 h at
310 K and 5% CO; before the addition to cels (aged medial. In both
cases, the cells were treated for 72 h (310 K, 5% COa) before the deter-
mination of cell viability by endpoint colorimetric assays (WST-8 or
Alamar Blue). All the treatments, Including contiols, contained 0.50 vol%
DMSO. Error bhars represent the mean values and standard deviations
of six replicate wells. The # sign shows highly slgnificant difference
(P < 0.001) in activity between fresh and decompased solutions of VO
{Hshed]l(dtb)].

troscopy® and EPR spectroscopy’ have shown that vanadate
converts to a mixture of V(v) (predominantly) and V(i) com-
plexes with medium components upon aging. As shown in
Fig. 9a, [VO[Hshed](cat]] was moderately active at 5.0 pM
V-complex (cell viability after 72 h treatment was 40-50% of
control), while Na,VO, added to the media resulted in 70-75%
of the control. For [VO(Hshed)(cat)] and vanadate, no signifi-
cant difference in anti-proliferative activity was observed
between fresh and aged solutions in cell culture medium.

The [VO(Hshed)(dth]] complex showed much stronger anti-
proliferative activity when freshly added to the medium (only
~2% of control), compared with the aged solution (50-60% of
control) (Fig. 9a). Furthermore, compared to the less hydro-
phobic [VO{Hshed](cat]] complex, or the ionic vanadate, the

Dalton Trans., 2019, 48, 6383-6395 | 6389

389



Published on 14 Mzrch 2019, Downloaded on 5/16/2019 4:36:17 PM.

Paper

fresh solution of the more hydrophobic and intact [VO(Hshed)
(dtb)] complex was significantly more potent. As a result, we
were interested in exploring the anti-proliferative activity of
[vO(Hshed)(dtb)] further. Concentration-dependent studies of
fresh [VO(Hshed)(dth]] solutions using two different assays for
cell viability, WST-8"” and Alamar Blue,”* gave consistent
results with ICs, = 1.3 + 0.3 pM V-complex and a plateau is
seen at high V-concentrations (5-10 pM) (Fig. 9b). This level of
activity is similar or higher compared to that of well-estab-
lished Pt(u) anti-cancer drugs in typical human cancer cell
lines (1Csp ~1-5 pM Pt).”* Taken together, data from Fig. 6-8
show that the higher stability of [VO(Hshed)(dtb)] compared
with [VO(Hshed)(cat]] in cell culture medium and in the hydro-
phobic environment of cell membranes is likely to lead to its
significant cellular uptake before hydrolysis in aqueous
medium is complete.”” The observed higher cytotoxicity of
fresh solutions in cell culture medium compared to aged ones
carrelates with the greater stability of the [VO(Hshed)(dth]]
complex. High hydrolysis rates of [VO(Hshed)(cat)] in cell
culture medium (Fig. 8) are likely to prevent cellular uptake of
the intact complex, which means that the anti-proliferative
activity is due to decomposition products as has been recog-
nized previously in multiple biological systems,**%**7*% A
similar relation between aqueous stability, cellular uptake and
anti-proliferative activity was observed previously for Ru com-
plexes.*** We conclude that the increased hydrophobicity and
steric bulk of the dtb catechol ligand is preventing carly hydro-
lysis leading to the enhanced cellular uptake of the intact
[VO(Hshed)(dtb])] complex.

Discussion

Numerous studies were carried out with different V-com-
pounds exploring the mode of action and the identity of the
active species when V-compounds were considered for the
treatment of diabetes.™*®8887 1 is well-known that
V-compounds are protein tyrosine phosphatase inhibi-
tors, 588 however, much work has been done on the trans-
port of V-compounds from the administration site to the site
of action.**™** Specifically, studies have been carried out
cxploring the transport of V-compounds in blood,*”##1:%4%1
and the speciation of these compounds*~“%* has been investi-
gated in detail both in model systems.'“'m in bloed,**"%* in
animal model studies®® and in human studies.'" The inter-
action of V-compounds with transferrin, human serum
albumin or other blood components has demonstrated that
V-compounds can lose one or more of their ligands and
remain active.”"**% How the vanadium complexes enter
cells and what properties dictate the efficacy of transport
through cell membranes remain important questions.

These studies have shown that the interface dramatically
impacted the stability of the vanadium precursor complex,
[V(O).(Hshed)], as well as two hydrophobic vanadium complexes,
[VO(Hshed)(cat)] and [VO(Hshed)(dtb)]. Both ternary mixed-
ligand complexes are soluble in polar organic solvents, such as
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DMSO, and less soluble in nonpolar organic solvents (e.g.,
2,2 4-trimethylpentane). However, the inhomogeneous
environment of a microemulsion supports these complexes
even if they have been hydrolyzed in the presence of interfacial
water. Based on the NMR spectroscopic studies presented in
this work, the interaction with the RM interface protects the
V-compound against rapid initial hydrolysis. The slow hydro-
lysis effect was more pronounced for the more sterically-hin-
dered hydrophobic dtb ligand. This effect could be due to
sterics or hydrophobicity of the ligand or a combination of
both, and studies with additional compounds will shed light
on the origin of this observation. Alternatively, it may be poss-
ible that pK, values of the catechols can affect the inherent
thermodynamic stability of the coordination complexes. The
pK, value of the parent catechol is higher than that of the
t-butyl substituted catechol and thus, the coordinated complex
of the latter would be more stable. Initial V-complex stability
may he important for the anti-cancer activity of the com-
pounds as shown by the study in human bone cancer cells
(chondrosarcoma). The anti-cancer effcets reduce with
decreased hydrophobicity and decreased hydrolytic stability of
the V-complexes. Future studies with additional related V-com-
pounds will shed further light on the exact origin of the anti-
cancer cffects.

The kinetic stability of [VO[Hshed)(dtb)] in water and
aqueous media is unusual for a V-complex but in this case pro-
vides sufficient stability to cnable this complex to enter the
cancer cells intact. The hydrophobic environment of the cell
membrane is likely to further stabilize this compound.* This
unusual short-term stability of this highly cytotoxic complex
may show considerable promise in cancer treatment, particu-
larly against aggressive cancers such as prostate cancer, Since
such hydrophobic complexes are likely to undergn cellular
uptake vig passive diffusion through the cell membrane, it is
important to investigate if hydrophobicity or hydrolytic stabi-
lity of these compounds correlates with uptake in membrane
model systems.

The results presented here with two different hydrophobic
catecholate complexes based on studies in the AOT-iso-octanc
microemulsion system show that although the [VO[Hshed)
(dtb)] complex may be stabilized, the me mbrane system is not
able to completely prevent hydrolysis from the water penetrat-
ing the interface. If a complex remains intact for some limited
time, this will allow the drug to reach the cellular target intact.
Importantly, the current results show that the intact complexes
indeed interact with the interface and, hence, the results are
consistent with the observation of increased cytotoxicity of
fresh versus aged drug preparation. Thet is, the freshly pre-
pared solution contains more intact cornplex and the hydro-
lyzed aged solution contains less intact complex. Accordingly,
the solution with more intact [VO(Hshed)(dtb)] complex is
much more cytotoxic compared to the aged solution with a
degraded V-complex towards the bone cancer cells investi-
gated. Importantly, the results with the aged solutions show a
dramatically decrcased cytotoxic ctfect for both V-complexes
against SW1353 bone cancer cells, consistent with the [ree
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ligands having no significant cytotoxicity (free ligands alone
are significantly less cytotoxic (unpublished data)).

Given the fact that humans are largely composed of water
and cell assay studies generally are carried out using water-
based approaches, the administration of hydrophobic drugs
remains a challenge. However, there are ways of delivering a
drug into the body that does not require water solubility but in
the case of these very hydrophobic drugs, cell assays in
aqueous solution remains problematic. The studies described
herein may imply that hydrophobic metallo-compounds with
inercased hydrolytic stability will eontinue to be of interest
and suggest that alternative approaches for effective drug
delivery that will circumvent significant decomposition should
be developed.

Conclusions

The [VO(Hshed)(cat)] complex is found to have lower thermo-
dynamic stabilities in both water and cell culture medium
compared to the [VO){Hshed)(dth]] complex. Although the com-
plexes show limited stability in the presence of membrane
model systems, this may be a consequence of the pre-equili-
brium that resulted in partial hydrolyzed complex(es).
The greater cytotoxic activities are observed in fresh solutions
of V-catecholate complexes containing higher amounts of the
intact compound in in vitro cytotoxicity assays in bone cancer
cells and are in line with additional studies in MDA-MB-231
and PANC-1 cells.*” Importantly, the membrane model results
shown here demonstrate that the intact V(v) catecholate com-
plexes will penetrate the membrane, which supports the cell
cytotoxicity assays which indicate that the intact complexes are
taken up hefore they are decompased in the cell medium.

In summary, the hydrophobic V(v) catecholate compounds
presented here are found to interact with a model membrane
systems and the V-complex with the highest stability is found to
have the most potent anti-cancer properties. It is possible that
complexes containing hydrophobie ligands with a sterically hin-
dered V-atom preventing substitution reactions may enable the
uptake of the intact complex and delivery to the cellular target.
Alternatively, similar behavior could arise from different
thermodynamic stabilities. Regardless of the origin, the hydro-
phobic V(v) catecholate complexes were found to be particularly
potent eytotoxins to bune cancer cells. These results warrant
future studies of these and similarly stable hydrophobic
vanadium compounds as potential anti-cancer agents.

Experimental section

Chemicals, biochemicals, and general methods

Most reagents were used without further purification including
2,2 A-trimethyl-pentane (iso-octane, Sigma-Aldrich, =>99.0%),
deuterium oxide (D,0, Cambridge Isotope Laboratories,

99.9%), acctone HPLC grade, n-pentanc, and argon. Sodium
bis(2-ethylhexyl)sulfosuccinate (AOT, Sigma-Aldrich, 99.8%)
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was purificd using activated charcoal and methanol to remove
acidic impurities using a modified procedure of that previously
reported (see below).'"*"™ Salicylaldehyde (SalA) was purified
via vacuum distillation to remove impuritics prior to synthesis.
[V(0)a(Hshed)], Hzshed, [VO[Hshed)(cat)], and [VO(Hshed)
(dtb)] were prepared according to the literature proce-
dures.***” All pH measurements were conducted using a
Thermo Orion 2 Star pH meter with a VWR semi-micro pH
probe.” When samples were prepared for RM or D,0 NMR
experiments, deuterium oxide was used instead of H,0 and
the pH was adjusted to consider the presence of deuterium
(pD = pH + 0.4); therefore, we report values for both pD and
pH for clarity.”'*° Pre-sterilized media and sterile plasticware
used in cell culture were purchased from Life Technologies
Australia. Human chondrosarcoma SW1353 cells were pur-
chased from the American Type Culture Collection (ATCC, cat.
no. HTB-94) and cultured using standard techniques'®*® in
advanced DMEM (where DMEM = Dulbecco’s modified Eagle's
medium; Thermo Fischer Scientific, cat. no. 12491-015),
Abbreviations are as follows: aot, bis(2-cthylhexyl)sulfosucci-
nate sodium salt; cat, catecholate; dth, di-tert-butylcatecholate;
DLS, dynamic light scattering; HEPES, (4-(2-hydroxyethyl)-1-
piperazine-ethanesulfonic acid; H,shed, condensation product
of salicylaldehyde and N-(2-hydroxyethyl}-1,2-ethanediamine;
pdi, polydispersity index; SalA, salicylaldehyde; HyDA, N-(2-
hydroxyethyl}-1,2-ethanediamine; CCR2, CC chemokine recep-
tor 2; GCL2, CC chemokine ligand 2; CCR5, CC chemokine
receptor 5.

Purification of NaAOT

NaAOT was purified by a slightly modified procedure from that
reported previously,*'™ AOT (60.0 g) was dissolved in metha-
nol (150 mlL) and the solution was shaken for a period of two
weeks in the presence of mesh activated charcoal (15.0 g). ¥
The suspension was then vacuum filtered through a bed of
Celite and then the methanol was removed, first vig rotary
evaporation under reduced pressure at room temperature and
then vig high vacuum (~150 milliTorr) until the desired
dryness was achieved. The residual water content ranged from
0.019 to 0.300 waters per AOT and was measured as previously
reported.**

Preparation of AOT/iso-octane stock solution and RM samples

The 750 mM AOT/iso-uctane stock solution was prepared by
dissolving AOT (8.333 g, 18.80 mmol) in iso-octane in a volu-
metric flask (25.00 mL), vortexing until clear, and then diluting
to the mark. For all six probe molecules studied, a 52.75 mM
stock solution was used to prepare RM containing suspen-
sions. The stock solution was prepared hy dissolving the probe
molecule (0.5275 mmol) in 750 mM AOT/iso-octane stock in a
volumetric flask (10.00 mL), mixing until solubilized, and then
diluting to the mark. The probe AOT/iso-cetane stock solutions
containing either vanadium or the H;shed ligand were mixed
by hand and not vortexed to have as little outside impact on
hydrolysis as possible. Before the preparation of 1 mL RM
samples, 2 mL solutions of varying corcentrations of probe
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stock were created by diluting various aliquots of 52.75 mM
probe stock with 750 mM AOT/iso-octane stock. Then, 1 mL
RM samples (w, = 6, 8, 12, 16, and 20) were prepared by dilut-
ing specific aliquots of 2 mL solutions with various amounts
of DO (pH = 6.6, pD = 7.0, see general methods for pH
measurements). The addition of D,0 resulted in the formation
of a white flocculent at the bottom of the samples and, when
shaken, a homogeneous solution resulted. For the free Hycat
and H,dtb ligand RM samples, NMR studies were performed
immediately after preparation while the free H,SHED ligand,
[V(0),(Hshed)], [VO(Hshed)(dth)], and [VO(Hshed)(eat)]] RM
samples were allowed to equilibrate before the NMR spectro-
scopic studies were performed. The total V-concentrations for
1.0 mL [V(O)y(Hshed)] RM samples arc as follows: wy 20,
2.41 mM; w, 16, 5.17 mM; w, 12, 11.05 mM; w, 8, 23.53 mM;
and w, 6, 36,72 mM. The overall concentrations for 1.0 mL
Hished RM samples are as follows: w, 20, 2.71 mM; w;, 16,
5.65 mM; wy 12, 11.77 mM; w, B, 2448 mM; and w, 6,
37.87 mM. The total V-concentrations for 1.0 mL [VO(Hshed)
{dtb)] RM samples are as follows: w, 20, 2.46 mM; w, 16,
5.23 mM; wy 12, 11.09 mM; w, 8, 23.55 mM; w, 6, 36.78 mM.
The total V-concentrations for 1.0 mL [VO(Hshed)(cat)] RM
samples are as follows: w, 20, 2.41 mM; w, 16, 517 mM; W,
12, 11.05 mM; wg 8, 23.53 mM; w, 6, 36.72 mM,

Stability of the probe in aqueous solution and RMs

The stability of the precursor complex [V(O)a(Hshed)],
vanadium(v) catecholates [VO(Hshed)dtb] and [VO[Hshed)cat],
and the free ligand H;shed in agueous solution was deter-
mined by solution NMR spectroscopy. NMR measurements of
the hydrolysis of each probe molecule in D0 (pH = 6.6, pD =
7.0, see general methods for pH measurements) were carried
out until the probe molecule had reached equilibrium as evi-
denced by the NMR peak integrations changing over time.
Similar equilibrium stability measurements were carried out
for each V-compound in a wy = 12 RM. Once the equilibrium
had been determined for each probe molecule in a RM system,
complete RM studies were performed at the determined equili-
hrium time point.

'H and *'V NMR spectroscopic studies on RM samples

All *'v solution NMR spectra were recorded on a Varian
400MR NMR spectrometer with a spectral window of
=700 ppm to 700 ppm, 4096 scans, RD = 0.001 s, and 90°
pulse angle at 26 °C. The 'H NMR spectroscopic experiments
on the RMs were performed using a 400 MHz Varian iNova
NMR spectrometer or a 400 MHz MR400 spectrometer, using
standard parameters at 22 or 26 °C, respectively. The 1D 'H
NMR spectra in ODCl; or dg-DMS0 were referenced to the
internal solvent peak at 7.26 ppm and 2.50 ppm, respectively.
The 1D 'H NMR spectra in RMs were referenced to the iso-
octane methyl peak (0.904 ppm) as previously reported.”” *'v
solution chemical shifts in DMSO are determined relative to
the external neat liquid VOCL, reference (0.00 ppm).'** *'v
solution chemical shifts in D,O or RMs are measured relative
to an external 1 M sodium metavanadate reference (pH = 12)
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which, in aqucous solution, produccs two signals at
—535.7 ppm (used as auxiliary reference) and —560.4 ppm,
relative to VOCL.'™ Spectral data were processed using
MestReNova NMR processing software version 10.0.1.

RM sample preparation for dynamic light scattering (DLS)
studies

RMs for DLS studies were prepared in a similar manner to
those used for the NMR spectroscopic experiments except that
distilled deionized (DDI) H,O (pH = 6.6) was used as the water
pool instead of D0, and 0.750 M ADT/RM solution was
diluted to a 0.1 M AOT/RM solution with iso-octane after the
RMs were formed.

DLS measurements

The hydrodynamic radius of w, = 12 and w, = 20 RMs was
determined by DLS measurements performed on a Malvern
Zetasizer Nano 7S instrument (Malvern Instruments, Malvern,
UK). The DLS cuvette (1 em x 1 cm, glass) was washed three
times with iso-octane followed by three washes with the RM
sample (prepared at pH 6.6). Then, the cuvette was filled with
1 mL of the RM sample and closed with a Teflon cap. Each
experiment was conducted at 25 °C and consisted of a 700 s
sample equilibration period followed by 10 measurements
each made of 15 scans.'” Each sample was measured in tripli-
cate, and the diameter and pdi were recorded and compared
to those values in the literature.®® The data were analyzed
using Malvern DLS software. See the ESL}

Stability studies by electronic absorption spectroscopy

Freshly prepared stock solutions of [VO(Hshed)(cat)] or [VO
(Hshed)(dtbe)] (10 mM V-complex in DMSO) were diluted
100-fold either with DMSOQ or with cell culture medium
(advanced DMEM, containing 2.0 vol% of fetal calf serum and
10 mM HEPES buffer, pH 7.4).*" The spectra in the
350-1200 nm range (resolution, 1 nm; acquisition rate,
600 nm min~") were acquired on an Agilent Cary 5000 spectro-
meter at 295 K. The corresponding solverts were used in back-
ground scans.

Cytotoxicity experiments
Advanced DMEM medium (Thermo Fisher Scientific cat.
no. 12491-015, where DMEM = Dulbecco’s modified Eagle's
medium) was supplemented with -glutamine (2.0 mM), anti-
biotic-antimycotic mixture (100 U mL ™" penicillin, 100 mg mL™
streptomycin and 0.25 mg mL™" amphotericin B) and fetal calf
serum (FCS; heat-inactivated; 2 vol%). For proliferation experi-
ments, the cells were seeded in 96-well plates at an initial
density of 1.0 x 10° viable cells per well (counted using
Invitrogen Countess device with trypan blue staining)'™%% jn
100 pL medium and left to attach overnight. Freshly prepared
10 mM stock solutions in DMSO ([VO(Hshed)(dth)] or
[VO(Hshed)(cat)]) or in Milli-Q H,O (Na,VO,, 99.98%, Aldrich
cat. no. 150243) were used for cell assays. All the cell treatments,
including controls, contained 0.50 vol¥ of DMSO.' stock
solutions of the treatment compounds were diluted with fully
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supplemented cell culture media to the required final concen-
trations, and the resultant media were either added to the cells
within one minute (fresh solutions) or left in the cell culture
incubator (310 K, 5% CO,) for 24 h prior to the cell treatments
(aged solutions). For end-point viahility assays, the cells were
incubated with fresh or aged treatment compounds for 72 h,
after which WST-8 reagent (cell counting kit-8, Dojindo
Molecular Technologies) or Alamar Blue reagent (Thermo
Fisher Scientific cat. no. DAL1025) was added at 10 pL per
well, The cells were then further incubated for six hours, and
the absorbance at 450 nm (WST-8) or fluorescence at 570/
585 nm (Alamar Blue) was measured using a Vietor V! multi-
well plate reader. For each treatment, six replicate cell-contain-
ing wells and two background wells (containing all the com-
ponents except cells) were used, and statistical analysis of the
data was performed using Origin software.'™ Preliminary cali-
bration experiments with WST-8 assay have shown that the
A5 values in the entire working range (0.25-1.5) were linearly
dependent on the number of viable SW1353 cells (~107-10"
cells per well).
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Appendix X: Mycobacterial MenJ: An Oxidoreductase Involved in

Menaquinone Biosynthesis

This manuscript concerns the kinetic characterization of Mycobacterial Men) using menaquinone-1 we
synthesized and is published in ACS Chemical Biology. *
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ABSTRACT: Men], annotated as an oxidoreductase, was recently demonstrated to
catalyze the reduction (saturation) of a single double bond in the isoprenyl side-chain of
mycobacterial menaquinone. This modification was shown to be essential for bacterial
survival in J774A.1 macrophage-like cells, suggesting that Men] may be a conditional
drug target in Mycobacterium fuberculosis and other pathogenic mycobacteria.
Recombinant protein was expressed in a heterologous host, and the activity was
characterized. Although highly regiospecific in vivo, the activity is not absolutely
regiospecific in vitro; in addition, the enzyme is not specific for naphthoquinones vs
benzoquinones. Coenzyme Q-1 (a benzoguinone, UQ-1) was used as the lipoquinone
substrate, and NADH oxidation was followed spectrophotometrically as the activity readout. NADPH could not be substituted
for NADH in the reaction mixture, The enzyme , contains 2 FAD binding site that was 72% occupied in the purified recombinant
protein. Enzyme activity was maximal at 37 °C and pH 7.0; addition of divalent cations, EDTA, and reducing agents such as
dithiothreitol to the reaction mixture had no effect on activity. The addition of detergents did not stimulate activity, and
addition of saturating levels of FAD had relatively little effect on the observed kinetic parameters, These properties allowed the
development of a facile assay needed to study this potential drug target, which is also amenable to high throughput screening,
The K, values for UQ:-1 using recombinant Men] from Mycobacterium smegmatis or M. tuberculosis without saturating
concentrations of FAD were found to be 52 + 9.6 and 44 + 4.8 uM, respectively, while the K, Y values were determined to
be 59 + 14 and 64 & 15 yM. The K, for MK-1, the menaquinone analogue of UQ-1, using recombinant Men] from M.

FAD, NADH

———i |

tuberculosis without saturating concentrations of FAD but in the presence of 0.5% Tween 80 was shown to be 30 + 2.9 uM.

Thus, this is the first report of a kinetic ch ization of

a

ber of the geranylperanyl redictase family of enzymes.

ipoquinones play key roles in the respiratory electron

transport systems (ETS) of both prokaryotes and
eukaryotes by shuttling electrons between the membrane-
bound electron donors (hydrogenases, dehydrogenases, and
oxidoreductases) and acceptors (lerminal oxidases in aemhic
respiration and terminal reductases in anaerobic respiration).'”
These lipids can be dmdad into two major structural groups:
ubiqui (or b , UQ) and menaquinones (or
nnphthnqumnnes, MK) ‘UQand MK are characterized by the
presence of an isoprenyl side-chain of vnrymg length and
degree of saturation (reduction or hyd tion of doubl
bonds). The variations in the structures of the lipoquinones
have been used to assist taxonomic differentiation of
prokaryotes for many decades,™ suggesting conservation of
function. Generally Gram-negative bacteria contain UQ, MK,
demethylmenaquinone (DMEK), or a2 combination; while
strictly aerobic Gram-negative chemotrophs synthesize only
UQ, the Gram-positive taxa synthesize MK or DMK.” The
Gram-negative facultative anaerobe Escherichia coli, for
example, mainly utilizes UQ-8 (ubiquinone with an isoprenyl
side-chain containing eight isoprene units) in its ETS under
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aerobic conditions but procuces increased amounts of
menaquinone (MK-8) under anaerobic conditions.” However,
the Gram-positive pathogen Mjcobacterium tuberculosis utilizes
only MK in its ETS. In mycobacteria, this molecule is
predominantly MK-9(II-H,),"® a molecule that has an
isoprenyl side-chain of nine isoprene units with the one in
the f-position hydrogenated (saturated, see Figure 1). Many
studies have reported varying degrees of regiospecific
saturation of the lipoquinone isoprenyl side-chain of MK and
in some cases UUQ. Hydrogenation of the MK side-chain is
widespread in corynebacteria and mycobacteria and is not
uncommon in Archaea.

Recently, an enzyme, designated Men] (Rv0561c), was
shown to catalyze the hydrogenation of a single isoprene unit
in MK of M. tuberculosis,” whick results in conversion of MK-9
to MK-9(II-H,) (Figure 1) and is highly conserved
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Figure 1. Reaction converting MK-9 to MK-9(II-H,) catalyzed by
MenJy, (Rv0561c).

throughout both pathogenic and nonpathogenic Mycobacte-
rium spp. For example, Men] from M. tuberculosis (Men],,) and
Mycobacterium smegmatis (Men],,..) have 74% amino acid
identity with 99% coverage. Ba:mé on sequence similarity,
Men] belongs to the geranylgeranyl reductase (GGR) family of
enzymes; that is, both Men],, and Men],m“. to date, the o
empirically identified MK tated as GGRs.
Thus, Men] appears to represent a previously unreported
subclass of GGR, which in Archaea, bacteria and plants are
multifunctional enzymes that saturate multiple isoprene units
of bacteriochlorophyll, chlorophyll, tocopherol, phf]lo uinone,
and Archaeal phosphalipids in a ise fashion.

Data presmted prcviously indicated that the reduction of a
single double bond in the isoprencid-tail of MK by Men]
increases the efficiency of the mycobacterial ETS system. That
is, Men] deletion mutants had reduced mycobacterial electron
transport efficiency, although rates of ATP synthesis and
bacterial growth rates in culture were unaltered due to
increased levels of total MK per bacillus.” Interestingly, Men]
deletion mutants grow as well as the WT bacleria in both
aerobic and hypoxic conditions but have severely attenuated
survival in macrophages.” Thus, Men] appears lo present a
testable system for a contextual drug target in M. tuberculosis.
The first steps in testing the wvalidity of this hypothesis is
development of a facile assay and characterization of the
enzyme activity, Little is known about the enzymatic properties
of this class of enzyme or the classical GGRs, even though
crystal structures of GGRs from two of the Archaea have been
determined,"*™'* presumably due to the inherent difficulties
reported in assaying the a.ctlvzty Using MK as a substrate in an
enzyme assay presents a of technical hurdles. MK is
essentially insoluble in aqueous solutions (MKQ has a
calculated log P value 21.1), is sensitive to hght and its
absorbance and fluorescence spectra overlap these of
NADH,"""* precluding use of a simple, sensitive spectropho-
tometric readout of a NADH consumption assay. Develop-
ment of a facile assay required structural analysis of UQ-8
biosynthesized in E. coli transformed with mycobacterial men]
and chemical synthesis of truncated analogues of MK-9. Thus,
this manuscript reports the identification of a suitable
lipoquinone substrate resulting in the development of a facile,
high throughput amenable in vitro assay for Men] activity and
the first in vitro characterization of the properties of
a member of the GGR family.

M RESULTS AND DISCUSSION

Characterization of Lipids Extracted from E. coli Cells
Expressing MenJ;y,.o. Mycobacterial Men] reduces a double
bond in MK-8, Table 1, when expressed in E. coli.” To

4

2499
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Table 1. Structures and Calculated Monoisotopic Masses of
Lipoquinones Described in This Study”

Calculated
Quinones | monolsotoplc Structures
| masses (Da) |
ofi N
ua 260.12061 1
o E b
[a]
A )‘I\ PN
ey | 2szraee | [
o \n’ <
va-s 72655871 j’\“‘[ A o
.
,ﬂl}i\/t‘/\)\%w]\qﬁwl\‘
UC-B(H) | 72857438 |
(v]
o
At
MK-1 240 11503 {\v; T!‘_
La]
L;,;ql-w«l\/wk/-“;l\/wl\
MK-4 444,30283 I
MK-8 71655323 :
| PPy
MK-A(H) | 718 56888 [:ﬂ'\ I el L s
7,

“Asterisks (*) indicate lipoquinones witha saturated double bond,
which in UQ-8(F,), and MK-8(H,) is drawn to be consistent with
previous reports for M. phlei and various other Gmm—puuhvu
organisms.” """ Monolsotopic masses were caleulated using Chem-
Draw Ultra 12.0 software (PerkinElmer Informatics).

determine if UQ is also a substrate of MenJ,,, partially
purified neutral lipids from comtrol E. coli (ttansforrmtd with
empty vector) or E. coli transtormed with pET28a:Men],,, .,
were analyzed by HPLC coupled to mass spectrometry
(LCMS) and tandem MS. UQ was identified by observation
of protonated [M + H]" ions aad verification by LC MS/MS.

The monoisotopic mass of UQ-8 containing 8 isoprene
units, each with a single double hond, is calenlated at 726.5587
Da; therefore, the expected m/z value for [M + H]® is
727.5667 or 729.5824 if a single double bond was reduced.
Extracted ion chromatograms (EIC) were generated from total
ion chromat (TIC) by extracting collected data for ions
with [M + H|* at m/z 727.6 £ 0.5 or [M + H|" at m/z 729.6
+ 0.5 for UQ-8 and UQ-8(H,), respectively (Figure 2). The
lipids from the control strain contain a molecular feature with
an observed m/z of 727.5611 at a retention time of 19.4 min
consistent with the presence of UQ-8 but did not contain any
lipids with m/z values that could be attributed to UQ-8(H,) by
LC-MS/MS. The observed peak at m/z 729.5722, coincident
with m/z 727.5611(Figure 2A), represents an isotope peak.
However, lipids extracted from E. coli expressing Men]
contained a new peak, with a retention time of about 20.2
min and an observed m/z value of 729.5722 in addition to the
peaks at 19.4 min, indicating a gain of function consistent with
the presence of UQ-8(H,) (Figure 2B). This increase of 2 Da
(7276 to 729.6 Da) could potentially be attributed to
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Figure 2. Men] catalyzes the reduction of UQ-8 when expressed in E,
| - iall Yoy |

cali. FIC derived from Q.TOF LC/MS analysis of partially p
lipids from recomhinant E coli containing pET28a empty vector
(panel A) or vector containing men],.., (MSMEGI1132) (panel B),
EIC were generated from TICiy extracting data for ions with [M +
H]" at m/z 727.6 £ 0.5 or m/z 729.6 + 0.5 for UQ-8 or UQ-B(H,),
respectively.

reduction of the ketones in the benzoquinone moiety (as seen
in the lipoquinone’s role in electron transport), a double bond
in the benzoquinone moiety, or one of the double bonds in the
isoprenyl side-chain.

Tandem MS anal of UQ. generate a major
diagnostic fragment ion at m/z = 197.1, likely corresponding to
a benzylium ion.'"" The molecular features with m/z values
of 727.56 and 729.57, tentatively assigned as UQ-8 and UQ-
8(H,), produced major fragment ions at m/z of 197.0802
(Figure 3A) when subjected to tandem MS analysis on a Q.
TOF instrument, confirming the assignment as UQ-8 and
suggesting that a reduction had occurred in the isoprencid tail
and not in the aromatic ring. This conclusion was supported by
LC MS/MS analysis performed on an LCQ ijon-trap
instrument. The resulting spectra were complex, consisting of
several series of ions (Figures 3B and C). However,
identification of a series of ions that retain the benzoquinone
structure and differ by 68 Da (designated n2—-n8) and an ion
that retains only the isoprenoid moiety (designated i1) confirm
the reduction in the UQ isoprenoid tail (Figure 3C). Thus, the
molecular ion (m/z 729.5), [M + H — H,0]" (m/z 711.5) and
the n-series ions (m/z 605.4 and 673.5) all indicate that the
molecule has a single reduced double bond near the
benzoquinone ring. The fragments i1 (m/z 533.1) and n2
(calculated m/z 253.1) would identify the location of that
reduction in the f-isoprene unit; however, the spectra are very

1 1
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Figure 3. Tandem MS analysis of UQ-8 from recombinant E. coli
expressing Men]. Panel A shows a representative Q-TOF LC MS/MS
analysis of ions having m/z 7295744 identified as UQ-8(H.) in
Figure 21, the inset shows the inferred fragmentation generating the
fragment ion at m/z of 197.0802. Panels B and C show LCQ ion-trap
dem MS analysis of isoprenyl side chain of UQ-8 from WT E. coli
and UQ-8(I~H,) from recombinant E. coli expressing Men],,.,
respectively. The insets show the iaferred fragmentation patterns,

complex and weak in the n2—n5 region, making unambiguous
assignment of the position difficalt. However, results indicate
that, in addition to saturating a single double bond in the
isoprenoid tail of MK as seen in mycobacteria,” Men] also
saturates a single double bond in the isoprencid tail of UQ
when expressed in E, coli. While the precise position of the
saturation is difficult to identify using mass spectral
methods,””” the data point to 2 position close ta the aromatic
ring(s) in both MK and UQ. This is in agreement with earlier
data that indicate that all hydrogenated MK isolated from
Gram-positive eubacteria, including mycobacteria, have the §-
isoprene unit from the naphthoquinone system saturated, if
only one isoprene unit is saturated.”~*"' Thus, mycabacterial
Men] is nat specific for MK vs UQ.

Expression and Purification of MenJ. The purified
recombinant Men] proteins had appropriate apparent molec-
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ular weights, and the final protein purity was consistently found
to be >80—90% as judged by SDS-PAGE. The yield of the
purified Men],;, protein ranged from 0.7 to 1.0 mg per liter of
culture.

Although Men],,.., was cloned and expressed in the
heterologous host E. coli in active form the Men] homologue
from M. tuberculosis is not active when expressed in E. coli
However, the MenJ,, protein complements a Men] KO when
expressed in M. smegmatis’ and could be purified from this
host. Although the protein is associated with membrane
enriched preparations, the His tagged recombinant MenJ could
be purified to at least 809% purity, as estimated by SDS-PAGE
analysis, after solubilization in buffer containing an appropriate
detergent. The purified recombinant protein is yellow in color
in keeping with the prediction that it has a FAD binding
domain [GxGxxG(x)17/18 D/E Supporting Information
Figure SI1]. Bound FAD could be removed from the protein
under denaturating conditions. The molar extinction coef-
ficient of Men] protein at 280 nm (£,4) was calculated from its
amino acid sequence;” for HisgMen), £y, = 72420 M~
em™,** and the molar extinction coefficient for FAD at 450
nm (€,,) was taken to be 11300 M ' cm !, These values were
used to determine the molar ratio of FAD to protein. Men] .,
was found to be on average 72 + 5% saturated with FAD when
freshly purified from 3 independent preparations. Similar
results were obtained for Men],. The presence of non-
covalently bound FAD appears to be a characteristic of the
GGR family of proteins, which has been demonstrated to be
involved in electron transfer from the reducing agent to the
substrate.)* However, FAD was only associated with ~70% of
the recombinant Men] produced in either host species.

MenJ Enzyme Activity Assay. IMAC purified Men] was
used to perform in vitro reductase enzyme assays. Initially,
commercially available MK-4 and MK-9 (see Table | and
Figure 1 for structures) were used as potential substrates;
however, no enzyme aclivity could be detected. While
inactivation of the enzyme during purification could not be
ruled out, the insolubility of MK in aqueous solutions (MK-4
and MEK-9 have calculated log P values of 10.9 and 21.1,
respectively), its sensitivity to iight“5 and absorbance/
fluorescence spectra presented significant technical problems.
Chemically synthesized MK-1, Scheme 1, with a caleulated log
P of 484, could be utilized as a lipoquinone substrate.

Scheme 1. Synthesis of MK-1 (3)“

BF; Etherate 5
L EtOAc/Dioxane 1:1 i
RO 3 hrs., reflux T
. = - L
A~k o
S .
OH
2
22% yield

“MEK-1, previously synthesized by other routes,” * was prepared
using a two-step reaction from c fally availabl dione via
a procedure adapted from literature.** Menadiol was synthesized from
menadione as previously described.™ ** Then, menadiol (2) was
reacted with 3-methyl-2-buten-1-ol (1) in the presence of boron
trifluoride, a Lewis acid catalyst, to attach the isoprenyl side-chain ***
The coupling reaction to obtain ME-1 (3) resulted in a 22% yield.

401

However, this molecule required 20% Tween-80 for solubiliza-
tion of the stock material in aqueous buffer and assay mixtures
containing a final concentration of 0.5% of the detergent. In
addition, overlap of absorption and fluorescence spectra with
thase of NADH required activity detection at 360 nm, a
wavelength where loss of NADH absorbance could be
separated from MK-1 absorbance, which is less sensitive than
the more typical analysis at 340 nm (Supporting Information
Figure S12).

Because Men] catalyzes the reduction of an appropriate
isoprene unit in UQ-8, the concept of using UQ as MK
analogues in in vitro assays was pursued. This approach has
several advantages, in that UQ-1 is commercially available, of
significantly greater solubility in water than available MKs, and
allows for the design of a simple spectrophotometric assay.
Activity detection, based on the loss of NADH absorbance at
340 nm, was utilized when UQ.1 was present in the reaction
mix.

MS Analysis of In Vitro MenJ Assay Product. To verily
that the enzyme was saturating the isoprenyl moiety rather
than reducing the keto groups on the quinone core of UQ-1 in
vitro, mass spectral analysis of the enzyme reaction product was
conducted. In this case, large volume (2 mL) assays containing
1 mM UQ-1, 1.5 mM NADH, and recombinant protein (20
ng) were incubated at 37 °C for 75 min. Lipids were extracted
from the reaction mixtures using chloroform/methanal (2/1)
as described for the E. coli bacteria. After extraction of product
lipids from the reaction mix, the identification of extracted
lipids was carried out by LC-MS and tandem MS on the Q-
TOF instrument as described above.

The monoisotopic mass of UQ-1 containing 1 isoprene unit
is calculated at 250.1205 Da; therefore, the expected m/z value
for [M + H]* is 251.1205 or 253.1441 if a double bond or the
keto groups were reduced. EIC were generated from TIC by
extracting collected data for ions with [M + H]* at m/z 251.1
+ 05 or [M + H]' at m/z 283.1 % 0.5 for UQ-1 and UQ-
1(H,), respectively. The lipids extracted from the control
assays without protein contain a molecular feature with an
ohserved m/z of 251.1248 at a retention time consistent with
the presence of UQ.1 but did rot contain any lipids with m/z
values that could be attributed to UQ-1(H,) by LC-MS/MS.
However, lipids extracted from assays containing Men]
contained a new peak with a retention time of about 1.2 min
and an observed m/z value of 253.1395, indicating a gain of
function consistent with the presence of UQ-1(H,) (data not
shown).

Tandem LC-MS analysis of the 251.1248 feature showed the
parent ion ([M + H|*), the diagnostic henzylium ion at m/z of
197.0802 that is presumably generated by a hydrogen transfer
reaction,’””” and a fragment ion at m/z 219.1023 that is likely
a vinyl carbocation generated by the loss of a methoxy group
from the parent ion (Figure 4A). Tandem LC-MS analysis of
the m/z 253.1395 peak in the product lipids also showed the
molecular ion ([M + II]7) and the diagnostic protonated
fragment ion at m/z of 197.0807. However, in this case, the ion
corresponding to the vinyl carhocation had an m/z value of
221.1167, an increase of ~2 Da. Thus, the tandem MS analysis
of the lipid extracts demonstrated that the recombinant Men]
reduced (saturated) the double bond of the isoprenoid moiety
of UQ-1, and all subsequent experiments, except those to
determine the K, for MK-1, were conducted using this
substrate.
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Figure 4. Tandem MBS analysis of product from in vitro Men],.,
assays showing saturation of the isoprenyl side-chain of UQ-1. A
representative Q-TOF LC tandem MS analysis of Men] reaction mix
extracted with 2:1 chloroform methanol showed characteristic mass
peaks for substrate UQ-1 (m/z 2511, panel A) and product UQ-
1(H;) (m/z 253.1, panel B). The structures of diagnostic ions shown
in panel C correspond to the ion peaks indicated in panels A and B.
All m/z values indicated are rounded to 1 decimal place for ease of
presentation, the corresponding accurate mass values are presented in
the text. The 2 Da difference between ions Ia, Ila, and Ila vs Ib, ITh,
and [Ib indicates saturation of the enly available isoprene unit in UQ-
1.

Men]'s lack of specificity for lipoquinene (MK or UQ)
allowed the development of the first facile in vitro assay for an
enzyme of this class. P ly, kinetic analysis of GGR
activity had been hampered by the requirement for complex
substrates that are difficult to obtain, long incubation periods
(up to 48 h), and difficult readouts based on NMR, MS, or
HPLC ana]wis‘[n,l'l,lﬁﬂ.ﬁ,zﬂ

The fact that Men] is able to reduce the single isoprene unit
available in UQ-1 indicates that although the enzyme is highly
regiospecific in vivo™ the specificity is not absolute in vitro.
The basis of the regiospecificity of the GGR from Sulfolobus
acidocaldarius and Methanosarcina acetivorans' ™ appears to be
based on accessibility of the substrate to the isoalloxazine ring
of the required FAD. For example, when substrate is bound to
the S. acidocaldarius enzyme, it can reduce three of four double
bonds but not the one p 1 to the phosph in
geranylgeranyl diphosphate; this appears to be becanse the
double bond between C3 and C4 of this molecule is
inaccessible to the isoalloxazine ring when the dighosphau is
anchored in the anion pocket of the catalytic site.”> However,
the reduction of these double bonds is not processive, as the
substrate must dissociate from the enzyme after each
reduction,”” Taken together, these observations suggest that
the change from a naphthoquinone to a benzoquinone
substrate may allow deeper penetration into the catalytic site
of Men], assuming that there are geometric similarities to the
GGR from S. addocaldarius. However, the fact that MK-1 and
UQ-1 are both substrates for the enzyme with similar kinetic
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constants (see below) suggests that a definitive answer as to
what controls the regiospecificity of Men] in vive will require
further experimentation. In that regard, determination of a
crystal structure of Men] is an ongoing a process.

Enzymatic Properties of Menl. The activity of
recombinant Men] proteins from either source was linear
with time of incubation and protein concentration for at least
30 min and up to 6 ug of protein. The enzyme activity was
maximal at 37 °C and pH 7.0. Addition of supplements to the
reaction mixture, including divalent cations, EDTA, and f-
mercaptoethanol, had no effect on activity. The addition of
CIIAPS at concentrations up to 0.5% had no significant effect
on the activity, but the addition of Tween 80 at 0.5% of the
reaction mixture reduced the Men], ., activity by 50%. Chaps,
cholate, and Tween-80 reduced the activity of Men],, by about
20%, and Triton X100 reduced activity by 60%. Tt is surprising
that the addition of detergents did not increase the enzyme
activity. This observation is likely related to the use of UQ.1 as
a substrate, as MK-1 (with a higher calculated log P) required
addition of detergent for solubilization. It is likely that
detergents will be required in the assay mixtures for
comparison of more natural and hydrophobic (larger)
benzoquinones and naphthoquinones as substrates.

Consistent with the observation that the FAD binding site
was only 72% occupied in the purified recombinant protein the
addition of exogenous FAD to the reaction mixture stimulated
activity by approximately 30%, an effect that saturated at 10
M with a dissociation constant of 1.3 M.

Men] requires two cofactors: FAD and NADH. Men)
utilizes NADH as the electron donor in catalysis, and NADPH
could not be substituted as a cofactor in the reaction. This
specificity seems to be unusual for a member of the GGR
family. The A. fulgidus GGR enzyme does not appear to utilize
either NADH or NADPH; the bound FAD could only be
reduced using dithionite under anaerobic conditions in vitro."
Similarly, only dithionite could be used to reduce the FAD
bound to the GGR from S. acidocaldarius;’® however, NADH,
NADPH, and dithionite were all reported to be able to sustain
activity in the GGR from T. acidophilum.>®

Kinetic Parameters for MenJ. The kinetic parameters for
Men] from M. smegmatis and M. tuberculosis were determined
using Michaelis—Menten assumptions. The effects of UQ:1
concentration on MenJ,y,; In the presence and absence of
saturating concentrations of FAD and NADH were as shown
in Figure 5. The addition of saturating levels of FAD to
Men].; had relatively little effect on the kinetic parameters
associated with the UQ-1, althongh K, values were unchanged,
and k., values were reduced by less than 2fold (Table 2). The
Men] ., K, values for Q.1 as substrate without and with
saturating concentrations of FAD were found Lo be 52 and 41
1M, respectively, at saturating concentrations of NADH., The
K, MAPH ywas determined to be 59 uM in the presence of
saturating levels of UQ-1. Similar K, values were identified for
Men]y, 44 and 64 pM for K, "9 and K NPH, respectively.
The K was determined to be 30 M for Men],, in the
presence of saturating levels of NADH and 0.5% Tween-80.
Surprisingly, V., values for the recombinant Men],,., were 3
orders of magnitude greater than those for Men],, when
normalized for protein used in the assays, and the calculated
parameters k, and k., /K, are presented in Table 2.
Importantly, the affinities of Menjy for UQ-1 and MK-1
were similar at 44 and 30 uM, respectively, strengthening the
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Figure 5. Representative Michaelis—Menten curves for Men]. .,
showing the effect of UUQ-1 concentration in assays without
exogenous FAD (panel A) or saturating levels (10 uM) of FAD
(panel B). Assays also contained 1 ng of Men].,., 100 uM NADH,
and 0.1 M MeclIlvaine’s buffer (pH 7.0) in a final volume of 200 uL
and were incubated at 37 °C for 30 min. Calculated kinetic
parameters can be found in Table 2.
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Table 2. Kinetic Parameters of Purified Men],, and
Men]J, .

enzyme substrate Ko (pM) ke (57)  kaof/K, (87 MY

Men],, UQ-1 44+48 035 79 % 10°
MEK-1 30+29 028 9.3 % 10
NADH 64 £ 15 0.58 5.1 % 10°

Men),.., U 52496 AW &1 % 10°
UQ-1+FAD 41+16 180 4.5 x 10°
NADH 9+14 309 52%10°

“K,, values for UQ-1 and MK-1were determined in the presence of
saturating levels of NADH and vice versa. K, values for UQ-1 + FAD
were determined in the presence of mumtlng levels of FAD and
NADH. K, values for MK-1 were determined in the presence of 0.5%
Tween 80 and saturating levels of NADH. Assays also contained 1 ng
of Men]., or 500 ng of Men],, and 0.1 M Mcllvaine's buffer (pH
7.0) in a final volume of 200 uL and were incubated at 37 °C for 30
min. The reductase activity was measured by monitoring NADH
c rically by following the decrease in
absorbance at 340 am. See Figure 5 for representative concentration
curves.

hypothesis that UQ-1 is an appropriate substrate for analytical
rposes.

The K, wvalues for all of the tested substrates are
approximately 2.7-fold below the reported median of 130
#M for enzymes,” and it is likely that the K, for the
lipoquinone will decrease as the chain length of the isoprenoid
side-chain increases in size, and consequently in hydro-
phobicity, toward that of the natural product. The addition
of saturating levels of FAD to Men],,, resulted in unchanged
K, values; however, varying the exogenous FAD concentration
resulted in a saturable increase in reaction rates when both
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NADH and UQ-1 were at saturating concentrations. Both k,,
and k_,/K,, values for Men],, are 3 orders of magnitude lower
than those of Men] ..., Table 2. Over all, k /K, values for
Men]y, are 2 ordl:rs of magnitude below the median value for
all proteins,”” while that of MenJ, s is aboul 1.5 orders of
magnitude above the median. This suggests that the selection
pressure for rapid enzymatic turnover may be higher in the fast
growing (3 h doubling time) M. smegmatis than in the slow
growing (24 h doubling time) M. fuberculosis.”’ However, it
must be remembered that the enzymes are not identical in
terms of amino acid sequence and were expressed from
different vectors in different heterologous hosts at different
times; thus, an alternate explanation could be that the
recombinant enzyme expressed in E. coli has a higher specific
aclivity than that expressed in M. smegmatis. That is, there may
be a higher proportion of active molecules in the Men],,,,
preparation than in the Men],, preparation, although analysis
using circular dichroism did not indicate that there were
significant s of unfolded p in either preparation
(data not shown).

Characterization of MenJ Activity from M. smegmatis
Membranes. IHaving developed a reliable activity assay,
reaction rates were determined in membranes isolated from M.
smegmatis, In WT M. smegmatis membrane enriched
preparations, NADH was oxidized independently of the
addition of UQ-1 (Figure 6A). Addition of 20 pg/mL of
trifluoperazine (TPZ), reported to be a specific inhibitor of
mycobacterial type IT NADH:menaquinone oxidoreductase,”
abolished this activity (Figure 6A). Thus, TPZ was routinely
added to assays conducted using membrane enriched fractions
as the enzyme source. Introduction of UQ:-l to the assay
mixture restored activity and specificity to the assay; that is, the
oxidation of NADH became dependent on the addition of UQ-
1. NADH oxidation was then assayed with equal amounts of
protein derived from membrane preparations of W1 and
Men], .y KO strains of M. smegmatis, In the presence of TPZ
and absence of UQ-1, there was no significant difference (P <
0.08, see Supporting Information) in the rates of oxidation of
NADH by the two protein sourres (Figure 6B and Supporting
Information). When UQ-1 was added to the reaction mixture,
the specific activity of the membrane fraction from the
Men]my KO was significantly (P < 0.05) less than the
membrane fraction from the WT M. smegmatis strain a
difference that can be attributeé to the lack of Men] activity in
the KO strain.

Overall, resu.lts suggest that the specific activity of type Il
NADH:menaq idoreductase (Complex 1 of the ETS)
is much greaur than that cf Men] in these membrane
preparations. The observed WXQ.1 independent Complex 1
activity presumably utilizes endogenous MK as an electron
acceptor under these conditions. Addition of UQ-1 to reaction
mixtures containing TPZ restored NADII oxidation in a
concentration dependent mann:r to membranes isolated from
both WT and aMenj strains of M. smegmatis, and it
appears that there is little difference in the specific activity of
Men] relative to Complex 1 in membranes harvested at the
mid log (ODgy, = 0.6) or stationary (ODgy = 1.1) growth
phase (data not shown).

B CONCLUSIONS

The observations that Men] lacks specificity for naphthoqui-
nones over benzoquinones and does not have absolute
regiospecificity in vilro allowed the generation of a facile
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spectrophotometry-based activity assay, more specifically, the
first well characterized in vitro assay of a MK saturase, and the
first kinetic characterization of a member of the GGR family of
enzymes. The assay described herein appears to be amenable
to high throughput screening (HITS) for inhibitors: it is already
in 96 multiwell plate format and can easily be miniaturized to
386 well format, uses recombinant protein, is robust enough to
generate reproducible data, utilizes detection of NADH
consumption (which can be detected either by absorption ot
fluorescence changes), and is inexpensive.

MK biosynthesis in general has been proposed to be an
attractive drug target in M. tuberculosis and potentially other
Gram-positive pathogens.” ™ Based on previous work, it is
clear that Men] is not essential for mycobacterial growth in
culture.” Iowever, deletion of men] results in a threefold
decrease in the efficiency of electron transport and severely
impairs M. tuberculosis survival in macrophages.” The fact that
Men] is not an essential enzyme for bacterial gmmh in culture
would seem to preclude its usefulness as a potential drug
target. However, targeting bacterial virulence has been
proposed as a paradigm for antimicrobial therapy that may
circumvent, or slow, resistance mechanisms.”*° Usually, this
would mean targeting toxin function or dellw_ry, regulation of
virulence expression, or cellular adhesion.”® The men] KO
phenotype does not appear due to inhibition of toxin function
or delivery, regulation of virulence expression, or cellular
adhesion. It does, however, appear to fall mto the proposed
category of an in vivo essential gene target.” * That is, Men]
activity is not essential for mycobacterial survival in culture but
appears to be contextually essential for survival in host
macrophages. Therefore, it is possible that Men] represents a
testable system of a contextual drug target in M. tuberculosis.
The assay system deseribed herein provides a necessary tool
required for a search for an inhibitor of Men], which would not
be expected to inhibit bacterial growth in culture bul would
inhibit bacterial growth in host cells.

B METHODS

Materlals and Methods. High Fidelity Taq polymerase was from
Roche Diagnostics, and BCA Protein Assay Kits were purchased from
Thermo Scientific Plerce. Kanamycin was from PFisher Sclentific;
hygromycin was from Calbiochem, and media and supplements (7H9,
7H10, OADC, LB) were from BD Difco. Vitamin K2 (MK-4), UQ-1,
NADH, FAD, sodium cholate, sodium deoxycholate, goat antimouse
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phosy jugate secondary antibody, BCIP/NBT
tablets, ac ide, Complete Protease Inhibitor Cocktail, Ni-NTA
beads, menadione (crymlllne), sodium hydrosulfite (85.0%), 14
dioxane (99.9%), 3-methyl-2-buten-1-0l (99%), and BF, ctherate
(246.5%) were purchased from Sigma-Aldrich. ds-Dimethyl sulfoxide
(99.9% + 0.05% v/v tetramethylsilane) was acquired from Cambridge
Tsotope Lab ies, Inc. All )i reactions were carried out
under an atmosphere of argon in flame-dried glassware and were
stirred on a magnetic stir plate using anhydrous solvent unless
otherwise noted. All mn:txons in the synthuux orE MEK-1 were
monitored by thin layer graphy (TLC) on V Partisil
K&F TLC plates (sﬁ.tca gel 60 A, 0.250 mm l.hxkness) and visualized
using a UV lamp (366 or 254 nm). Products were purified by flash
chromatography (SiliCycle SiliaFlash F60, 4360 pm 60 A). "I’il:lds
refer to chromatographically and spectroscopically ('H NMR)
homogeneous materials unless otherwise noted. Chemical shift values
(8) are reported in ppm and referenced against the internal solvent
peaks in ‘H NMR (d-DMSO, & a1 2.50 ppm) and in "’C NMR (d,-
DMSO, & at 39.52 ppm). Integnl values were determined using
standard, uncalibrated NMR experiments and should be viewed
accordingly: 'H and *C spectra were recorded on a 400 MHe, Varian
Model MR400. NMR. Spectra were processed using MestReNova
version 10.0.1. High resolution mass spectrometry (HRMS) experi-
ments for chamcterization of ME-1 were conducted on an Agilent
6220 TOF LC/MS ("OTOF") interfaced to an Agilent 1200 HPLC
with Direct Analysis in Real Time (DART) source.

Synthesis of MK-1 [2-Methyl-3-(3-methylbut-2-en-1-yl)-
naphthalene-1.4-dionel. Menaciol was synthesized from mena-
dione as previously described, ™ and the procedure for the
synthesis of MK-1 was adapted from previous publications for
preparation of other MK derivatives.”*® EtOAc (8 mL) and 1,4
dioxane (8 mL) were added to a dry S0 ml. round hottom Schlenk
flask, which was then purged with argon. Crude menadiol (1.50 g,
6.89 mmol, 4:1 menadiol:menadiore by NMR integration) was added
and stirred at 60 °C. 3-Methyl-2-buten-1-ol (0.641 g, 7.44 mmol) was
added followed by dropwise addition of fresh BF; diethyl etherate
(0.4 mL). The dark orange solution was allawed to reflux at 70 °C for
3 h under argon. The reaction was guenched with ice-water (100 mL)
and extracted with diethyl ether (2 x 100 mL). The pooled organic
extracts were washed with sat. NaHCO, (100 mL), followed by hrine
(100 mL), and dried with mhydnus Na,80,. The yellow solution
was then cc d under red i at RT to yield 207 g
of crude urmge-rud oil, which was subjected to flash chromatography
on 230400 mesh SiO; in pentans/EtOAc (20:1). MK-1, as a pure
red oil, was further dried under reduced pressure overnight to yield
0.369 g (1.54 mmol) of product in 22.4% yield. "H NMR (400 MHz,
d-DMSO) &: 7.97—8.00 (m, 2H), 7.80—7.85 (m, 2H), 500 (t, J =7
Hz, 1H), 3.29 (d, 2H, ] = 7 Hz), 211 (s, 3H), L.74 (s, 3H), 1.64 (s,
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3H). C NMR (101 MHz, 4, DMSO) 4: 1847, 1839, 145.1, 1429,
1338, 133.0, 13155, 131.51, 125.87, 125.80, 119.4, 25.6, 25.5, 17.9,
12.4. HRMS (DART) m/z: [(M + H)'] Caled for C,H,;0,
241.1223; Found 241.1225.

PCR Amplification, Cloning, Expression, and Purification of
Menl ., and Menly,. PCR amplification of menf.,,
(MSMEG1132) was done from genomic DNA using primers with
Ndel and HindIll restriction sites (underlined) engineered in the
forward and reverse primers respectively; Smegl132F ATTCATATG-
AACACCCGAGCGGATGTGGTC and Smegll32R
TATAAGCTTTCAGCTGAACGGCACCCGCTG. Tag DNA paly-
merase was used for PCR amplification, and amplified gene products
were cloned into the pET28a+ vector using standard molecular
biology techniques.’® The fidelity of the clone was confirmed hy
restriction digestion and sequencing. A confirmed clone was used to
transform E. coli DH5a cells for expansion, purified, and used to
transform E. coli BL21 (DE3) pLysS for expression. Recombinant
protein was expressed by growing transformed bacteria in LB broth
supplemented with 50 pg/mL of kanamyein at 37 °C. When the
ODygp o of the culture reached 0.6, IPTG was added to a final
concentration of 1.0 mM. The resulting cultures were incubated

vernight; cells were harvested, washed, and disrupted by sonication
in huffer A (150 mM NaCl, L0 mM DTT, 0.5% Triton X-100, and
protease inhibitor cocktail in 50 mM phosphate buffer at pH 7.4).
The homogenate was centrifuged at 15000g for 15 min, and the
supernatant was recovered. The supernatant was then incubated at 4
“C with Ni-NTA beads that had previously been equilibrated in lysis
huffer. The heads were poured into a eolumn and washed with buffer
B (500 mM NaCl, 1.0 mM DTT, 0.5% Triton X-100 in 50 mM
phosphate buffer, pH 7.4), and specifically bound proteins were
eluted with huffer B containing 100 or 200 mM imidazol.

The menf,;, (ri0561c) gene was PCR amplified from M. fuberculosis
H37Rv genomic DNA using forward primer 5'-ATTCATATG-
AGCGTGGATGACAGTGCCGAC-3' and reverse primer 5'-
TATAAGCTTTCAGCTGAACGGCGGTCGTCG-3'. Ndel and
HindIIl restriction sites are undedined. The resulting PCR. products
were amplified and cloned into pET28a+ vector using standard
molecular biology techniques.” The fidelity of the clone was
confirmed by restriction digestion and sequencing. Due to a lack of
protein expression in E. coli, the Rv0561c gene was subcluned into
pMyNT, an E. coli/mycobacteria shuttle/expression vector™ using
Neol and HindlII restriction sites. The resulting construct was used to
transform M, smegmatis MC155. A single, isolated colony was picked
and used to inoculate 10 mL of Middlebrook 7H9 medium,
supplemented with 0.2% (v/v) glyceral, 10% ADC, 0.05% Tween-
80, and 50 pg/mL hygromycin, which was then incubated at 37 °C for
36 h. The resulting culture was used to inoculate 1000 mL of
supplemented Middlebrook 7H9 medium and incubated at 37 °C
until the OD,,, reached 0.5=0.7, The recombi protein expressi
was then induced by the addition of acetamide to a final
concentration of 02% (w/v). The culture was then incubated for
another 24—36 h at 37 °C, and cells were harvested by centrifugation,
resuspended in buffer containing S0 mM Hepes and 50 mM
potassium phosphate at pH 7.4, and stored at —80 °C. The frozen
bacteria were thawed on ice and disrupted by sonication {described
above) as needed. Sodium cholate and sodium deoxycholate (final
concentration 1% each) were added to the suspension and the
mixture was incubated on ice for 1 h. with gentle stiming*' The
detergent solubilized homogenate was centrifuged at 27 000z and 4
°C for 15 min. The supernatant was then incubated with Ni-NTA
he:ds (Sigma) at 4 “C Bou.ud protem was eluted with the HEPES/

phate hufﬁ:r 0

Fractions ¢ the rec t Men],.., or Men]; were
identified using 12% SDS polyacrylamide gel (SDS PAGE) visualized
with Coomassic brilliant blue 250R and pooled. Tmidamole was
removed using PD-10 columns, and recombinant protein was
concentrated as needed by ultrafiltration. The concentration of
protein in the fraction of interest was determined using a BCA Protein
Assay Kit with bovine serum albumin (BSA) as a standard. After
resolution of proteins by SD5-PAGE, proteins were transferred to a
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‘Whatman Protran BAA3 Nitrocellulose membrane nsing a Bis-Tris
electrophoresis buffer system. The transfer blot was incubated in Tris-
buffered saline pH 7.5 containing 1% BSA in for 1 h at RT. The blat
was rinsed and then incubated with mouse monoclonal anti-polyHis
primary antibody for 1 h. The membrane was washed three times with
Tris-buffered saline pH 7.5 containing 0.1% Tween-20 at 10 min
intervals. The blot was then incubated in goat antimouse IgG alkaline
phosphatase conjugate secondary antibody for 1 b and developed
using BCIP/NBT tablets. Recomb was divided into
aliquots and stored at =80 °C.

MenJ Acti\nty Assay. For Men]..,, activity assays using M.

1 were harvested at the log or stationary
ph:me of wth, Cells were washed and disrupted by sonication in
buffer C (10% glycerol, 5 mM MgCl,, 5 mM DTT, 50 mM phaosphate
buffer, pH 7.0). The h was centrifuged at 27 000g for 15
min, and the supernatant was recovered. Membranes were isalated by
centrif of the sup at 70 000g for 1 b, resuspended in a
desired amount of buffer C, and quantified for protein content. The
Men] reaction typically « 1 150 uM NADH (<1.0
OD\yg o)y 100 gM UQ:-1 as substrate and an appropriate amount of
membrane protein in 0.1 M Mcllvaine's buffer (pH 7.0). The
reductase activity was d by itoring NADH ¢
spectrophotometrically by Eoﬂomng the decrease inatnorunce it 340
nm in a 200 uL reaction mix at 37 °C. Complex I
(NADH:menaquinone oxidoreductase) activity from the membranes
was inhibited, as required, by adding 20 ug/mL of trifluoperazine
(TPZ). Protein and substrate blanks were run concurrently with each
assay, The decrease in absorbance due to NADH consumption was
read using a BioTek Synergy HT Malti-Mode Micro Plate Reader in
kinetic mode. Men] activity assays using recombinant Men], .. or
Men],, purified as described above, were performed similarly, but
TPZ was omitted from the reaction mix. In cases where MK-1 was
used as the lipoquinone substrate, MK-1 was solubilized in 20%
Tween-B0, which was diluted to a final concentration of 0.5% in the
assay mixtures, and activity was monitored by change in absorbance at
360 nm (Figure S12). All assays were conducted under conditions
where the reactions were linear with regard to protein concentration
and time.

Lipid Extraction and Identfication. Lipid extraction from
intact WT E. coli cells or those expressing recombinant protein was
done essentially as described earlier™” usJ.ng chloroform/methanol
(2:1, by vol.). The extracts were washed, ™ solvent was removed under
a stream of N, lipids were dissolved in chloroform, loaded onto silicic
acid columns and eluted with chloroform to effect partial purification
of 1UUQ and MK. An aliquot of the partially purified lipids was applied
to a reverse-phase hypersil ODS column (Agilent) connected to an
Agilent 1200 series high-performance liquid chromatography (HPLC)
system. Separation was achieved using a gradient ing from water
to 90% methanol over 40 min at fow rate of 0.3 mL/min at 40 "C.
The eluates were introduced into an Agilent 6250 quadrupole time-of-
flight (Q:TOF) mass spectrometer equipped with an Agilent
multimode source operated in the simultaneous electrospray
ionization and heric p chemical i ion mode
(APCI). Nebulizing gas temperaure was 350 °C and nebulizer
pressure was 30 psi. Data obtained were analyzed using Agilent Mass
Hunter Workstation software.

Samples were also analyzed using an Agilent Technologies HP1100
series HPLC connected to a Thermo 2000 Finnigan LCQ-Duo ion-
trap mass spectrometer. HPLC se ion was achieved using a
reverse-phase XBridge C18 3.5 ym 2.1 % 150 mm column (Waters)
and a gradient running from 100% methanol to methanol/isopropancl
(1:1 v/v) over 50 min at 0.4 mL/min and 40 "C. Eluted molecules
were subjected to positive jon MS using APCI as the ionization
interface. Capillary temperature was 150 °C and APCI vapurizer
temperature was 450 °C. Electrospray needle voltage was 4.5 kV.
Sheath gas flow was maintained at 40 units. Data acquisition and
analysis were performed using Xealiber software from Thermo
Scientific.
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In all eases, samples were spiked with known ts of vit:

K, (MK-4) as an internal standard prior to extraction, and peak area™
was used to quantitate ME.

In some cases, large scale in vitro assays containing 1 mM 1Q-1,
L5 mM NADH, and an appropriate amount of protein in total
volumes of 2 mL were incubated at 37 "C for 75 min. Reaction
products were extracted, purified, and analyzed by tandem MS using
the Q-TOF mass spectrometer as described above.

Characterization of MenJ. Men],..., and Men],;, are predicted to
have FAD binding domains (the National Center for Biotechnology
Information Web site); hence, the ratio of protein to FAD in purified
recombinant Men] was calculated, The protein concentration was first
measured by UV spectroscopy followed by denaturation by heating to
100 °C for 10 min to release the bound FAD. The denatured protein
was d from solution by centrifug; at 14 500g for 10 min,
and the FAD concentration in the supernatant was measured by
spectroscopy at 450 nm. The effect of pH on Men] activity was
assayed at 37 °C and Mcllvaine’s buiffer at various pH values under
standard assay conditions. The effect of temperature was determined
at pH 7 at various temperatures. To determine the effect of detergents
on enzyme activity, CHAPS, Triton X-100, cholate, or Tween-80 was
added to the standard reaction mix at the indicated concentrations.
The effects of divalent cations, EDTA, and exogenous FAD were
determined using standard assay conditions. The effect of UQ-1
concentration on Men] activity was determined with and without
exogenous FAD and in the presence of 150 uM NADH. The effect of
NADH concentration on the reaction rate was determined at 200 uM
UQ:1 in the reaction mix. Initial rates were used to calculate the
kinetic properties of the purified enzyme, and R' and V_,, values were
derived using Sigma Plot soﬁwam?m
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ACN

AcOH

AOT

C5D5

Bz

br

Calcd

cat

CCR2

CCR5

CCL2

CDCl3

Ccosy

DCM

DDI-H,0

DMF

DMSO

DLS

DPPC

DPPE
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Acetic acid

Bis(2-ethylhexyl) sulfosuccinate sodium salt
Benzene-dg

Benzoyl

Broad

Calculated

catecholate

CC chemokine receptor 2

CC chemokine receptor 5

CC chemokine ligand 2
Chloroform-d

Correlation spectroscopy
Doublet

Dichloromethane

Distilled Deionized Water
Dimethylformamide
Dimethylsulfoxide

Dynamic light scattering
Dipalmitoylphosphatidylcholine

Dipalmitoylphosphatidylethanolamine

408



dtb

Et

ETS

EtOAc

Et,0

EtOH

Equiv.

Fc

H,shed

HEPES

HSQC

HRMS

HyDa

Hz

MeOH

MHz

MK

Ms

MsClI

Mtb

M. tuberculosis

Di-tert-butylcatecholate

Ethyl

Electron transport system

Ethyl acetate

Diethyl ether

Ethanol

Equivalent

Ferrocene

Condensation product of salicylaldehyde and N-(2-
hydroxyethyl)-1,2-ethanediamine
4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid
Heteronuclear single quantum correlation
High resolution mass spectrometry
Ethanediamine

Hertz

Multiplet

Methyl

Methanol

Megahertz

Menaquinone

Methanesulfonyl (mesylate)
Methanesulfonyl chloride
Mycobacterium tuberculosis

Mycobacterium tuberculosis
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NOESY
NMR
pdi
PTLC
i-Pr

Py. or Pyr

ROESY
R¢

r.t.

SalA

TB
TBAP
t-BuOK
THF
TLC

uQ

Nuclear Overhauser effect spectroscopy
Nuclear magnetic resonance
Polydispersity index

Preparative thin layer chromatography
Isopropyl

Pyridine

Quartet

Rotating frame Overhauser effect spectroscopy
Retention Factor

Room temperature

Singlet

Salicylaldehyde

Triplet

Tuberculosis

Tetrabutylammonium perchlorate
Potassium tert-butoxide
Tetrahydrofuran

Thin layer chromatography

Ubiquinone

Volts
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