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ABSTRACT

PROTEIN ENGINEERING THERAPEUTIC STRATEGIES AND TOOLS

Proteins have become an important tool for research development and therapeutics. Proteins
complement the use of small molecules as well as overcome challenges that small molecules can-
not. The contrasting difference of their diverse functional and structural properties allows for com-
plex processes like molecular recognition and catalysis. Through loops, turns, helixes, and sheets,
these structural motifs provide a protein with shape and electrostatics to achieve a particular func-
tion. Overall, I describe here two examples of functional proteins where the protein’s complex
structure plays an important role in the development of new strategies and tools for therapeutics.
The first part of this dissertation shows the effects of increased antibody recruitment on targeted
cell death through the use of an immunotherapeutic cocktail of cell surface HER2 receptor binding
proteins. The second part of this dissertation describes the use of a protein’s chiral environment
to develop a new artificial metalloenzyme that selectively catalyses synthesis of the most common

N-heterocycle found in FDA approved pharmaceuticals.
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Chapter 1
Minimalist Antibodies and Mimetics: An Update

and Recent Applications

Adapted from:
Bruce, V.J.*; Ta, A.N.*; McNaughton, B.R., ChemBioChem, 2017, 17, 1892.

I co-authored this review article with Virginia Bruce. Our individual research projects involve
the use of minimalist antibody scaffolds, providing us the knowledge to collaborate on a review

concerning antibody alternatives.

1.1 Introduction

Over half of the top selling drugs of 2018 are biologics. The use of proteins in therapeutics
has helped expand the scope of what is druggable through cell surface interactions with the use
of antibodies. The immune system utilizes antibodies to recognize foreign or disease-relevant
receptors, initiating an immune response to destroy unwelcomed guests. Because researchers can
evolve antibodies to bind virtually any target, it is perhaps unsurprising that these reagents, and
their small-molecule conjugates, are used extensively in clinical and basic research environments.
However, virtues of antibodies are countered by significant challenges. Foremost among these
is the need for expression in mammalian cells (largely due to often necessary post-translational
modifications). In response to these challenges, researchers have developed an array of minimalist
antibodies and mimetics, which are smaller, more stable, simpler to express in Escherichia coli,
and amendable to laboratory evolution and protein engineering. Here, we describe these scaffolds,

and discuss recent applications of minimalist antibodies and mimetics.



1.2 Antibodies: Structure, Function, Virtues, and Challenges

The most predominant antibody type is the immunoglobulin of isotype G (IgG), which weighs
approximately 150 kDa. [1] Members of this antibody class each consist of two distinct regions: the
fragment antigen-binding (Fab) and fragment crystallizable (Fc, Figure 1.1a). The Fab fragment
consists of a constant light-chain domain (Cp,) and a variable light-chain domain (Vy,) (Figure 1.1a,
green), linked to the constant (CH1) and the variable (Vy) heavy-chain domains (Figure 1.1a,
gray). When folded properly, six solvent-exposed loops from Vi, and Vi domains are presented.
Collectively these loops are referred to as the complementary determining regions (CDRs, Fig-
ure 1.1b), and this is where the antigen is bound. Both the Vi, and Vg domains display three
CDRs, with loops having an average length of ten amino acids.

In contrast to the CDRs, the Fc region has high sequence homology. The Fcs of IgG1 and
IgG4 each consist of two domains of the heavy chain (CH2 and CH3) connected to one another
through two disulfide bonds in the hinge region [2] (Figure 1.1a; all disulfide bonds are highlighted
in red). Multiple regions within the Fc are critical to antibody function, and endow unique prop-
erties. For example, the in vivo half-life of an IgG (ca. 21 days [3]) is much longer than those
of most proteins. [3] This is achieved through an epitope on the surface of the Fc that interacts
with the neonatal Fc receptor, FcRn. FcRn mediates a salvaging pathway by binding and trans-
porting IgG into and across cells, dramatically slowing its degradation. [4, 5] FcRn binds to the
CH2-CH3 hinge region of IgG (Figure 1.1c) with high affinity under the acidic conditions typi-
cally found within endosomes (pH<6.5) and with virtually no affinity in environments outside en-
dosomes (typically pH~7.4). [6,7] This pH dependent binding mediates the FCRn—IgG interaction
after uptake into acidic endosomes, allows IgG to piggyback with FcRn back to the plasma mem-
brane and the complex to dissociate once returned to the circulatory system. This sequestration/
transport mechanism saves antibodies from degradation through the endosome/lysosome pathway.
Regions of Fc also mediate immune system stimulation, such as antibody-dependent cellular cyto-
toxicity (ADCC) [8,9] or complement-dependent cytotoxicity (CDC). [10,11] Fc gamma receptors

(FcyRs) on the surfaces of immune effector cells such as natural killer (NK) cells and macrophages



recognize the Fc regions of antibodies bound to a target cell (Figure 1.1d). [12, 13] Upon binding,
the immunoreceptor tyrosine-based activation motif (ITAM) is phosphorylated; this then triggers
the activation of the effector cell and the release of perforin, lytic enzymes, tumor necrosis factor
(TNF), and/or granzymes for cell destruction through ADCC. In CDC, C1q of complex C1 binds to
the Fc region and triggers the complement cascade activation and eventual formation of membrane
attack complex (MAC) at the surfaces of the target cells, leading to cell lysis.

In addition to the proteinogenic amino acids that make up antibodies, extensive post-
translational modifications (disulfide- bond formation and glycosylation) are required to deliver
a mature immunoglobulin. As a result of the large size and molecular complexity of an antibody,
challenges arise in their production—fully modified antibodies must be prepared in mammalian
cells. [14, 15] This form of production is relatively costly, slow, and low-yielding in comparison
with expression of many recombinant proteins in Escherichia coli.

Challenges in the preparation and manipulation of antibodies motivated researchers to develop
minimalist forms and mimetics with improved expression in E. coli and stability. Over the past few
decades, researchers have developed a number of protein scaffolds that are amenable to extensive
mutagenesis and laboratory evolution to achieve new recognition and unique function with relative
ease.

Many new protein—protein interactions are achieved (through high-throughput screening or in
laboratory evolution) by resurfacing helix or g-strand structural features. Excellent papers and
reviews on common scaffolds exist. [16-20] Here, however, we focus on minimalist forms of anti-
bodies, and their mimetics, which, like antibodies, rely on maturation of loops to achieve recogni-
tion. Modern applications and protein engineering efforts to generate new properties and function

are discussed throughout.

1.3 Antibody Fragments

Immunoglobulins have a modular architecture, and each module has a unique biological func-

tion. This modular architecture allows researchers to minimalize components, thus generating new
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Figure 1.1: (a) IgG1 and 4 consist of two heavy chains (gray and brown) and two light chains (green). The
heavy chains contain the fragment crystallizable (Fc), the constant region (CH1), and the variable region
(Vu). The light chain is made up of a constant region (Cy,) and variable region (Vy,), and is covalently
attached to Vy/Cy through a single disulfide bond (denoted by *). Collectively, the V1,/Cy,-CH1/Vy region
is called the Fab fragment, and is where antigen binding occurs (PDB ID: 1IGY). (b) CDRs (blue) from a
Fab fragment (PDB ID: 1IGY). (c) Interaction between CH3 and CH2 of Fc and the neonatal Fc receptor
(FcRn) (PDB ID: 111A). (d) ADCC is initiated by the type III Fcy receptor binding to CH3 domains from
the A and B chain of Fc (PDB ID: 1T89).



proteins that retain certain properties, but lose others. For example, because the Fab fragment is
solely responsible for antigen binding, this domain—and variations on the structural theme—have
been used for recognition in clinical and basic research settings, as well as targeted delivery of

cargo.

1.3.1 Fab fragments

Cartoon depictions of IgG and antibody fragments discussed in this Chapter are shown in Fig-
ure 1.2. Full-length Fab fragments contain both CH1/Vy and C1,/V, fusions, connected by a single
disulfide bond (denoted by asterisks in Figure 1.1). These minimalist antibodies have some advan-
tages and disadvantages over immunoglobulins. For example, Fab fragments retain target recogni-
tion, but lose properties encoded within the Fc domain, such as immune response stimulation and
long in vivo half-life. Because these fragments have a relatively short existence in plasma, in com-
parison with antibodies, antibody fragments might be of particular value in applications that favor
or require shorter biological lifetime (such as imaging). Moreover, their small size endows deeper
tumor penetration [21-23], and simpler expression in E. coli, and manipulation in the laboratory.

Fab fragments can be produced through chemical or protease digestion of full-length im-
munoglobulins. [24] However, more commonly these fragments are produced by recombinant ex-
pression in bacteria. [25] Fab fragments have been used as therapeutics, as well as in diagnosis,
detection, imaging, and crystallography applications. [21,24,26,27]

At present, a number of Fab fragments are in clinical trials. For example, citatuzumab bogatox
(VB6-845) is a recombinant immunotoxin for use as a treatment for ovarian cancer and other solid
tumors. [28] In this drug lead, deBouganin—a de-immunized plant toxin—is fused to a humanized
Fab fragment that targets epithelial cell adhesion molecules (EpCAMs). In addition, naptumomab
estafenato (ABR-217620) is a fusion protein therapeutic for advanced renal cell carcinoma and
other solid tumors. [29] The fusion consists of a Fab fragment that binds 5T4 (a cell-surface tumor
antigen), and superantigen staphylococcal enterotoxin A (a protein that binds to major histocom-

patibility complex class II molecules and activates T lymphocytes).



Fab fragments are also routinely used as tools for imaging and detection. ThromboView is a
radiolabeled Fab fragment that targets the D dimer region of crosslinked fibrin for deepvein throm-
bosis imaging. [30] In basic research applications, Fab fragments have been used for imaging inside
mammalian cells. For example, Stasevich, Morisaki, and co-workers have utilized Fabs to study
translation in living cells. Using a Fab fragment that recognizes the FLAG tag (DYKDDDK) they
perform nascent chain tracking (NCT). [31] mRNA encoding a 10x FLAG-tagged protein and 24x
MS2 tag in the 3’-untranslated region is produced in cells. Fluorescently labeled MS2 coat protein
recognizes the mRNA, thus detecting its presence in a mammalian cell. By use of an orthogonally
labeled FLAG binding Fab, translation of the encoded protein is detected, following translation
of the FLAG tag from the ribosome. Collectively, these two fluorescently labeled components

provide a glimpse into translational dynamics in living mammalian cells.

IgG minibody diabody Fab scFv

w@sga

kDa 150 80 55 50 28

Figure 1.2: Cartoon depiction of IgG and fragments discussed in this Chapter.

1.3.2 Single-chain variable fragments (scFv)

Single-chain fragment variable antibodies (scFvs) were first reported in 1988 as minimalist
forms of Fab fragments. [32] These ~28 kDa fragments result from the genetic linkage of Vy to
V¢, typically with a flexible 10-to-25-residue linker. [21] Whereas antibodies can contain up to
25 disulfide bonds and Fab fragments can require five disulfide bonds, scFv typically only contain

two, thus simplifying their recombinant expression and stability in reducing environments (such



as the cytosol of bacteria). New strains of E. coli with enzymes to facilitate disulfide formation
further simplify the recombinant production of scFvs. [33]

Similarly to other Fab-based antibody fragments, scFvs do not participate in immune response
stimulation, and removal of the FcRn receptor results in substantially decreased in vivo half-lives.
However, their small size and easy expression make scFvs relatively simple minimalist antibodies
to prepare and manipulate in the laboratory. Clinically, scFvs display better tumor penetration,
more rapid blood clearance, lower retention times in nontarget tissue, and reduced immunogenicity.
[34]

Because functional scFvs can be expressed in the reducing environment of the cytosol, these
reagents can be generated inside a cell for use in certain applications. For example, Kimura,
Sato, and co-workers utilized a scFv specific for histone H3 lysine 9 acetylation (H3K9ac), fused
with green fluorescent protein (GFP) to identify post-translational histone modifications in living
cells. [35] This approach enables tracking of the spatiotemporal dynamics of endogenous histone
modifications in a genetically encoded format.

Recently, scFv-based technology called SunTag has been used for real-time detection of pro-
teins in living cells and to amplify transcription. [36] In the context of protein detection, cells
are made to express a protein that displays many copies of a short peptide epitope. The cells
also express a scFv that recognizes the epitope, fused to a fluorescent protein such as GFP. When
concomitantly expressed, the scFv-GFP fusion selectively recognizes the epitope-tagged protein,
resulting in the illumination of that protein in a living cell (Figure 1.3a). Additionally, SunTag
has been used to enhance transcription. Vale, Tanenbaum, and co-workers made cells express a
nuclease-inactive form of Cas9 (dCas9) fused to multiple peptide epitopes, as well as a scFv that
binds the epitope while fused to VP64, a transcriptional activator. Complex formation between
the peptide epitopes on dCas9 and the scFv-VP64 fusion led to recruitment of many copies of the
transcriptional activator to transcriptional machinery on DNA—resulting in increased transcription

(Figure 1.3b).



d.

GFP _ GFP E
g g

_>
peptlde
epitopes

]| —— " mrwa
transcriptional
machinery
ANV TT7
- m;j}m
transcriptional
machinery mRNA

Figure 1.3: SunTag technology utilizes scFv fusions and has been used to: (a) illuminate and track proteins
in living cells, and (b) recruit a transcriptional activator (VP64), resulting in increased transcription of a
gene in a cell.

1.3.3 Minibodies

Minibodies are a single polypeptide consisting of scFv-CH3-CH3-scFv; functional minibod-
ies can be expressed recombinantly in E. coli. [37] The principal benefit of including CH3 is an
appreciable increase in biological half-life relative to scFv. Variants that contain the hinge region
(flex minibodies) and variants that do not contain the hinge region (LD minibodies) have both been
reported—with the flex minibodies showing higher tumor uptake and slower clearance times. [37]
Similarly to their scFv cousins, minibodies retain target affinity, but lose immune response stimu-
lation.

However, conjugates of minibodies have been used for targeted delivery of toxic proteins or

small-molecule compounds. [37] Additionally, because a minibody consists of a single polypep-



tide, scFv domains with different target recognition can be encoded, and bispecific binding (con-
comitant recognition of two different targets) can be achieved. [38]

Recently, the Wu lab developed an immunoPET (positron emission tomography) radiotracer
for imaging of prostate cancer by targeting prostate stem cell antigens through affinity maturation
of the previously developed hulG8 minibody modified with 21 and %®Zr radiolabels. [39, 40]
Marasco, Han, and coworkers reported a minibody as a potential therapy for cutaneous T-cell
lymphoma (CTCL) that targets the CC chemokine receptor 4 (CCR4). [41] In a creative modern
application, Park, Lee, and co-workers prepared a polypeptide consisting of polyarginine (Argy)
and an anti-JL1 minibody. When this was noncovalently complexed with siRNA, through charge
complementation, and then applied to mammalian cells, siRNA delivery was achieved specifically
in leukemic cells. [42]

In another innovative application, Marasco, Abdel-Motal, and co-workers examined the utility
of an anti-gp120 minibody in protecting against sexual transmission of HIV-1. [43] Through the
use of an adeno-associated viral (AAV) vector, anti-HIV-1 gp120 minibody was introduced into
cervico-vaginal epithelial cells. After secretion to the cell surface, the minibody binds HIV-1

gp120, resulting in sequestration of the virus and decreased infection.

1.3.4 Diabodies

A diabody is a complex consisting of two unconjugated singlechain fragment variables. [44,45]
Although scFvs can be engineered to be multivalent with the addition of either chemical or genetic
cross-links, it was found that reducing the scFv linker allowed for multimerization and stability.
As in the case of minibodies, because scFv domains with differing targets can be mixed, bispecific
recognition can be achieved.

Similarly to their larger minibody relatives, diabodies have relatively short in vivo half-lives,
and thus could be better suited for imaging, because they can illuminate their targets and then be
degraded and cleared. Additionally, the smaller size of diabodies, in relation to IgG and larger

fragments, endows improved accumulation and penetration of tumors expressing relevant anti-



gens. [46, 47] With these characteristics in mind, most therapeutically relevant applications of
diabodies have revolved around PET imaging. At present, diabody conjugates to PET labels have
been validated for pancreatic cancer (anti-CAI9-9), anti-leukocyte cell-adhesion molecule (AL-
CAM/CD166), and breast cancer (anti-HER?2). [48-50]

Diabody conjugates for imaging applications that involve binding of the extra domain-B (EDB)
of fibronectin (a biomarker for angiogenesis/atherosclerotic plaque), carcinoembryonic antigen
(CEA, a validated marker for gastrointestinal cancers), and Her2/Neu (a biomarker for both ovarian

and breast cancers) have also been reported. [51-53]

1.4 Nanobodies: A camelid-derived scaffold

Heavy-chain IgGs (hclgGs) produced in camelids differ from IgGs produced in other mam-
mals. [54,55] Although hclgG is also a homodimer of two disulfide-linked heavy chains, with
familiar CH2, CH3, and variable domains, it lacks a light chain. Binding between antigen and
hclgG, as for their IgG cousins, relies entirely on amino acids residing in loops (complementarity-
determining regions, CDRs) of the single variable domain (referred to as VizH in hclgG, Fig-
ure 1.4a). Separating the CDR loops are four relatively sequence-homologous [3-strands, which
makeup the “framework region”. [54] When separated from hclgG, the ViyH domain is called
a “nanobody” (Figure 1.4b), and an excellent review on their discovery and structure has been
published. [56]

Nanobodies have many properties that make them particularly well suited as scaffolds for the
directed evolution of new recognition in the laboratory. [57] These proteins are small (ca. 15 kDa),
can be expressed in a folded and stable form with or without disulfide bonds in E. coli, and are
easy to manipulate in the laboratory. An obvious difference between the variable regions of I1gG
and hclgG is that binding is generated from amino acids in three loops in the hclgG variant and
in six loops in IgG (from heavy and light variable domains). However, hclgG can compensate for
this smaller apparent binding surface by expansion of CDR loops. For example, in comparison

with IgG, nanobodies typically have longer CDR3 loops (ranging from eight to 24 residues) than
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those found in mouse or human antibodies (nine and 12 residues, respectively). [58] The expanded
CDR3 can dramatically increase the size of the paratope (the part of the protein that recognizes
the epitope). This extended display architecture is generally credited with allowing nanobodies to

bind surfaces that challenge or evade IgG, such as deep clefts within enzymes. [58,59]

a. b.
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Figure 1.4: (a) The architecture of a heavy-chain IgG (hclgG), which consist of two heavy chains (CH3,
CH2, and VgH), connected by disulfide bonds in the hinge region. (b) Nanobodies (a) GFP-binding
nanobody is shown as an example, (PDB: 30GO) are the ViyH domain of hclgG, and consist of a framework
region (purple) and complementary determining regions (CDRs, grey), where antigen recognition occurs.

1.4.1 Recent applications of nanobodies

Like their Fab fragment counterparts, nanobodies do not contain FcRn receptors and thus have
relatively short in vivo half-lives. As a result, nanobodies can be used in situations such as bioimag-
ing, in which relatively short half-lives and clearances are favored. Of course, this requires selective
recognition of a disease-relevant cell surface biomarker. Probably one of the most widely studied
and utilized biomarkers is the human epidermal growth factor receptor type 2 (HER2), which is
overexpressed in ~220-30% of breast and ovarian carcinomas. [60,61] This tyrosine kinase recep-
tor is responsible for cell proliferation, reduction in apoptosis, and enhanced cell mobility, making
it an ideal extracellular model protein. A nanobody for the HER2 receptor has been developed
(termed 5F7, Kp ~0.1 nm) and used extensively for imaging and proof-of-concept nanobody tech-

nologies. [62,63]
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With no receptors to recruit NK cells or other immune system components present in the Fc
region, nanobodies cannot illicit immune responses such as ADCC or CDC. One approach would
be to fuse a nanobody to an Fc dimer. However, post-translational glycosylation of Fc is neces-
sary to induce ADCC or CDC, and this requires expression in mammalian cells, thus complicating
its preparation in the lab. To overcome this obstacle, our lab has prepared conjugates of small-
molecule compounds and nanobodies that bind a target cell biomarker and recruit an antibody to
the cell surface, resulting in ADCC (Figure 1.5a). [64] Specifically, using a combination of lipoic
acid ligase bioconjugation and reactivity between a hydrazine and a protein-bound aldehyde, we
coupled dinitrophenyl (DNP) to a previously reported [65] HER2-binding nanobody. As a result of
human exposure to DNP, likely from DNP-containing dyes, preservatives, and/or pesticides, it is
estimated that ~1% of IgGs and IgMs recognize DNP, [66,67] and can thus recruit endogenous an-
tibodies to a targeted cell. [68,69] Satisfyingly, when HER2- positive breast cancer cells (SK-BR-3)
were treated with the nanobody activation immunotherapeutic, anti-DNP antibody and peripheral
blood mononuclear cells (PBMCs) were recruited, triggering appreciable ADCC. Conversely, the
nanobody activation immunotherapeutic did not induce ADCC for MB-MDA-231 breast cells that
express low levels of HER2. Similarly, when either cell line was treated under conditions in which
a component (the nanobody activation immunotherapeutic, anti-DNP antibody, or PBMC) was
absent, no appreciable ADCC was detected (Figure 1.5b). [64]

Like most proteins, including antibodies, their fragments, and mimetics, nanobodies do not ap-
preciably penetrate mammalian cells. This limits their recognition to cell-surface or excreted pro-
teins. However, because of the robust nature of nanobodies, several intracellularly active nanobod-
ies have been identified and remain functional in reducing environments, [70] such as the interior
of a mammalian cell. In an effort to prepare nanobodies that actively penetrate mammalian cells,
our laboratory recently performed polycationic resurfacing (mutation of solvent-exposed residues
either to lysine or to arginine) on three separate nanobody frameworks (a resurfaced GFP-binding
nanobody [71,72] is shown as an example in Figure 1.5c). [73] Polycationic resurfacing does not

appreciably alter expression in E. coli, folding, stability, or function (target recognition). However,
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polycationic resurfaced nanobodies potently penetrate mammalian cells and reside in the cytosol.
Thus, these new nanobody scaffolds likely represent a general solution for intracellular delivery of
nanobodies that bind and modulate disease-relevant receptors that reside inside a cell.

Whereas nanobodies have largely been used to recognize large conformational regions on pro-
teins, they can also be subjected to directed evolution to recognize small unfolded peptide epitopes.
Recently, Rothbauer, Braun, and co-workers generated a nanobody called BC2-nb that recognizes
a short linear epitope corresponding to residues 1627 of S-catenin (BC2T). [74] The structure of
this complex was solved by X-ray crystallography, revealing complete encapsulation of the epitope
by an extended CDR3 loop (Figure 1.5d). This nanobody has shown utility as a reagent for capture

and detection of BC2T-tagged proteins.
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Figure 1.5: (a) Concept of a nanobody activation immunotherapeutic. A HER2-binding nanobody (or-
ange) is chemically conjugated to DNP (purple), which is recognized by endogenous antibodies in human
serum (red). Recruitment of antibodies to the surface of HER2-positive breast cancer cells leads to ADCC.
(b) ADCC of high HER2-expressing SK-BR-3 cells (blue), but not of low HER2-expressing MB-MDA-
231 cells (purple), triggered by the nanobody activation immunotherapeutic DNP-5F7. The unconjugated
nanobody (LAP-5F7) is not toxic to SK-BR-3 cells (red). DNP-5F7 in the absence of anti-DNP antibod-
ies (green) or PMBCs (orange) also does not trigger ADCC. Error bars represent standard error from three
independent experiments. (c) Polycationic resurfacing of the nanobody framework region results in potent
cell penetration and access to the cytosol. Residues highlighted with a blue sphere were mutated to either
arginine or lysine (PDB ID: 30GO). (d) Structure of a recently reported nanobody with an expanded CDR3
that is able to bind a small peptide antigen. (PDB ID: 5IVO)
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1.5 Monobodies: A fibronectin-derived scaffold

All of the above examples (variations on the theme of Fab fragments and nanobodies) are
derived from immunoglobulins (either IgGs or hclgGs). These are contrasted with monobod-
ies—scaffolds from the human-derived 10th fibronectin type III domain (FNfn10). With the aid
of the FNfn10 scaffold, protein binding interactions can be fashioned to particular targets through
loop interactions or side-and-loop interactions. Loops can be mutated and elongated with mini-
mal stability loss, allowing for a large diversity of binding faces. Because they do not start from
the usual protein scaffolds involved in adaptive immunity, monobodies can be made to bind to
a variety of targets to serve many different functions while still being inherently nontoxic and
immunogenic. First reported by the Koide lab in 1998, monobodies are essentially structurally
simplified mimetics of a heavy-chain fragment variable, in that both present three binding loops
for antigen recognition (Figure 1.6). [75] Monobodies do not contain disulfide bonds, are small
(ca. 10 kDa) and generally stable, express well as soluble proteins in E. coli, and, due to the nature
of the fibronectin type III structure from which monobodies are derived, can be used as a binding
protein that mimics IgG Vg (Figure 1.6). Similarly to Fab fragments and nanobodies, monobodies
are useful in binding to a specific target, but do not contain an Fc region, which would dramati-
cally increase their serum stability. This results in monobodies generally being used as diagnostic
tools to identify cell-surface biomarkers (where relatively quick clearance might be beneficial),

and more recently as modulators of enzyme function and selectivity.

1.5.1 Recent applications of monobodies

Monobodies have been used as proteinaceous reagents to bind various disease-relevant macro-
molecules, resulting in the modulation, study, and characterization of complex cellular processes.
For example, researchers have used monobodies that bind Fluc-type F~ channels to validate its
unique mechanism of action for controlling intracellular levels of fluoride ion. [76—78] Monobody
drug leads that bind structurally diverse disease-relevant targets have also been reported. For exam-

ple, Kuhlman, Guntas, and co-workers used computational loop grafting of the BC and FG loops,
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Figure 1.6: (a) Structural architecture of IgG V. (b) Structural architecture of the tenth fibronectin type I1I
(monobody). (c) Structure of a monobody. Antigen binding loops are colored (PDB ID: 1ENF).
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together with phage display, to engineer a monobody (R1) that binds to Kelch-like ECH-associated
protein 1 (KEAP1) with a Kp of 300 pm. This monobody inhibits the interaction between KEAP1
and nuclear factor erythroid 2-related factor 2 (NRF2), resulting in activation of NRF2 [79]—a
key regulator of cellular oxidative environments and an interaction associated with several disease
states.

Monobodies have also been used as diagnostic reagents. For example, Hong, Park, and co-
workers developed a monobody that binds to human EphA2 (hEphA?2), an early marker for various
tumors. [80] Whereas monobodies have largely been used to recognize and/or modulate the biolog-
ical activation of specific proteins, they have more recently been applied to more diverse functions
such as altered enzyme activity and biotechnology validation. In recent work, Koide, Tanaka, and
co-workers showed that a monobody can alter an enzyme’s specificity for its target, without modi-
fying the amino acid sequence of the enzyme. [81] In particular, they found monobodies that were
able to restrict S-galactosidase transgalactosylation yields of galacto-oligosaccharides (GOSs) to
specific lengths rather than mixtures.

Very recently, in the context of extending phage-assisted continuous evolution [82] (PACE)
to protein—protein interaction discovery, Liu, Badran, and co-workers re-evolved a monobody to
bind the SH2 domain of ABL1. Beginning with a previously characterized mutant monobody
(Tyr87Ala), which binds the SH2 domain target with dramatically lower affinity (100-1000- fold),

continuous evolution through PACE was used to regain tight binding. [83]

1.6 Summary and Outlook

Proteins are increasingly being used in basic research and clinical settings to modulate disease-
relevant receptors and to control cell function and fate. At present, half of the top 20 selling drugs
are biologics, and many of these are antibodies and their conjugates. Relative challenges associated
with the expression of full-length and chemically mature (post-translationally modified) antibodies
in mammalian cell culture have motivated researchers to develop an array of minimalist antibody

forms and mimetics. In this Chapter we have highlighted various forms of IgG fragments (Fab,
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scFv, minibodies, diabodies), hclgG-derived nanobodies, and fibronectin-derived monobodies as
alternatives to full-length IgGs.

Specifically, scFvs, nanobodies, and monobodies are structurally simpler (lack disulfide bonds),
easier to express in E. coli, and can be simpler to engineer and use in directed evolution than IgGs
and IgG-derived counterparts. Moreover, the relatively small sizes of scFvs, nanobodies, and
monobodies often correlate with greater tumor penetration, and thus, in some cases, this virtue
could be used to improve the efficacy of tumor-targeted therapies (although challenges with rel-
atively short in vivo lifetimes would remain an issue). Because long in vivo lifetimes are a key
advantage of IgGs and derivatives that retain Fc, many applications of IgG derivatives lacking Fc,
or of nonimmunoglobulin- derived proteins such as nanobodies and monobodies, include diagnos-
tic and bioanalytical applications. However, smaller I[gG-derived proteins that lack Fc, as well as
nanobodies and monobodies, are particularly well suited for some medically relevant applications,
such as bioimaging, because rapid clearance is not a major issue, or is even beneficial. Histori-
cally, full-length antibodies have been used as bioanalytical tools—western blot being an obvious
example. However, relative challenges in the expression of these molecular Winnebagos opens the
door for smaller and simpler proteins, and nanobodies have recently been used in this context. [74]

Full-length antibodies continue to enjoy application in immunotherapy and as conjugates to
small-molecule therapeutics and imaging reagents, in which their primary job is to delivery these
cargos selectively to diseased cells. [84] Owing to their simpler expression and ability to evolve
in the laboratory, truncated structural forms of antibodies, and non-immunoglobulin mimetics play
an increasingly important role in human health, the creative use of these proteins will continue to
represent a growing area of protein science, biologics research, and therapeutic discovery. Use as
an immunotherapeutic has sparked interest and much research has gone towards the developement

of these engineered antibody mimetics.
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Chapter 2
Antibody Mimetic Immunotherapeutics and Insight
into the Effects of Multi-domain Antibody

Recruitment

Adapted from:
Ta, A.N.; McNaughton, B.R., Future Medicinal Chemistry, 2017, 9, 1301.

Ta, A.N.; McNaughton, B.R., ChemBioChem, in preparation.

2.1 What are immunotherapeutics?

Immunotherapy is an approach to treating disease that relies on controlling the immune sys-
tem. Immunotherapeutics are classified as either suppression immunotherapeutics, which reduce
the immune response, or activation immunotherapeutics, which elicit the immune system to seek
out and destroy diseased cells. Immunotherapy emerged as a field and therapeutic strategy with
the development and administration of immune system suppressing small-molecule drugs (e.g.,
azathioprine, FK506, cyclosporin A and rapamycin). As immune system suppressants, these drugs
have been used to treat inflammatory and autoimmune diseases, as well as to suppress rejection
following organ transplant. Today, immunotherapeutics continue to be used to treat a multitude of
inflammatory and autoimmune diseases. Over the last two decades, however, immunotherapeutics
have also been developed to elicit immune system components to seek out and destroy numerous
cancers.

Rarely has a therapeutic approach been the focus of so much attention, generated so much
enthusiasm (inside and outside of the laboratory), and developed so rapidly — both within the
global pharmaceutical industry and academic laboratories. It is difficult to overstate the impact

immunotherapeutics have on human health, and their place in modern pharmaceuticals. Of the top
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ten selling drugs in 2015 [85], six are characterized, at least in part, as having an immunother-
apeutic mechanism of action (Humira™, Enbrel™,Remicade™, Rituxan™, Herceptin™ and

Revlimid™).

2.2 Biologics as immunotherapeutics

In addition to witnessing an explosion of immunotherapeutics into the market, the past two
decades have also witnessed the age of biologics — principally protein drugs. Historically, disease
has been treated with small-molecule drugs. However, in contrast to their small-molecule counter-
parts, the size and complexity of proteins often result in surfaces capable of recognizing disease
relevant receptors that challenge or evade small molecules. Additionally, proteins can be evolved
(either in vivo or in the laboratory) to selectively and potently bind virtually any disease-relevant
receptor. This initial discovery process is often much simpler, and less expensive, than the anal-
ogous small-molecule centered approach. By virtue of these facts, it is perhaps unsurprising that
advances in immunotherapy and biologics have dovetailed — and this relationship has led to new

immunotherapeutics and drug leads.

2.3 Antibody immunotherapeutics

Principally, biological immunotherapeutics are full length immunoglobulins of the isotype G
(IgG, referred to herein as antibodies). These include topselling drugs Humira, Remicade, Rit-
uxan and Herceptin. Antibodies are large (=150 kDa) multi-domain proteins [2]. In the context of
immunotherapeutic activity and pharmacology, antibodies have two important regions. Recogni-
tion of a binding partner occurs within the fragment antigen-binding (Fab) region, which consists
of heavy- and light-chain domains. Specifically, binding interactions are the result of sequence
optimization of loops, so-called complimentary determining regions (CDRs) within the variable
light-chain and variable heavy-chain domains (Vy, and Vy, respectively) [86]. Some antibodies can
act as suppression immunotherapeutics by binding to, and thus sequestering, immune-stimulating

polypeptides. For example, Humira is a full-length monoclonal antibody that binds to TNF-a,
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which in the absence of Humira forms a complex with TNF-« receptors [87] and activates an in-
flammatory response. Given the ability of this drug to inhibit the TNF-a/TNF-« receptor complex,
Humira is an effective treatment for autoimmune and inflammatory diseases, including rheumatoid
arthritis, psoriatic arthritis, ankylosing spondylitis, Crohn’s disease, plaque psoriasis, ulcerative
colitis, chronic psoriasis, hidradenitis suppurativa, juvenile idiopathic arthritis and noninfection
uveitis. Similarly, Remicade is a TNF-« binding antibody, and thus an effective treatment for
many autoimmune and inflammatory diseases [88].

The in vivo half-life of antibodies (ca. ~21 days) is much longer than most proteins [86]. This
virtue is endowed by an epitope in the fragment crystallizable region (Fc), which binds the neona-
tal Fc receptor, FcRn, in a pH-dependent manner. Formation of the Fc/FcRn complex leads to a
complicated process that continuously shuttles the antibody from the circulatory system to the cell
interior (within endosomes) and back again. As a result of this biological shell game, antibodies
evade degradation by serum and lysosomal proteases [4,5]. A region found within Fc is also nec-
essary to induce activation immunotherapeutic mechanisms, such as antibody-dependent cellular
cytotoxicity (ADCC) [8,9] or complement-dependent cytotoxicity (CDC) [10,11]. Specifically, Fc
~-receptors on the surface of immune effector cells, such as natural killer cells and macrophages,
recognize Fc in antibodies that are bound to disease-relevant receptors on the surface of targeted
cells (via interactions involving CDRs within the Fab fragment). Following Fc—Fc ~y-receptor com-
plex formation, the immunoreceptor tyrosine-based activation motif is phosphorylated, triggering
activation of the effector cell and release of perforin, lytic enzymes, TNF and/or granzymes for cell
destruction through ADCC. In CDC, Clq of complex C1 binds to the Fc region and triggers the
complement cascade activation and eventual formation of membrane attack complex at the surface
of the target cells. Ultimately, this leads to lysis of the antibody-bound cell.

Current activation immunotherapeutics include Herceptin, a monoclonal antibody that binds
to an extracellular domain of HER2, a biomarker that is overexpressed on the surface of approxi-
mately 20-30% of breast cancers and gastric cancers [89]. In addition to other therapeutic mech-

anisms, experiments on laboratory animals show that Herceptin recruits immune system compo-
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nents to HER2-positive cells, resulting in cell-selective ADCC. In a similar vein, Rituxan is a
monoclonal antibody that binds CD20 on the surface of normal and malignant B cells, leading to,
among other outcomes, ADCC and CDC [90]. As an activation immunotherapeutic that facilitates
selective destruction of B cells, Rituxan principally finds use in fighting cancers of the blood, such
as non-Hodgkin’s lymphoma and chronic lymphocytic leukemia. However, the story is more com-
plex: Rituxan can also act as a suppression immunotherapeutic. Since Rituxan leads to destruction
of B cells — a critical component of the immune system — this drug suppresses the immune re-
sponse. As a result, Rituxan is also an effective therapeutic for a number of autoimmune diseases

such as rheumatoid arthritis.

2.4 Antibody mimetic immunotherapeutics

While regions within full-length antibodies enable tailored recognition, long serum stability
and activation immunotherapeutic activity, the complex structure and post-translational modifica-
tions of these molecular behemoths complicate their production and manipulation. In response,
researchers have developed minimalist antibodies and antibody mimetics. A number of small
(<20 kDa) proteins that mimic CDR display within antibody Fab fragments have been reported.
Evolution of these CDR loop mimics, using methods like phage display, often leads to new pro-
teins with tailored recognition — including recognition of disease-relevant cell surface biomarkers.
Popular examples include monobodies [75] — a fibronectin type IlI-derived protein scaffold — and
affimers [91] — a phytocystatin-derived protein scaffold. In addition to these non-antibody scaf-
folds, researchers have relied on nanobodies [56] — the fragment antigen-binding region in camelid-
derived heavy-chain IgG (which lacks a light chain). In contrast to antibodies, these proteins often
have a relatively small number of disulfide bonds (or none at all), are not post-translationally gly-
cosylated, express well in bacteria or yeast and are relatively stable. Collectively, these features
simplify their production and manipulation. In addition, their small size, relative to full-length

antibodies, can result in improved tumor penetration [21].
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Antibody mimetics are often simpler to prepare and manipulate, but lack Fc. As a result, these
proteins experience relatively short lifetimes in vivo, and do not induce or activate the immune
system. Recently, however, protein engineers have used techniques such as sequence-selective
chemical conjugation and/or genetic fusion as a means to generate nonantibody proteins with dra-
matically improved in vivo stability, and potent activation immunotherapeutic activity.

One approach to turning on activation immunotherapeutic activity is to incorporate a compo-
nent (such as a small molecule) that recruits an endogenous antibody (which contains Fc and thus
can recruit immune effector cells). Fortunately, a number of small molecules have been reported
that bind endogenous antibodies. For example, researchers have shown that antibodies recognizing
dinitrophenyl (DNP) constitute approximately 1% of circulating IgM and approximately 0.8% of
circulating IgG, likely due to exposure to DNP-containing dyes, preservatives and/or pesticides.
Recently, we showed that sequence-selective bioconjugation of a DNP containing molecule to a
HER2-binding nanobody led to a new immunotherapeutic that potently and selectively destroys
HER2-positive breast cancer cells in culture, via ADCC [64].

Of course, since nanobodies lack Fc, these therapeutic leads undoubtedly have relatively short
in vivo stability compared with IgG antibodies. However, a number of strategies have been reported
that dramatically improve the in vivo stability of nonantibody proteins. These include chemical
conjugation to PEG (PEGylation), fusion to Fc or genetic fusion to human serum albumin (HSA)-
binding peptides or proteins [92]. The development of nanobody-based immunotherapeutics with
improved serum stability is a major focus of many pharmaceutical companies. For example, re-
cently Ablynx reported nanobody-based immunosuppressant drug leads, which are now in clinical
trials. Since nanobodies are amenable to extensive mutagenesis and manipulation, scientists have
been able to genetically link them to proteins that endow properties, such as long in vivo sta-
bility, and multivalent recognition. For example, Vobarilizumab™ consists of an IL-6R-binding
nanobody that is genetically fused to an HSA-binding nanobody [93]. Recognition of IL-6R blocks
the IL-6R/IL-6 interaction, leading to a blockage of the inflammatory response. In concert, the

HSA-binding nanobody component allows the drug to find residence on HSA, an abundant (35-50
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g/1) protein in blood. As a result, the HSA-bound drug essentially hides from serum proteases and
enjoys a relatively long lifetime in vivo. Similarly, Ablynx has also reported a nanobody-based
immunotherapeutic that targets two different diseaserelevant receptors. ALX-0761 (M1095) is
an anti-IL-17A/F nanobody designed to treat autoimmune disorders such as psoriasis [94]. This
nanobody-based fusion protein consists of an anti-IL-17F nanobody, anti-HSA nanobody and anti-
IL-17A/F nanobody — resulting in a 40-kDa trivalent suppression immunotherapeutic that neu-
tralizes proinflammatory cytokines, IL-17A and IL-17F. While optimization of nanobody-based
fusions, such as overcoming sequestration of smaller proteins (MW <40 kDa) by the kidneys, is
certainly necessary, this new frontier in immunotherapeutic design and discovery will undoubtedly

lead to new therapies.

2.5 An Immunotherapeutic Cocktail of Biologics

Decades ago, a handful of small-molecule drugs capable of suppressing the immune system
ignited the field of immunotherapy. As molecular and cellular biology techniques rapidly evolved,
enabling cloning and large-scale production of proteins, recombinant antibody drugs joined the
effort. As a result, immunotherapeutics represent a significant — and growing — sector of the global
pharmaceutical industry. Most recently, researchers with expertise in protein engineering and bio-
conjugation are developing new antibody mimetics with long serum stability and/or activation
immunotherapeutic activity. These biologics represent a new class of suppression or activation im-
munotherapeutics, and will undoubtedly have a significant impact on the future of human health.

However, a challenge with developing immunotherapeutic biologics is potency and efficiency.
We attempted to address this issue by developing a non-antibody activation immunotherapeutic
cocktail of biologics. The cocktail allows for the use of proteins that recognize different domains
of extracellular HER2. Multi-domain binding provides an increase in antibody recruitment. How-
ever, the increased effect of antibody recruitment does not correlate to effector cell recruitment for
targeted cell death. This may be due to the locations of antibody recruitment to HER2 and the

steric interferences of effector cell recruitment.
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Half of the top 10 selling drugs of 2017 are biologics. [95] Principally, biological immunother-
apeutics are full-length immunoglobulins of isotype G. One of which is Herceptin (Trastuzumab)
that binds to human epidermal growth factor receptor 2 (HER2), an overexpressed receptor in
~20-30% of breast cancers. [89]

Antibodies are large (=150 kDa) multi-domain proteins that have three important areas in
the context of therapeutics. Recognition of a binding partner occurs within the fragment antigen-
binding (Fab) region specifically from loops known as complimentary determining regions (CDRs).
In vivo half-life (=21 days) is achieved by an epitope in the fragment crystallizable (Fc) region
that binds the neonatal Fc receptor (FcRn). Another region found within Fc is necessary for an im-
munotherapeutic response through mechanisms such as antibody-dependent cellular cytotoxicity
(ADCC) and compliment-dependent cytotoxicity (CDC). [86]

Fc is recognized by Fc gamma receptors (FcyR) on effector cells such as Natural Killer (NK)
cells. Upon binding, immunoreceptor tyrosine-based activation motif (ITAM) is phosphorylated
which then triggers activation of the effector cell and release of perforins, lytic enzymes, tumor
necrosis factor (TNF), and/or granzymes for cell destruction through ADCC. [86] Effector cells
cannot be activated by the binding of one antibody to a single FcR, but rather a particular threshold
must be met. [96]

Though full-length antibodies provide specific recognition, long in vivo half-life, and im-
munotherapeutic activity, the multi-domain structure and post-translational modifications makes
production and manipulation challenging.

In response, researchers have been developing and optimizing minimalist antibodies and anti-
body mimics. These smaller proteins are evolved to contain specific recognition, mimicking the
Fab region. However, due to the lack of Fc, they have relatively short lifetimes in vivo and do not
have immunotherapeutic activity. These functions can be engineered in through chemical conju-
gations and/or genetic fusions. An important aspect of installing immunotherapeutic activity for

non-antibody proteins is ensuring potency and efficiency. For antibodies, this has been done by

25



improving therapeutic benefits through enhancing ADCC. The main strategy has been to modify
the Fc portion of antibodies to increase binding affinity to activating effector cell receptors. [97]

But recently, Herceptin has been paired with Perjeta (Pertuzumab) and been shown to improve
survival in women diagnosed with early stage HER2-postive breast cancer. It has also been shown
to improve survival in women diagnosed with HER2-positive metastatic breast cancer. Herceptin
inhibits HER2 dimerization and Perjeta inhibits HER2 heterodimerization with other HER family
receptors, blocking the enhanced growth rate due to increase in cellular signaling as a result of
overexpressed HER?2. [98,99] Herceptin and Perjeta bind to different domains on the extracellular
portion of HER2 and both induce ADCC. It has been shown that the use of both antibodies provides
a minimal increase in ADCC over the use of one. [100, 101] This combination therapeutic has
shown the possibility of improved potency and efficiency of ADCC through multi-domain binding
to HER2.

With the slight improvement in ADCC with the use of two antibodies, we were interested in
seeing the effects of three antibodies. To gain insight into this strategy we used easily expressible
and purifiable antibody mimics. We have developed an activation immunotherapeutic cocktail of
antibody mimics with multivalent recognition. Each protein binds to different domains on HER2
and recruits antibodies, leading to effector cell recruitment and targeted cell death. However,
although multi-domain binding allows for more efficient recruitment of antibodies, this does not

directly correlate to more potent and efficient cell death.

2.6 Results and Discussion
2.6.1 An immunotherapeutic cocktail that targets spatially distinct regions
on extracellular HER2 leads to an increase in antibody recruitment to

HER2-positive breast cancer cells.

The extracellular portion of HER2 consists of four domains. We used two nanobodies (5SF7

and 2Rs15d) and one affibody (ZHER2). Each bind to HER2 at a different domain with excel-

26



lent affinity (Kp ~510 pM, ~7 nM, and ~20 pM respectively) [65, 102—104]. To each of these
HER?2 binding proteins there is an antibody recruiting component that could ultimately recruit ef-
fector cells. To ensure functionality of a multi-domain binding system, a His6 tag was used as the
antibody recruiting component (Figure 2.1a).

When fused to a His6 tag, each protein fusion recruits His6 binding antibody (Figure 2.1b)
and can recruit FITC-labeled His6 antibody to the surface of HER2-positive breast cancer cells
(Figure 2.1c). We see a hook effect [105], which is typically observed in immuno- and related
assays which are 3 body systems. Each protein fusion bound HER2-positive breast cancer SK-BR-
3 cells with a half maximal effective concentration (EC50) of ~7 nM. MDA-MB-231 cells low in
HER?2 were not recognized by anti-His6 antibody.

We observed high levels of SK-BR-3 cell fluorescence following incubation with ~30 nM His6
fusion proteins and anti-His6-FITC antibodies. In contrast, when SK-BR-3 cells were first treated
with HER2-targeting siRNA, leading to decreased cellular levels of HER2, we observed decreased
levels of cellular fluorescence, indicating the decrease in HER2 prevents protein recruitment and
ensure the specificity of our proteins for HER2 (Figure 2.1d).

Importantly, we observe increased anti-His6-FITC recruitment for cells treated with one, two,
or all three of the HER2 binding His6 fusion proteins. The hook begins ~30 nM for each protein
individually, however with the use of protein mixtures you not only see an increase in antibody re-
cruitment at the same total concentrations (ref. SI), but this allows for higher total concentrations
of proteins to be used without seeing the decrease in affect. Specifically, for an individual protein
at 30 nM you see a mean fluorescence of ~200. Using two proteins at a total of 30 nM (15 nM
each protein), you see a mean fluorescence ~350. Using two proteins at 30 nM each (60 nM total
protein), you see a mean fluorescence ~400, whereas one protein at 60 nM you see a mean fluo-
rescence ~200. The use of 3 proteins allows for an even greater increase in recruited antibodies.
This suggests that each protein is able to recruit anti-His6-FITC when used as a cocktail, resulting
in a high effective concentration of recruited antibodies to the cell surface. Cells low in HER2 are

shown to not recruit antibodies to the cell surface (Figure 2.1e).
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Figure 2.1: An immunotherapeutic cocktail that leads to an increase in antibody recruitment. (a) Repre-
sentative figure of two nanobodies (5F7 PDB : 30GO*, 2Rs15d PDB : 5SMY6) and an affibody (ZHER2
PDB : 3MZW) binding to HER2. Each protein has a high affinity for separate domains on HER2 (5F7
with domain IV, Kp ~510 pM; 2Rs15d with domain I, Kp ~5 nM; ZHER?2 with domain III, Kp ~22 pM).
Each protein contains a His6 tag as an antibody recruiting component that can ultimately recruit effector
cells to target cell. (b) Recognition of proteins on western blot using a commercial anti-His6 antibody. (c)
Determination of the half maximal effective concentration (EC50) of recruitment of FITC labeled anti-His6
antibodies to the surface of HER2 positive SK-BR-3 cells by flow cytometry (d) Selective recruitment of
FITC labeled anti-His6 antibodies to HER2 overexpressing SK-BR-3 cells. (e) ~3x increase in antibody
recruitment when proteins are used in combination versus individually. *GFP nanobody PDB used
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2.6.2 Increase in antibody recruitment through multi-domain binding to the
cell surface does not have a direct correlation to effector cell recruit-

ment and activation for targeted cell death.

The use of an immunotherapeutic cocktail consisting of three proteins each binding to a sepa-
rate domain on HER?2 allows for an increase in antibody recruitment, but not effector cell recruit-
ment to HER2-positive breast cancer cells. With an ADCC reporter bioassay we actually observe
a decrease in effector cell activation using the mixture of 3 proteins. The combination of SF7 and
ZHER?2 shows a slight increase in effector cell activation as compared to an individual protein.
(Figure 2.2)

Antibody properties such as FcyR affinity [106], binding level [107, 108], and location [109]
have studied effects on effector cell mechanism and efficiency and can help explain the results of
the protein fusion cocktail. Location of the recruited antibody can have an important influence in
cell death. Proximity to the cell surface is crucial for ADCC. [109] 5F7 binds to the same domain
as Herceptin and is more proximal to the membrane. This possibly allows for more efficient
ADCC than the other 2 HER2 binding proteins. ZHER2’s location appears to be proximal to the
membrane as well, but with the addition of the SUMO tag for purification purposes this may affect
the ADCC efficiency. The lower activation signal may also be caused by the steric hinderance of
the location of domain III and the ability to recruit effector cells effectively to that location. Sterics
may also be a factor [110, 111] influencing effector cell activation. SK-BR-3 cells have ~1.6x10°
HER2/cell. [112] Each HER2 with the cocktail can have 3 antibodies recruited to it (as shown with
flow cytometry data), but sterically this may not in tern recruit three effector cells to HER2. In
order to activate effector cells, there is a threshold antibody binding that must occur. In theory,
the more antibodies bound allows for more effector cell binding options, however, the increase
in antibodies bound to target cells may actually be preventing or blocking effector cell binding.
Another option is due to 2Rs15d being furthest from the membrane effector cells are binding most
to the antibody recruited to domain I. Due to location being important for ADCC, effector cells

recruited to domain I would decrease the efficiency of effector cell activation for ADCC. This
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would also explain why without the use of 2Rs15d in the combination of 5F7 and ZHER?2 we see

a slight increase in ADCC activation.

5F7,2Rs15d, ZHER2
2Rs15d, ZHER2
5F7,ZHER2
5F7,2Rs15d
5F7-tev-His6
ZHER2-SUMO-His6
2Rs15d-tev-His6
mix neg control

anti-his neg control

o
(6]

10 15 20 25 30 35 40 45
Luminescence (RLU) Normalized

H500nM E50nM M5nM HControls

Figure 2.2: ADCC assay using the immunotherapeutic cocktail showing that increase in antibody recruit-
ment does not correlate to effector cell recruitment and activation for cell death. Results were normalized to
anti-his negative control and done in triplicate.

2.7 Conclusion

We have developed an immunotherapeutic cocktail with multivalent recognition of HER2 and
antibodies. The multi-domain binding cocktail shows that although there is an increase in antibody
recruitment, location and sterics prevent the same affects for effector cell recruitment and targeted
cell death. The therapeutic strategy of increasing antibodies for more cell death may still be a good
approach, however, a better understanding of the system is necessary. The combination effect of
Herceptin and Perjeta were minimal for ADCC [100, 101] and benefits in the combination is due

to more factors such as prevention of HER2 dimerization. The idea of therapeutic cocktails can
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still be beneficial, but alternative approaches keeping in mind location, sterics, and mechanism will
be required moving forward. An understanding for what improves or weakens this mechanism is

important for the development of more effective and potent immunotherapeutics.

2.8 Experimental Details

2.8.1 Protein Expression and Purification

Proteins were expressed in E. coli. Bacteria was grown in lysogeny broth (LB, 1L) con-
taining carbenicillin (ImL of 0.1g/mL) to an ODgyy ~0.5 and induced with Isopropyl 5-D-1-
thiogalactopyranoside (IPTG, 1mM) at 20 °C overnight. Cells were collected by centrifugation,
resuspended in phosphate buffer containing a protease inhibitor tablet. Cell suspension was sub-
jected to a freeze-thaw cycle at -20 °C and sonicated. Lysate was cleared by centrifugation and the
supernatant was incubated with Ni-NTA agarose resin. Resin was collected and washed with phos-
phate buffer containing imidazole (25mM and 50mM) then eluted with buffer containing 400mM

imidazole. Proteins were then dialyzed and analyzed for purity.

2.8.2 Flow cytometry

Mammalian cells were grown in T-75 flasks at 37 °C with appropriate CO, levels. Cells were
washed with DPBS then detached using Trypsin. Cells were pelleted and resuspended in flow
cytometry buffer (DPBS + 2% BSA) at 60,000 cells per 50uL. Cell solution was added to 100uL
of protein solution, immediately followed by addition of anti-6X His tag FITC antibody (1:150).
Mixture was incubated over ice for 30 minutes then washed with flow cytometry buffer prior to

flow cytometry analysis.

2.8.3 Antibody-Dependent Cellular Cytotoxicity

Measured according to Promega’s ADCC Reporter Bioassays, V Variant kit protocol. High-
HER2-expressing breast cancer cells were plated 15,000 cells per well in 100uL media volume

(McCoys 5a 10% FBS) 20-24 hours before assay. Cells were incubated with protein cocktail at a
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variety of concentrations and 15ug/mL Anti-His-Tag Chimeric antibody for 1 hour at 37 °C 5%
CO,. Effector cells were then added at a 5:1 ratio of E:T cells and incubated for 6 hours at 37 °C

5% CO,. Bio-Glow Luciferase was added prior to measuring on plate reader.

2.9 Supporting Information

2.9.1 Materials

SK-BR-3 cells, American Type Culture Collection (ATCC, Cat. No. HTB-30)

MDA-MB-231 cells, ATCC (Cat. No. HTB-26)

McCoy’s SA modified medium, Corning (10-050-CV)

L-15 Leibovitz Media, HyClone (SH30525-01)

RPMI 1640 w/ Hepes, Gln, Corning (10-041-CV)

HyPure Cell Culture grade water, HyClone (SH3052902)

Dulbecco’s Phosphate Buffered Saline Solution, HyClone (SH3002802), Corning (21-031-CV)

Phosphate-Buffered Saline, 1X, Corning (21-040-CV)

Trypsin 0.25%, HyClone (SH3004201)

Fetal Select Bovine Serum, Atlas Biologicals (FS-0500-AD)

iBlot Transfer Stack, PVDEF, mini, Life Technologies (IB4010-02)

96-Well Microplates, Tissue Culture-Treated with Lid, White with Clear Bottom, Sterile, Indi-
vidually Wrapped, Corning (3610)

96-Well Microplates, Tissue Culture-Treated with Lid, Clear with Flat Bottom, Sterile, Indi-
vidually Wrapped, costar (3596)

6-Well Clear plates, costar (3516)

ADCC Reporter Bioassays, V Variant Complete and Core kit, Promega (G7014, G7010, pro-
vided by Promega)

ON-TARGETplus human ERBB2 siRNA, Dharmacon

ON-TARGETplus non-targeting control siRNA #1, Dharmacon

5X siRNA Bufer, Dharmacon

32



Dharmafect 2 siRNA transfection reagent, Dharmacon

Anti-6X His tag antibody (FITC), Abcam (ab1206)

Anti-6X His tag antibody [HIS.H8], Abcam (ab18184)

Anti-His-Tag Chimeric antibody, Human monoclonal (SAB5600096 Sigma)
Donkey Anti-Mouse IgG H&L (Alexa Fluor®) 790), Abcam (ab186699)
Goat Anti-Human IgG (Fab’)2 (HRP), Abcam (ab87422)

Herceptin (provided by Melissa Gray)

Bovine serum albumin (BSA), RPI (A30075)

LB Miller Broth, Fisher (BP9723-5)

Agar, Fisher (BP1423-2)

Restriction Enzymes, NEB

Oligonucleotides, IDT

G-Blocks, IDT

Carbenicillin, GoldBio Technology
Isopropyl-b-D-1-thiogalactopyranoside (IPTG), GoldBio Technology
Snakeskin Dialysis Tubing 10K MWCO, Thermo Scientific

HisPur Ni-NTA Resin, Thermo-Scientific Pierce

Quick Ligation Kit, NEB

Miniprep Kit, OMEGA

PageRuler Prestained Protein Ladder, Thermo Scientific

12% Ready Gel precast gels, Biorad

SHuffle T7 Express Competent E. coli, NEB

5-a chemically competent E. coli, NEB

BL21 (DE3) chemically competent E. coli, NEB

Sodium Chloride

Sodium Phosphate Dibasic

Sodium Phosphate Monobasic
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Imidazole
Odessey Blocking Buffer, Li-Cor
Non-fat instant dry milk

Trypan Blue

2.9.2 Instrumentation

CyAn ADP Flow Cytometer, Beckman Coulter

FlowJo, LLC 10.4.2 software

Synergy 2 Microplate Reader, Biotek Inc.

Avanti centrifuge, Beckman Coulter

Allegra x-15R Centrifuge, Beckman Coulter

Microfuge 18 Centrifuge, Beckman Coulter

MJ mini gradient thermal cycler, Biorad

Clinical 200 Centrifuge, VWR

Centrifuge 5418, Eppendorf

VistaVision Microscope, VWR

Q125 Qsonica sonicator

Molecular imager gel doc XR+ system, Biorad

Innova 42 incubator shakers, New Brunswick Scientific
Excella E25R incubator shakers, New Brunswick Scientific
TC20 Automated Cell Counter, BioRad

NanoDrop 2000 UV-Vis Spectrophotometer, Thermo Scientific
Odyssey CLx near IR Scanner, Li-Cor

iBlot gel transfer station, Invitrogen

symphony B10P pH meter, VWR
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2.9.3 Western Blot

2Rs15d-tev-His6, ZHER2-SUMO-His6, and SF7-tev-His6 were run on a 12% protein gel, then
transferred to a PVDF membrane using Invitrogen’s iBlot gel transfer station. The membrane was
blocked with instant nonfat dry milk in PBS (2g/10mL) for 45 minutes shaking at room temper-
ature. The membrane was then incubated with 4uL anti-6X His tag antibody in 8mL Odyssey
Li-Cor blocking buffer overnight shaking at 4 °C. Membrane was then washed with PBS, PBS +
0.1% Tween-20 three time with shaking for 5 minutes each time, and PBS. The membrane was
next incubated with 1xL donkey anti-mouse Alexa Fluor 790 in 10mL Odyssey Li-Cor blocking
buffer for 1 hour shaking at room temperature, followed by the washing steps and imaging on an

Odyssey near-IR scanner.

2.9.4 Flow Cytometry (EC50, siRNA knockdown, Cocktail mixture)

General procedure:

Cells (SK-BR-3 or MDA-MB-231) were cultured in T-75 flasks at 37 °C and appropriate CO,
levels (5% for SK-BR-3, 0% for MDA-MB-231) until about 90% confluency. Cells washed with
DPBS (1 x 5SmL), detached with Trypsin (SmL) for 5-10 minutes at 37 °C, pelleted (1000g for
Smin), and resuspended in 1mL of flow cytometry buffer (DPBS + 2% BSA). Cells were counted
in the presence of Trypan Blue using the T20 Automated Cell Counter then diluted to achieve
60,000 cell per 50uL. 50uL cell solution was added to 100uL of protein solution in flow cytometry
buffer, immediately followed by the addition of anti-6X His tag FITC antibody (1:150). Mixture
was incubated over ice for 30 minutes. Cells were then washed by the addition of 850uL flow
cytometry buffer, pelleted, resuspended in 300uL, and pelleted. Samples were stored on ice as
pellets and resuspended in 200uL flow cytometry buffer right before analysis on a CyAn ADP
flow cytometer.

Half maximal effective concentration (EC50):
Protein concentrations used were 500nM, 250nM, 100nM, 50nM, 30nM, 15nM, 10nM, 5nM,

2nM, and 1nM.
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siRNA knockdown:

HER?2 expression on SK-BR-3 cells was siRNA knocked down according to Dharmacon’s
protocol. SK-BR-3 cells were plated into 6-well clear plates at 2x10° cells/well with a volume total
of 2mL. Cells were incubated at 37 °C 5% CO- for 12h to allow to adhere to the plate. siRNAs
(ON-TARGETplus human ERBB2 and ON-TARGETplus non-targeting control) were transfected
at a final concentration of 25nM in 6-well plates containing the cells and incubated at 37 °C 5%
CO,. Media was changed after 24 hours and incubated for an additional 72 hours. Cells were
analyzed for HER2 expression by flow cytometry using 30nM of proteins.

Cocktail mixture:

Each protein concentration was at 30nM. Cocktail mixtures included each individual protein at

30nM.

2.9.5 Antibody-Dependent Cellular Cytotoxicity Assay

Cell death by antibody-dependent cellular cytotoxicity was measured using Promega’s ADCC
Reporter Bioassays, V Variant kits. Protocol according to Promega. SK-BR-3 cells were plated to
96-Well, White with Clear Bottom Microplates at 15,000 cells per well in 100uL. media volume
(McCoys 5a 10% FBS) 20-24 hours before assay. Cells were incubated with 5SnM, 50nM, or
500nM of protein(s) in 25uL volume with 25uL of 15ug/mL Anti-His-Tag Chimeric antibody for
1 hour at 37 °C 5% CO,. Effector cells were added at a 5:1 ratio of E:T cells in 2541 volume and
incubated for 6 hours at 37 °C 5% CO,. Bio-Glow Luciferase was added and incubated at RT for

~20 minutes before measuring on plate reader at an integration time of 0.5sec/well.

2.9.6 Protein sequences

SF7-tev-His6:
GEVQLVESGGGLVQAGGSLRLSCAASGITFSINTMGWYRQAPGKQRELVALISSIGDTY YA
DSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCKRFRTAAQGTDYWGQGTQVTVSSE
NLYFQGHHHHHH

2Rs15d-tev-His6:
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GQVQLQESGGGSVQAGGSLKLTCAASGYIFNSCGMGWYRQSPGRERELVSRISGDGDTW
HKESVKGRFTISQDNVKKTLYLQMNSLKPEDTAVYFCAVCYNLETYWGQGTQVTVSS EN
LYFQGHHHHHH

ZHER2-SUMO-His6:
GVDNKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSANLLAEAKKLNDAQAPK
GGSGGSSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAF AKRQ
GKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGATYGSHHHHHH

2.9.7 Protein expression and purification

All amplicons were cloned into a pETDuet-1 plasmid using restriction enzymes Ncol and Kpnl.
DNA sequences were confirmed by QuintaraBio. 5F7 and 2Rs15d containing DNA were trans-
formed into SHuffle T7 (ST7) E. coli for protein production. ZHER?2 containing DNA was trans-
formed into BL21 (DE3) E. coli for protein production. Overnight starter cultures were grown in
LB containing carbenicillin and placed at the appropriate temperature (30 °C for ST7, 37 °C for
BL21) shaking at 200 RPM. Overnight starter cultures were used to inoculate 1 L of LB containing
carbenicillin (ImL of 0.1g/mL) at 30 °C/37 °C shaking at 200 RPM to an ODg of ~0.5. Cul-
tures were then induced with IPTG (final concentration of 1 mM) and brought to 20 °C shaking at
200 RPM overnight. Cells were harvested by centrifugation (5000 RPM for 10 min at 4 °C) and
resuspended in phosphate buffer (10 mL, 25 mM sodium phosphate, 100 mM sodium chloride,
pH 7.4) with a protease inhibitor tablet (1/2 tablet, Roche cOmplete ULTRA Tables, Mini, EDTA
free, EASYpack). Cell suspension was subject to one freeze-thaw cycle at -20 °C followed by
sonication (2 min cycle, 50% amplitude, over ice). Cell lysate was cleared by centrifugation (9000
RPM for 15 min at 4 °C) and the supernatant was incubated with Ni-NTA agarose resin (1 mL)
rotating at 4 °C for 30 minutes. The resin was collected by centrifugation (4750 RPM for 10 min at
4 °C) and washed with phosphate wash buffer (25 mL, 25 mM sodium phosphate, 100 mM sodium
chloride, 25 mM imidazole, pH 7.4 and 25mL with 50 mM imidazole). Proteins were then eluted

with phosphate elution buffer (6 mL, 25 mM sodium phosphate, 100 mM sodium chloride, 400
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mM imidazole, pH 7.4) and dialyzed in phosphate buffer (2 L, 25 mM sodium acetate, 100 mM
sodium chloride, pH 7.4) overnight. Second dialysis was done for ~6-8 hours. Purified protein

was then observed by SDS-PAGE.

2.9.8 Protein gel

SDS-PAGE
Coomassie gel

2 3 4

s

1. Ladder

2. 2Rs15d-tev-His6
3. Zher2-Sumo-His6
4. 5F7-tev-His6

kDa

40

Ll -

15

i

Figure 2.3: SDS-PAGE coomassie stained gel of proteins.
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2.9.9 Flow Cytometry of mixtures at different concentrations
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Figure 2.4: Flow Cytometry results for individual proteins and mixtures of at 15nM each, 30nM each, and
500nM total showing that mixtures allow for higher effective recruitment of antibodies to the cell surface.

2.9.10 ADCC Herceptin positive control
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Figure 2.5: ADCC assay with Herceptin for a positive control. Using 15,000 target cells with a 5:1 E:T cell
ratio and 30ug/mL 3-fold dilutions of Herceptin.
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Chapter 3

Artificial Metalloenzymes

Artificial metalloenzymes (ArMs) have emerged as a promising approach to combine the at-
tractive properties of transition metal catalysis and biocatalysis. The idea is to combine the best
of both worlds in homogenous catalysis to achieve high reactivity and selectivity under mild con-
ditions. [113] In the 1970s, Yamamura and Kaiser, and Wilson and Whitesides, introduced the
concept of artificial metalloenzyme catalysis. [114, 115] However, it wasn’t until the recent ad-
vances in protein engineering and organometallic synthesis that the development of ArMs has
significantly progressed. Transition metals provide catalysis of a broad range of reactions while
proteins provide a well defined surface to catalyze reactions in a chiral environment. The combi-
nation of these two factors make ArMs a promising catalyst for new and difficult syntheses. [116]
ArMs have been shown to catalyze a variety of reactions and have been addressed in a number of
recent reviews. [113,117-122]

The strategy used to achieve enantioselectivity is to force the incoming reactant to approach
selectively from one side of the substrate by sterically blocking the other side. In transition metal
catalysis, this is controlled by the first coordination sphere of the metal ligand. Enzymatic catalysis
takes this a step further by providing a second coordination sphere that includes the biomolecu-
lar scaffold (hydrogen bonds, hydrophobic interactions, charges) (Figure 3.1). [113] The second
coordination sphere can compliment the transition state to catalyze reactivity and/or direct chem-
ical reactants to one side for selectivity. ArMs aim to catalyze through the cohesive effects of the
transition metal with the protein scaffold.

Taking advantage of a protein’s diverse functional and structural properties in chemical syn-
theses has allowed for a second coordination sphere to interact with the metal catalyst, substrates,
and intermediates for optimal reaction conditions. The greatest virtue of a protein scaffold is the
ability to easily improve or adjust ArM performance through mutagenesis and directed evolution.

Common methods used to anchor metals into proteins are through supramolecular non-covalent
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C = 1st coordination sphere (ligand)

c = 2nd coordination sphere (biomolecular scaffold)

Figure 3.1: Representation of artificial metalloenzyme anchoring schemes and coordination spheres. Metal
ligand is the first coordination sphere and biomolecular scaffold is the second coordination sphere that
influences catalytic activitiy. (a) supramolecular non-covalent anchoring of metal into protein scaffold. (b)
dative anchoring of metal into protein scaffold. (c) covalent anchoring of metal into protein scaffold.

interactions, dative interactions, and covalent interactions (Figure 3.1). Supramolecular anchoring
uses the high affinity that a protein has for a particular ligand. Dative anchoring uses nucleophilic
amino acid residues (Cys, Ser, His, Glu, Asp, etc.) to coordinate with the metal center. Co-
valent anchoring uses nucleophilic attack on an electrophilic moiety containing a metal. With
these anchoring methods, three common strategies can be used in the development of ArMs: (1)

repurposing natural metalloenzymes, (2) redesigning metalloenzymes, and (3) creating new met-

alloenzymes. (Figure 3.2) [113,119, 121-123]
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Figure 3.2: Strategies for the development of artificial metalloenzymes. (a) repurposing natural metalloen-
zymes. (b) redesigning metalloenzymes. (c) creating new metalloenzymes. M* = non-native metal

3.1 Repurposing natural metalloenzymes

Repurposing of natural metalloenzymes to catalyze new reactions relies on the promiscuity of
the enzyme (Figure 3.2a). Proteins are seen to catalyze a number of chemical reactions in nature,
with half of the enzymes requiring the presence of a metal to function. Despite the availability of a
number of natural metalloenzymes, a select few have been extensively studied and used for trans-
formations not observed in nature. The repurposing of natural metalloenzymes in the development
of ArMs was pioneered by Francis Arnold in 2013. Most common are iron catalysis with heme pro-
teins such as cytochrome P450 that has been used for reactions such as cyclopropanation [124,125],

olefin aziridination [126], nitrene insertion [126—131], and carbene insertion [132-134]. Cy-
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tochrome P450 has attracted chemists due to the enzyme’s redox capabilities. [135] Other heme
proteins have been used such as myoglobin for cyclopropanation [124, 125, 136], carbene inser-
tion [133, 134], and C-H amination. [126]

A recent study from the Arnold lab repurposed cytochrome c¢ from Rhodothermus marinus to
catalyze carbon-silicon bond formation, a transformation unknown in nature. [137] They found that
heme proteins catalyze the formations of organosilicon compounds under physiological conditions
through a carbene insertion into silicon-hydrogen bonds with high chemo- and enantioselectivity.
Cytochrome P450 and myoglobin variants showed product formation with higher turnover, but
cytochrome c also provided enantioinduction with an enantiomeric excess of 97%. To improve the
carbon-silicon bond forming catalyst, a variant library from site-saturation mutagenesis of M100
was tested. M100 was believed to be displaced upon iron-carbenoid formation and thus mutating
could facilitate in active site formation. V75 and M 103 were later also mutated as they were close
to the iron heme center. Directed evolution provided a mutant cytochrome c that catalyzed carbon-
silicon bond formation (<30-fold improved from wild type) with a variety of Si variants. With
just a few mutations cytochrome ¢ was repurposed to form a chemical bond not naturally formed
by enzymes (Figure 3.3). This work from Arnold, as well as many others, shows that a number
of natural metalloenzymes are highly evolvable and fit to be repurposed for transformations not

observed in nature.
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Figure 3.3: Evolved cytochrome c catalyses carbon-silicon bond formation. (a) Formation of carbon—silicon
bond catalyzed by cytochrome ¢ from Rhodothermus marinus. (b) Structure of Cytochrome ¢ (PDB: 3CP5)
. Amino acid residues M100, V75, and M103 close to the heme iron were mutated. (c) Carbon-silicon bond
forming rates. Chart figure from Ref [137].

A novel approach from Shoji and Watanabe, repurposed cytochrome P450 by the addition
of "decoy molecules" to enable catalytic oxidation of nonnative substrates. [138] Although Cy-
tochrome P450 has been used for a variety of reactions, it has very high substrate specificities and
generally very low catalytic activity for nonnative substrates. To use P450 for nonnative substrate
oxidation, altering substrate specificity is necessary so binding of the substrate to the active site is
not needed for catalysis. Common approach has been to make mutations in the protein, but Shoji
and Watanabe instead found that by adding an inert substrate similar to the natural substrates, the
binding pocket could be made to accommodate nonnative substrates (Figure 3.4). The catalytic
activity, enantioselectivity, and regioselectivity is dependent on the decoy molecule used and has
been shown to oxidize a wide variety of nonnative substrates. The system has been used for epoxi-
dation of styrenes, C-H bond hydroxylation, sulfoxidation, and aromatic ring hydroxylation where
without the decoy molecule oxidation did not proceed. This new approach to repurposing metal-
loenzymes could be used in combination with protein mutagenesis to expand the scope of reactivity

using natural metalloenzymes.
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Figure 3.4: A schematic representation of cytochrome P450 reaction mechanism. (a) natural (b) with decoy
molecule

3.2 Redesigning metalloenzymes

Redesigning of metalloenzymes is often necessary to achieve new and desired chemical trans-
formations (Figure 3.2b). Repurposing of natural metalloenzymes is limited to what is provided in
nature and the level of promiscuity. The ability to redesign metalloenzymes based on natural met-
alloenzymes provides an additional degree of added promiscuity and diversity for new reactivity.
By taking a natural metalloenzyme scaffold, the second coordination sphere is essentially already
setup, and thus, potentially has a lower starting activation barrier before introducing a new active
metal center and engineering the second coordination sphere to expand the reactivity scope. Heme
proteins have been redesigned to have alternative metals such as Mn for C-H amination [126]
and hydroxylation [139], Co for C-H amination [126], and Ir for C-H amination [140], carbene
insertion [141, 142], and cycloproponation [141].

In a more extensive redesign of a metalloenzyme, Baker and coworkers used computational

design and directed evolution to develop a highly active organophosphate hydrolase starting from
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a functionally diverse set of mononuclear zinc-containing metalloenzyme scaffolds [143]. Zinc-
containing enzymes have a diverse mechanistic role, is redox stable, and is already seen as a
catalyst in many natural hydrolases, making it a good starting template. On the basis of an adeno-
sine deaminase and extracted set of mononuclear zinc enzyme scaffolds with at least one open
coordination site on the zinc atom from the Protein Data Bank (PDB), a computationally engi-
neered organophosphate hydrolase was developed (Figure 3.4). Through an understanding of the
reaction mechanism, models were constructed of the reaction transition state in order to redesign
the mononuclear zinc-containing active site in an adenosine deaminase. Mutations to adenosine
deaminase provided shape complementarity to the transition state and directed evolution provided
more mutations necessary for activity. The redesigned metalloenzyme efficiently catalyzes the
hydrolysis of the R, isomer of a coumarinyl analog of the nerve agent cyclosarin. Redesign of
metalloenzymes through metal substitution, computational engineering, and directed evolution of-

fers new catalytic potential for novel transformations.
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Figure 3.5: Computational active site redesign. (a) Structure of adenosine deaminase (PDB: 1A4L).
Residues highlighted in red were mutated based on findings from modeling transition state geometries
in a set of mononuclear zinc metalloenzyme active sites and directed evolution. (b) Wild-type adenosine
deaminase reaction (c) The organophosphate hydrolysis reaction with the redesigned adenosine deaminase
(PT3).
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3.3 Creating new metalloenzymes

Creating metalloenzymes through the incorporation of a metal cofactor to any protein expands
the realm of possible new reactivity even further by not limiting the starting scaffold to natural
metalloenzymes (Figure 3.2¢). Metal cofactors can be anchored to proteins via covalent or non-
covalent interactions (Figure 3.1). However, the protein scaffold used is limited by the binding
pocket and its ability to house the metal catalyst and substrates. While synthesis of metal cofac-
tors and having to optimize the first and second coordination spheres may be a challenge. The
combination of chemical and biomolecular variability expands the diversity of an artificial metal-
loenzyme. A variety of proteins have been used such as a tHisF and oligopeptidase with dirhodium
for cyclopropanation [144, 145], papain with ruthenium and rhodium for transfer hydrogenation of
aryl ketones [146,147], chymotrypsin with ruthenium for ring closing metathesis [148], and lipases
with ruthenium for olefin metathesis [149], rhodium for chemoselective hydrogenation of olefins
over ketones [150], and palladium for immobolized Heck reaction [151].

Most notably, following the pioneering work of Whitesides, many ArMs have been developed
using the biotin-(strep)avidin technology. [152, 153] Streptavidin is a tetrameric protein known
for its extremely high affinity for biotin (Kp ~ 10~1“M). This allows for supramolecular anchor-
ing of a metal cofactor. Each monomer of Streptavidin can have biotin bound deep within the
pocket. Designed biotinylated metal cofactors typically project the metal complex to be solvent
exposed and proximity and location affects the selectivity. Expanded upon by Ward, he has de-
veloped a library of streptavidin artificial metalloenzymes with biotinylated metal cofactors that
were able to catalyze reactions including Suzuki cross coupling [154], allylic alkylation [155],
sulfoxidation [156, 157], hydrogenation [158-161], transfer hydrogenation [162—171], and olefin
metathesis [172].

An important study from Hyster and company discovered an artificial metalloenzyme that ef-
ficiently and selectively catalyzes benzannulation reactions. [173] Benzannulation reaction (aka
Wulff-Détz reaction) is a chemical reaction used to generate highly substituted phenols in a single

step through C-H bond activation using a transition metal. This reaction is used in a variety of phar-
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maceuticals and natural products where stereoselectivity is important. Hyster and company made
an artificial metalloenzyme using streptavidin and a biotin rhodium complex. Streptavidin binds to
biotin non-covalently within a well defined cleft that allows for the rhodium to be positioned in a
particular location to selectively catalyze the benzannulation reaction. Point mutations were made
and found that the addition of a carboxylate residue (K121E) and an aromatic residue (S112Y)
helped improve activity and selectivity. With the addition of well positioned tyrosine and glutamic
acid that act in concert with the rhodium metal, the reaction achieved up to an 86% enantiomeric
excess (ee) and 92 fold acceleration compared to the rhodium complex alone (Figure 3.6). By
taking a general protein scaffold with the capability of incorporating a metal cofactor, new ArMs
have been developed not based on natural metalloenzymes and have been shown to successfully

expand the scope of possibly chemistry.
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Figure 3.6: Biotinylated Rh(III) species complexed to an engineered tetrameric streptavidin (tSav) for ac-
celerated asymmetric C-H activation. (a) tSav was engineered to couple benzamides and alkenes to get di-
hydroisoquinolones with excellent stereoselectivity (rr = 19:1 and er = 91:9) and rate acceleration (92-fold)
compared to the activity of the non-protein bound Rh complex via a concerted metalation-deprotonation
(CMD) mechanism. (b) AutoDock of tSav (PDB: 3RY1) with biotinylated Rh(III) complex rendered in
PyMOL with key residues highlighted.
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3.4 Summary

Artificial metalloenzymes have been proven to be successful at creating a cohesive effect be-
tween the first coordination sphere of the transition metal and the second coordination sphere of the
protein scaffold for high reactivity and selectivity of existing and new chemistry. Either through re-
purposing natural metalloenzymes, redesigning metalloenzymes, or creating new metalloenzymes,
the diversity of components and methods has facilitated in expanding the realm of possible trans-
formations. Despite recent advances, ArMs are still underdeveloped. A better understanding of
the intricacies and complexities of the metal, substrate, and protein interactions are necessary to
improve our ability to design and evolve ArMs. The future development of ArMs requires col-
laborative efforts in not only transition metal catalysis and biocatalysis, but also in computational
protein engineering. Insight into the molecular dictates that occur during ArM catalysis through

computational analysis will further assist in engineering proteins for this designer function.
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Chapter 4
Asymmetric 0-Lactam Synthesis with a Monomeric

Streptavidin Artificial Metalloenzyme

Adapted from:
Hassan, L.S.*; Ta, A.N.*; Danneman, M.W.*; Semakul, N.; Burns, M.; Basch, C.H.; Dippon,
V.N.; McNaughton, B.R.; Rovis, T., JACS, submitted 2019

I co-first authored this manuscript with Michael Danneman and Isra Hassan. Michael and Isra
focused on the chemical synthetic side and I focused on the protein side. With each of our research

expertise we equally contributed to this collaborative project.

4.1 Introduction

Reliable design of artificial metalloenzymes (ArMs) that—Ilike natural enzymes—accelerate
and control reactivity, but catalyse transformations not observed in Nature, remains an unsolved
and important challenge. We report that a monomeric streptavidin (mSav) Rh(III) ArM permits
asymmetric synthesis of «,3-unsaturated-d-lactams via a novel tandem C-H activation and [4+2]
annulation reaction. These products are readily derivatized to enantioenriched piperidines — the
most common N-heterocycle found in FDA approved pharmaceuticals. mSav ArM, but not the
more commonly used tetrameric form (tSav), couples substituted N-pivaloyloxy acrylamides with
diverse styrenes under mild conditions. Desired d-lactams are achieved in yields as high as 99%
and enantiomeric excess of 97%. Studies show that Rh(III) catalysis in the mSav protein scaffold
can give up to a 168-fold rate acceleration relative to the isolated biotinylated Rh(III) cofactor.

Mutagenesis and screening of naturally occuring enzymes is often used—with varied suc-
cess—to repurpose and redesign ArMs that enable new chemical transformations [137, 142, 145,
174-180]. An alternative approach to access non-natural reactivity in enzymes is to use a generic

protein scaffold and a synthetic metal co-factor to create an artificial metalloenzyme (ArM) [115,
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122,152,160, 173,181, 182]. In these cases, the bound metal co-factor facilitates a mode of chem-
ical reactivity not observed in the native protein.

The most common ArM platform developed to date is the biotin-tetrameric (strept)avidin
(biotin-tSav) system, pioneered by Whitesides [115] and Ward [122] (Figure 4.1b). These ArMs
utilize high affinity (Kp ~ 1071*M) interactions between tSav and biotin-metal conjugates. A rep-
resentative example of such a conjugate (1), used in this work, is shown in Figure 4.1a. tSav-based
ArMs have been utilized in an increasing number of transition-metal mediated transformations.

In order to improve the synthetic utility of artificial metalloenzymes, we sought to develop a
conceptually rapid and attractive approach to assemble a precursor to piperidines — the most com-
mon N-heterocycle found in FDA approved pharmaceuticals (Figure 4.1d) [183, 184]. Strategies
for efficient and selective piperidine synthesis often rely on preassembly of an acyclic precursor and
subsequent cyclization. The transformation we targeted is the union of N-pivaloyloxy acrylamides
and styrenes. The styrene coupling partner is commercially available, while the N-pivaloyloxy
acrylamides are accessible in a single step. Extensive precedent exists for the coupling of N-oxy
benzamides and alpha olefins [173, 185, 186], but the corresponding reaction of N-oxy acrylamide
and alkenes is unknown.

We reasoned that if monomeric streptavidin (mSav, Figure 4.1c), could serve as a competent
ArM template, it might simplify ArM tuning and analysis. Like tSav, biotin is bound tightly
by mSav (Kp 2 nM [187-191]) but has been engineered to resist tetramerization [187-189] by

replacing hydrophobic amino-acid residues at the barrel-barrel interface with charged ones.

4.2 Results and Discussion

Evaluation began with the coupling of acrylamide (2a) and para-methoxystyrene (3a) to pro-
vide the desired d-lactam (4aa). The use of Cp*RhCl,, (where Cp* is pentamethylcyclopen-
tadienyl) provides the desired product in modest yield (25%, Table 4.1, entry 1). Similar re-
sults were observed with the biotinylated form (1, Cp*P°*"RhCl,), which provides the desired

0-lactam (4aa) in 15% yield, (Table 4.1, entry 2). We previously showed that when complexed
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Figure 4.1: (a) Biotin binds (strept)avidin, thus providing a chiral environment for a conjugated metal,
which can coordinate to, or be influenced by, proteinaceous components. (b) tetrameric streptavidin (tSav)
artificial metalloenzyme (ArM). (c) monomeric streptavidin (mSav) ArM. For (b) and (c) tSav (PDB: 3RY1)
and mSav (PDB: 4JNJ) were complexed with the biotin cofactor in AutoDock and rendered in PyMOL. (d)
Acrylamide and alkene coupling envisioned by mSav-based ArM (shown as ribbon diagram), along with
proposed mechanism. ArM depictions were rendered in PyMOL.
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with Cp*P°tinRhCl,, wt-tSav-derived ArMs catalyze a reaction between pivaloyl-protected ben-
zhydroxamic acid and methyl acrylate to afford a dihydroisoquinolone [173]. However, in the
union of styrene and acrylamide, tSav-based ArMs afford the desired d-lactam (4aa) in 9% yield
and poor stereocontrol (-26% ee, Table 4.1, entry 3). Similarly, a mutant tSav (N118K/K121E)
that proved to be a highly reactive ArM in our previous work [173] did not provide the desired
0-lactam (4aa) in appreciable yield (Table 4.1, entry 4).

Table 4.1: Evaluation of organometallic catalysts and artificial metalloenzymes for a tandem C-H activation

and [4+2] annulation reaction between acrylamide (2a) and para-methoxystyrene (3a) to provide the desired
d-lactam (4aa).

(o)
o) = Me NH
0,
e oiv /\@\ catalyst (3 mol%) - |
N OMe Acetate Buffer (7.5 mM)
25°C, 72 h
2a 3a 4aa OMe
. enantiomeric
entry catalyst yield (%)? excess (%)"
1 Cp*RhCl, 25 0
2 Cp*PioinRhCl, 15 0
3 wt-tSav:Cp*PPtinRhCl, 9 -26
4 N118K-K121E-tSav:Cp*PieinRhClI, 3 0
5¢ wt-mSav:Cp*PetinRhCl, 44 92
6 wt-mSav:Cp*Pi°tinRhCl, 99 91
7d wt-mSav:Cp*PPtinRhCl, 58 82

2a (3.0pmol), 3a (1.5umol), catalyst, in 200uL of acetate buffer (62.5 mM NaOAc, 100 mM NacCl, pH

7.4) with 3 yL MeOH. @Conversion and vyield determined by 'H NMR analysis relative to a
trimethyl(phenyl)silane internal standard. ?Enantiomeric excess determined by HPLC analysis. °1
mol% catalyst. 92200uL of NaCl buffer (100 mM NaCl, pH 7.4) used.

In an effort to improve the reaction, we turned our attention to mSav artificial metalloen-
zyme. Satisfyingly, 1 mol% wt-mSav:Cp*P°""RhCl, ArM, enables the coupling of acrylamide
(2a) and para-methoxystyrene (3a) to provide the desired d-lactam (4aa) in 44% yield and 92%
enantiomeric excess (ee) (Table 4.1, entry 5). A modest increase in metalloenzyme catalyst load-

ing results in substantially higher yield and virtually identical selectivity, delivering the desired
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0-lactam (4aa) in 99% yield and 91% ee (Table 4.1, entry 6). Interestingly, the tSav ArM delivers
the opposite enantiomer to that of the mSav catalyzed reaction, underscoring the large difference
in active site geometry between the two systems.

A plausible catalytic cycle for this reaction, supported by prior work from our lab [192], is
proposed in Figure 4.1d. Metalation of the amide by rhodium generates intermediate I. C-H acti-
vation occurs, presumably via a concerted-metalation deprotonation (CMD) mechanism, providing
five-membered rhodacycle II. Subsequent alkene coordination and migratory insertion would give
seven-membered rhodacycle I'V. N-O bond cleavage and reductive elimination then occurs to form
transient Rh(III) intermediate V. Protodemetallation regenerates the Rh(III) catalyst and closes the
catalytic cycle.

The wt-mSav:Cp*P°*"RhCl, catalyzed reaction proved broadly tolerant to the coupling part-
ners employed (Figure 4.2a). With respect to the styrene partner, enantioselectivities were best
with para-substituted styrenes, regardless of electronic character. Meta-substituted styrenes are
also tolerated, affording good to high enantioselectivities, while a single ortho-substituted styrene
led to somewhat decreased selectivity. Styrene itself was a poor substrate, proceeding in mod-
est selectivity and yield (4ab). Importantly, all substrates give the desired d-lactam products as
single regioisomers. Substitution on the acrylamide is well tolerated regardless of steric demand
affording product with enantioselectivities that match the corresponding methacrylamide system
(Figure 4.2b). However, aryland alkoxy- substitution results in diminished yields (4ca, 4ea and
ded).

In order to derivatize the resulting d-lactam products into piperidines the coupling of 2a and
3a to provide 4aa was performed at a .15 mmol scale providing identical results to the reaction
performed on a 1.5 pmol scale (99% yield, 91% ee). Hydrogenation of 4aa affords the reduced
lactam 6aa in 99% yield and 10:1 dr. Subsequent reduction of 6aa with LiAlH, furnishes the
desired piperidine 5aa in 81% yield and 7:1 dr (Figure 4.2c).

Indeed, the derivatization can proceed under exceedingly mild reduction conditions. Treat-

ment of a range of d-lactams (6) formed in high diastereoselectivity following hydrogenation with
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4fa: 54% yield

4dd: 30% yield

4ea: 29% yield
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2.0eq, 10eq, (81%, 7:1 dr, OMe
d-2a 2a o 0.3mmol 15 mmel 91% ee) 5aa

50% conversion
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(relative to remaining SM)

44% yield (NMR)
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5aa: 76% yield
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6aj: 95% yield
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5aj: 61% yield
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Pd/C (10% wt.), Hy
5°C, 2-8'h

6ac: 99% yield
19:1 dr

5ac: 87% yield
5:1dr

1. BHz*SMe, (8 eq), THF
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2. n-PrNH, (8 eq), Toluene
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Me0,c”~ é«u

o

Q..

6fa: 93% yield

19:1dr
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4Reaction conditions: 2a (3.0pumol), 3 (1.5pmol), catalyst, in 200uL of acetate buffer (62.5 mM NaOAc, 100 mM NaCl, pH 7.4) with 3uL MeOH, at 25 °C for 72 h.

bYields determined by 'H

NMR analysis relative to a trimethyl(phenyl)silane internal standard. Enantiomeric excess determined by HPLC analysis. “Reaction conditions: 2 (1.5umol), 3 (3.0pmol), catalyst, in 100puL of
acetate buffer (25 mM NaOAc, 100 mM NaCl, pH 7.4) with 1.5uL MeOH, at 25 °C for 48 h. %ields determined by HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard.
Enantiomeric excess determined by HPLC analysis. ®Reactions conducted at a .15 mmol scale. Yields determined by 'H NMR analysis relative to a trimethyl(phenyl)silane internal standard.
Enantiomeric excess and dr determined by HPLC analysis. ‘Diastereoselectivity determined by "H NMR. 9Reaction conducted with 5 eq. BH3SMe;, and 5 eq. n-PrNH,.

Figure 4.2: (a) Reaction Scope. (b) Deuterium labeling experiment. (c) Piperidine synthesis. (d) Piperidine
scope.
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BHj3-SMe; provides the corresponding piperidines in good yield and comparable diastereoselec-
tivity to the LiAlH, reduction (Figure 4.2d). Notably, these reduction conditions are tolerant of
ester functionalities (5fa).

While the Cp*P°t"RhCl, cofactor alone delivers the desired §-lactam (4aa) with no appreciable
selectivity (0% ee, Table 4.1, entry 2), its significantly reduced reactivity was a surprise (25% yield
with 3 mol% catalyst loading, compared to 99% yield with an equivalent of the mSav artificial met-
alloenzyme). To interrogate the relative reactivity of mSav:Cp*P°""RhCl, versus Cp*P°*""RhCls,,
we conducted a head-to-head competition experiment, adapting conditions established for tSav
reactivity [173]. The addition of equimolar Cp*P°""RhCl, to mSav:Cp*P°""RhCl, results in a
modest decrease in selectivity. Further addition of the cofactor to the metalloenzyme reaction re-
sults in further decreases, but the observed selectivity is far in excess of what one would predict if
the Rh catalyst were equally reactive inside and out of the protein environment. Indeed, even in
the presence of 10-fold excess of "achiral" cofactor Rh(III), the reaction still proceeds in 60% ee,
commensurate with an 80-fold faster reaction inside the metalloenzyme (see section 4.4). Interest-
ingly, wt-tSav:Cp*P°"RhCl, was found to be much less reactive (k. = 30), than its mSav-based
counterpart.

While benzannulation chemistry with tSav was also noted to proceed some 90-fold faster, rel-
ative to the cofactor, those experiments were conducted in a system starved of carboxylate base (a
requisite component for the C-H activation step), and the acceleration in rate was attributed to a
carboxylate residue that we had engineered into the tSav active site. In stark contrast, the current
reaction is conducted in the presence of a large excess of carboxylate base (63 mmol in NaOAc).
Furthermore, a deuterium labeling experiment illustrates that the C-H activation step is reversible,
suggesting that the concerted metalation/deprotonation (CMD) is not the turnover limiting step
(Figure 4.2b). Thus, we were interested in determining the residues responsible for the increased
reactivity of the mSav system.

To begin to evaluate the molecular dictates of reactivity and stereocontrol, a preliminary set of

mSav mutants was expressed, targeting specific residues that we felt may impact the reaction. We

56



began with mutation of tyrosine 112 (Y112), which neighbors the putative Cp*P°!""Rh pocket. In
comparison to the ArM featuring wtmSav (k. = 78, compared to the cofactor alone), the Y112A
mutant provides the desired product in modest yield and enantiomeric excess (37% and 61%,
respectively), with an order of magnitude slower reactivity (k.. = 10, Figure 4.3). This observation
is consistent with its likely role as a rigidifying element through 7-stacking to the Cp framework

on the catalyst [173]. Despite significant decreases in reactivity and selectivity, Y112A maintains

affinity for biotin (see section 4.4).

mutant-mSav:Cp*PP"RhX, (3 mol%) | NH

H,0O: MeOH
NaOAc, NaCl, pH 7.4
25°C OMe

mSav (Y112A) mSav (E113A) mSav (T111E) mSav (H87A)
.. Telative  enantiomeric o relative  enantiomeric o, Telative enantiomeric .. relative  enantiomeric
yield (%)" rate (k) excess (%)?  Yield (%) rate (ke) excess (%)?  Yield (%) rate (k) excess (%)’  Yield (%) rate (ke) excess (%)
37 10 61 67 18 94 96 168 92 99 127 94

Figure 4.3: Mutational effects on yield, relative rate, and enantiomeric excess. *Yield determined by 'H
NMR analysis relative to a trimethyl(phenyl)silane internal standard. PEnantiomeric excess determined by
HPLC analysis. mSav depictions were rendered in PyMOL using PDB access code 4JNJ with docked
Cp*biOtinRth.

Several other nearby mutations proved enlightening (Figure 4.3). Mutation of a glutamate
residue at position 113 (E113A) significantly decreased reactivity (k. =18), without impacting
selectivity (ee = 94%). On the other hand, mutation of H87 to alanine (H87A) increases reactivity
(kye1 = 127) and retains excellent stereocontrol (ee = 94%). While one may argue that a basic
histidine proximal to the Rh active site may be inhibiting Rh reactivity, it would be implausible
that the wt-mSav, bearing the putative inhibitory histidine at 87, is faster than the cofactor alone

(ko1 = 78). Thus, the H87A mutation likely suggests a different role for the histidine, which we
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posit is to partially stabilize the charge at 113. In support of the role of charge in that part of the
protein backbone, we examined a T111E mutation. The T111E-based artificial metalloenzyme
maintains good selectivity (ee = 92%), but is 168 times more active than the cofactor alone. This

suggests that mutations outside the coordination sphere of rhodium can influence reactivity.

4.3 Conclusion

In conclusion, we have developed an artificial metalloenzyme that efficiently catalyzes an enan-
tioselective tandem C-H activation and [4+2] annulation reaction to afford d-substituted lactams.
This metalloenzyme accepts a diverse array of acrylamide and styrene coupling partners, which is
not often seen in artificial metalloenzyme constructs. The mSav metalloenzyme platform demon-
strates superior reactivity relative to its tSav counterpart and the free cofactor alone. Importantly,
reactivity can be accelerated by mutagenesis of residues neighboring, and away from, the putative
Cp*P°UinRh pocket. We hypothesize that this can be attributed to mSav-Rh’s ability to consid-
erably stabilize Rh containing transition states, most likely the migratory insertion event. Further

computational analysis is currently being done to understand the molecular dictates of the reaction.

4.4 Supporting Information

4.4.1 General methods

Flash column chromatography was performed on SiliCycle Inc.(®) silica gel 60 (230-400 mesh).
Thin Layer chromatography was performed on SiliCycle Inc.®) 0.25 mm silica gel 60-F plates.
Visualization was accomplished with UV light (254 nm) or KMnOy staining.

'"H-NMR and *C-NMR spectra were recorded on Bruker 300, 400 or 500 MHz spectrometers
at ambient temperature. 'H-NMR data are reported as the following: chemical shift in parts per
million (d, ppm) from chloroform (CDCl;3) taken as 7.26 ppm, integration, multiplicity (s=singlet,
d=doublet, t=triplet, g=quartet, m=multiplet, dd=doublet of doublets) and coupling constant (J in
Hz unit). *C-NMR is reported as the following: chemical shifts are reported in ppm from CDCl3

taken as 77.0 ppm.
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Low-resolution mass spectra (LSMS) were obtained on ACQUITY Waters UPLC/mass spec-
trometer equipped with electrospray ionization.

Infrared spectra (IR) were recored on a Perkin Elmer Paragon 1000 FT-IR spectrometer.

4.4.2 Preparation of starting materials
2-substituted acrylic acids for 2b and 2d were prepared according to the procedure. [193]
2-ethoxy acrylic acid for 2¢ was prepared according the procedure. [194]
2-aryl acrylic acid for 2e was prepared according to the procedure. [195]
Partial esterification of itaconic acid for 2f was prepared according to the literature procedure.
[196]
All alkenes in this study were purchased from commercial sources and used without further

purification.

i. (COCI),, cat. DMF 0

R_ _CO,H _ CH2Clp 0°C . R \-OPV
W ii. NH,OPiv- TfOH, K,CO3 H

EtOAc/H,0, 0 °C

Figure 4.4: N-(pivaloyloxy) a-substituted acrylamides.

i. To a solution of 2-substituted acrylic acid (1 equiv) in dry CH,Cl; (0.17 M) at 0°C (ice bath)
under N, was added dropwise oxalyl chloride (1.1 equiv) and a few drops of DMF. The reaction
was then stirred at 0 °C to room temperature (typically 2-3 h). The volatiles were removed under
reduced pressure to give a crude acid chloride.

ii. To the solution of NH,OPiv-TfOH (1.1 equiv), KoCOj3 (2.0 equiv) and EtOAc/H,0 (2/1 by
v/v, 0.1M) at 0 °C (ice bath), the crude acid chloride was added dropwise (while a small amount
of EtOAc can be used as a solvent). The mixture was stirred at the same temperature for 0.75 -
1 h (prolonged reaction time led to the decomposition of the N-pivaloyloxy acrylamide). Upon
the completion (monitored by TLC), saturated NaHCO3 was added. The aqueous layer was ex-

tracted with EtOAc (x3), washed with brine, dried with MgSO,, and filtered. The solvent was
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removed under reduced pressure to give a crude N-(pivaloyloxy) a-substituted acrylamide, which

was purified by a flash column chromatography (5% to 25% EtOAc/hexane). !

Table 4.2: N-(Pivaloyloxy)methacrylamide (2a) characterization.

o) "H NMR (500 MHz, CDCl3)3 9.22 (s, NH), 5.84 (s, 1H), 5.50— 5.47 (m, 1H), 1.99 (t,

MG\H\N OPiv  j=1.3Hz, 3H), 1.34 (s, 9H).
| H 3CNMR (126 MHz, CDC1:)5 176.90, 167.26, 136.91, 121.97, 38.39, 26 .98, 18.29
2a IR (neat,cm™)3225,2977,1782,1671,1629, 1481,1055,1033,1015.
LRMS (ESI) m/z caled for CoHisNO3 [M+H]": 186.1, found: 186.2.
Table 4.3: 2-Benzyl-N-(pivaloyloxy)acrylamide (2b) characterization.

o "H NMR (500 MHz, CDCl3)5 8.97 (s, NH), 7.35 (t, J = 7.4 Hz, 2H), 7.26 (m, 2H),
Bn \HkN LOPiv  5.96 (s, 1H), 5.39(t,J=1.3 Hz, 1H), 3.69 (s, 2H), 1.33 (s, 9H).
| H 3C NMR (126 MHz, CDCL)$ 176.73, 166.93, 141.07, 137.47,129.00, 128.75,
2b 126.82,122.52,38.39,38.10,26.99.
IR (neat,cm™)3217,2981, 1780, 1668, 1080.
LRMS (ESI) m/z caled for C1sHi1oNO3 [M+H]":262.1, found: 262.2.
Table 4.4: 2-Ethoxy-N-(pivaloyloxy)acrylamide (2c) characterization.

o "HNMR (500 MHz, CDCI3)8 9.70 (s, 1H), 5.36 (s, 59H), 4.49 (s, 1 H), 3.84 (q,J=
EtO\HJ\N,OPiv 6.8 Hz, 3H), 1.35 (t,J=7.0 Hz, 5H), 1.31 (s, 9H).
| H 3C NMR (126 MHz, CDCL:)3 176.18, 160.01, 151.78, 91.76, 64.25, 38 35, 2695,
2c 14.18.

IR (neat,cm™) 3245,2979,2937, 1782,1693,1628,1479, 1300,1059, 1081.
LRMS (ESI) m/z caled for CioH17NO4 [M+H]":216.1, found: 216.2.

4.4.3 General procedures for dihydropyridone synthesis (racemic)
Substituted N-(pivaloyloxy) acrylamide (0.1 mmol, 1 eq), [Cp*RhCl,]? (0.0025 mmol, 2.5
mol%), CsOAc (0.025 mmol, 0.25 equiv) and alkene (0.11 mmol, 1.1 equiv) were added to a

dram vial charged with a stir bar. Trifluoroethanol (TFE) (0.33 mL, 0.3 M) was added and the

I'The protected hydroxylamine triflic acid salt (NH20OPiv-TfOH) [also commercially available from CarboSynth,
UK] can be synthesized in gram quantities via a simple two step synthetic sequence from commercially available
starting material. Commercially available acid chlorides or carboxylic acids (converted to their corresponding acid
chlorides in situ) are treated with NH2OPiv-TfOH to afford the desired library of acrylamides in very efficient reaction
times (0.75 - 4 h).
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Table 4.5: 2-(4-Bromobenzyl)-N-(pivaloyloxy)acrylamide (2d) characterization.

"H NMR (500 MHz, CDCL:)8 9.03 (s, NH), 7.45 (d, J=8.4 Hz, 2H), 7.1

(s, 9H).

N-OPV (d,J=8.4Hz,2H),5.91 (s, 1H),5.39(t, J=1.4 Hz, 1H),3.63 (s, 2H), 1.33
| H
Br

BCNMR (126 MHz, CDCL:)5 176.77, 166.75, 140.84, 136.60, 131.78,
130.74,122.28,120.69,38.39,37.57,26.98.

IR (neat,cm™) 3221,29675,1779, 1668, 1624, 1487,1073,1032,1012.
LRMS (ESI) m/z calcd for CisHisBrNO3 [M+H]": 340.1, 342.1, found:
340.0,342.0.

Table 4.6: 2-(4-methoxyphenyl)-N-(pivaloyloxy)acrylamide (2e) characterization.

"H NMR (500 MHz, CDCl5)8 9.23 (s, NH), 7.38 (d, J=8.7 Hz, 2H), 6.88

opiy (d,J=8.6Hz,2H),5.97 (s, 1H), 5.66 (s, 1H), 3.79(s,3H), 1.32 (s, 9H).
N-

3C NMR (126 MHz, CDCl3)8 176.60, 166.48, 160.04, 141.04, 129.00,
127.96,121.19,114.11,55.29,38.34,26.99.

IR (neat, cm™) 3229, 2973, 1780, 1670, 1608, 1513, 1252, 1181, 1076,
1033, 837.

LRMS (ESI) m/z caled for CisHioNO4 [M+H]", [M+Na]": 278.1, found:
278.1.

Table 4.7: Methyl 3-((pivaloyloxy)carbamoyl)but-3-enoate (2f) characterization.

MeO o
H
2e
0]
MeO,C /\KLH .OPiv
2f

"H NMR (500 MHz, CDCL3)8 9.77 (s, NH), 6.07 (s, 1H), 5.63 (s, 1 H), 3.74 (s,
3H), 3.42 (s,2H), 1.34 (s,9H).

3CNMR (126 MHz, CDCl:)5 176.49, 171 .40, 166.39, 134.56,125.32, 5248,

38.39,37.77,27.02.

IR (neat,cm™) 2972, 1741, 1055, 1033, 1013.

LRMS (ESI) m/z caled for C11H17NOs [M+H]", [M+Na]": 244.1, found: 244.1,
266.1.
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mixture was stirred at room temperature until the starting material was consumed (monitoring by
TLC). The reaction was quenched with saturated NaHCOj3 and extracted 3 times with EtOAc. The
organic layer was washed with brine, dried over MgSQO,, filtered, and solvent was evaporated to
obtain crude product. The crude product was purified by column chromatography using gradient

10% to 50% EtOAc/hexane containing 1% EtsN as an eluent to obtain the product.

4.4.4 Product characterizations (racemic)

Table 4.8: 6-(4-Methoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4aa) characterization.

0 Off-white solid (17.8 mg, 82% yield)
Me NH "H NMR (500 MHz, CDCl3) § 7.26 (d, J= 8.7 Hz, 2H), 6.89 (d, J= 8.6
Hz, 2H), 6.34 (ddd, J=5.0, 3.7, 1.7 Hz, 1H), 5.56 (s, 1H), 4.64 (dd, J
oMe 9.9, 7.6 Hz, 1H),3.80 (s, 3H), 2.45 (ddd, /= 8.1, 4.0, 1.8 Hz, 2H),

4aa 1.92 (d, J=1.9 Hz, 3H).
BC NMR (CDCls, 126 MHz) 8 167.75, 159.48, 134.45, 133.32, 130.86,
127.62,114.22,55.71,55.33,33.47,16.61.
IR (neat, cm™) 3204,2923,1673,1627,1512, 1244,1176, 1033,826.
LRMS (ESI) m/z caled for Ci3HisNO2 [M+H]": 218.1, found: 218 2.

Table 4.9: 3-Methyl-6-phenyl-5,6-dihydropyridin-2(1H)-one (4ab) characterization.

0 Off-white solid (13.1mg, 70% yield).
NH TH NMR (500 MHz, CDCl5) § 7.39-7.26 (m, 5H), 6.34 (m, 1H), 5.66 (s, NH), 470
(dd,J=10.5,6.7 Hz, 1H),2.50 (m, 2H), 1.93 (s, 3H).
13C NMR (CDCL, 126 MHz)5 167.73, 141.35, 134.27, 130.92, 128.90, 128.23,
126.39,56.21,33.37,16.61. IR(neat,cm'l) 3214, 3063, 2923, 2886, 1676, 1633, 699.
LRMS (ESI) m/z caled for C12Hi3sNO [M+H]™: 188.1, found: 188.2.

Table 4.10: 6-(4-Chlorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ac) characterization.

4ab

0 Light-orange solid (28.1mg, 63%).

NH '"H NMR (500 MHz, CDCl3) & 7.34(d, J = 8.5 Hz, 2H), 7.28 (d, J= 8.5 Hz,
2H), 6.33 (ddd, J=5.2, 3.2, 1.6 Hz, 1H), 5.65 (s, 1H), 4.68 (dd, J = 11.2,
5.8 Hz, 1H), 2.71 — 2.28 (m, 3H), 2.16 — 1.67 (m, 3H).

3C NMR (126 MHz, CDCl3)§ 167.61, 139.83, 134.05, 134.00, 130.99, 129.06,
127.73,55.53,33.23,16.53.

IR (neat, cm™) 3194, 3062, 2976, 2950, 2920, 2807, 1675, 1631, 1578, 1494,
1495, 1421,1408,1374,1345,1286, 1246,1179.

HRMS (ASAP) m/z caled for Ci2Hi3CINO [M+H]": 222.0686, found: 222.0687.

4ac Cl
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Table 4.11: 3-Methyl-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4ad)
characterization.

o} Off-white solid (18.1 mg, 71% yield)
Me NH 'H NMR (500 MHz, CDCl3) § 7.63 (d, J= 8.1 Hz, 2H), 7.47 (d, J = 8.0
Hz, 2H), 6.32 (dt, J =3.5, 1.7 Hz, 1H), 5.87 (s, 1H), 4.78 (dd, J=10.9,
5.8 Hz, 1H), 2.70 — 2.36 (m, 2H), 1.91 (d, J= 1.9 Hz, 3H).
3CNMR (CDCI3, 126 MHz)5 167.65,14542,133.81,131.12,130.61,
130.35,126.75,125.93,125.90, 125.87,125.84, 124.98, 55.63,33.08,16.56.
YFNMR (CDCl3, 282 MHz) § -61.78.
IR (neat, cm™) 3194,2924, 1673,1630, 1324,1109, 1068,906,730.
LRMS (ESI) m/z caled for CisH12FsNO [M+H]": 256.1, found: 256.1.

Table 4.12: 6-(3,4-Dimethoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ae) characterization.

4ad CF,

Vo 7 Reaction run on a 0.200 mmol scale.
NH Light-orange solid (32.5 mg, 66%).
ove "HNMR (500 MHz, CDCl) § 7.07 — 6.62 (m, 3H), 6.35 (tt, J= 3.6, 1.9
4ae OMe Hz, 1H), 5.62 (s, 1H), 4.63 (dd, /= 10.2, 7.5 Hz, 1H), 3.87 (d, J= 3.1

Hz,6H),2.59-2.25 (m, 2H), 1.92 (d, /= 2.3 Hz, 3H).

BCNMR (126 MHz, CDCl:)5 167.75, 149.22,148 87, 134.45, 133.73,
130.78,118.71,111.13,109.18, 56.04,55.91, 55.89,33.53, 16.55.
IR (neat,cm™) 3249, 3223,3066,3001,2935,2833, 1673,1629, 1516, 1458,
1421,1261,1253.
HRMS (ASAP) m/z caled for CisHisNOs [M+H]": 248.1287, found:
248.1284.

Table 4.13: 6-(3-Methoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4af) characterization.

Me f Reaction run on a 0.200 mmolscale.
NH Light-orange solid (32.8 mg, 75%).
"HNMR (500 MHz, CDCl:) § 7.28 (t,J = 7.9 Hz, 1H), 7.00 — 6.71 (m, 3H),
daf 6.35(ddd, J=5.2,3.5, 1.6 Hz, 1H), 5.63 (s, IH), 4.67 (dd, J=10.2, 7.1 Hz,

OMe " 1H), 3.81 (s, 3H), 2.74 — 2.35 (m, 2H), 1.92 (q, J = 1.7 Hz, 3H).

BCNMR (126 MHz, CDCL:)5 167.66, 159.96, 142.93,134.30, 130.86, 129.95,
118.59,113.58,111.95,56.18,55.26,33.32, 16.56.
IR (neat,cm™) 3209,3052, 2946, 2920,2840, 1677, 1633, 1600, 1487, 1454, 1429.
HRMS (ASAP) m/z caled for C13HisNO2 [M+H]": 218.1181, found: 218.1180.
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Table 4.14: 6-(3-Chlorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ag) characterization.

Ve e Reaction run on a0.200 mmol scale.
NH Orange solid (26.8 mg, 61%).
"HNMR (500 MHz, CDCl3) § 7.37 — 7.27 (m, 3H), 7.22 (ddd, /= 6.0, 3.2, 1.8
4ag Hz, 1H),6.32 (ddd, J=5.1, 3.2, 1.6 Hz, 1H), 5.74 (s, 1H),4.67 (dd,J =11.1,

© 58Hz 1H),2.91 —2.27 (m, 2H), 2.16 (s, 0H), 2.06 — 1.69 (m, 2H).
BCNMR (126 MHz, CDC13)3 167.54, 143.44,134.74,133 .88, 131.01, 130.16,
128.34,126.63, 124.48,55.59, 33.09, 16.52.
IR (neat,cm™)3256,3216, 3070, 2953,2920, 2880, 2844, 1677, 1629, 1600, 1575,
1454,1425.

HRMS (ASAP) m/z caled for Ci2Hi3CINO [M+H]": 222.0686, found: 222.0680.
Table 4.15: 3-Methyl-6-(3-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4ah)

characterization.
o Reaction run on a 0.200 mmol scale.
M
° NH Light-orange solid (24.7 mg, 48%).
"H NMR (500 MHz, CDCl3) § 7.63 —7.53 (m, 3H), 7.50 (t,J = 7.7 Hz, 1H), 6.34
4ah (ddd,J=5.1,3.2, 1.6 Hz, 1H), 5.84 (s, 1H), 4.78 (dd, J = 11.2, 5.7 Hz, 1H),

CFs 276 —2.37 (m, 2H), 2.00 — 1.80 (m, 2H).
3C NMR (126 MHz, CDCl3)3 167.64, 142.43,133.85,131.30(q, J=32.4 Hz),
131.11,129.72,129.44,125.07 (q,J=3.8 Hz), 123.83(q,J=270.5 Hz), 123.25(q,
J=3.8Hz),55.75,33.18,16.51.
FNMR (470 MHz, CDCL:)8 -61.79.
IR (neat,cm™) 3216, 3070,2979, 2953,2924, 2888, 1677, 1633, 1451, 1429, 1326.
HRMS (ASAP) m/z calcd for C1sHi13FsNO [M+H]": 256.0949, found: 256.0945.

Table 4.16: 3-Methyl-6-(m-tolyl)-5,6-dihydropyridin-2(1H)-one (4ai) characterization.

Ve ° Reaction run on a 0.200 mmol scale.
NH Light-brown oil (25.6 mg, 64%).
"HNMR (500 MHz, CDClz) § 7.28 — 7.21 (m, 1H), 7.19 — 7.09 (m, 3H), 6.33
4ai (ddd, J=15.3, 3.6, 1.7 Hz, 1H), 5.64 (s, 1H), 4.65 (dd, J=9.8, 7.6 Hz, 1H),

Me 247 (ddt,J=7.8,3.7,2.1 Hz, 2H), 2.35 (s, 3H), 1.92 (d, J = 1.9 Hz, 2H).
3C NMR (126 MHz, CDCL:)8 167.65, 141.27,138.59, 134.26, 130.82, 128.88,
128.72,127.01,123.37,56.10,33.32,21.37, 16.54.

IR (neat,cm™) 3212,3052,3030,2950,2920, 2884, 1673, 1629, 1491, 1454, 1429.
HRMS (ASAP) m/z caled for C13Hi1sNO [M+H]": 202.1232, found: 202.1230.
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Table 4.17: 6-(2-Fluorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4aj) characterization.

(0]
Reaction run on a 0.200 mmol scale.

Off-white solid (13.3mg, 32%).

"H NMR (500 MHz, CDCl3) § 7.40 (td, J = 7.6, 1.8 Hz, 1H), 7.34 — 7.24 (m,
4] 1H), 7.20 — 7.12 (m, 1H), 7.05 (ddd, J= 10.6, 8.2, 1.2 Hz, 1H), 6.31 (tt, J=
3.6, 1.7 Hz, 1H), 5.79 (s, 1H), 5.06 (ddd, /= 10.0, 5.9, 1.6 Hz, 1H), 2.91 —
2.19 (m, 2H), 1.91 (d, J= 1.9 Hz, 3H).

BCNMR (126 MHz, CDCl3) § 167.84, 159.95 (d, Jo.r = 246.9 Hz), 134.04,
130.86, 129.52 (d, Je.r = 8.2 Hz), 128.44 (d, Jor = 12.8 Hz), 127.39(d, Jo.r =
3.7 Hz), 124.52 (d, Je.r = 3.6 Hz), 115.69 (d, Je.r = 21.7 Hz), 48.95 (d, Jo.r =
3.6 Hz), 31.25, 16.56.

®FNMR (470 MHz, CDCI3)3 -118.24.

IR (neat,cm™) 3260, 3194,3143,3063,2957,2924,2891, 1677, 1629, 1585, 1483,
1451,1429.

HRMS (ASAP) m/z calcd for C1aHi3FNO [M+H]": 206.098 1, found: 206.0982.

Table 4.18: 3-Benzyl-6-(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ba) characterization.

NH F

0 Off-white solid (26.0mg, 89% yield).
Bn NH "HNMR (500 MHz, CDCl3) § 7.31 (t,J = 7.5 Hz, 2H), 7.28 — 7.15 (m, 4H),
6.88 (d, J = 8.7 Hz, 2H), 6.14 (ddd, J = 4.6, 3.0, 1.7 Hz, 1H), 5.68 (s,
oye |H)»4.62 (6. J = 8.6 Hz, 1H), 3.80 (s,3H), 3.66 (t, J= 2.1 Hz, 2H), 2.46
4ba (ddt, J=9.5, 4.0, 1.9 Hz, 2H).
3C NMR (CDCls, 126 MHz)5 167.02,159.50, 139.33, 135.16, 134.95, 133.18,
129.34,128.41,127.67,126.19,114 22, 55.38,55.34, 36.05, 33.50.
IR (neat,cm™) 3207,3060,3027,2932,2836, 1672,1629, 1512, 1247, 1032,
826, 700.
LRMS (ESI) m/z caled for CioH19NO» [M+H]",[M+Na]": 294.1, 316.1, found:
294.1,316.1.

Table 4.19: 3-Benzyl-6-phenyl-5,6-dihydropyridin-2(1H)-one (4bb) characterization.

0 Off-white solid (22.2mg, 85% yield).
Bn NH '"H NMR (500 MHz, CDCls) & 7.42 — 7.28 (m, 8H), 7.28 — 7.19 (m, 4H), 6.14
(td, J = 3.6, 1.8 Hz, 1H), 5.68 (s, 1H), 4.90 — 4.26 (m, 1H), 3.67 (s, 1H), 2.69

- ~2.35 (m, 2H).

BCNMR (126 MHz, CDCL3)8 166.96, 141.20, 139.29, 135.01,134.99, 129.35,
128.91,128.42,128.27,126.45,12621,55.91,36.06,33.41.
IR (neat,cm™) 3206,3061,3027,2917, 1673, 1630, 1494, 1453, 1424, 1290, 698.
LRMS (ESI) m/z calcd for CisHi7NO [M+H]": 265.1, found: 265.1.
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Table 4.20: 3-Benzyl-6-(4-chlorophenyl)-5,6-dihydropyridin-2(1H)-one (4bc) characterization.

o] Off-white solid (21.2mg, 71% yield).
Bn N "H NMR (500 MHz, CDCl3)8 7.30 -7.28 (m, 4H), 7.24-7.19 (m, SH), 6.10 (m,
1H), 5.88 (s, NH), 4.65 (dd, J=5.0, 10.0 Hz, 1H), 3.62 (s, 2H), 2.53-2.49 (m,
1H), 2.44-2.38 (m, 1 H).
4be “ 3C NMR (CDCls, 126 MH2)8 166.94, 139.74, 139.17, 135.12, 134.68, 133 98,
129.31,129.04,128.43,127.82,126.25,55.15,36.06,33.25.
IR (neat, cm']) 3207,3061,3028,2921,1674,1631,1492,1092,1014, 822, 699.
LRMS (ESI) m/z caled for CisHisCINO [M+H]": 298.1, found: 298.1.
Table 4.21: 3-Benzyl-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4bd)
characterization.

Off-white solid (15.3 mg, 46% yield).

Bn "H NMR (500 MHz, CDCl3)8 7.63 (d, J=8.1 Hz, 2H), 7.45 (d,J=8.0 Hz,
2H), 7.32 (m, 2H), 7.25 (m,3H), 6.16 (m, 1 H), 5.93 (s, NH), 4.78 (dd, /=107,
5.7Hz, 1H), 3.68 (s, 2H), 2.84-2.56 (m, 1H), 2.55-2.38 (m, 1H).

4bd cFs 13C NMR (CDCls, 126 MHz)3 166.87, 145.23,139.07, 13523, 134.49, 13049,
129.28,128.44,126.79,126.29,125 .88, 55.30,36.07, 33.12.

IR (neat,cm™) 3212,3064,2922,1675,1630,1324, 1164, 1121, 1068, 826, 700.
LRMS (ESI) m/z caled for CioH16FsNO [M+H]": 332.1, found: 332.1.

Table 4.22: 3-Benzyl-6-(3,4-dimethoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4be) characterization.

0 Reaction run on a 0.200 mmol scale.

NH Light-orange oil (49.1 mg, 76%). "H NMR (500 MHz, CDCl3) § 7.35 — 7.26
OMe - (m, 2H), 7.27 — 7.18 (m, 3H), 6.88 — 6.79 (m, 3H), 6.16 (td, J =3.8, 2.2
ome Hz, 1H), 5.65 (s, 1H), 4.62 (dd,J = 9.5, 7.9 Hz, 1H), 3.86 (d,J = 11.6
Hz, 6H), 3.65 (s, 1H), 2.48 (ddt, J = 7.8, 4.0, 1.7 Hz, 2H).
13CNIV[R(126MHZ,CDCI})§ 166.95,149.23, 148.89, 139.25, 135.18, 134.86,
133.62,129.25,128.37,126.16,118.75,111.15,109.20, 55.92,55.87,55.71,

36.01,33.53.

IR (neat,cm™) 3092, 3070,3033, 1961,1819, 1677,1629, 1516,1476, 1454,
1418,1264,1235,1137,1031, 670.

HRMS (ESI) m/z calcd for C20H22NOs [M+H]": 324.1600, found: 324.1608.

Bn

4be
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Table 4.23: 3-Benzyl-6-(3-chlorophenyl)-5,6-dihydropyridin-2(1H)-one (4bg) characterization.

. 2 Off-white solid (17.4mg, 58% yield).
NH "H NMR (500 MHz, CDCL:)3 7.33 -7.28 (m, SH),7.23-7.18 (m, 4H), 6.13 (m, 1H),
5.82 (s, NH), 4.67 (dd, J=10.0, 5.0 Hz, 1H), 3.55 (s,2H), 2.58-2.53 (m, 1 H), 2.49-
4bg 2.43 (m, 1H).

Cl CNMR (CDCls, 126 MHz)3 166.84, 14333, 139.13, 135.11, 134.78, 134 64,
130.20,129.29, 128.45, 128.41,126.69, 126.25, 124.57, 55.29,36.04, 33.16.
IR (neat, cm™) 3204, 2897, 1674,1630, 1422,696.
LRMS (ESI) m/z calcd for CisHisCINO [M+H]": 298.1, found: 298.1.
Table 4.24: 3-Benzyl-6-(3-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4bh)
characterization.

Off-white solid (14.5mg, 44% yield).

"H NMR (500 MHz, CDC15)8 7.62 (s, 1H), 7.61 (d, J=10.0 Hz, 1H), 7.54-7.48 (m,
2H), 7.36-7.31 (m,2H), 7.26-7.23 (m, 3H),6.17 (m, 1H), 5.90 (s, NH), 4.79 (dd, /=
10.0,5.0 Hz, 1H), 3.69(s, 2H),2.64-2.59 (m, 1H), 2.54-2.47 (m, 1 H).

&Fs 3C NMR (CDCls, 126 MHz)§ 166.90, 142.3 1, 139.07, 135.20, 134.58, 13146,
131.20,130.94,129.80, 129.46,129.28,128.46,126.28,125.11,12327,55.43,
36.02,33.21.

"F NMR (CDCls, 282 MHz)3 -61.82.

IR (neat,cm™) 2939, 1676, 1631, 1328, 700.
LRMS (ESI) m/z caled for CioH16F3NO [M+H]": 332.1, found: 332.1.

Table 4.25: 3-Benzyl-6-(3-fluorophenyl)-5,6-dihydropyridin-2(1H)-one (4bj) characterization.

Bn
N

{g}o

4bh

0 Yellow 0il (19.9 mg, 71% yield).
Bn NH F "H NMR (500 MHz, CDCI3)8 7.34 -7.29 (m, 3H), 7.23-7.20 (m, 3H),7.09 (d,/ =78,
Hz, 1H), 7.06-6.97 (m, 2H), 6.13 (m, 1H), 5.80 (s, NH), 4.68 (dd, J=11.0,5.7 Hz,
1H), 3.65 (s, 2H), 2.58-2.52 (m, 1H), 2.49-2.42 (m, 1H).
BCNMR (CDCls, 126 MH2)3 166.85, 163.94, 161.98, 143.87, 143.82,139.14,
135.09,134.68,130.54,130.48,129.31,128.44,126.25,122.04,122.01, 115.25,
115.08,113.58,113.40,55.33,36.04,33.18.
IR (neat, cm™) 3208, 3062, 3028,2920, 1674,1631, 784, 699.
LRMS (ESI) m/z calcd for CisHisFNO [M+H]": 282.1, found: 282.1.

Table 4.26: 3-Ethoxy-6-(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ca) characterization.

4bj

Off-white solid (12.6 mg, 51% yield)

"H NMR (500 MHz, CDCl3) §7.33 — 7.27 (m,J=8.7 Hz, 2H), 6 91 (d, J=8.7
Hz,2H),5.70 (s, 1H),5.41(s, 1H), 4.66 (dd, J=11.8,5.5 Hz, 1H),3.88 — 3.83
(m, 2H), 3.83 (s, 3H), 2.69 — 2.44 (m, 2H), 1.4 (t,J=7.0 Hz, 3H). "C NMR
(CDCls, 126 MHz)3 163.49,159.54,146.86,132.82,127.60, 114.24,104.68,
63.56,55.55,55.33,32.00, 14.34.

IR (neat,cm™) 3227, 1680, 1633, 1513, 1247, 1177,912.

LRMS (ESI) m/z caled for C1aH17NOs [M+H]": 248.1, found: 248.2,270.1.

EtO

g;jgo
=z
T

OM:
4ca ©
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Table 4.27: 3-(4-Bromobenzyl)-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one
(4dd) characterization.

Off-white solid (24.2 mg, 59% yield)

NH "HNMR (500 MHz, CDCl3) § 7.63 (d,J = 8.1 Hz, 2H), 7.43 (dd, J

O | =10.2,8.1 Hz, 4H), 7.11 (d, J=8.3 Hz, 2H), 6.20 (ddt,J=5.0, 32,

O 1.5 Hz, 1H), 6.04 (s, NH), 4.77 (dd,J=10.8, 5.7 Hz, 1 H), 3.61 (d, J

©Fa 2.1 Hz, 2H),2.77 - 2.58 (m, 1H), 2.50(dddt, J=17.8, 10.7, 3.6,

2.1 Hz, [H). ®*C NMR (CDCl3, 126 MHz) § 166.66, 145.08,138.16,
134.78,134.73,131.49, 130.97,130.67, 130.41, 126.78, 125.94,
125.91,125.88,125.85,124.96, 122.79, 120.16,55.25, 35.64, 33.08.
"“F NMR (CDCls, 282 MHz) § -61.76.
IR (neat,cm™) 4210,2923,1674,1629,1323,1162,1120, 1067.
LRMS (ESI) m/z caled for CioHisBrFsNO [M+H]": 410.0, found:
410.1.

Table 4.28: 3,6-Bis(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ea) characterization.

MeO Off-white solid (16.4 mg, 53% yield)
"HNMR (500 MHz, CDCl3) § 7.43 (d, J= 8.7 Hz, 2H), 7.32 (d,
J=8.7Hz, 2H), 6.91 (t, J = 8.8 Hz, 3H), 6.64 (t, J = 4.5 Hz,
1H), 5.77 (s, 1H), 4.75 (t, J = 8.6 Hz, 1H), 3.82 (d, J= 1.2 Hz,
6H), 2.65 (dd, J= 8.8, 4.3 Hz, 2H).

BC NMR (CDCls, 126 MHz)3 166.34,159.57,159.33, 135.50,
135.01,133.04, 129.74, 128.83,127.72, 114.30, 113.53, 55.36,

55.31,33.80.
IR (neat, cm™) 3184,1665,1610,1510,1300,1247,1181,1033,825.
LRMS (ESI) m/z caled for CioH1oNO3 [M+H]": 310.1, found: 310.1,
332.1.
Table 4.29: 3-(4-Methoxyphenyl)-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one
(4ed) characterization.

Off-white solid (5.6 mg, 16% yield)

"H NMR (500 MHz, CDCl3) 8 7.69 (d,J= 8.1 Hz, 2H), 7.56 (d, J=
8.0 Hz, 2H), 7.44 (d,J= 8.7 Hz, 2H), 6.93 (d,J= 8.7 Hz, 2H), 6.65
(dd,J=5.5,3.4Hz, 1H),5.97 (s,NH),4.97 — 4.82 (m, 1H), 3.84 s,
3H),2.81(dtd,J=17.6,5.6, 1.1Hz, 1H), 2.68(ddd, J=17.6,10.7,
3.5 Hz, 1H). *CNMR (CDCls, 126 MHz)8 166.26, 159.47, 145.11,
135.19,134.77,129.73,128.45, 126.83,126.00, 125.97, 125.94,
113.58,55.36,55.32,33.47,29.71.

""F NMR (CDCl3, 282 MHz) § -61.77.
IR (neat,cm™)3195,3060,2922,1667, 1609, 1511,1324, 1118, 827.
LRMS (ESI) m/z caled for CioH1sF3sNO2[M+H]": 348.1, found:
348.2.
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Table 4.30: Methyl 2-(6-(4-methoxyphenyl)-2-oxo-1,2,5,6-tetrahydropyridin-3-yl)acetate
(4fa) characterization.

Off-white solid (20.4 mg, 74% yield)
"H NMR (500 MHz, CDCl3) § 7.28 (d, J = 8.7 Hz, 2H), 6.89 (d,J =
8.6 Hz, 2H), 6.52 — 6.46 (m, 1H), 5.64 (s, 1H), 4.71 (dd, J= 9.7,
7.5 Hz, 1H), 3.80 (s, 3H), 3.70 (s, 3H), 3.34 (ddd, J= 66.8, 16.5,
i M | 4z 2H), 2.62 — 2.49 (m, 2H).
3CNMR (CDCls, 126 MHz)8 171.76, 166.20, 159.56,137.58, 132.99,
128.65,127.70,114.26,55.37,55.34,52.02,35.62, 33.44.
IR (neat, cm’l) 3210,2961,2837,1734,1677, 1513,1246,1159, 1029,
830.
LRMS (ESI) m/z caled for CisH17NO4 [M+H]": 276.1, found: 276.1,
298.1.
Table 4.31: Methyl 2-(2-0x0-6-(4-(trifluoromethyl)phenyl)-1,2,5,6-tetrahydropyridin-3-yl)acetate
(41d) characterization.

MeO,C NH

o] Off-white solid (23 .2 mg, 74% yield)
MeO,C NH "HNMR (500 MHz, CDCl3) § 7.66 (d,J=8.1 Hz, 2H), 7.53 (d,J= 8.1
Hz,2H), 6.48 (dd,J=5.1,3.5Hz, 1H), 6.14(s,NH), 4.87 (ddd, J=10.5,
5.8,1.6 Hz, 1H),3.71 (s, 3H),3.38—3.29 (m, 2H),2.73 (dt,J=17.7,5.6
Hz, 1H),2.61-2.46 (m, 1H). *CNMR (CDCls, 126 MHz)5 171.60,
166.14,145.14,136.85,130.63, 130.37,128.93, 126.86, 125.92,125.89,
125.86,125.84,124.99,122.82,55.16,52.01,35.59,32.98,29.70.
F NMR (CDCl:, 282 MHz) § -61.77.
IR (neat, cm™) 3203, 1722, 1685,1639, 1330, 1154, 1114,1070.
LRMS (ESI) m/z calcd for Ci1sH14FsNO3s [M+H]": 314.1, found: 314.1,
336.0.

4fd CF,
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4.4.5 Copies of NMR spectra
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Figure 4.5: N-(Pivaloyloxy)methacrylamide (2a) NMR.
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Figure 4.6: 2-Benzyl-N-(pivaloyloxy)acrylamide (2b) NMR.
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Figure 4.7: 2-Ethoxy-N-(pivaloyloxy)acrylamide (2c) NMR.
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Figure 4.8: 2-(4-Bromobenzyl)-N-(pivaloyloxy)acrylamide (2d) NMR.
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Figure 4.9: 2-(4-methoxyphenyl)-N-(pivaloyloxy)acrylamide (2e) NMR.

74



ns4-129-col-1H.1.fid N 5338 c 9 5
Proton ‘ \V ‘ ‘
o
_OPiv
MeO,C N
H
2f N
J I I
!
| || L
A |
T Iy 14 ?

T T T T T T T T T T T T
13.5 13.0 12,5 12.0 11.5 11.0 10.5 10.0 95 9.0 85 80 75 7.0

ns4-129-col-13C.1.fid 223 B 8 2 arn 8
(Carbon 13 ERE 5 8 o 8K R
AN A\

T T
55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -

T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 4.10: Methyl 3-((pivaloyloxy)carbamoyl)but-3-enoate (2f) NMR.
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Figure 4.11: 6-(4-Methoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4aa) NMR.
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Figure 4.12: 3-Methyl-6-phenyl-5,6-dihydropyridin-2(1H)-one (4ab) NMR.
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Figure 4.13: 6-(4-Chlorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ac) NMR.
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Figure 4.14: 3-Methyl-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4ad) NMR.
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Figure 4.15: 6-(3,4-Dimethoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ae) NMR.
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Figure 4.16: 6-(3-Methoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4af) NMR.
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Figure 4.17: 6-(3-Chlorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ag) NMR.
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Figure 4.18: 3-Methyl-6-(3-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4ah) NMR.
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Figure 4.19: 3-Methyl-6-(m-tolyl)-5,6-dihydropyridin-2(1H)-one (4ai) NMR.
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Figure 4.20: 6-(2-Fluorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4aj) NMR.

85



ns4-415-col-1H.1.fid BRYRNEINsgnee < 588 23 a5
Proton NNNNNNNNG GO OO < < o o
e B Y W
(¢}
Bn
NH |
j | j |
.

ANy |

OMe
4ba

I P I

T T T T ' T
o0 0 m o © - ~ I~ [
@O N S @ o NN <
den 203 2 &3 S
135130125120 115 11010510.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05-10
ppm
ns4-415-col-13C.1.fid g ¥ LR A B [ wo
Garbon 13 N g838RRRR I 8% E
[ S N v I

0 N

T T T T T T
140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm)

T T T T T T T T
220 210 200 190 180 170 160 150

Figure 4.21: 3-Benzyl-6-(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ba) NMR.
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Figure 4.22: 3-Benzyl-6-phenyl-5,6-dihydropyridin-2(1H)-one (4bb) NMR.
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Figure 4.23: 3-Benzyl-6-(4-chlorophenyl)-5,6-dihydropyridin-2(1H)-one (4bc) NMR.
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Figure 4.24: 3-Benzyl-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4bd) NMR.
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Figure 4.25: 3-Benzyl-6-(3,4-dimethoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4be) NMR.
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Figure 4.26: 3-Benzyl-6-(3-chlorophenyl)-5,6-dihydropyridin-2(1H)-one (4bg) NMR.
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Figure 4.27: 3-Benzyl-6-(3-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4bh) NMR.

92



nsé-424-col-1H.2.fid
Proton
[¢]
Bn
NH F
i (/A [rr [
4bj |l I ) /]
|
I 4 74 g 7
135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 05 -1.0
1 (ppm)
nsé-424-col-13C.3.fid 75 57
Carbon 13 43 R
v (B
.
,
,
" L 1 x l { {
220 210 200 19 180 170 160 150 140 130 120 110 100 9 8 70 60 S0 40 30 20 10 0 -0
1 (ppm)
Nns4-424-col-19F-2.1.fid b3
F19 b
m A
80 -9 100 -110 -120 -130 -140 -150 -160 -170 -180 -19 -200 -210
1 (ppm)

Figure 4.28: 3-Benzyl-6-(3-Benzyl-6-(3-fluorophenyl)-5,6-dihydropyridin-2(1H)-one (4bj) NMR.
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Figure 4.29: 3-Ethoxy-6-(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ca) NMR.
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Figure 4.30: 3-(4-Bromobenzyl)-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4dd) NMR.
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Figure 4.31: 3,6-Bis(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ea) NMR.
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Figure 4.32: 3-(4-Methoxyphenyl)-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one
(4ed) NMR.
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Figure 4.33: Methyl 2-(6-(4-methoxyphenyl)-2-oxo-1,2,5,6-tetrahydropyridin-3-yl)acetate
(4fa) NMR.
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Figure 4.34: Methyl 2-(2-0x0-6-(4-(trifluoromethyl)phenyl)-1,2,5,6-tetrahydropyridin-3-yl)acetate
(4fd) NMR.
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4.4.6 General procedures for asymmetric dihydropyridone synthesis

General procedure A for asymmetric dihydropyridone synthesis

To a 750 pL clear glass shell vial (8 x 30mm) equipped with a parylene coated stir bar (1.67 x
2.01 x 4.80mm) was added a solution of the acrylamide in MeOH (3.0 pL, 1.0 M, 0.0030 mmol).
The alkene (0.0015 mmol) was added followed by 125 L of acetate buffer (100 mM NaOAc,
100 mM NaCl, pH 7.4). 75 uL of the monomeric streptavidin wild-type metalloenzyme (600 M,
3 mol%, 0.000045 mmol) in salt water (100 mM NaCl, pH 7.4) was added to the vial achieving
the desired reaction mixture (225 M enzyme, 62.5 mM NaOAc, 100 mM NaCl, pH 7.4). The
vial was placed in a 24-well high-throughput experimentation block and the reaction mixture was
allowed to stir at 200 rpm at 25 °C. After 72 h the reaction is diluted with ethyl acetate and filtered
through a Celite plug into a 20 mL scintillation vial. The reaction vial was washed twice more with
ethyl acetate and filtered through the Celite plug into the scintillation vial. The Celite plug was
washed an additional three times with ethyl acetate, collecting the filtrate into the scintillation vial.
The contents of the scintillation vial were carefully removed via concentration under vacuum. The
crude residue of the scintillation vial was dissolved in 600 L of MeOD. A trimethyl(phenyl)silane
internal standard (0.258 pL, 0.0015 mmol) was added to the solution, and mixed thoroughly. The
sample was then analyzed by NMR (400 MHz or 500 MHz, MeOD, minimum of 400 scans), and
the yield was determined relative to the trimethyl(phenyl)silane internal standard. Enantioselectiv-
ity was determined by chiral HPLC. 2
General procedure B for asymmetric dihydropyridone synthesis

To a 750 pL clear glass shell vial (8 x 30mm) equipped with a parylene coated stir bar (1.67 x
2.01 x 4.80mm) was added a solution of the acrylamide in MeOH (1.5 pL, 1.0 M, 0.0015 mmol).
The alkene (0.0030 mmol) was added followed by 25 uL of acetate buffer (100 mM NaOAc, 100

mM NaCl, pH 7.4). 75 pL of the monomeric streptavidin wild-type metalloenzyme (600 M, 3

2All C-H functionalization reactions between acrylamide and styrene coupling partners were repeated indepen-
dently and in duplicate. HPLC and NMR yields were nearly identical (typically within 5% of each run), and enantios-
election was completely identical in duplicate runs. Each data point was the average to two runs, with the exception
of the methyl acrylamide and 4-methoxystyrene, which was the average of three runs.
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mol%, 0.000045 mmol) in salt water (100 mM NaCl, pH 7.4) was added to the vial achieving the
desired reaction mixture (450 uM enzyme, 25 mM NaOAc, 100 mM NacCl, pH 7.4). The vial was
placed in a 24-well high-throughput experimentation block and the reaction mixture was allowed
to stir at 200 rpm at 25 °C. After 48 h the reaction is diluted with either diethyl ether or ethyl
acetate and filtered through a Celite plug into a 20 mL scintillation vial. The reaction vial was
washed twice more with diethyl ether or ethyl acetate and filtered through a Celite plug into the
scintillation vial. The Celite plug was washed an additional three times with diethyl ether or ethyl
acetate, collecting the filtrate into the scintillation vial. The contents of the scintillation vial were
carefully removed via concentration under vacuum. Yield was determined either by Chiral HPLC
Analysis or NMR Analysis. Enantioselectivity was determined by chiral HPLC.?

Chiral HPLC Analysis - The crude residue of the scintillation vial was rediluted with 120 uL of
HPLC grade isopropanol and 300 pL. of HPLC grade hexanes. 1.5 pL of a 1,3,5-trimethoxybenzene
solution (1.0 M in MeOH) was added to the scintillation vial. The contents of the scintillation vial
were thoroughly mixed via pipette to ensure uniformity of the solution. 180 uL of the uniform
solution were incorporated into at 200 pL vial insert, and the sample was submitted for analy-
sis. Yield was determined by chiral HPLC relative to a 1,3,5-trimethoxybenzene internal standard.
Enantioselectivity was also determined by chiral HPLC.

NMR Analysis - The crude residue of the scintillation vial was dissolved in 600 L of MeOD.
A trimethyl(phenyl)silane internal standard (0.258 L, 0.0015 mmol) was added to the solution,
and mixed thoroughly. The sample was then analyzed by NMR (400 MHz or 500 MHz, MeOD,
minimum of 400 scans), and the yield was determined relative to the trimethyl(phenyl)silane inter-

nal standard. Enantioselectivity was determined by chiral HPLC.
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4.4.7 Analytical data for enantioenriched dihydropyridones (NMR/HPLC)
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Figure 4.35: 6-(4-Methoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4aa) NMR/HPLC. Product
synthesized according to general procedure A. Product yield was determined to be 99% by 'H NMR analy-
sis (400 MHz, MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was determined
to be 91% ee by chiral HPLC analysis. (Chiralpak IE, 20% ‘PrOH/hexanes, 1 mL/min, t,(e;, minor) = 30.8
min, t,(ez, major) = 34.1 min).’

3 The absolute configuration of the §-lactam products was determined to be the (S)-enantiomer. This was as-
signed by direct analogy of the configurations previously reported by Cramer and colleagues (Science 2012, 338, 504-
506). Cramer furnished the (R)-enantiomer of the reported isoquinolinone products as described in the manuscript and
HPLC traces in the supporting information. In our work, we repeated one of Cramer’s C-H functionalization reactions
(benzhydroxamide and 4-methoxystyrene) with our monomeric streptavidin (mSav) metalloenzymes. Upon using the
same HPLC assay and chiral column that Cramer reports, we observed a complete reversal in product enantiosense
when utilizing our mSav metalloenzymes, hence the (S)-enantiomer by analogy. Interestingly, when the same reac-
tion is repeated with the tetrameric streptavidin (tSav) metalloenzyme, the (R)-enantiosense is retained in correlation
with Cramer’s HPLC data. The reversal in enantiosense between mSav and tSav is once again observed when using
acrylamide and styrene coupling partners. Based on this evidence, we reported by analogy, that the tSav metalloen-
zyme give the (R)-enantiomer of our §-lactam product, whereas the mSav metalloenzyme give the (S)-enantiomer.
The inherent assumption is that benzamide and acrylamide binds identically in the mSav pocket but given that they
both proceed in similar enantioselectivities and since the enantioselectivities related to the prochiral element (styrene)
which is identical in both transformations, we believe this is justified.
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Figure 4.36: 3-Methyl-6-phenyl-5,6-dihydropyridin-2(1H)-one (4ab) NMR/HPLC. Product synthesized ac-
cording to general procedure A. Product yield was determined to be 39% by 'H NMR analysis (400 MHz,
MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was determined to be 63% ee
by chiral HPLC analysis. (Chiralpak IB, 10% iPrOH/hexanes, 1 mL/min,t,(e;, minor) = 12.3 min, t,(e2,

major) = 13.7 min).
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Figure 4.37: 6-(4-Chlorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ac) NMR/HPLC. Product syn-
thesized according to general procedure A. Product yield was determined to be 51% by 'H NMR analysis
(400 MHz, MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was determined to

be 91% ee by chiral HPLC analysis. (Chiralpak IB, 10% ‘PrOH/hexanes, 1 mL/min, t,(e;, minor) = 13.4
min, t.(e2, major) = 15.7 min).
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Figure 4.38: 3-Methyl-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4ad) NMR/HPLC.
Product synthesized according to general procedure A. Product yield was determined to be 81% by 'H
NMR analysis (400 MHz, MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was

determined to be 96% ee by chiral HPLC analysis. (Chiralpak IB, 10% ‘PrOH/hexanes, 1 mL/min, t.(e1,
minor) = 11.0 min, t.(ez, major) = 14.1 min).
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Figure 4.39: 6-(3,4-Dimethoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ae) NMR/HPLC. Prod-
uct synthesized according to general procedure A. Product yield was determined to be 65% by 'H NMR
analysis (400 MHz, MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was deter-
mined to be 92% ee by chiral HPLC analysis. (Chiralpak IA, 5% ‘PrOH/hexanes, 1 mL/min, t.(e1, major)

=79.9 min, t,.(es, minor) = 93.9 min).
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Figure 4.40: 6-(3-Methoxyphenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4af) NMR/HPLC. Product
synthesized according to general procedure A. Product yield was determined to be 61% by "H NMR analy-
sis (400 MHz, MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was determined

to be 77% ee by chiral HPLC analysis. (Chiralpak IB, 10% ‘PrOH/hexanes, 1 mL/min, t.(e1, minor) = 17.7
min, t.(e2, major) = 27.6 min).
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Figure 4.41: 6-(3-Chlorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4ag) NMR/HPLC. Product syn-
thesized according to general procedure A. Product yield was determined to be 45% by 'H NMR analysis
(400 MHz, MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was determined to
be 88% ee by chiral HPLC analysis. (Chiralpak IB, 10% ‘PrOH/hexanes, 1 mL/min, t.(e;, minor) = 12.6
min, t.(e2, major) = 14.1 min).
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Figure 4.42: 3-Methyl-6-(3-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4ah) NMR/HPLC.
Product synthesized according to general procedure A. Product yield was determined to be 37% by 'H
NMR analysis (400 MHz, MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was
determined to be 85% ee by chiral HPLC analysis. (Chiralpak 1A, 7% iPrOH/hexanes, 1 mL/min, t.(e1,
major) = 9.9 min, t.(ez, minor) = 11.5 min).
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Figure 4.43: 3-Methyl-6-(m-tolyl)-5,6-dihydropyridin-2(1H)-one (4ai) NMR/HPLC. Product synthesized
according to general procedure A. Product yield was determined to be 31% by 'H NMR analysis (400 MHz,
MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was determined to be 82% ee by
chiral HPLC analysis. (Chiralpak 1A, 10% iPrOH/hexanes, 1 mL/min, t, (e1, major) = 8.9 min, t,.(e2, minor)

=10.5 min).
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Figure 4.44: 6-(2-Fluorophenyl)-3-methyl-5,6-dihydropyridin-2(1H)-one (4aj) NMR/HPLC. Product syn-
thesized according to general procedure A. Product yield was determined to be 69% by 'H NMR analysis
(400 MHz, MeOD) relative to a trimethyl(phenyl)silane internal standard. The product was determined to

be 57% ee by chiral HPLC analysis. (Chiralpak IC, 15% iPrOH/hexanes, 1 mL/min, t-(e1, minor) = 19.8
min, t.(e2, major) = 22.9 min).
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Figure 4.45: 3-Benzyl-6-(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ba) HPLC. Product synthe-
sized according to general procedure B, and extracted with diethyl ether. Product yield was determined to
be 65% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The product was
determined to be 90% ee by chiral HPLC analysis. (Chiralpak 1A, 7% iPrOH/hexanes, 1 mL/min, t.(e1,
major) = 28.8 min, t,(e2, minor) = 37.5 min).

112



Bn
| NH
",
4bb ©
YK VA B T8 MR Y B4 1500 R B
= "
» & Full HPLC Racemic Assay
e o
" trimethoxybenzene
s e L
' A\ W 5§ &
Il /\ A
| [l /| product
l. | | starting material ;A \
7, N V8! 141, P el Mo s SR D _
1 : % 3 n F -
5
i
~ 3.5 . . .
= ",," Full HPLC Enantioselective Assay (for yield)
, trimethoxybenzene
i L s
. | starting material 5 d product s &
. Wil \ P F \_ PP 3
i “ & = & . » - ™
L >
. 3 3 0
al 7
.‘// e A
/ /
" », "
» ' ' s D a "
A A g i AR 415 05 5% 145 20 081 1
o8 HPLC Enantioselective Assay (Product)
»
»
w
% : 8
. - a = e i
» ' . - = " ' & & -
B Nme Nes  Megh W Aest Sremeny
O L - ¥ Vet T ais ] 1en
L LT A

Figure 4.46: 3-Benzyl-6-phenyl-5,6-dihydropyridin-2(1H)-one (4bb) HPLC. Product synthesized accord-
ing to general procedure B, and extracted with diethyl ether. Product yield was determined to be 29% by
chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The product was determined

to be 69% ee by chiral HPLC analysis. (Chiralpak IA, 5% ‘PrOH/hexanes, 1 mL/min, t,.(e;, major) = 31.0
min, t.(e2, minor) = 39.9 min).
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Figure 4.47: 3-Benzyl-6-(4-chlorophenyl)-5,6-dihydropyridin-2(1H)-one (4bc) HPLC. Product synthesized
according to general procedure B, and extracted with diethyl ether. Product yield was determined to be
49% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The product was
determined to be 91% ee by chiral HPLC analysis. (Chiralpak IB, 10% ‘PrOH/hexanes, 1 mL/min, t.(e1,
minor) = 14.5 min, t,(eg, major) = 16.0 min).
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Figure 4.48: 3-Benzyl-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4bd) HPLC. Product
synthesized according to general procedure B, and extracted with diethyl ether. Product yield was deter-
mined to be 27% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The
product was determined to be 92% ee by chiral HPLC analysis. (Chiralpak IB, 10% ‘PrOH/hexanes, 1
mlL/min, t,(e;, minor) = 12.0 min, t,(e2, major) = 15.0 min).
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Figure 4.49: 3-Benzyl-6-(3,4-dimethoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4be) HPLC. Product syn-
thesized according to general procedure B, and extracted with diethyl ether. Product yield was determined to
be 62% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The product was
determined to be 93% ee by chiral HPLC analysis. (Chiralpak 1A, 15% ‘PrOH/hexanes, 1 mL/min, t,(e,

major) = 17.8 min, t.(e2, minor) = 26.5 min).
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Figure 4.50: 3-Benzyl-6-(3-chlorophenyl)-5,6-dihydropyridin-2(1H)-one (4bg) HPLC. Product synthesized
according to general procedure B, and extracted with diethyl ether. Product yield was determined to be
52% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The product was

determined to be 89% ee by chiral HPLC analysis. (Chiralpak 1A, 10% ‘PrOH/hexanes, 1 mL/min, t.(e,
major) = 12.8 min, t,(e2, minor) = 15.5 min).
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Figure 4.51: 3-Benzyl-6-(3-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4bh) NMR/HPLC.
Product synthesized according to general procedure B, and extracted with ethyl acetate. Product yield
was determined to be 32% by 'H NMR analysis (500 MHz, MeOD) relative to a trimethyl(phenyl)silane
internal standard. The product was determined to be 86% ee by chiral HPLC analysis. (Chiralpak IA, 10%

iPrOH/hexanes, 1 mL/min, tr(e1, major) = 10.8 min, t,(e2, minor) = 13.1 min).
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Figure 4.52: 3-Benzyl-6-(3-fluorophenyl)-5,6-dihydropyridin-2(1H)-one (4bj) HPLC. Product synthesized
according to general procedure B, and extracted with diethyl ether. Product yield was determined to be
55% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The product was

determined to be 55% ee by chiral HPLC analysis. (Chiralpak IB, 5% ‘PrOH/hexanes, 1 mL/min, t,(eq,
major) = 19.7 min, t,(e2, minor) = 21.6 min).
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Figure 4.53: 3-Ethoxy-6-(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ca) HPLC. Product synthe-
sized according to general procedure B, and extracted with diethyl ether. Product yield was determined to
be 8% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The product was
determined to be 87% ee by chiral HPLC analysis. (Chiralpak IA, 10% iPrOH/hexanes, 1 mL/min, t,(eq,
minor) = 28.2 min, t,(ez, major) = 33.6 min).
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Figure 4.54: 3-(4-Bromobenzyl)-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one  (4dd)
HPLC. Product synthesized according to general procedure B, and extracted with diethyl ether. Product
yield was determined to be 30% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal
standard. The product was determined to be 95% ee by chiral HPLC analysis. (Chiralpak 1B, 10%
‘PrOH/hexanes, 1 mL/min, t,(e;, minor) = 15.1 min, t, (e, major) = 16.7 min).
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Figure 4.55: 3,6-Bis(4-methoxyphenyl)-5,6-dihydropyridin-2(1H)-one (4ea) HPLC. Product synthesized
according to general procedure B, and extracted with diethyl ether. Product yield was determined to be
29% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The product was
determined to be 53% ee by chiral HPLC analysis. (Chiralpak 1A, 15% ‘PrOH/hexanes, 1 mL/min, t,(e1,
major) = 22.8 min, t,(e2, minor) = 28.3 min).
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Figure 4.56: 3-(4-Methoxyphenyl)-6-(4-(trifluoromethyl)phenyl)-5,6-dihydropyridin-2(1H)-one (4ed)
HPLC. Product synthesized according to general procedure B, and extracted with diethyl ether. Product yield
was determined to be 29% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard.
The product was determined to be 70% ee by chiral HPLC analysis. (Chiralpak IE, 20% ‘PrOH/hexanes, 1
mL/min, t,(e;, minor) = 19.6 min, t,.(e2, major) = 21.2 min).
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Figure 4.57: Methyl 2-(6-(4-methoxyphenyl)-2-oxo0-1,2,5,6-tetrahydropyridin-3-yl)acetate (4fa) HPLC.
Product synthesized according to general procedure B, and extracted with diethyl ether. Product yield was
determined to be 54% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard. The

product was determined to be 91% ee by chiral HPLC analysis. (Chiralpak IE, 30% ‘PrOH/hexanes, 1
mL/min, t,(e;, minor) = 45.4 min, t,(e2, major) = 48.5 min).
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Figure 4.58: Methyl 2-(2-ox0-6-(4-(trifluoromethyl)phenyl)-1,2,5,6-tetrahydropyridin-3-yl)acetate (4fd)
HPLC. Product synthesized according to general procedure B, and extracted with diethyl ether. Product yield
was determined to be 60% by chiral HPLC analysis relative to a 1,3,5-trimethoxybenzene internal standard.
The product was determined to be 97% ee by chiral HPLC analysis. (Chiralpak IB, 10% ‘PrOH/hexanes, 1
mL/min, t,(e;, minor) = 31.1 min, t,.(e2, major) = 38.4 min).
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4.4.8 Product derivatization to piperidines (procedure, characterization, and

spectra)

Derivatization of enantioenriched substrate
o) o)
Me Me,,
NH Pd/C (10% wt.), H, ! NH
MeOH, rt,2h ©\
OMe OMe

Figure 4.59: 6-(4-methoxyphenyl)-3-methylpiperidin-2-one (6aa).

6-(4-methoxyphenyl)-3-methylpiperidin-2-one (6aa).

A round bottom flask equipped with a stir bar was flame dried under vacuum and purged with
Ns. Upon cooling, Pd/C (3.26 mg, 10% by weight) was quickly added, and the flask was evacuated
and refilled with N5 (3x). The piperidone (32.6 mg, 150 pmol) was added to the flask as a solution
in MeOH (1.75 mL, 0.1 M), and it was ensured that all Pd/C was properly suspended. The flask was
then evacuated once more before being refilled with Hy (balloon), and the resulting mixture was
allowed to stir for 4 h at rt before TLC analysis. The resulting solution was filtered through a Celite
plug and washed with EtOAc. The solvent was removed in vacuo to afford the desired lactam as a
white solid (32.6 mg, 99% yield, 10:1 dr). When this reaction was conducted on enantioenriched
4aa, 6aa was generated in 99% yield, 91% ee and 10:1 dr by chiral HPLC analysis; (Chiralpak
AD-H, 5% ‘PrOH/hexanes, 1 mL/min, t,(anti, major/minor) = 36.43 min, t.(syn, major/minor) =
38.39 min, t,.(anti, minor/major) = 43.05 min, t.(syn, minor/major) = 45.60 min.

'H NMR (for major diastereomer only, 400 MHz, CDCls) § 7.18 (d, J = 8.4 Hz, 2H), 6.89 (d,
J =8.8 Hz, 2H), 5.74 (br s, 1H), 4.53 (ddd, J = 7.2, 4.8, 1.6 Hz, 1H), 3.80 (s, 3H), 2.51 (ddq, J =
7.2, 6.0, 6.0 Hz, 1H), 2.07-1.99 (m, 1H), 1.94-1.72 (m, 2H), 1.64-1.55 (m, 1H), 1.32 (d, J =7.2
Hz, 3H).

13C NMR (for major diastereomer only, 500 MHz, CDCls) 6 175.89, 159.14, 134.72, 127.17,
114.08, 56.78, 55.31, 35.36, 29.30, 26,19, 18.02.
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IR (neat, cm~t) 3281, 3192, 3064, 2957, 2932, 2872, 2838, 1643, 1613, 1587, 1515, 1468,
1404, 1361, 1336, 1302, 1281, 1247, 1175.
HRMS (ASAP) m/z caled for C13H;sNOy [M+H]T: 220.1338, found: 220.1342.

0]

Me,
Me,, ‘ NH
’@H LiAIH, (5.0 equiv) O
©\ Et,0, 0 °C to reflux, 4 h_ ©\
OMe
OMe

Figure 4.60: 2-(4-methoxyphenyl)-5-methylpiperidine (5aa).

2-(4-methoxyphenyl)-5-methylpiperidine (Saa).

To an oven-dried flask equipped with a stir bar was added LiAIH, (28.2 mg, 743 pimol) and dry
Et;O (15.0 mL, 0.01 M). The suspension was chilled to 0 °C before the addition of the piperidone
(32.9 mg, 148.5 pumol). The solution was refluxed overnight and then chilled back to 0 °C. A 10%
sodium hydroxide solution (10 mL/0.1 mol) was added dropwise to the chilled solution and the
resulting mixture stirred for another hour at rt. The phases were then separated, and the aqueous
layer was extracted with ethyl acetate (3x). The combined organic layers were washed with brine,
dried (MgSO,), and concentrated. Flash column chromatography of the residue (SiO2, 1-2-5-10-
20% methanol in dichloromethane) afforded the desired product as a clear viscous oil (24.7 mg,
81% yield, 6:1 dr). The product was determined to be 92% ee and 6:1 dr by chiral HPLC analysis,
derivatized as its corresponding NBoc amide; (Chiralpak IE, 5% ‘PrOH/hexanes, 1 mL/min, t.(syn,
major/minor) = 17.1 min, t.(anti, major/minor) = 18.7 min, t.(anti, minor/major) = 19.4 min,
t.(syn, minor/major) = 22.1 min.*

'H NMR (for major diastereomer only, 500 MHz, CDCl3) 6 7.51 (d, J = 9.0 Hz, 2H), 6.88 (d,
J =8.5Hz, 2H), 4.05 (dd, J = 7.5, 4.0 Hz, 1H), 3.72 (s, 3H), 2.94 (dd, J = 13.0, 4.0 Hz, 1H), 2.67
(dd, J =12.5, 6.5 Hz, 1H), 2.30-2.20 (m, 1H), 2.17-2.02 (m, 2H), 1.80-1.71 (m, 1H), 1.56-1.47 (m,
1H), 1.06 (d, J = 7.0 Hz, 3H).

4 For HPLC analysis only, a Boc protecting group was installed on the free amine of the piperidine to account
for polarity on the chiral column. The retention times reported are associated with the Boc-protected piperidine.
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13C NMR (for both diastereomers, 500 MHz, CDCl3) § 159.92, 159.55, 129.58, 129.36, 128.57,
127.15, 114.16, 114.07, 60.27, 56.81, 55.16, 55.10, 51.44, 47.43, 32.19, 30.05, 29.67, 28.09, 27.96,

26.80, 24.86, 18.69, 17.86.
IR (neat, cm™1t) 3404, 2933, 2759, 2701, 2528, 1612, 1585, 1514, 1448, 1301, 1256, 1181.

HRMS (ASAP) m/z calcd for C;3HyoNO [M+H]": 206.1545, found: 206.1555.

Derivatization of racemic substrates

General procedure is the same as that mentioned above for enantioenriched substrate.

o}
1. Pd/C (10% wt.), Hy, R 1.BH; SMe; (8 eq), THF R
MeOH, rt, 2-8 h Kz NH 0°C - ::'t, 12 f]( a. e NH
@ 2. n-PrNH; (8 eq), Toluene, N
6 Z

SR 50°c12h |/—R

Figure 4.61: General procedure (4, 5, 6).

The stereochemical relationship between the two chiral centers was determined via 2D NOESY

for the following substrate:

9
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Figure 4.62: 5aj 2D NOESY.
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Spectral data for product derivatization

Table 4.32: 6-(4-methoxyphenyl)-3-methylpiperidin-2-one (6aa) characterization.

White solid (29.7 mg, 99% yield, 13:1 dr)

(o) "H NMR (major diastereomer only, 400 MHz, CDCl3) §7.16 (d, J=8.7 Hz, 2H), 6.87 (d, J=8.7 Hz,
Me,,, 2H), 6.06 (s, 1H),4.52 (td,J=5.9,4.8, 1.8 Hz, 1H), 3.79 (s, 3H), 2.58— 2.34 (m, 1H), 2.02 (m, 1 H), 1.93
NH ~1.69 (m, 2H), 1.64 — 1.45(m, 1H), 1.30(d, J=7.3 Hz, 2H).
ey 3CNMR (major diasteromer only, 101 MHz, CDCI3)8 176.29,159.24,134.82,127.28,114.19, 56.78,

55.42,35.43,29.38,26.23,18.08.
IR (neat,cm™) 3205.53,2932.35, 1655.51, 1512.00,1464.39, 1406.17, 1336.1, 1247.67, 1176.76,
6aa 1112.27,1031.88,833.93,570.23

HRMS (ASAP+) m/z calcd for Ci3H16NO2 [M+H]": 218.1181 , found: 218.1175

OMe

Table 4.33: 6-(4-chlorophenyl)-3-methylpiperidin-2-one (6ac) characterization.

Light-orange solid (55.9 mg, 99% yield, 19:1 dr)

(o) TH NMR (major diastereomer only, 400 MHz, CDC13)d 7.18 (d, J= 8.7 Hz, 2H), 6.87 (d, J=
Me,,, 8.7 Hz, 2H), 6.19 — 6.11 (s, 1H), 4.60 (ddd, J= 2.6 Hz, 1H), 3.78 (s, 3H), 2.89 (dd, J=16.1, 4.6
Hz, 1H), 2.80 (m, 1H), 2.55 (dd, J= 16.1, 8.2 Hz, 1H), 1.91 — 1.72 (m, 1H).
13C NMR (both diastereomers, 101 MHz, CDCl3)8 172.68, 159.16, 134.69, 127.34, 114.11,
55.39, 51.79, 37.84, 30.00, 22.73.
IR (neat, cm") 2950, 1735, 1657, 1512, 1465, 1342, 1248, 1176, 1032, 836.
HRMS (ASAP+) m/z caled for C12Hi4CINO [MeeschiorotH]*: 190.1232, found: 190.1229

‘e,
",

Cl
6ac
Table 4.34: 6-(2-fluorophenyl)-3-methylpiperidin-2-one (6aj) characterization.

Off-white solid (28.7mg, 95%yield, 4:1 dr)

(0] "H NMR (major diastereomer only, 400 MHz, CDC13)8 7.33 (td, J=7.6, 1.8 Hz, 1H),7.29 —7.20 (m,
Me,,, 2H),7.12 (td,J=7.6,1.2 Hz, 1H), 7.00 (td,/=10.7, 8.1, 1.2 Hz, 1H), 6.08 (s, 1H), 4.86 (dd,J=9.8,4.7
. NH o F Hz, 1H),2.55-2.31 (m, 1H),2.19-2.02(m, 2H),1.93-1.79 (m, 1H), 1.60 — 1.39 (m, 1H),1.26(d,J=
e, 7.2 Hz, 2H).

3CNMR (major diastereomeronly , 101 MHz, CDCl3)5 176.34,161.05,158.60, 129.28 (d, J=8.3 Hz),
127.59 (d,J=4.1Hz), 124.36 (d,J=3.6 Hz), 115.72 (d,J=21.3 Hz), 50.81(d, J=3.0 Hz), 35.87,
6aj 25.93,17.73.
IR (neat,cm™) 2935, 1656,1485,758
HRMS (ASAP+) m/z caled for Ci2H14aFNO [M+H]": 208.1138, found: 208.1134

Table 4.35: 3-benzyl-6-(4-methoxyphenyl)piperidin-2-one (6ba) characterization.

(o] Light-orange solid (28.7mg, 99% yield, 10:1dr)
Bn,, "H NMR (major diastereomer only, 400 MHz, CDCl3)
' BCNMR (both diastereomers, 101 MHz, CDC3)8 174.44,159.17, 139.57, 134.66, 129.61,128.5,
e, 127.28,126.41,114.12,56.54,5v5.42,42.43,37.66,29.49,21.9
IR (neat,cm™) 3203.3,3025.67,2932.12, 1651.96, 1511.14, 1246.61,1176.07, 1032.58, 833.89, 1752.84,
OMe 70211

6ba HRMS (ASAP+) m/z caled for Ci9H21NO2 [M+H]": 296.1650, found: 296.1654
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Table 4.36: methyl 2-(6-(4-methoxyphenyl)-2-oxopiperidin-3-yl)acetate (6fa) characterization.

Off-white solid (4.4 mg, 93% yield, 19:1 dr)
"H NMR (major diastereomer only, 500 MHz, CDC13)37.18 (d, J=8.6 Hz, 2H), 6.87 (d,J=8.7 Hz,
Meozc/""- NH 2H), 6.17 (s, 1H), 4.60 (dd, 1H), 3.78 (s, 3H), 3.67 (s, 3H), 2.95 — 2.86 (m, 1 H),2.84—2.76 (m, 1H), 2.55
. (dd,J=16.2,8.3Hz, 1H),2.19-2.06 (m, 1H), 1.88—1.75(m, 2H), 1.70— 1.56 (m, 1 H).
"/©\ 3CNMR (major diastereomer only, 126 MHz, CDCl3)8 173.62, 172.68,159.12,134.70, 127.33, 114.08,
OMe

(o)

55.85,55.38,51.79,37.84,35.99, 30.00, 22.70.
IR (neat,cm™) 2952, 1734,1661, 1511,1248, 1175,1034
6fa HRMS (ASAP+) m/z caled for CisHisNO4 [M+H]": 278.1392, found: 278.1385.

Table 4.37: 2-(4-methoxyphenyl)-5-methylpiperidine (5aa) characterization.

Pale-yellow oil (20.7 mg, 76% yield, 8:1 dr)
TH NMR (major diastereomer only, 400 MHz, CDCl5)8 7.36 —7.28 (d, 1H), 6.86 (d, J= 8.8 Hz,
Me... NH 1H), 3.65 -3.53 (d, 1H),2.99 (dd, J=11.8, 3.4 Hz, 1H), 2.91 —2.80 (d, 1H), 1.89 — 1.81 (m,
O"’l/ 1H), 1.78 — 1.72 (m, 2H), 1.59 (dd, J= 9.8, 1.3 Hz, 2H), 1.14 (d, J = 7.0 Hz, 3H).
©\ 13C NMR (major diastereomer only, 101 MHz, CDCl3)8 158.60, 137.6 8, 113.79, 61.05, 55.38,
OMe  52.46,30.84,29.63, 27.87, 17.34.
IR (neat, cm) 2926.74, 2853.9, 1675.4, 1629.8, 1512.3, 1458.7, 1249.6, 1169.8, 1033, 831.47,

5aa
785.85, 732.63, 702.22
HRMS (ASAP+)m/z caled for C13H20NO [M+H]*:206.1545, found: 206.1541
Table 4.38: 2-(4-chlorophenyl)-5-methylpiperidine (5ac) characterization.
Clear oil (119.0 mg, 87% yield, 5:1 dr)
'"H NMR (major diastereomer only, 400 MHz, CDC13)8 7.37 — 7.24 (m, 4H), 3.60 (dt, J = 7.0,
Me,, 2.5 Hz, 1H), 2.98 (dd, J= 11.8, 3.4 Hz, 1H),2.85 (ddd, J=11.8, 3.0, 1.5 Hz, 1H), 1.85 (ddd, J=
OH 6.7,4.6,3.0 Hz, 1H), 1.74 (ddt, J= 10.5, 5.9, 2.5 Hz, 2H), 1.63 — 1.55 (m, 2H), 1.15 (d, J= 7.0

oy Hz, 3H).
©\ 13C NMR (major diastereomer only, 101 MHz, CDC13)8 144.07, 132.36, 128.41, 128.07, 60.99,
cl 52.29, 30.68, 29.80, 27.77, 17.21.
Sac IR (neat, cm!) 2926.74, 2849.87, 2764.63, 1490.43, 1443.67, 1378.61, 1328.54, 1189.01,
1013.35, 813.46, 764.66, 637.65, 531.18, 462.27
HRMS (ASAP+) m/z caled for C12H17CIN [M+H]™:210.1049, found: 210.1053.

Table 4.39: 2-(2-fluorophenyl)-5-methylpiperidine (5aj) characterization.

Clear oil (25.5 mg, 61% yield, 3:1 dr)
IH NMR (major diastereomer only, 500 MHz, MeOD)8 7.51 (d, J =1.8 Hz, 1H), 7.34 - 7.24
(m, 1H), 7.20 (dd, J= 7.6, 1.3 Hz, 1H), 7.09 (ddd, /= 11.0, 8.2, 1.2 Hz, 1H),3.96 (dd, J = 10.3,
NH F 3.1 Hz, 1H), 3.03 (dd, J=12.8, 3.4 Hz, 1H), 2.89 (dt, J=12.7,2.2 Hz, 1H),2.03 — 1.79 (m, 3H),
1.79 —1.53 (m, 2H), 1.19 (d, J= 7.2 Hz, 3H).
13C NMR (major diastereomer only, 101 MHz, MeOD) & 160.53, 129.76, 129.13, 125.46,
116.40, 56.31 (d, /= 2.7 Hz), 52.84, 35.00, 31.51, 28.46, 17.26.
IR (neat, em') 3372.04, 2925.85, 1584.57, 1489.75, 1451.12, 1829.88, 1331.99, 1281.46,
1225.98, 1121.42, 1116.23, 1089, 1009.78, 754.9, 536.59
HRMS (ASAP+)m/z caled for CioH17FN [M+H]*: 194.1345, found: 194.1342.

Me,,,

., "I,

5aj
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Table 4.40: 5-benzyl-2-(4-methoxyphenyl)piperidine (5ba) characterization.

Clear oil ( 84.7 mg, 86% yield, 6:1 dr)

TH NMR (major diastereomer only, 500 MHz, MeOD)d 7.38 — 7.33 (d, 2H), 7.31 —7.23 (m,
Bn, 3H), 7.21 — 7.15 (m, 2H), 6.92 (d, J= 8.7 2H), 3.78 (s, 3H), 3.63 (dd, /= 10.2, 2.9 Hz, 1H), 3.47
"OH (ddd, J=22.5, 11.6, 2.6 Hz, 1H), 2.92 (d, J= 3.4 Hz, 1H),2.84 (dd, J = 7.8, 4.0 Hz, 1H), 1.96 —

ey, 1.85 (m, 1H), 1.79 — 1.57 (m, 5H).
13C NMR (major diastereomer only, 101 MHz, CDCl3)8 158.60, 141.98, 138.00, 129.27,
OMe

127.76, 125.73, 113.77, 61.32, 55.33, 50.40, 37.24, 35.42, 30.27, 28.56.

5ba IR (neat, cm™") 3024.13, 2926.04, 2849.2, 1609.84, 1511.02, 1442.07, 1301.85, 1244.73,
1174.11, 1106.58, 1036.14, 829.06, 771.16, 700.17, 651.50, 542.82
HRMS (ASAP+)m/z caled for C1sH24NO [M+H]*:282.1858, found: 282.1854 .

Table 4.41: methyl 2-(6-(4-methoxyphenyl)piperidin-3-yl)acetate (5fa) characterization.

Meozc/”".OqH :
oy
OMe

5fa

Clear oil (22.0 mg, 78% yield, 5:1 dr)

H NMR (major diastereomer only, 400 MHz, MeOD) 67.31 (d, J =8.7 Hz, 2H), 6.90 (d, J=
8.7 Hz, 2H), 3.80 (s, 3H), 3.70 (s, 3H),2.99 (d, J =3.5 Hz, 2H), 2.70 (dd, J= 15.7, 7.5 Hz, 1H),
2.60 (dd, J=15.7, 7.5 Hz, 1H), 2.34 — 2.12 (m, 2H), 1.88 — 1.58 (m, 5H).

13C NMR (major diastereomer only, 101 MHz, MeOD)

IR (neat, cm™') 2928.05, 2834.93, 1732.16, 1610.65, 1532.35, 1511.06, 1437.37, 1276.57,

1169.39, 1035.44, 890.71, 829.59, 772.23, 644.48, 503.09
HRMS (ASAP+)m/z caled for CisH22NO3 [M+H]*:264.1600, found: 264.1591.

Table 4.42: methyl 2-(6-(4-methoxyphenyl)piperidin-3-yl)acetate (5fa) characterization.

Meozc/lm.OlH :
-
OMe

5fa

Clear oil (22.0 mg, 78% yield, 5:1 dr)

"H NMR (major diastereomer only, 400 MHz, MeOD) §7.31 (d, J =8.7 Hz, 2H), 6.90 (d, J =
8.7 Hz, 2H), 3.80 (s, 3H), 3.70 (s, 3H),2.99 (d, J =3.5 Hz, 2H), 2.70 (dd, /= 15.7, 7.5 Hz, 1H),
2.60 (dd, J=15.7,7.5 Hz, 1H), 2.34 - 2.12 (m, 2H), 1.88 — 1.58 (m, 5H).

13C NMR (major diastereomer only, 101 MHz, MeOD)

IR (neat, cm'') 2928.05, 2834.93, 1732.16, 1610.65, 1532.35, 1511.06, 1437.37, 1276.57,
1169.39, 1035.44, 890.71, 829.59, 772.23, 644.48, 503.09

HRMS (ASAP+) m/z caled for CisH22NO3 [M+H]™:264.1600, found: 264.1591.
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Figure 4.63: 5aa NMR spectra.
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Figure 4.72: 6fa NMR spectra.
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4.4.9 Control experiments and mechanistic studies

An experiment was conducted in which deuterated acrylamide d-2a was coupled with 4-
methoxystyrene (3a) under enzymatic/aqueous conditions. After a 24 h reaction time (ca. 50%
conversion), 32% proton incorporation into d-2a at the C-H bond cis to the amide was observed.
This result suggest that the C-H activation step is reversible. Additionally, this result suggests that
the charge effect from the mSav protein scaffold is not due to concerted metalation deprotonation

(CMD) acceleration.
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Figure 4.73: Deuterium labeling experiment.

143



4.4.10 Relative rates of bound and unbound catalyst

The following stock solutions were prepared:

Enzyme in H5O - (600 M)

[Cp*PietinRhCl, ], in DMSO - (20 mg in 177 uL, 0.1 M)

Methyl acrylamide in MeOH - (0.01 g in 54 pL, 1M)

4-Methoxystyrene in MeOH - (10 pL of styrene in 75 uLL 1 M)

Acetate Buffer (100 mM NaCl and 100 mM NaOAc)

Stir bars were added to 7 vials. The first two vials were charged with 1.5 pL. of methyl acry-
lamide solution while the next five were charged with 0.75 ul. The first two vials were then charged
with .75 pul of the styrene solution and the next five were charged with .375 ul of the styrene so-
lution. Next, the first two vials were charged with 62.5 ul of acetate buffer and the next five vials
were charged with 31.25 ul of acetate buffer. A rhodium solution was added to each vial in various
amounts (0 p1, 0.1125 pl, 0.1125 pl, 0.225 pl, 0.335 pl, 0.45 pl, 0.5625 pl, all at 0.1 M). The first
two vials were charged with 37.5 ul of the enzyme and the next five were charged with 18.75 ul
of metalloenzyme solutions. The vials were sealed and allowed to stir. After 72 h the vials were
diluted with ethyl acetate and allowed to stir for an additional 10 minutes. The ethyl acetate phase
was transferred to vial and the er was determined by chiral HPLC.

The data was fitted to the following equation:

kbound * Hbound * %(R)bound + kfree *Hfree %(R)free
kbound * Hbound + kfree * Hfree

%(R)calculated = (41)

Where:

Kpound = rate constant for reaction with protein
K¢y = rate constant for reaction without protein
Ibound = % of bound complexes

ffree = % of free complexes
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90(R)pound = % (R ') produced by bound complex
%(R) ¢ree = % (R) produced by free complex
The calculated curves represent the percentage major enantiomer if the rate of Rh(III) mSav

catalysis is equal to the rate of catalysis due to the cofactor alone.

Equivalents Observed

of metal Major

monomer enantiomer
0.954
0.94775
0.93541
0.89260
0.86253
0.83676

1 0.81270

R?*=.9779

= O NV WN R

Calculation of mSav WT rate acceleration

200000

19 -

o - el O b2 reed

« 65000 = Calculated

£q. metal monomer

Figure 4.74: Relative rate with WT monomeric streptavidin catalyst.
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Equiv of Observed

metal Major

monomer enantiomer
0.95893
0.95595
0.94991
0.92922
0.91085
0.88638

1 0.86724

R*=.9796

= O NUTWN R

T111E

S

T e
, = —
\
\

Figure 4.75: Relative rate with T111E monomeric streptavidin catalyst.
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Equiv of Observed
metal Major
monomer | enantiomer
0.97138
0.96728
0.96449
0.94618
0.93353
0.90023
1 0.90932
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\ ~— Calculuted
.

Figure 4.76: Relative rate with H87A monomeric streptavidin catalyst.
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Equiv of Observed

metal Major
monomer = enantiomer
1 0.96897
2 0.94387
3 0.92925
5 0.90037
7 0.86095
9 0.83462
11 0.8262
R’=.9847
E113A
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Figure 4.77: Relative rate with E113A monomeric streptavidin catalyst.
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Equiv of Observed
metal Major
monomer enantiomer
0.80647
0.77448
0.74435
0.67515
0.63061
0.58994
1 0.54548
R*=.9991

= O N U WN =

Y112A

Figure 4.78: Relative rate with Y112A monomeric streptavidin catalyst.

4.4.11 Preparation of artificial metalloenzyme
Protein production and purification:

MBP-mSav was expressed from plasmid pET-MBP-mSav purchased from addgene (plasmid
#52319). Plasmid was transformed into BL21 (DE3) E. coli for protein production. An overnight
culture was grown in LB containing kanamycin at 37 °C shaking at 200 RPM and used to inoculate
1 L (x8) of LB containing kanamycin at 37 °C shaking at 200 RPM for 3.5 hrs to an ODgq of 0.6-
0.9. Culture was then induced with IPTG (final concentration of 1 mM) and brought to 20 °C

shaking at 200 RPM overnight. Cells were harvested by centrifugation (5000 RPM for 10 min

149



at 4 °C) and resuspended in acetate glycerol lysis buffer (10 mL, 25 mM sodium acetate, 100
mM sodium chloride, 10% glycerol, 0.2% Triton-X-100, pH 7.4) with a protease inhibitor tablet
(1/2 tablet, Roche cOmplete ULTRA Tables, Mini, EDTA free, EASYpack). Cell suspension was
subject to one freeze-thaw cycle at -20 °C followed by sonication (6 min cycle, 50% amplitude,
over ice). Cell lysate was cleared by centrifugation (9500 RPM for 20 min at 4 °C) and the
supernatant was incubated with Ni-NTA agarose resin (2 mL) rotating overnight at 4 °C. The
resin was collected by centrifugation (4750 RPM for 10 min at 4 °C) and washed with acetate
wash buffer (50 mL, 25 mM sodium acetate, 100 mM sodium chloride, 50 mM imidazole, pH
7.4). Protein was then eluted with acetate elution buffer (12 mL, 25 mM sodium acetate, 100
mM sodium chloride, 400 mM imidazole, pH 7.4) and dialyzed in acetate buffer (2 L, 25 mM
sodium acetate, 100 mM sodium chloride, pH 7.4) overnight. Purified protein was then observed
by SDS-PAGE.

Protein cleavage and re-purification:

Purified MBP-mSav was then subjected to a TEV protease cleavage. TEV protease was ex-
pressed from plasmid pRK793 purchased from addgene (plasmid #8827). An overnight culture
was grown in LB containing chloramphenicol and carbenicillin at 37 °C shaking at 200 RPM and
used to inoculate 1 L (x2) of LB containing chloramphenicol and carbenicillin at 37 °C shaking at
200 RPM for 3 hrs to an ODggg of ~0.5. Culture was then induced with IPTG (final concentration
of 1 mM) and brought to 30 °C shaking at 200 RPM overnight. Cells were harvested by centrifu-
gation (5000 RPM for 10 min at 4 °C) and resuspended in acetate glycerol lysis buffer (10 mL, 25
mM sodium acetate, 100 mM sodium chloride, 10% glycerol, 0.2% Triton-X-100, pH 7.4) with
a protease inhibitor tablet (1/2 tablet, Roche cOmplete ULTRA Tables, Mini, EDTA free, EASY-
pack). Cell suspension was subject to one freeze-thaw cycle at -20 °C followed by sonication (2
min cycle, 50% amplitude, over ice). Cell lysate was cleared by centrifugation (9500 RPM for 20
min at 4 °C) and the supernatant was incubated with Ni-NTA agarose resin (1 mL) rotating for 30
min at 4 °C. The resin was collected by centrifugation (4750 RPM for 10 min at 4 °C) and washed

with acetate wash buffer (50 mL, 25 mM sodium acetate, 100 mM sodium chloride, 50 mM imida-
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zole, pH 7.4). Protein was then eluted with acetate elution buffer (12 mL, 25 mM sodium acetate,
100 mM sodium chloride, 400 mM imidazole, pH 7.4) and dialyzed in acetate buffer (2 L, 25 mM
sodium acetate, 100 mM sodium chloride, pH 7.4) overnight. Purified protein was then observed
by SDS-PAGE.

Purified TEV protease was then added to purified MBP-mSav (100 mg protein to 1 mg pro-
tease) and rotated for 48 hrs at 4 °C. Ni-NTA resin was then added to cleavage mixture and rotated
for ~12 hrs at 4 °C. Supernatant was separated from the resin. Cleaved and re-purified protein was
observed by SDS-PAGE.

Metalloenzyme preparation:

The metalloenzyme was prepared by incubating purified mSav with Cp*P*°!"Rh (30uM pro-
tein:60uM biotin) in acetate buffer at RT rotating overnight. Mixtures were then centrifuged to
eliminate any precipitation (14000 RPM, 10 min) and transferred to a 10 kDa MWCO ultracen-
trifugal filter unit for several washes with acetate buffer. Protein solution will now have a yellowish

tint due to binding of Rh.

4.4.12 Protein sequences

mSayv —
GAEAGITGTWYNQHGSTFTVTAGADGNLTGQYENRAQGTGCQNSPYTLTGRYNGTKL

EWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGPATEQGQDTFTKVKP

SAASGSDYKDDDDK

mSav H87A -
GAEAGITGTWYNQHGSTFTVTAGADGNLTGQYENRAQGTGCQNSPYTLTGRYNGTKL

EWRVEWNNSTENCASRTEWRGQYQGGAEARINTQWNLTYEGGSGPATEQGQDTFTKVKP

SAASGSDYKDDDDK

mSav T111E -
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GAEAGITGTWYNQHGSTFTVTAGADGNLTGQYENRAQGTGCQNSPYTLTGRYNGTKL
EWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLEYEGGSGPATEQGQDTFTKVKP
SAASGSDYKDDDDK
mSav Y112A -

GAEAGITGTWYNQHGSTFTVTAGADGNLTGQYENRAQGTGCQNSPYTLTGRYNGTKL
EWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTAEGGSGPATEQGQDTFTKVKP
SAASGSDYKDDDDK
mSav E113A -

GAEAGITGTWYNQHGSTFTVTAGADGNLTGQYENRAQGTGCQNSPYTLTGRYNGTKL
EWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYAGGSGPATEQGQDTFTKVKP
SAASGSDYKDDDDK

4.4.13 Protein mass spectrometry analysis (TOFMS)

L Genn (011035 min, 20 Geaan) | mg=200 OV At 20160710 mBAS Dutmes TEV (002 8 Sutirost Dneany

mSav

expected mass: 14182 Da

Figure 4.79: WT monomeric streptavidin mass spectrometry data.
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Figure 4.80: H87A monomeric streptavidin mass spectrometry data.
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Figure 4.81: T111E monomeric streptavidin mass spectrometry data.
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Figure 4.82: Y112A monomeric streptavidin mass spectrometry data.
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mSav E113A

expected mass: 14124 Da
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Figure 4.83: E113A monomeric streptavidin mass spectrometry data.

4.4.14 Protein gel
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Figure 4.84: SDS-PAGE coomassie gel tev cleaved and purified monomeric streptavidin mutants.
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4.4.15 Biotin binding ELISA
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Figure 4.85: Biotin binding ELISA.

4.4.16 Protein data bank
mSav — 4JNJ
tSav — 3RY1

4.4.17 Calculation of initial rates and relative rates

Acrylamide coupling reactions were setup according to the general procedure (section 4.4.6).
Varying amounts of acrylamide (1 M in MeOH) and styrene (1 M in MeOH) were added in order
to vary substrate concentration and NMR yields were used to calculate reaction velocities. Initial

reaction rates were obtained by running the reaction for six hours.
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.0045 M

Mutant Initial Rxn Relative rate

Velocity/Rate

(umol/hr)

WT 1.50E-02 14285.71
H87A 7.20E-02 68571.43
T111E 4.50E-02 42857.14
E113A 3.63E-02 34609.52
Y112A 7.50E-04 714.29
biot-Rh 1.05E-06 1.00

Figure 4.86: Initial and relative rate calculations at 0.0045M.

0075 M
Mutant Initial Rxn Relative rate
Velocity/Rate
(umol/hr)

WT 4.38E-02 4.95
H87A 1.15E-01 13.01
T111E 8.75E-02 9.90
E113A 6.61E-02 7.48
Y112A 5.00E-03 0.57
biot-Rh 8.84E-03 1.00

Figure 4.87: Initial and relative rate calculations at 0.0075M.

0105 M
Mutant Initial Rxn Relative
Velocity/Rate rate
(umol/hr)

WT 7.00E-02 6.73
H87A 1.50E-01 14.42
T111E 1.26E-01 12.12
E113A 9.503E-02 9.14
Y112A 1.05E-02 1.01
biot-Rh 1.04E-02 1.00

Figure 4.88: Initial and relative rate calculations at 0.0105M.
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0125 M
Mutant | Initial Rxn Velocity/Rate = Relative

(umol/hr) rate

WT 7.50E-02 6.10
H87A 1.50E-01 12.20
T111E 1.46E-01 11.87
E113A 1.10E-01 8.92
Y112A 1.67E-02 1.36
biot-Rh 1.23E-02 1.00

Figure 4.89: Initial and relative rate calculations at 0.0125M.

0145 M
Mutant | Initial Rxn Velocity/Rate = Relative
(umol/hr) rate
WT 7.73E-02 6.72
H87A 1.45E-01 12.61
T111E 1.69E-01 14.70
E113A 1.16E-01 10.12
Y112A 2.42E-02 2.10
biot-Rh 1.15E-02 1.00

Figure 4.90: Initial and relative rate calculations at 0.0145M.
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