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ABSTRACT OF DISSERTATION

PART I. FITTING PROTEIN AGGREGATION KINETIC DATA RELEVANT TO
NEURODEGENERATIVE DISEASES WITH AN “OCKHAM’S RAZOR” MODEL
EN ROUTE TO MEANINGFUL RATE CONSTANTS AND MECHANISTIC
INSIGHTS. PART II. DIOXYGENASES: THE DEVELOPMENT OF NEW, AND

THE REINVESTIGATION OF PRIOR, PRECATALYSTS

This dissertation is presented in two parts. Part I starts with a review of models
that have been used to curve-fit or obtain rate constants for protein aggregation kinetic
data. Following the review, the research presented in Part I is primarily focused on
fitting protein aggregation literature relevant to neurodegenerative diseases using the
Finke-Watzky (hereafter F-W) 2-step model of nucleation and autocatalytic growth. Part
I includes: (i) the fits to the F-W model and resultant nucleation and growth rate
constants of 14 representative data sets of amyloid-f3, a-synuclein, and polyglutamine
aggregation relevant to Alzheimer’s, Parkinson’s', and Huntington’s diseases,
respectively; (ii) the fits of 27 data sets of yeast and mammalian prion aggregation, along
with the resultant rate constants and interpretation of factors that contribute to nucleation
and growth of prion aggregates; and (iii) a re-examination of variable temperature and
variable pH a-synuclein aggregation data in which the insights are elucidated that: (a) the

processes of nucleation and growth are energetically similar, (b) the net charge of the
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protein affects nucleation, and (c) the lag-time does not, as previously thought,
correspond to the rate of nucleation.

Part II begins with a brief review of the importance of dioxygenases followed by
an introduction to two important synthetic dioxygenases, the catechol dioxygenase
[VO(3,5-DTBC)(3,5-DBSQ)], (where 3,5-DTBC = 3,5-di-tert-butylcatechol and 3,5-
DBSQ = 3,5-di-tert-butylsemiquinone) and the claimed polyoxometalate dioxygenase,
[WZnRu(OH)(H,0)(ZnW4O34):]'". The synthesis and characterization of a new
dioxygenase, V(3,6-DBSQ)(3,6-DTBC),, along with the initial catalytic results with the
H»(3,6-DTBC), substrate are given. Next is a full report of the dioxygenase activity with
H,(3,5-DTBC) and H,(3,6-DTBC) substrates of three d° metal precatalysts: [VO(3,5-
DTBC)(3,5-DBSQ)]., V(3,6-DTBC)2(3,6-DBSQ), and [MoO(3,5-DTBC),],. The d°
vanadium bound to a semiquinone ligand in both V-precatalysts appears to be an
important component for obtaining dioxygenase products from the H»(3,5-DTBC) and
H»(3,6-DTBC) substrates. Finally, Part II concludes with a reinvestigation a claimed
dioxygenase, [WZnRuy(OH)(H,0)(ZnWs034):]''" (1). Three independent samples of 1
from two different laboratories, samples that also give the same catalysis results as
previously reported, are all consistent with the composition of the parent, Ru-free
polyoxometalate, [WZn3(H;0)2(ZnWO34)2]'* (2). Also, simple mixtures of 2 plus
[Ru(DMSO0),4Cl,] is a ca. 2-fold more efficient catalyst than “1”, placing in serious doubt
a prior Nature paper detailing the claim that “1” is a Ru-based, all-inorganic dioxygenase.

Aimee M. Morris
Chemistry Department
Colorado State University

Fort Collins, CO 80523
Summer 2009
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CHAPTER 1

INTRODUCTION

This dissertation is presented in two parts. Part I of this dissertation has the theme
of fitting protein aggregation kinetic data with a mechanism able to elucidate information
on the nucleation and growth of the overall aggregation process. Part II contains the
broad theme of investigating dioxygenase catalysts. This dissertation is written in the
“journals-format” style (see Appendix A for a discussion of this type of dissertation). It
is based on six separate publications (Chapters III-V and VII-IX) and a published
literature review (Chapter II). Chapter II is written in the format of Biochimica et
Biophysica Acta (Elsevier), Chapters III, IV, VI, VII, and IX are written in a format set
by the American Chemical Society, and Chapter VIII is written in the format of Journal
of Molecular Catalysis A: Chemical (Elsevier). Consistency of this dissertation as a
single document is achieved by (i) this introduction, (ii) the use of bridging paragraphs at
the beginning of each chapter, (iii) a second brief literature introduction to Part II
(Chapter VI), and (iv) a final summary chapter. A concise overview of each chapter’s

contents is presented below.



Chapter II is a literature review of the different models that have been used to fit
protein aggregation kinetic data and/or obtain rate constants for aggregation. Each
different type of model that has been used to treat protein aggregation kinetic data is
discussed along with illustrative examples of the experimental kinetic data that each
model is able to fit.

Chapter III is an investigation of protein aggregation kinetic data relevant to
Alzheimer’s, Parkinson’s, and Huntington’s diseases. Specifically, we show that a broad
range of kinetic data (14 representative data sets) from the literature can be fit with the
Finke-Watzky (F-W) 2-step model consisting of nucleation and autocatalytic growth. As
such, we are able to deconvolute and report for the first time the nucleation (k;) and
autocatalytic growth (k) rate constants for the protein aggregation systems examined
therein.

Chapter IV extends the use of the F-W model to prion protein aggregation
systems. We show that the 27 different kinetic data sets examined, including both yeast
and mammalian prion systems, are well fit by the simple 2-step F-W nucleation and
autocatalytic growth model. Moreover, we are able to gain insights from the resultant
rate constants on what factors, such as the N-terminus vs the C-terminus, affect
nucleation and growth.

Chapter V presents a study of the aggregation of a-synuclein, a protein
hypothesized to be an underlying cause of Parkinson’s disease. This study involved re-
examination using the F-W model, of a-synuclein aggregation kinetic data that was
previously analyzed by an empirical equation. From our re-examination we deduced the

following insights that were previously unavailable: (i) that contrary to what is believed



in the field, the lag-time is not a good predictor of the nucleation rate, and (ii) that net
charge is an important variable controlling the nucleation rate constant of a-synuclein
aggregation.

Chapter VI is a brief literature introduction to Part II of this dissertation in which
dioxygenase catalysis is introduced. In addition, two notable synthetic dioxygenase
systems are discussed. These systems include the record life’;ime catalytic-cycle resting
state dimer [VO(3,5-DTBC)(3,5-DBSQ)], (where 3,5-DTBC = 3,5-di-tert-
butylcatecholate and 3,5-DBSQ = 3,5-di-fert-butylsemiquinone) and the claimed all-
inorganic polyoxometalate dioxygenase catalyst [WZnRuz(OH)(HzO)(ZnW9034)2]1 I

Chapter VII contains the synthesis and characterization by multiple physical
methods of a new catechol dioxygenase precatalyst, V(3,6-DBSQ)(3,6-DBCat), (where
3,6-DBSQ = 3,6-di-tert-butylsemiquinone and 3,6-DBCat = 3,6-di-tert-butylcatecholate).
Included in this chapter are the initial catalytic results of V(3,6-DBSQ)(3,6-DBCat), with
the substrate Hy(3,6-DBCat).

Chapter VIII presents the dioxygenase catalytic abilities of the d° metal
precatalysts [VO(3,5-DTBC)(3,5-DBSQ)]2, V(3,6-DTBC),(3,6-DBSQ), and [MoO(3,5-
DTBC),], with the substrates H,(3,5-DTBC) and H,(3,6-DTBC). Interestingly, both of
the V- and semiquinone-containing precatalysts give similar yields of the intradiol and
extradiol dioxygenase products for the substrates H»(3,5-DTBC) and H,(3,6-DTBC),
while the Mo-precatalyst gives a majority of the less desired autoxidation product,
benzoquinone. Product studies as well as time-dependent EPR studies suggest that the

precatalysts [VO(3,5-DTBC)(3,5-DBSQ)]: and V(3,6-DTBC),(3,6-DBSQ) feed into the



same catalytic cycle, but there appears to be different catalytic cycles depending on
whether the H,(3,5-DTBC) or Hy(3,6-DTBC) substrate is used.

Chapter IX is a reinvestigation of the composition of the putative dioxygenase
catalyst [WZnRuy(OH)(H,0)(ZnWsO34):]'"", 1. We show that three different samples of
1 from two different laboratories are all consistent with the composition of the parent,
Ru-free polyoxometalate, [WZn;(H,0),(ZnWs034),]'* (2), with little to no incorporation
of Ru from the [Ru(DMSO)4Cl,] precursor. Moreover, the same catalysis as 1 is
observed for 2 alone or [Ru(DMSQ0)4Cl,] alone. More importantly, faster catalysis
converting adamantane to 1-adamantanol and 2-adamantanone is observed with simple
mixtures of 2 plus 0.13 equiv of [Ru(DMSO0)4Cl;], strongly suggesting that even if “1”
exists, it is not a kinetically dominant catalyst in what is also not dioxygenase, but
actually autoxidation, catalysis.

Chapter X presents a summary of the material presented in this dissertation.



CHAPTER II

PART I INTRODUCTION. PROTEIN AGGREGATION KINETICS, MECHANISM,

AND CURVE-FITTING: A REVIEW OF THE LITERATURE

This dissertation chapter contains the manuscript of a review published in
Biochimica et Biophysica Acta: Proteins and Proteomics 2009, 1794, 375-397. Thisisa
literature review of the various approaches that have been used to analyze protein
aggregation kinetic data. A focus of the review is on the models that have been used to
try to fit protein aggregation kinetic data.

The following are contributions to this review from Aimee M. Morris: (i)
compiling the original literature on which this review is based; (i1) writing the first draft
version of the review; (iii) then working on subsequent versions of this review With Dr.
Murielle A. Watzky and Prof. Richard G. Finke acting in advisory roles to bring the

manuscript up its current, published form.



Part I Introduction: Protein Aggregation Kinetics, Mechanism, and Curve-Fitting:

A Review of the Literature

Aimee M. Morris, Murielle A. Watzky and Richard G. Finke

Abstract

Protein aggregation is an important phenomenon that alternatively is part of the
normal functioning of nature or, central to this review, has negative consequences via its
hypothesized central role in neurodegenerative diseases. A key to controlling protein
aggregation is understanding the mechanism(s) of protein aggregation. Kinetic studies,
data curve-fitting, and analysis are, in turn, keys to rigorous mechanistic studies. The
main goal of this review is to analyze and report on the primary literature contributions to
protein aggregation kinetics, mechanism, and curve-fitting. Following a brief
introduction, the multiple different physical methods that have been employed to follow
protein aggregation are presented and briefly discussed. Next, key information on the
starting proteins and especially the products, and any detectable intermediates, involved
in protein aggregation are presented. This is followed by tabulation (in the Supporting
Information) and discussion (in the main text), of the many approaches in the literature
striving to determine the kinetics and mechanism of protein aggregation. It is found that

these approaches can be broadly divided into three categories: (i) kinetic and



thermodynamic, (ii) empirical, and (iii) other approaches. The first two approaches are
the main focus of the present contribution, their goal being curve-fitting the available
kinetic data and obtaining quantitative rate constants characterizing the nucleation,
growth, and any other parts of the overall aggregation process. The large literature of
protein aggregation is distilled down to five classes of postulated mechanisms: 1) the
subsequent monomer addition mechanism, ii) the reversible association mechanism, iii)
prion aggregation mechanisms, iv) an “Ockham’s razor’/minimalistic mode] first
presented in 1997 and known as the Finke-Watzky 2-step model, and v) quantitative
structure activity relationship models. These five classes of mechanisms are reviewed in
detail in historical order; where possible corresponding kinetic equations, and fits to
aggregation data via the proposed mechanisms, are analyzed and discussed. The five
classes of mechanisms are then analyzed and discussed in terms of their similarities and
differences to one another. Also included is a brief discussion of selected empirical
approaches used to investigate protein aggregation. Three problem areas in the protein
aggregation kinetic and mechanistic studies area are identified, and a Summary and
Conclusions section is provided en route to moving the field forward towards the still

unachieved goal of unequivocal elucidation of the mechanism(s) of protein aggregation.

Introduction
The aggregation' of proteins such as amyloid-B, polyglutamine, a-synuclein, and

prions has been suggested to be intimately associated with neurodegenerative disorders

! Herein we use the term “protein aggregation” to describe the process of protein
monomers reacting to form fibrils and amorphous aggregates. The term “aggregation”
has as its chemical dictionary definition: “A process that results in the formation of



such as Alzheimer’s [1], Huntington’s [2], Parkinson’s [3], and prion [4] diseases,
respectively. Aggregation is also a nuisance in industrial applications where it can
interfere with the production and characterization of therapeutic polypeptides [5].
Naturally occurring, productive protein aggregation is also important in nature in cases
such as the protein fibrillation reaction of n(G-actin) — (F-actin),, where G-actin is the
globular, and F-actin the fibrillar form, of the protein actin.

For the purposes of this review, we will categorize protein aggregation into three
classes: (1) naturally occurring, productive aggregation as in the n(G-actin) — (F-actin),
example mentioned. This reaction occurs throughout the human body, as well as in other
organisms, and is necessary in controlling the mobility and shape of the cells [6].
Another example of naturally occurring protein aggregation includes the enzyme
glutamate dehydrogenase [7,8,9,10]. Both actin and glutamate dehydrogenase function
with aggregation of a protein in its native state. A second class of aggregation
phenomenon can be classified as (ii) unwanted aggregation in biology. This class
includes a-synuclein, amyloid p, polyglutamine, and prions as common examples of
proteins thaf aggregate and are suspected to play a key role in the neurodegenerative
diseases Parkinson’s [3], Alzheimer’s [1], Huntington’s [2], and prion [4] diseases,
respectively. This type of aggregation is generally believed to involve aggregation of the
protein in a non-native state (vide infra). The final class of aggregation phenomenon is

(iii) unwanted aggregation in an industrial setting. This class of aggregation usually

[groups of atoms or molecules that are held together in any way].” Alternatively, one
could use “agglomeration” since it is defined as: “An indiscriminately formed cluster of
particles” [McGraw-Hill Dictionary of Scientific and Technical Terms, 6™ Ed., McGraw-
Hill, New York, 2003]. In short, we use herein the term “protein aggregation” since it is
the most common term in the literature and is acceptable under the definition given
above.



produces amorphous aggregates and its control and understanding is important to the
biotechnology industry for keeping proteins in a non-aggregated, bottleable, long-shelf-
life form [11].

Because of its importance, the kinetics and mechanism of protein aggregation
have been of interest for approximately fifty years [12]. Protein aggregation is, therefore,
a topic that has been the subject of numerous other recent reviews, although from
perspectives different than herein [13,14,15,16,17,18,19,20,21,22,23,24,25,26]. Of
particular interest is the excellent and critical review on the detailed steps of protein
aggregation recently published by C. J. Roberts [14], as well as a review on entropy-
driven polymerization of proteins by M. A. Lauffer [26]. However, still missing in our
opinion among the available reviews of the expansive protein aggregation literature is an
analysis and review focusing on models that can fit kinetic data, give useful, quantitative
rate constants, and ideally provide mechanistic insight. Key questions to be answered
herein include: (i) How many distinct mechanisms actually exist in the literature for
protein aggregation? (ii) What is the essence of each mechanism? (iii) Which
mechanisms or models have been used to curve-fit kinetic data? (iv) Do any of these
mechanisms have similarities to each other? Also, (v) which of the terms used in the

sometimes confusing nomenclature® in the protein aggregation literature have the same

? The nomenclature in the protein agglomeration literature can be confusing since
multiple terms are used for more or less the same phenomenon or meaning. Specifically,
used more or less equivalently are the terms: induction period and lag phase to indicate
the time before measurable aggregation occurs, and the terms elongation, aggregation,
fibrillation, and polymerization all meaning what we will term herein as growth. Adding
further confusion is the use of the term “heterogeneous nucleation” to mean, we infer, the
dictionary definition of “heterogeneous”, that is, nucleation of different, new polymeric
aggregates on the surface of existing (“heterogeneous”) aggregates or polymers. In the
extensive, traditional nucleation theory literature, “heterogeneous nucleation” has been

9



meaning? These are some of the key questions we hope to answer herein. In short, a
main goal of the present contribution is to analyze and report the primary (in our
opinion) literature contributions to protein aggregation kinetics, mechanism, and curve-
fitting.

In what follows we have tried to identify key papers in terms of the 5 main classes
(vide infra) of mechanistic models in the literature, and to trace each (class of)
mechanism back to its earliest origins. Our goal is to distill the literature to its essential
components, again in our view. We apologize in advance to the authors of literature we
were not able to cover in the space available or have somehow inadvertently missed.

We begin with a brief survey of the physical methods used to measure protein
aggregation noting whether the methods are direct or indirect, in-situ or ex-situ, and
whether the method is able to measure kinetics. Next, we discuss what is known about
the starting proteins, products, and intermediates of protein aggregation—since knowing
one’s products and intermediates is key to rigorous mechanistic science. Third, we
tabulate and discuss the main thermodynamic and kinetic based studies we have found
that support what turns out to be the 5 main classes of suggested mechanisms of protein
aggregation, all in a somewhat historical order. We also briefly discuss empirical
approaches that have been used to fit protein aggregation kinetic data. We end with a
discussion of what seems to be some of the common pitfalls in attacking the highly

complex problem of the mechanism(s) of protein aggregation. We also list some of the

used to mean nucleation in two different phases. Another important definition for any
nucleation and growth phenomenon such as protein aggregation is the “critical nucleus”,
and we use this term herein as used in the nucleation theory literature.

10



important unsolved problems and hence needed future research directions, and then

conclude with a Summary and Conclusions section of the highlights of this review.

Advantages and Disadvantages of the Physical Methods Used to Monitor
Protein Aggregation.

The kinetics and products of protein aggregation have been measured using at
least 18 different analytical techniques, each having its own intrinsic advantages and
disadvantages. Each technique is summarized in Table 1 and discussed in more detail in
the Supporting Information. The interested reader is also referred to the recent, excellent
review by S. E. Bondos that compares the various methods used to detect protein
aggregation, with an emphasis on the concentration and volume ranges for each method,
and organized by techniques that: (i) detect protein aggregates, (ii) screen buffers to
improve protein stability, and (iii) characterize protein aggregates [27]. Indicated in
Table 1 is if the physical methods listed there are used as direct or indirect’ methods for
the systems at hand, and if they can be used in-situ or involve ex-situ use and sample
preparation. In protein aggregation, as with all science, the use of multiple,
complementary, ideally direct, in-situ physical methods is of course preferred.

One notable study comparing six different physical methods (ANS fluorescence,
chymotrypsin resistance, congo red binding, light scattering, SDS-PAGE, and

sedimentation) has appeared [28]. Each of the different physical methods shows, for the

3 We were unable to find a definition for direct vs. indirect physical methods in the
literature. Therefore, we will use the term direct physical method to mean a method that
measures a property that is directly affected by the aggregation process, while an indirect
method measures a property that is only indirectly affected by the aggregation process.

11



first time (to our knowledge) the same kinetic rate constants within experimental error

[29], making that study an especially notable one [28].

Table 1. Physical methods used in the literature to analyze protein aggregation.

Method Direct/ In-situ/Ex-situ Measure Selected
Indirect’ Kinetics? Reference(s)

Absorbance Direct Concentration dependent® Yes [30]
Atomic Force Microscopy Direct In-situ Yes [30]
Calorimetry Direct In-situ Yes [27,31]
Circular Dichroism Direct Concentration dependent® Yes [32]
Dyes Indirect Concentration dependent® Yes [30,33]
Electron Microscopy Direct Ex-situ No [27,30]
Electron Paramagnetic Indirect Concentration dependent® Yes [34]
Resonance Spectroscopy
Flow Birefringence Direct In-situ Yes [35,36]
Fluorescence Spectroscopy Direct Concentration dependent® Yes [33]
with an intrinsic fluorophore
Fluorescence Spectroscopy Indirect Concentration dependent® Yes [33]
with an extrinsic fluorophore
Fourier Transform Infrared Direct Concentration dependent® Yes [27]
Spectroscopy
Light Scattering Direct In-situ Yes [37,38,39]
Mass Spectrometry Direct Ex-situ No [27,40,41]
Nuclear Magnetic Resonance Direct Concentration dependent® Yes [42,43]
Spectroscopy
Quartz Crystal Oscillator Direct Concentration dependent® Yes [44]
Measurements
Turbidity Direct . In-situ Yes [30,45]
Viscosity Direct In-situ Yes [46]
X-ray Diffraction Direct Concentration dependent® No” [30,47]

? By “concentration dependent” we mean that this method can be in-situ if the aggregation conditions are
within the detection limits of the physical method.
® Or “yes” in principle if Synchrotron radiation is used.

Table 1 shows that many different methods for measuring protein aggregation
exist, each with their own intrinsic advantages and disadvantages. Therefore, the use of
as many multiple, complementary methods as possible when studying the kinetics and

mechanism of protein aggregation is critical.

Starting Proteins, Products, and Detectable Intermediates of Protein

Aggregation. It has long been known that “know your product(s)” is the first rule of

12



rigorous mechanistic science, since the steps in any proposed mechanism must add up to
those observed products. We review, therefore, what is generally known vs. not known
about the starting proteins, products, and any detectable intermediates of protein
aggregation when fibrils are formed, as this category involves many important studies of
(native and non-native) protein aggregation. While a main goal of this review is to
examine protein aggregation mechanisms supported by kinetic data, presentation of a
schematic representation of the overall pathway generally proposed for the aggregation
(fibrillation) of the proteins is useful for the discussion that follows and is, therefore,

shown in Scheme 1.

Scheme 1. Idealized schematic representation of a general, overall gathway for the
formation of protein fibrils, including some possible intermediates.®

O ° & oo ’

Monomer -~--- » | Active Monomer |-~--- » Oligomer ----- = | Nucleus? | cevun » Oligomer .-«-- » Protofilament®.....

Y

$e

Amorphous
Aggregate

*There does seem to be a consensus that protein aggregation occurs via a mechanism that involves
nucleation, therefore we included a nucleus formation step.

®There does not seem to be a consensus as to whether the protofilament results from an assembly of
oligomers or from the addition of monomers, so we chose to represent protofilament formation in a generic
way.

The starting reactant in protein aggregation is the monomeric form of the protein.

However, in the cases of unwanted aggregation, there is an issue as to whether the
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monomer begins in its native form, or in a denatured, more “active” form. Indeed,
misfolded proteins are believed to be part of the first steps in the mechanism of unwanted
protein aggregation [48]. For example, the natively unfolded protein a-synuclein [49] is
found to have an increased ability both to misfold and aggregate under oxidative
conditions, such as pathological conditions that result in the overproduction of oxidants
[50,51]. Also, A. L. Fink and co-workers have shown evidence for the formation of
partially folded intermediates in the aggregation of a-synuclein [52,53,54]. It is therefore
hypothesized that in some cases the protein monomer undergoes a conformational
change, leading to higher B-sheet character or to the exposure of “sticky” hydrophobic
patches [52], that then gives the monomer a higher propensity to aggregate, causing it to
become “active” [14].

The aggregation of the so-called amyloidogenic proteins eventually leads to the
formation of insoluble fibers, called amyloid fibrils, as the final product. (In some
instances, amorphous aggregates, a hypothesized off-pathway product [14,55], have also
been observed in the aggregation process.) The morphologies of amyloid fibrils obtained
from different proteins are remarkably similar [47]. They typically consist of several
concentric protofilaments [56], which in turn are formed by (i) one or more p3-pleated
sheets [47,57] with each (3-sheet consisting of (ii) polypeptide [3-strands usually arranged
in an anti-parallel configuration [58]. M. Sunde and co-workers reported Synchrotron X-
ray diffraction studies on amyloid fibrils obtained from six different proteins [47], and
found a “common core structure” among these proteins at least at the lével of the
protofilament, as represented in Figure 1. The protofilament is found to consist of a

helical array of one or more 3-sheets (four $-sheets are shown in Figure 1) twisted
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around the protofilament main axis, with their constituent -strands perpendicular to that

axis [47].

Figure 1. Model of the structure of the common core protofilament in a generic amyloid
fibril. This structure was determined using Synchrotron X-ray diffraction on amyloid
fibrils of six different proteins. Reprinted from ref. [47]. Copyright (1997) with
permission from Elsevier.

An example of perhaps one of the best-characterized protein fibrils comes from
the classic sickle cell hemoglobin system. The product that results from the aggregation
of sickle cell hemoglobin under solution conditions is a 21 nm diameter fibril consisting
of 14 helical strands arranged in 7 twisted double strands (Figure 2) [59,60,61]. A 2.05 A

resolution structure of the helically twisted double strand of sickle cell hemoglobin,

believed to be a building block, was solved in 1997 [62].
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Figure 2. A schematic representation of the polymerized product of sickle cell
hemoglobin. The fibril contains a total of 14 helical strands arranged in twisted pairs.
Reprinted from ref. [63]. Copyright (2006) with permission from Elsevier.

Other proteins such as actin, collagen, and portions of prion proteins have also
been well-characterized by X-ray diffraction [64,65,66,67,68,69,70]. However, most
protein fibrils are hard to obtain in a crystalline form. Nevertheless, fibrils of amyloid
and a-synuclein among others have been extensively characterized by microscopy, solid-
state NMR, and modeling studies as detailed in two recent reviews on the structures of
amyloid fibrils [71,72]. These extensive characterization studies have lead to a fairly
comprehensive understanding of the general structure of protein fibrils that result from
protein aggregation, as well as to a more detailed understanding of the structures of
specific fibrils originating from proteins such as actin, collagen, prions, amyloid B, and
a-synuclein.

While there is no consensus yet as to whether all or some of the intermediate
species of protein aggregation are “on” or “off” the amyloid fibril formation pathway
[16,55,73,74], there is some evidence in the literature for the existence of toxic (vide

infra) intermediate species. Such intermediates can be loosely classified into two
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categories: (i) soluble oligomers, and (ii) insoluble oligomers or protofibrils. Protofibrils
of amyloid-$ and a-synuclein have been observed by Lansbury and co-workers using
both electron microscopy (EM) and atomic force microscopy (AFM) [75,76,77,78]. Fink
and co-workers have demonstrated the presence of (soluble) oligomers of a-synuclein
using fluorescence studies in conjunction with various other physical methods [52,54,79],
and of (insoluble) oligomers of light-chain immunoglobulin using AFM [80,81]. The
morphological studies of insoluble oligomers or protofibrils have revealed that these
intermediate species contain a ring or annular type structure. Recently, it was suggested
that soluble dimers of amyloid 3 are responsible for the toxicity observed in Alzheimer’s
disease [82].

From their structural characterization, protofibrils of a-synuclein have been
proposed to be toxic to neuronal dopamine cells by creating pores within the cell
membrane (thus disturbing Ca** flow and balance [3]), or pores within the membrane of
dopaminergic vesicles [83]. Several research groups have also looked at the toxicity of
soluble oligomers of amyloid-f and proposed that toxicity could occur by way of (i)
reacting with O, in the neuronal cell membrane to start a chain of radical reactions
leading to the formation of lipid peroxidation products [84]; (ii) generating H,O, within
the neuronal cell [85]; (iii) inducing actin/cofilin rods in the neuronal cell [86]; or (iv) by
impairing synapse structure and function [82]. In fact in a recent review, Dobson pointed
out that smaller ordered aggregates (as compared to disordered or larger ordered
aggregates) have a higher proportion on their surface of Aydrophobic residues normally

buried within the interior of the folded protein [87]. These small ordered aggregates are
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more likely to interact with cellular components such as membranes and receptors and
possibly cause disruptive interactions within the cell [87].

However, still needed is more information on the intermediate species and their
putative role(s) in toxicity [20]. A possible way to gain information on the intermediate
species was recently described in a review covering the technique of high hydrostatic
pressure (HHR) for monitoring the aggregation of proteins [24]. HHR is postulated to
stabilize and allow for the intermediate species to be isolated [24]. Also, time-resolved
methods have been employed to elucidate structural information on the intermediate
species of protein aggregation [34,88,89,90] and, therefore, insights into the mechanism
of protein aggregation (We thank a referee for pointing this out and directing us to the
key references).

While there seems to be physical evidence for the starting proteins and final
products of protein aggregation, further information is still needed on the (hypothesized)
toxic intermediate species [83,84,85,86]. With the future development of new techniques
and continued interest in this area, more information about intermediate species should
become available and allow for further elucidation of the mechanisms of protein

aggregation and toxicity [13,20].

Thermochemistry of Protein Aggregation. The aggregation of many
biologically important proteins including, but not limited to, tobacco mosaic virus,
tubulin, sickle cell hemoglobin, collagen, actin, myosin, flagellin, glutamate
dehydrogenase, and a-chymotrypsin have been shown to exhibit a positive enthalpy and

entropy [26,91]. We refer the readers to the scholarly work contained in references 26
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and 91 for the quantitative AH® and AS°® values. The positive enthalpy (i.e., endothermic
nature) has been verified by calorimetry [26]. The high positive entropy is believed to
result from the release of water molecules upon aggregation [26,91,92]. Therefore,

protein aggregation is generally an entropy-driven process.

Approaches to Determine the Kinetics and Mechanism of Protein
Aggregation. As Scheme 2 illustrates, many approaches exist in the literature for
determining the kinetics and mechanism of protein aggregation. Kinetic,
thermodynamic, empirical, or other approaches can provide useful information depending
upon what one is trying to obtain from the analysis. Herein, we are most interested in
being able to curve-fit kinetic data and extract useful information from that data—
kinetics being a required part of reliable mechanistic studies. Therefore, the majority of
what follows in this review is dedicated to discussing and analyzing the kinetic
approaches that have been used in the literature for determining the mechanism of

aggregation.
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Scheme 2. Literature approaches to determining the kinetics and mechanism for protein
aggregation,.

Approaches
Kinetic/Thermodynamic Empirical Otler
Logistic Prion
equation mechanisms
Mass action Quantitative structure-activity Non-Mns's action
equations retationship equations equations Fink and co-workers Griffith,
Prusiner and co-workers,
i Lansbury Jr. and co-workers,
Oosawa and co-workers, gul:;ol_)‘sloyfz:r,qundmscolo, Lindquist and co-workers
Hofrichter, Ross and Eaton, b
Wegner and Engel,
Ferrone and co-workers,
Frieden and Goddette,
De Levie and co-workers,
Goldstein and Stryer, Ockham's razor/ Other kinetic
Eisenberg and co-workers, minimalistic equations equations
Flyvbjerg, Jobs, and Leibler,
Roberts and co-workers, Finke and co-workers, Thusius and co-workers
Powers and Powers Saitd and co-workers, Eigen
Murphy and co-workers Bencdek, Teplow and co-workers

Historical Review of the Kinetic and Thermodynamic Approaches to Protein
Aggregation Mechanisms and Rate Constants. Kinetic and thermodynamic approaches
toward determining the mechanism of protein aggregation began approximately 50 years
ago with the work of Oosawa and co-workers [12]. Interest and research has continued to
give what we have organized into five classes of kinetic mechanisms, as displayed in
Table 2 from 55 primary references investigated (Table S1 of the Supporting
Information). We have distilled down the available literature into what we believe to be
the earliest original contributions to each of the different mechanisms proposed. Table 2
that follows is a condensed version of a fuller literature table, Table S1 of the Supporting
Information, available to the interested reader (a different version of Table 2 was
provided in a previous publication [93], but Table 2 displayed herein is more complete).
Also provided in Table 2 are the equations, taken directly from the papers under

discussion, that one in principle might use to fit experimental data. To avoid confusion,
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the mathematical symbols and nomenclature original to each paper have been retained in
Table 2 (i.e., no attempt was made at this time to express the equations in Table 2 in a
common nomenclature, although doing so would simplify the area and is arguably a
useful, future goal). Following Table 2 is a discussion of each of the five classes of
kinetic mechanisms citing the work of those who have contributed to the understanding
and practical applications of the mechanisms discussed. Where possible, we have also
provided sample data fits to illustrate the practical applications of the mechanisms and
corresponding equations obtained. Finally, we have applied a simplification to the
subsequent monomer addition and prion mechanisms that will allow for simplified rate

equations to be obtained for future applications.
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The Subsequent-Monomer-Addition Mechanism 1. Early Contributions. The first
key paper probing the mechanism of protein aggregation dates back to 1959 by Oosawa
and co-workers [12]. This paper investigated the aggregation of the native state G-actin
protein to F-actin (vide supra). The observation was made that the aggregation process
resembled a condensation reaction, as aggregation occurs only above a critical
concentration [12]. The transformation of G-actin to F-actin as followed by flow
birefringence, showed a “First phase characterized by a flat slope... followed by the
second phase of a steep slope... expected in cooperative or autocatalytic phenomena”
[94], Oosawa notes. The (positive) cooperativity was verified by observing that (i) the
initial rate of transformation increased with G-actin concentration, and that (ii) the
addition of F-actin produced an immediate transformation of G-actin to F-actin [94].
Connections were drawn to the early polymer literature, and kinetic analyses were
performed [95,96]. The resulting rate equation for monomer uptake must be simplified
several times with a number of assumptions (including irreversibility), before it can be
approximately solved (see entry 1 in Table 2) [95]. In his treatment, Oosawa used a
distinction between the concentration of (linear and helical) polymers (M+A4) and the
concentration of monomer in (linear and helical) polymers (ni+ny) [95]. An example of
theoretical predictions (or simulations) using Oosawa’s analytical expression is shown in
Figure 3. Oosawa’s expression, as well as modifications of that expression, have been

routinely used over the years by other researchers [103].
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Figure 3. Oosawa’s theoretical curves for actin polymerization, calculated using the
equation shown in entry 1 of Table 2. Reprinted from ref. [95]. Copyright (1962) with
permission from Elsevier.

In 1974, Hofrichter, Ross, and Eaton applied the subsequent monomer addition
mechanism to the kinetics of sickle-cell hemoglobin gelation [97]. The authors
distinguished nucleation from polymerization as shown in Scheme 3 where M is the
monomer, M, is a polymer of length n, kr and k;, are the forward and backward rate
constants respectively, and n* denotes the critical nucleus size (vide infra). The constant
that describes the addition steps during nucleation is assumed to be less than one
(K=kdM]/ky, < 1), but more than one during polymerization (K’=oK > 1). That is, the
addition steps are assumed to be thermodynamically unfavorable until a critical nucleus is
formed (nucleation), but then thermodynamically favorable after nucleus formation (i.e.,
during polymerization) [97]. The authors introduced an expression for the rate of
formation of the critical nucleus (see entry 2 in Table 2) [97,98], where the critical
nucleus represents the least thermodynamically stable species in solution [99], that is, the
minimum sized oligomer capable of initiating further growth [99]. Also, the authors
noted, “The time course of the reaction suggests that this mechanism must involve either

a nucleation or an autocatalytic process” [97].
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Scheme 3. Hofrichter, Ross and Eaton’s Nucleation and Polymerization Mechanism [97].
K indicates a constant with a favorable reverse reaction, while K’=oK indicates a
favorable forward reaction.
k
M+M ‘—L_ M,
K=k[MJk, <l

M+ Mn*-l‘= Mn*

M+ Mn* Mn*+l
) K'=0K >I

In 1980, during further studies of sickle-cell hemoglobin gelation induced by
photolysis, Ferrone et al. ruled out the Hofrichter et al. mechanism due to its inability to
predict the shape of the early portion of the aggregation curve. In order to account for the
observed “extreme autocatalysis” and strong concentration dependence of the 10" time
(the time required to complete one-tenth of the reaction), the authors proposed a new
mechanism in which, in addition to homogeneous nucleation, “heterogeneous
nucleation” also takes plaée on the surface of existing polymers [100]. The authors
propose individual rate equations for homogeneous and heterogeneous nucleation
solvable by numerical integration (see entry 4 of Table 2) [100]. The concept of
“heterogeneous nucleation” was a novel and important contribution to the protein
aggregation area [100]. An alternative view of “heterogeneous nucleation” might be
seeded autocatalytic growth. (Experimentally, no one has shown whether the nuclei are

forming on the surface of an existing aggregate or if growth is simply occurring on the
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surface of that same aggregate. The distinction is whether a monomer vs. a critical
nucleus is being added to the growing fibril.)

In 1975, Wegner and Engel applied the subsequent monomer addition model to
the formation of F-actin, with the exception that the equilibrium constant for the
formation of a dimer (oK = kn/kn’) is different from that for each subsequent monomer
addition step (K = k/k’) [101]. This is shown in Scheme 4, where M is the monomer, M,
is a polymer of length n, ky and kn’ are the forward and reverse rate constants for the
formation of a dimer, and k and k’ are the forward and reverse rate constants for each
subsequent monomer addition step [101]. The authors derived both an exact set of rate
equations that must be solved by numerical integration, and an approximate (steady state)
set of rate equations for the formation of F-actin (see entry 3 in Table 2). They follow an
idea first introduced by Oosawa and co-workers [94] by distinguishing between the
concentration of polymers (¢, = 2 c¢;) and the concentration of monomers incorporated
into polymers (cp,* =Z 1¢;). Also, therein the authors defined the critical nucleus as being
“The smallest aggregate for which [the rate of] elongation is faster than [the rate of]
dissociation”; in terms of their model, the critical nucleus will be of size n=2 if k[M]>kN’,
and of size n=3 otherwise. They also note that while “Nucleation [is] extremely

difficult... cooperativity [is] very high” [101].

Scheme 4. Wegner and Engel’s Mechanism for Protein Aggregation [101].
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An example of Wegner and Engel’s kinetic treatment is given in Figure 4, which shows
actin polymerization curves (as measured by light scattering), along with the
corresponding calculated kinetic curves. Other researchers have also used Wegner and

Engel’s polymerization kinetic treatments over the years [102,103].

25
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Figure 4. Wegner and co-workers’s actin polymerization curves measured by light
scattering (dotted lines), along with calculated kinetic curves using the equation shown in
entry 3 of Table 2 (solid lines). Reprinted with permission from ref. [110]. Copyright
(1982) American Chemical Society.
In 1983, Frieden and Goddette used the subsequent monomer addition model

again for protein polymerization, with the exception that each monomer addition step had

its own associated equilibrium constant. They also added a step that would occur prior to
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all the other steps, that of an activation of the monomer, as shown in Scheme 5 where M’
is the native monomer, M is the activated monomer, M, is the polymer of length n, and
K. is the equilibrium constant [103]. The authors proposed that, in the case of actin, the
activation step represented a ligand binding to a metal, followed by a conformational
change that would accelerate the polymerization process [103]. The authors were able to
build upon the work of Wegner and Savko in 1982 [110] to simplify their system of
equations, and used computer simulation tools in their kinetic treatment. Based on their
mechanistic analysis they note, “There is no simple measure (i.e., half-time, lag time)
which would characterize the rate of polymerization... Thus, it is necessary to fit the full
time course of polymerization” [103]. Our own experimental studies confirm this

important directive [104,unpublished results].

Scheme 5. Frieden and Goddette’s Mechanism with the Added Monomer Activation Step
[103].

KV

M =—=— M
K,

M+M == M,
K,
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Figure 5 shows polymerization curves of fluorescently labeled actin, along with the
computer simulation curves obtained by Frieden and Goddette using an extension of

Wegner and Engel’s equation (entry 3 of Table 2).
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Figure 5. Fluorescently labeled actin polymerization curves (dotted lines), along with
computer simulation curves (solid lines) from Frieden and Goddette. Figure 7b reprinted
with permission from ref. [103]. Copyright (1983) American Chemical Society.

Also in 1983, De Levie et al. applied the subsequent monomer addition
mechanism in a series of papers on the nucleation and linear growth of polymers
[105,106], in which they used the assumptions that: (i) the active surface area (i.e., the
end(s) of the polymer) is independent of particle size; (ii) there is an equilibrium constant
for nucleation, and another for growth; (iii) the concentration of nuclei increases with
time during the nucleation phase, but remains mostly constant during the growth phase;
and (iv) the concentration of monomer is mainly constant at short times. The authors
used Laplace transforms and a range of confluent hypergeometric functions to solve the
sets of differential equations, both in the case of reversible and irreversible growth. Then
using steady-state approximations, they obtained analytical expressions for a flux in

concentration (J = d/dt Z ¢;) and for the monomer uptake (-dM/dt = d/dt Z i ¢;) (see entry
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5 in Table 2). However, fits to the proposed equations were not provided {106]. The
authors concluded that the sigmoidal (“S™) shape of the aggregation curve could be
obtained from the growth alone, but that nucleation is necessary to keep the concentration
of nuclei at a steady-state value [106]. However, later work [107] shows that both
nucleation and growth are crucial to obtaining sigmoidal-shaped curves.

In 1986, Goldstein and Stryer added a modification to the subsequent monomer
addition mechanism in which, instead of defining the critical nucleus (whose size will
depend on the relative rates of elongation and dissociation, and may ultimately depend on
monomer concentration, see Hofrichter et al. [97] and Wegner and Engel [101]), they
define instead a “seed” s, as “...the length s, where the kinetic constants change” [108].
Thus the equilibrium constant (K, = k+/k.) is the same for each step prior to the formation
of the seed and after the formation of the seed, the equilibrium constant (K, = g.+/g.) is the
same for every subsequent step (see entry 6 of Table 2) {108]. Scheme 6 shows their
proposed mechanism where M is the monomer, M, is a polymer of length n, k+ and k. are
the forward and reverse rate constants prior to the formation of the seed, and g+ and g. are
the forward and reverse rate constants after the formation of the seed [108]. The authors
aptly note that “The basic equations governing protein polymerization form an infinite
interrelated set of differential equations that cannot be solved exactly, and simplifying
assumptions must be used” [108]. Also provided in the original reference [108] are

simulations of the equations shown in entry 6 of Table 2.

Scheme 6. Goldstein and Stryer’s Mechanism for Protein Aggregation [108].
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Authors like Oosawa and co-workers in 1975 [109] and Wegner et al. in 1982
[110], added additional steps of polymer fragmentation (Oosawa and Wegner), displayed
with rate constant k¢, and of polymer association (Oosawa), shown with rate constant k,,

to their models of the subsequent monomer addition mechanism, as shown below in

Scheme 7.

Scheme 7. Subsequent Monomer Addition Mechanism which Includes Polymer
Fragmentation and Association.

K,
M+M —= M,

The Reversible Association Mechanism. Another class of mechanisms involves
studies looking at the aggregation of glutamate dehydrogenase, an allosteric enzyme
linking the Krebs cycle and amino acid synthesis. Nucleation is usually not accounted

for kinetically in these reversible association mechanistic postulates.
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Building upon previous studies by Ts’o et al. in 1963 [111] and by Van Holde and
Rossetti in 1967 [112] for purine association, and using Adams, Jr. and Lewis’s 1968
study of B-lactoglobulin self-association [113], in 1970 Eisenberg suggested a reversible
association mechanism for the aggregation of glutamate dehydrogenase. This mechanism
is shown in Scheme 8 where M is the monomeric species, M, is the polymerized species
of length n, and K is the equilibrium constant that is assumed to be the same for each

association step [114].

Scheme 8. Eisenberg’s Reversible Association Mechanism [114].

K

M + Mn= Mn+1

The use of approximations at low enzyme concentration [113] lead to an estimate of
average molecular weights found to be in good agreement with sedimentation
experiments (see entry 7 in Table 2) [7,114]. An example of the concentration
dependence of these molecular weights, along with calculated curves, is shown in Figure

6.
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Figure 6. Average molecular weights of glutamate dehydrogenase measured by light
scattering (points), along with calculated concentration dependence curves (line) using
the equation shown in entry 7 of Table 2 from Eisenberg. Reprinted with permission
from ref. [7]. Copyright (1971) American Chemical Society.

Thusius in 1975 and 1976 [8,9,10] challenged the reversible association
mechanism put forth by Eisenberg (Scheme 8) [7] for the aggregation of glutamate
dehydrogenase. Thusius claimed that Eisenberg’s reversible association mechanism
alone is not able to account for all the aggregation data in varying concentration ranges
[8]. Thusius and co-workers proposed a variation of the reversible association mechanism

that they termed the random association mechanism, Scheme 9, in which two (monomeric

or polymeric) units of any size can associate together to form a larger polymer [8].

Scheme 9. Thusius’ Random Association Mechanism [8].

ka
Mi +MJ = Mi+j
kd
=120
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Since Thusius’ mechanism of reversible self-association occurs with
“condensation occurring between all species without discrimination” [8], the authors
simplified the mechanism by approximating it as a “two-state” mechanism, Scheme 10
[8]. In the “two-state” mechanism, A represents “free association sites”, and B
represents “bonds between units”. The authors note that, “Although [their mechanism]
involves more interactions than [the mechanism of sequential monomer addition only], it
is the simplest kinetic model... in the sense that all elementary reactions are formally

accounted for in a single transformation” [8].

Scheme 10. A Simplified Version of the Random Association Mechanism called the
“Two-State” Mechanism [8].

From the simplified “two-state” mechanism, the authors were able to write (and
solve) a rate equation for the concentration of “free association sites” A (see entry 8 of
Table 2) which they used to test their random association mechanism using light
scattering aggregation data [8]. An example of the dependence of relaxation times on
concentration, along with a calculated curve, is shown in Figure 7. The observable data

are well fit by the two-state mechanism.
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Figure 7. Thusius’s glutamate dehydrogenase reciprocal relaxation times (points), and
calculated concentration dependence curve (line) using the equation shown in entry 8 of
Table 2. Reprinted from ref. [9]. Copyright (1975) with permission from Elsevier.

The Mechanisms of Prion Aggregation. The exact molecular mechanism for the
transmission and propagation of prion diseases is generally believed to be intimately
linked to the mechanism of aggregation of the prion protein. Many researchers in the
area of prion aggregation have, therefore, focused on the molecular details of prion
aggregation. Four different mechanisms have been proposed in the literature that provide
alternative descriptions of how transmission and propagation of the prion disease may
occur through a prion agent. We have chosen to express these mechanisms as chemical
reactions rather than pictures or words (as given in some of the original references
[4,28]), and have followed Eigen’s [115] convention in the choice of arrows used to
describe the mechanisms of Prusiner and Lansbury. In Schemes 11 to 15 below, C
represents the cellular form of the prion protein (of predominantly a-helix secondary
structure), and P represents the prion form of the protein (which is aggregation prone
with a secondary structure of high -sheet character). The non-prion (i.e., cellular) and
prion forms of the prion protein, C and P respectively, are believed to be conformational

isomers [4].
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In 1967, a chemist with exceptional mathematical skills named Griffith proposed
three possible theoretical mechanisms that could explain the self-replication of the prion
disease agent scrapie [116]. These mechanisms made use of the new hypothesis that the
scrapie agent could be a protein, and one is shown in Scheme 11. In Griffith’s words, C
would be the “stable” form of the protein, and P the “reactive” form. Griffith also
proposed that P be a different conformation of C. In this mechanism (sometimes referred
to as Template Assembly or TA [28]), the conformational change from C to P is
thermodynamically unfavorable. Yet if the aggregation of P is thermodynamically
favorable enough, it can act as a driving force to promote the overall conversion of two C
monomers into a P, dimer. Further conversion of C monomers into an aggregated P form
is then assisted by the presence o.f dimers and larger oligomers of P, which act as
templates [116]. In this mechanism, the infectious species is an oligomer Py (with x = 2),

and propagation occurs through templated assembly and conversion of C monomers.

Scheme 11. Griffith’s Mechanism of Scrapie Aggregation [116] Expressed in More
Commonly Denoted P and C Terms.

C C

P+ P —-»PZL>P2C-—->P3 A .p
j\ )
C C

In 1982, Prusiner presented enough experimental data to support the then

controversial idea that the infectious scrapie agent is made of protein, and coined it prion
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(for proteinaceous infectious -on) [117]. In 1991, he proposed a mechanism of prion
transmission and propagation shown in Scheme 12 [4,118] (this mechanism is sometimes
referred to as Monomer-Directed Conversion or MDC [28]). In this mechanism, the
infectious species is a P monomer that is able to catalyze the otherwise slow conversion
of C monomer into P monomer (through the formation of a C*P dimer); propagation thus
occurs (we and others [93,115] note) by autocatalysis as P is both a reactant and a
product of the reaction. Prusiner later acknowledged subsequent aggregation of the

infectious form of the protein [119].

Scheme 12. Prusiner’s Mechanism for Prion Aggregation [4] Expressed via Chemical
Equations.

oo

CeP —>» PeP —» 2P —» aggregation

In 1996, Eigen published a kinetic analysis of Prusiner’s mechanism (see entry 9
in Table 2) [115]. He also provided an alternative version of that mechanism by pointing
out that the catalytic (infectious) agent could be either a P monomer (his “linear Prusiner
mechanism”) or a Py oligomer (his “cooperative Prusiner mechanism™) [115].
Researchers like M. Laurent have provided support for Eigen’s “cooperative Prusiner
mechanism” by pointing out that unrealistic rate constants would be needed for P to be

the catalytic agent [120].
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Following the work of Prusiner, in 1993 Lansbury proposed a mechanism of prion
transmission and propagation (referred to as Nucleation-Dependent Polymerization, NP),
which includes features from the mechanism of subsequent monomer addition discussed
above [121,122,123,124]. This mechanism is shown in Scheme 13, where n* represents
the critical nucleus size, and K, and K, are the equilibrium constants for nucleation and
growth, respectively. Here C and P monomers are in equilibrium, and P monomers are
slowly aggregating to form a critical nucleus (nucleation). Once the Py oligomer is past
the critical nucleus size (x = n*), further aggregation becomes thermodynamically
favorable and leads to growth. In this model, the aggregation of P through nucleated
polymerization is the driving force that displaces the equilibrium between C and P
(towards P) [121]. The infectious species is a seed Py of size x = n*, and propagation

occurs through growth on the seed in this model.

Scheme 13. Lansbury’s Mechanism for Prion Aggregation [121].
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In 1996, Eigen also published a kinetic analysis of Lansbury’s mechanism (see

entry 10 in Table 2) [115]. There he points out that catalysis per se is not necessary in
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this mechanism (and he defines both a passive and an active form of autocatalysis,*
although these terms have not been extensively used in subsequent literature) [115].
Eigen further states that neither the Prusiner nor the Lansbury mechanisms can be ruled
out as possible mechanisms of prion transmission and propagation [115].

While studying the aggregation of yeast prion proteins, Linquist proposed a new
mechanism in 2000, which can be seen as a combination of the mechanisms of Griffiith
and Lansbury, named Nucleated Conformational Conversion (NCC) and shown in
Scheme 14 [28,125]. Here the formation of nuclei of C is followed by slow conversion to
nuclei of P. Once nuclei of P are present, further assembly is proposed to occur rapidly.
The formation of larger aggregates occurs by nuclei of P acting as templates, which
combine with and convert nuclei of C [28]. In this mechanism, the infectious species is a
P nucleus (P,), and propagation occurs through templated assembly and conversion of C

nuclei (C,).

Scheme 14. Lindquist’s Nucleated Conformational Conversion Mechanism [28§]
Expressed via Chemical Equations.

n1c} nﬂc

nC=C,==P - pPC,— ), I~ @),

* According to Eigen: “The nucleus may be considered as a ‘passive’
autocatalyst...[S]uch a process is virtually indistinguishable from any ‘active’ form of
catalysis, that is, a direct interaction of A-particles with some ‘catalytic surface’ of the B-
aggregates.” It is not clear whether the distinction of such putative forms of autocatalysis
has any physical or chemical basis.
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Attempts have been made in the prion literature to rule out some of the proposed
prion mechanisms [28]. However, proper kinetic analyses are lacking [29] particularly
because the mechanisms are usually displayed in words and pictures only (a form which

is not amenable to rigorous kinetic and associated mathematical analyses).

The Subsequent Monomer Addition Mechanism II. Later Contributions. In 1996
Flyvbjerg, Jobs, and Leibler examined the self-assembly of microtubules from tubulin
using a model described in Scheme 15 where M is the monomer, My++; is the nucleus of
size (n*+1), and kg, ky, and kg4 are the rate constants for the forward, backward, and
disintegration steps,' respectively [126].> The authors used the assumptions that (i) there is
only one pathway for aggregation during nucleation, and (ii) during growth, every stage
in the pathway is linked to the next stage by the addition of monomers only [126]. Note
that while the steps are reversible up to the formation of the nucleus, they are irreversible
thereafter. This model also accounts for the possible disintegration of the intermediate
aggregate species during the nucleation phase. The associated rate equations for this

model are shown in entry 11 of Table 2.

Scheme 15. Flyvbjerg, Jobs, and Leibler’s Model for the Self-Assembly of Microtubules
[126] Expressed in Terms of Chemical Equations.

3 We thank a referee for directing us to this reference.
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The authors applied a method of so-called “phenomenological scaling” to a series
of kinetic aggregation curves (measured by turbidity at different tubulin concentrations),
in which they essentially reduce the data to a common turbidity scale (A/A., where A,
represents the maximum turbidity value) and a common time scale (t/tp, where tg
represents a “characteristic time” value determined during the scaling process), Figure 8.
By applying their “phenomenological scaling” to variables present in the model’s
associated rate equations (see entry 11 of Table 2), such as time, monomer concentration,
number concentration of monomers, and mass polymerized, the authors were able to find
an approximate solution for their equation system [126]. Figure 8 also shows the fit to
the proposed model, but which the authors note “was obtained by assuming scaling, a

property that is only approximately satisfied by the experimental data” [126].
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Figure 8. Flyvbjerg et al.’s microtubule assembly kinetics at various concentrations with
the “phenomenological scaling” applied to the data on both the x- and y-axes. The fit is
to the model described in Scheme 15. Note that the inset uses a log-log scale which tends
to visually exaggerate the differences in values near zero. Ref [126]. Copyright (1996)
National Academy of Sciences, USA.

Flyvbjerg et al. first used four rate constant parameters (from an empirical
estimation of the number of assembly steps occurring during nucleation), but found that
three of those four rate constants were equivalent, so that their model could be reduced to
a two parameter model, which the authors state can be seen as a generalization of
Oosawa’s classical nucleation-polymerization model. The authors tested this model with

turbidity vs. time data for tubulin aggregation at various concentrations, and reported

average parameter values of IT ,io Kiiy =(1.220.3)x10° em"*/min® and
ke=ke2y=kezy=1.0£0.9 cm’/min. Interestingly, we show that the same data can also be fit
with the (phenomenological) 2-step Finke-Watzky (F-W, vide infra) model of nucleation
and autocatalytic growth (see Figure S1 of the Supporting Information). The averaged
rate constants resulting from the F-W fits differ in units from the above results (with

k;=(2+2)x10” min™ and k,=1.7+0.4 cm/min), and thus are not directly comparable.
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Also in 1996, Benedek, Teplow and co-workers looked at the fibrillation of
amyloid-f3, a peptide whose deposition is associated with Alzheimer’s disease, under
conditions where the protein is in high concentrations (0.1 mM range), but where the
aggregation is slowed down in this case by acidic conditions, so that it may be followed
(over time) by quasi-elastic light scattering (QLS) [127]. The authors proposed a model
interpreted in Scheme 16, where c represents the protein concentration, c* the critical
micelle concentration (CMC), k, the rate constant for nucleation, and k. the rate constant
for elongation. In this model and at protein concentrations above the CMC (¢ > ¢*), (i)
the protein forms micelles, (ii) nucleation occurs within the micelles, and (iii) elongation
takes place on the nuclei (by irreversible binding of monomers to the fibrils ends). For
protein concentrations below the CMC (¢ < ¢*), no nucleation occurs so that (seeded)
growth may only take place on impurities [127]. Other researchers have since proposed

that soluble oligomers of amyloid-f actually represent protein micelles [128].

Scheme 16. Word Interpretation of Benedek and Teplow’s Mechanism for Protein
Fibrillation [127].
Kk, ke
monomers === Mmicelles — nuclei — fibrils
(c>c*)

The authors emphasized the need to deconvolute kinetic parameters for nucleation
and growth, as illustrated by the point that an increase in nucleation (relative to growth)
may both be seen as promoting fibrillation (by giving rise to a higher number of fibrils)

or as inhibiting fibrillation (by leading to shorter fibrils), and vice versa for a decrease in
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nucleation [127]. From their model the authors derived analytical expressions for
quantitative aspects such as the number of fibrils and the final length of fibrils (see entry
12 in Table 2). The authors used these equations to extract rate constants from the
observed concentration dependences of Ly, the final length of fibrils, and of dL/dt, the

rate of change in fibril length (Figure 9).
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Figure 9. Benedek and Teplow’s concentration dependence of the rate of change in fibril
length (dL/dt) and the final fibril length (L¢) observed for amyloid-f with quasi-elastic
light scattering. Ref. [127]. Copyright (1996) National Academy of Sciences, USA.

In 1997, the same team published a more detailed mathematical treatment where
they relate the measured hydrodynamic radius to a fibril distribution [37]. The authors
did so with the use of n" order mathematical moments of fibril distribution: in their
treatment, 0" order corresponds to the sum of fibrils of all sizes (analogous to the quantity
‘concentration of polymers’ quantity used by Oosawa [95], vide supra), and 1* order

corresponds to the sum of all protein in fibril form (again, see the ‘concentration of

monomers in polymers’ quantity used by Oosawa [95] vide supra) [37]. Figure 10
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shows the evolution of the measured hydrodynamic radius, Ry, as a function of time,
along with calculated curves. This work represents an early and detailed effort at
expressing aggregate size as a function of time, a problem more recently investigated by

M. M. Pallitto and R. M. Murphy [129].
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Figure 10. Amyloid-f aggregation followed by quasi-elastic light scattering:
hydrodynamic radius (Ry) as a function of time, along with calculated curves from
Benedek, Teplow, and co-workers. Ref. [37]. Copyright (1997) National Academy of
Sciences, USA.

In 1999, Ferrone published a paper on the kinetics of protein aggregation in which
he used a mechanism of subsequent monomer addition analogous to the one described in
Scheme 3 above, where he defines the critical nucleus as the aggregate size after which
“the association rate exceeds the dissociation rate for the first time” [130]. With
assumptions similar to those made by De Levie in 1983 [106], but using a perturbation
theory approach instead [131], the author derived an expression for the monomer
concentration as a function of time (see entry 13 in Table 2) [130]. Ferrone’s expression
turns out to be mathematically identical to that obtained by De Levie in the case of

irreversible growth [106] (see entry 5 in Table 2); for a detailed analysis of the

equivalence between De Levie and Ferrone’s expressions, see Scheme S1 of the
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Supporting Information. The author also made use of the distinction employed by
Oosawa [95] (vide supra) between the concentration of polymers and that of monomers
incorporated into polymers [130].

Shown in Scheme 17 is our translation of Ferrone’s equations [130] into chemical
reactions, where M represents the protein monomer, M+ the nucleus of size n*, Mpsn*
any polymer of size m > n*, K« is the nucleation equilibrium constant, and k+ the rate

constant for growth.

Scheme 17. Ferrone’s Proposed Mechanism as Interpreted as Part of the Present Work.

K+
M = M.
k,
M+Mn* e Mm>n*
k,

M + Mm>n* Mm>n*

Using our interpreted scheme of Ferrone’s mechanism along with the assumptions
employed in his treatment [130], we have also attempted to express the corresponding
rate equations in equation 1 below. The assumptions Ferrone used that we also employed
in attaining Eqs. 1(a)-(c) are that: (i) all polymers can be counted by their ends only (so
that they appear unchanged on both sides of the reaction, see the third step in Scheme
17); (ii) the concentration of nuclei is small (so that the monomer uptake occurs mostly
through the growth of polymers, see eq. 1(c)); and (iii) initially, the concentration of
monomers incorporated into polymers is very small compared to the initial monomer
concentration (in the first 10-15% of the aggregation curve), so that there the

concentration of free monomer can be assumed to be constant and equal to the initial
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value (and the rate egs. 1(a)-(c) can be integrated using a constant term [M]=[M]o) [130].

The resulting equations are:

*

(@) [Mn*]=Kn*[M]n

& el i, (1)

@ -k

m>n*]

In 2002, Wetzel applied Ferrone’s equation to the aggregation of polyglutamine
[132,133], as shown in equation 2 below, where A is the concentration of polymerized
monomer, ¢q is the initial concentration of monomer, cis the concentration of free
monomer, k. is the second-order elongation rate constant, K+ is the nucleation

equilibrium constant, and n* is the critical nucleus.
1 *
Ay =co=Cry = Ekan*C(” 2?2 )

The use of Equation 2 is limited to the early portion of the kinetic curve [25], where the
concentration of monomer may be taken as constant and equal to the initial value. In the
early portion of the curve (< 15% of the aggregation curve), a plot of {A(, vs. %}, as in

("*+2)] .

Figure 11, gives a slope of [V k+*Kqsc in turn a plot of {In(slope) vs. In(co)} gives

[(n*+2)] as a slope and [In( % k+*K+)] as an intercept [134]. This formula has been used
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to extract information about the critical nucleus size [132,133,134,135], but it should be

noted that nucleation and growth are still convoluted in the intercept.

+ [}
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Figure 11. An example of Ferrone and Wetzel’s soluble monomer concentration vs. t*
plot for the early portion of the aggregation curve of polyglutamine fit using Eq. 2.
Figure 2d of Figure 2a-d reproduced from Ref. [132]. Copyright (2002) National
Academy of Sciences, USA.

In 2003, while exploring ways to predict a protein shelf-life, Roberts proposed a
mathematical model for the irreversible aggregation of proteins in which the final product
is amorphous aggregates [11]. In his approach, Roberts used an extended Lumry-Eyring
model [136] to account for protein denaturation prior to aggregation. In 2007, Roberts
adapted his model to the aggregation of proteins for which the final product of
aggregation is ordered aggregates (i.e., fibrils) [137]. He proposed a mechanism
reproduced in Scheme 18 (also see entry 14 in Table 2) [14,138]. In stage I (which
corresponds to conformational changes involving the monomer), N represents a monomer
in its native state, I in its intermediate state, and U in its unfolded state, while Ky and Ky
are equilibrium constants for N==1 and I == U, respectively. In stage II (which is a
“pre-nucleation” stage of reversible monomer association), R represents the reactive form

of the monomer (N, I or U), R; a reversible oligomer (composed of i monomers), and K;

is the equilibrium constant for iR == R;. In stage III (which corresponds to nucleation
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involving a rearrangement), A, represents the aggregate nucleus, x the nucleus size, and
Kax, kax, and k;x are the association, dissociation, and rearrangement rate constants,
respectively, for the nucleation step. In stage I'V (in which the soluble aggregates grow
through monomer addition), A represents an aggregate composed of j monomers, AR
the reversibly associated A;j and R, Kga is the equilibrium constant; and & is the number
of monomers in each growth event. In stage V (where the condensation of aggregates
leads to the formation of say, fibrils), n* represents the size at which condensation

begins, and k;; is the rate constant for the condensation of Ai+A,;.

Scheme 18. Roberts’ Nucleated Polymerization Mechanism. Reprinted with permission
from ref. [137]. Copyright (2007) American Chemical Society.
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In this model, the protein aggregates are in a non-native (reactive) state, and
Roberts has since proposed a version of this model for aggregation of protein in its native
state (where stages I, III and V are omitted) [14]. The authors introduce and examine
several kinetic regimes that are defined by the relative rates of nucleation and growth,
and by the size at which the aggregates condense [137]. Simulations predict that these
kinetic regimes should be differentiable experimentally by a combination of (i) apparent
reaction order; (ii) dependence on the initial protein concentration; and (iii) aggregate
size distribution [137]. Roberts also states that his model has the ability to encompass
(most) previously proposed models, as these can be classified based on which stages they
do include and where the rate limiting step occurs [14]. We agree that Roberts” model is
able to account for many of the previous models for protein aggregation; however,
application of this model to experimental protein aggregation data is not a simple task,
but has been reported [139,140,141].

In 2006 Powers and Powers, while looking at the kinetics of subsequent monomer
addition, proposed that three distinct regimes exist based on the total protein
concentration: (i) low, (ii) medium and (iii) high [142]. The concentration “cut-offs” for
these regimes are determined by the values of Kc(critican), the equilibrium constant for
monomer dissociation subsequent to the formation of a (structural [142]) nucleus and
K(supercritical), the equilibrium constant for monomer dissociation prior to the formation of

that nucleus, see Figure 12.
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Figure 12. Three kinetic regimes proposed by Powers and Powers for the mechanism of
subsequent monomer addition. Reprinted with permission from ref. [142]. Copyright
(2006) Biophysical Society.

(1) In the low regime, defined for total protein concentrations lower than K., all
the polymers (including oligomers, structural nucleus [142] and fibrils) are higher in
energy than the monomer, and as a consequence no fibrillation occurs. (ii) In the
medium regime, defined for protein concentrations larger than K. but less than Kj, the
highest energy species is the structural nucleus [142], and fibril formation occurs through
a (classic) nucleated polymerization pathway. (iii) In the high regime though, defined for
protein concentrations larger than Kj, the highest energy species is now the monomer,
and the authors warn that (classic) models of nucleated polymerization may no longer
apply [142]. The authors test their proposed mechanism with simulations using various
concentrations. The simulations are consistent with the above three regime model,
although no experimental kinetic data were used [142]. Recently, Powers and Powers
have added off-pathway aggregation to their mechanism and tested this updated model

again using simulations, but this time with more experimentally relevant concentrations

[74].
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An “Ockham’s Razor”/Minimalistic 2-Step Model. This class of kinetic
mechanisms for particle aggregation was first proposed in 1997 by Finke and Watzky for
transition-metal nanocluster formation [107], but was recently shown to apply to a broad
spectrum of aggregating proteins, including a-synuclein, amyloid-f, polyglutamine and
prions, relevant in the neurodegenerative disorders of Parkinson’s, Alzheimer’s,
Huntington’s and prion diseases, respectively (entry 15 of Table 2) [29,93]. In Scheme
19 and in the case of protein aggregation, A represents a (precatalytic;) form of the protein
monomer while B represents any (catalytic) aggregated form of the protein past the
critical nucleus size. Hence, all aggregates able to perform autocatalysis are treated as
kinetically equivalent species in this minimalistic kinetic model. Importantly, the rate
constants k; and k, correspond to nucleation and growth, respectively, so that this two-
step model specifically and easily separates (average) nucleation from (average) growth.
Also, as the species B is both a catalyst and a product in the growth step reaction, the
latter step is the definition of autocatalysis (A + B — 2B being the elementary step that

defines autocatalysis).®

% The Finke-Watzky (F-W) mechanism can for reasons of visual clarity be expressed in a
more descriptive form as shown below, where A again represents the precatalytic form of
the protein monomer, and now it is B, that represents the catalytic form of the aggregated
protein. The observed kinetics of the descriptive form would still obey the rate laws of
the steps as written in Scheme 18, during the initial phase of the reaction (i.e., as t—0)
where the concentration of monomer A is approximately constant (i.e., ki (obs) = k x K™ x
[A]o™" = constant, where K is the equilibrium constant for any (reversible) bimolecular
association step prior to formation of the nucleus, k is the rate constant for the last
(irreversible) bimolecular association step leading to formation of the nucleus, and [A]y is
the initial monomer concentration). However, as t becomes larger, the rate laws and
their solutions will deviate (e.g., in the simple case of bimolecular nucleation, when

%’ﬂ = k[A]2 is approximated to _ch] =~ k[ A]g[ A], the solution to the first equation,
t t
[A], = ——[AL, is only equal to the solution of the second equation,

1+ k[Alyt
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Scheme 19. The Finke-Watzky (F-W) Mechanism [107] that has been Applied to 41
Literature Protein Aggregation Data Sets [29,93].

As shown in Scheme 19, the F-W model consists of two simple pseudoelementary
steps.” By definition a pseudoelementary step can be employed kinetically as an
elementary step, and as such its rate law can be determined from the stoichiometry of the
reaction. Within the F-W model, all the probably hundreds to thousands of actual steps
occurring at the molecular level of the aggregation process can be combined into two
pseudoelementary steps [107], as demonstrated by the fact that these two steps alone are
able to account for a whole range of protein aggregation kinetic data [29,93]. The two
pseudoelementary steps in the F-W mechanism represent respectively, typically slow
nucleation and typically fast autocatalytic growth [107]. The rate constants, k; and ko,
are average and pseudoelementary rate constants for those nucleation and growth steps.

The F-W 2-step mechanism is an “Ockham’s razor,” [143] minimal kinetic

model, the first model in which quantitative rate constants for nucleation and growth can

[4], =[4], x ¢ KAt , if t—0, as they both approximate through a Taylor series to
[Al, =[A]o(1-k[A]y2).) We thank a referee for the specific and useful comments that
lead us to clarify this footnote.

ndA——B,

A+ Bn—_)Bn+1

7 The concept of pseudoelementary steps was introduced in the 1970s by Noyes, who

developed this concept using kinetic studies of complex oscillating reactions (J. Am.
Chem. Soc. 1972, 94, 8649-8664.; J. Chem. Phys. 1974, 60, 1877-1884.; Acc. Chem. Res.
1977, 10, 214-221.).
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be routinely and easily obtained using either of the analytic equations shown in entry 15
of Table 2 and corresponding to the model in Scheme 19 [107]. An example of a F-W fit
previously obtained [93] for the aggregation of a-synuclein [55] is shown in Figure 13; it
is apparent that this simple 2-step mechanism is capable of accounting for the
aggregation data. Fits to the aggregation kinetic data from polyglutamine, amyloid-f,
prion, and other a-synuclein aggregation have been published, with each of the 41 data

sets analyzed showing good to excellent fits to the F-W 2-step model [29,93].
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Figure 13. An example of aggregation data published by A. L. Fink [55] and fit to the
F-W 2-step mechanism. In this case, aggregation of a-synuclein in the presence of
macromolecular crowding was measured by fluorescence [55]. Data were digitized and
fit to the F-W mechanism resulting in k;= 4.0(8) x 10™ hr™’, k,=4.0(1) x 10? uM"hr’!,
and a coefficient of determination (R%) of 0.999. Reprinted with permission from ref.
[93]. Copyright (2008) American Chemical Society.

However, due primarily to its minimal complexity, the F-W mechanism does have
limitations, including: (i) hundreds if not thousands of steps are condensed into two

pseudo-elementary steps, (ii) the rate constants, k; and k,, are average rate constants, (iii)
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a higher kinetic order in [A] may be hidden kinetically in the nucleation step in particular,
and (iv) all growing aggregates are hidden behind the descriptor ‘B’ which describes a
catalytically active form of the “polymerized monomer”, the latter concept having been
originally introduced by Oosawa [95] and subsequently used by others [101,130].
Recently, we have found that the general descriptor ‘B’ can also hide processes such as
fragmentation [29], which is a topic of future studies [unpublished results]. These
limitations have been previously discussed in detail [29,93] for the interested reader.

In 2000, Saitd and co-workers published a paper analyzing the aggregation of
human calcitonin with the mechanism shown in Scheme 20, where ng represents micelles
of the same aggregation number, Ay is the micelle of ng monomers, By is the nucleus,
and B, and B+, are the elongated fibrils with n and n+1 molecules of the protein [42].
The concept of (protein) micelle formation [128] during the nucleation phase, invoked in
this mechanism, is built upon the work of Benedek, Teplow and co-workers [127], see
Scheme 16. Also published was a resultant integrated equation shown in entry 16 of

Table 2 [42].

Scheme 20. Sait6 and Co-workers’Mechanism for the Aggregation of Human Calcitonin
[42].

K
npA (monomers) == A, (micelle)
ki
Ano —_— BnO
k

2
A+Bn _>Bn+l
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Although not readily apparent, the integrated equation shown in entry 16 of Table
2 is mathematically identical to the integrated equation expressed in terms of [B]; for the
F-W mechanism (entry 15 of Table 2); the analysis of this equivalence can be found in
Scheme S2 of the Supporting Information in reference [93]. Sample fits using Saitd’s
fractional equation (entry 16 of Table 2) of human calcitonin aggregation data measured
by amino acid labeled solid-state >C NMR and circular dichroism at two different

concentrations of protein are shown in Figure 14.

0 b
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Figure 14. Saitd’s fraction of fibril vs. time human calcitonin aggregation data measured
using amino acid labeled solid-state *C-NMR (A and B) or circular dichroism (C and D,
where C is the protein at 1.5 mg/mL and D is the protein at 0.2 mg/mL). The aggregation
data was fit using Saitd’s fractional equation shown in entry 16 of Table 2. Reprinted
with permission from ref. [42]. Copyright (2000) Cold Spring Harbor Laboratory Press.
Although Sait6’s 2000 mechanism is equivalent to the earlier F-W mechanism,

Saito was the first to use the equation shown in entry 16 of Table 2 to analyze the

aggregation of proteins (Figure 14). Other research groups have subsequently used
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Saitd’s fractional form of the F-W equation to fit other protein aggregation kinetic data
[144,145,146,147,148,149] 2

Later, in 2006, Murphy and Gibson published a “two-step kinetic model of
aggregation” for the protein insulin, along with its corresponding integrated rate equation
(see entry 17 of Table 2) [150]. The integrated rate equation given by Murphy and co-
workers in 2006 is equivalent to the integrated rate equation in the 1997 F-W and 2000

Saitd models.

Quantitative Structure-Activity Relationship Models. A phenomenological
approach to protein aggregation that uses the protein physicochemical properties, was
originally developed by Chiti et al., in which they looked at the effect of amino acid
mutations on protein aggregation rates. Their approach is to correlate the observed
aggregation rate changes to calculated changes in protein physicochemical properties
such as hydrophobicity, charge, and propensity to convert from a a-helical to a -sheet
secondary structure [151]. The coefficients for the equation shown in entry 18 of Table 2
are determined by standard regression to fit the observed In(Umu/Uwt) values that were
obtained using experimental data from the literature (U and vy represent the
aggregation rates of the mutant and wild-type protein, respectively). It was shown that

the hydrophobicity and hydrophobic/hydrophilic patterns (or the propensity to convert

% The mechanism displayed in Scheme 19 and corresponding equation in entry 16 of
Table 2 are original works of Saitd and co-workers in 2000. Although Saitd’s work has
been properly referenced by some investigators [144,145], it has also been mis-cited by
other investigators [146]. In one unfortunate case, other authors stated that they used a
modification when in fact they used the same mathematics originally given by Saito
[146]. This illustrates a point in the problem areas section: that knowing the prior protein
aggregation literature is necessary and key to avoid repetition and mis-citation.
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from a-helix to B-sheet) contributed positively to the aggregation rate (A,B > 0), while
charge contributed negatively (C < 0), see entry 18 of Table 2 [151]. As shown in Figure
15, the authors tested their model using 27 single-mutation data sets and compared their
calculated In(Vmu/Uwt) values to the observed In(Umu/Uwe) values; they found that their

model predicted the observed values with a modest correlation coefficient (r) of 0.85.
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Figure 15. Dobson and co-workers’ calculated and observed changes in the aggregation
rate upon a single mutation of 27 proteins data sets including the proteins amylin,
amyloid B, a-synuclein, and tau. Figure 2a of Figure 2a-b reprinted with permission

from ref. [151]. Copyright (2003) Nature Publishing Group.

Later, Dobson and co-workers along with Vendruscolo expressed an absolute
protein aggregation rate (k) in terms of a combination of physicochemical factors
intrinsic and extrinsic to the protein, as shown in entry 19 of Table 2 [152]. This second
equation in principle allows the rate of aggregation of the protein to be determined
without the need for the mutant aggregation data. Here again the coefficients of the
equation are determined by a standard regression of the observed log(k) values. The

authors found here, too, that both hydrophobicity and propensity to convert from a-helix

70



to B-sheet (or hydrophobic/hydrophilic patterns) contributed positively to the aggregation
rate (a1, a; > 0), while charge contributed negatively (a3 < 0), see entry 19 of Table 2
[152]. As shown in Figure 16 below, the authors tested their equation using 79 data sets;
comparison of the calculated log(k) vs. the experimental log (k) showed a good

correlation with r=0.92.
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Figure 16. Calculated and experimentally observed changes in the absolute rate of
aggregation (k) for 79 protein aggregation data sets including 59 data sets of WT and
mutant human muscle acylphosphatase from DuBay et al. Reprinted from ref. [152].
Copyright (2004) with permission from Elsevier.

Although Dobson and co-workers’ equations provide a powerful example of a
phenomenological approach in which the rate of protein aggregation can be determined,
the rate constants obtained from Dobson’s equations still contain a convolution of
nucleation and growth [unpublished results]. Restated, it would be of considerable

interest to use Dobson and co-workers’ approach, but on separate nucleation and growth

rate constants such as k; and k; of the F-W 2-step model.
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A Closer Look at the Five Classes of Mechanisms Using the Concept of
Polymerized Monomer. The concept of polymerized monomer, first introduced by
Oosawa [95] and subsequently used by others [101,130], can be used as an
approximation tool to encompass all monomer polymerized into aggregates of different
sizes (with the distinction, for example, of aggregates only past the critical nucleus), into
one unique polymerized monomer species. This approximation can greatly reduce the
complexity of the associated rate equations. For example, using the polymerized
monomer approximation allows the mechanism of subsequent monomer addition to be
rewritten as in Scheme 21, where M represents the protein monomer, P represents
polymerized monomer past the critical nucleus size, and n represents the critical nucleus
size.

Scheme 21. The Subsequent Monomer Addition Mechanism Incorporating the
Polymerized Monomer Concept, with a Critical Nucleus Size of n.
nM = nP
M+P = 2P

In another example, the prion mechanisms of Griffith and Lansbury can be
rewritten as in Scheme 22 below, where M. is the cellular prion monomer, M, is the
infectious prion monomer, and P is now the polymerized infectious prion monomer. We
did not include herein the prion mechanisms of Prusiner, as it did not originally involve
aggregation steps, or Lindquist, as that mechanism is not easily simplified by the use of
the polymerized mono‘mer concept. Similarly, the reversible association mechanism can

not be rewritten and simplified with P.
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Scheme 22. (a) Griffith’s and (b) Lansbury’s Prion Mechanisms Rewritten with the
Incorporation of the Polymerized Monomer Concept.

(a) (b)
M, <—M, M, == Mp
2Mp —» 2P nMp ~=_ nP
M.+ P —» M P —>» 2P Mp+P—> 2P

The F-W mechanism already employs the polymerized monomer concept.
Rewriting this mechanism in terms of the nomenclature used above results in Scheme 23,
where M represents the protein monomer, and P represents the catalytically active
polymerized monomer.

Scheme 23. F-W mechanism Rewritten in Terms of Monomer, M, and Polymerized
Monomer, P.

M-—P
M+ P —2P
Using the polymerized monomer approximation with the subsequent monomer
addition mechanism along with Griffith’s and Lansbury’s prion mechanisms allows for
simplification. In the case of the subsequent monomer addition mechanism (Scheme 21),
the polymerized monomer approximation simplifies this mechanism in such a way that it

resembles the minimalistic F-W mechanism (Scheme 23).

Empirical Approaches to Determine Empirical Constants of Protein
Aggregation. Empirically based equations are a different approach than those reported in

the previous section (and shown in Table 2) to examine protein aggregation kinetic data.
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Empirical equations typically provide a convenient and easy way to fit the kinetic data of
protein aggregation, but they have a significant weakness: there is little or no physical
meaning behind the typical empirical equation and, hence, its variables. As such,
empirical approaches typically have not provided mechanistic insight into the aggregation
process. However, primarily for the sake of completeness, some empirical methods are
examined briefly below.

Logistic functions. Naiki and co-workers, who developed a first-order kinetic
model for the growth only of amyloid-f fibrils (see Table S1 of the Supporting
Information), also noticed that the sigmoidal aggregation curve obtained by incubation of
an amyloid- monomer, obeys a logistic function [153,154,155]. Cerny points out that
logistic curves have indeed been shown to empirically fit a wide variety of sigmoidal data
[156]. However, to our knowledge, no mechanistic insight has typically come out of
fitting protein aggregation data with a logistic function.

Fink and co-workers have used a modified version [157] of Richards’ function to
fit sigmoidal aggregation curves observed in the fibrillation of proteins [52,55,158].
Richards’ function is itself a generalized form of the logistic function [159], and is
commonly used in botany to determine both the growth period length and the ultimate
weight of plants [160]. The logistic equation used by Fink and co-workers is shown in
Equation 3, where Y is the fluorescence intensity used to measure the aggregation, (yi+
m;x) is the initial slope during the lag phase, (yr + msx) is the final slope after growth has
ended, xo is the time at 50% intensity, and 1/ is the length of time for the lag phase. The

lag phase is calculated as (xox2t) and the apparent rate constant k,pp is (1/¢) [52].
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(yf+mfx) 3
—————x_xo) (3)

Y=(y;+mx)+

1+e(

The authors are careful to note that, “This expression is unrelated to the
underlying molecular events, but provides a convenient method for comparison of the
kinetics of fibrillation™ [55]. Fink’s empirical equation has been used to analyze
numerous data sets thus allowing for comparisons to be made between related data sets
[52,53,55,158]; an example is shown in Figure 17. Again, however, meaningful kinetic
and mechanistic information is lacking. Recent work shows that Fink and co-workers’

expert biophysical studies and resultant kinetic data can be analyzed by the F-W 2-step

model [104].
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Figure 17. Aggregation of wild-type and mutant (Y39W) a-synuclein from Fink and co-

workers measured by ThT fluorescence (points), along with corresponding fits using Eq.
3 (lines). Figure 1b of Figure 1a-b reprinted with permission from ref. [54]. Copyright

(2006) American Chemical Society.

Recently, McRae and co-workers were able to express the empirical parameters in

Fink’s logistic equation in terms of kinetic variables from their model [161]. The
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resulting correlations are complicated, and show that each of these empirical parameters
is a convolution of variables such as initial monomer concentration, nucleation,
elongation and dissociation rate constants, and average number of monomers per fibril
[161]. Again, it would be of use to reanalyze this data in terms of models able to

deconvolute average nucleation from average growth [107].

Three Problem Areas in the Protein Aggregation Kinetic and Mechanistic
Literature. One must ask, why is such an important question, as ‘what are the
mechanism(s) of protein aggregation?’, yet to be unequivocally answered despite the
numerous contributions? The simple answer is that protein aggregation is a highly
complex problem with complicated molecular level and kinetic details, along with
associated complex mathematics. In hopes of moving this area forward, we list a few
possible problem areas of importance, in our opinion, for future studies in protein
aggregation.

Lack of a Full Appreciation of the Previous Literature. A complete
understanding of the literature in any area is a very important and early requirement for
the best and most efficient sciencé—and especially in areas where a large literature exists
such as in protein aggregation. However, and unfortunately, constructing this review
makes apparent that not all papers published in the protein aggregation area have a clear
and comprehensive understanding of the previous literature. Some mechanisms may be
proposed only for a specific system of study, with little generalization to try to tie
together a broad spectrum of protein aggregation literature. Relevant here is Platt’s

definition of good science as building upon others’ ideas via the disproof of all possible

76



alternative hypotheses [162]. We hope that the present review will help alleviate this
problem somewhat—we also offer our sincere apologies to any authors whose crucial
literature we have inadvertently overlooked as we strove to distill the protein aggregation
literature to its essential components.

Confused Nomenclature. One problem in the area of protein aggregation is that
numerous terms are used for identical meanings. An example is with the multiple terms
used for growth that include polymerization, elongation, fibrillation and maybe
“heterogeneous nucleation” [100]. Also, terms such as “extreme autocatalysis” due to
the observation that “the first 10% of the reaction proceeds as the 10™ to 20" power of
time” [100] are confusing. Note that if one views “heterogeneous nucleation” as seeded
autocatalytic growth, then terms such as “extreme catalysis” are taken care of by
autocatalysis. In addition, it is not clear whether the descriptive terms “passive” vs.
“active” autocatalysis [115] have any physical or chemical basis.* Also used alternately
but with identical meaning (to our knowledge), are the terms “positive [kinetic]

9% 46

cooperativity,” “positive feedback activation” [163], and “autocatalysis.” Many other
examples exist, so that we find a need for a clear, unified nomenclature in the area of
protein aggregation. The early footnotes herein on nomenclature' are offered as an aid
towards a more unified nomenclature in the protein aggregation area.

Using Word- or Picture-Only Mechanisms. At times, a word or picture-only
mechanism may be useful to describe what would account to a very complex set of
equations (that may not be tested or even testable due to their associated mathematical

complexity). But, as such they do not lead to precise kinetic equations and corresponding

differential equations (and then, ideally, their integrated versions), such kinetic equations
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being required to test the mechanism vs. experimental kinetic data. Another serious issue
arises when a word or picture-only mechanism is proposed along with equation(s) that
cannot be derived from that (word or picture) mechanism: a disconnect then results
between the mechanism proposed and the equation(s) given. This is turn leads to the use
of at least rigorously undefined, if not the wrong, words for the physical phenomenon at
hand. Inrigorous mechanistic studies, balanced chemical equations define both the rate
constant and the word concepts that one can use. This is a fundamental, central and
important point for proceeding more efficiently in the area of protein aggregation kinetics

and mechanism.

Summary and Conclusions

Despite the importance of the problem and the nearly 50 years of research aimed
at determining the mechanism(s) and rate constant(s) for protein aggregation, many
questions still remain. Frieden concisely summarizes the state of affairs in his recent
review: “In spite of the extensive literature, however, the mechanism of [protein]
aggregation is poorly understood” [16]. The focus of the present review has been to
examine the protein aggregation literature from the perspective of trying to fit the
available protein aggregation kinetic data to obtain quantitative, useful rate constants and
mechanistic information on the aggregation process. The main contributions from this
review arev believed to be the following:

* We have briefly reviewed the methods used in the literature to follow protein
aggregation, pointing out those methods that are direct vs. indirect, and in-situ vs.

ex-situ. We have emphasized that the use of multiple techniques is advisable if
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not necessary to avoid over-interpretation and to ensure that accurate kinetic data
are collected.

We then reviewed what is known about the starting proteins, products, and
intermediates of protein aggregation, since knowing the products is a necessary
prerequisite to reliable kinetic and mechanistic work. In the case of
amyloidogenic proteins, the product of protein aggregation has been widely
demonstrated to be aggregated protein fibrils. However, the pathway by which
normal monomeric forms of the protein become fibrils and the intermediate
species that are formed along the way, either on- or off-pathway to fibril
formation is not yet known. Future studies are needed, since a consensus on the
structure and toxicity of intermediate species remains elusive.

Many approaches exist for determining the mechanism(s) and rate constant(s) of
protein aggregation. These approaches can be broken broadly into three
categories: (i) kinetic and thermodynamic, (ii) other, and (iii) empirical
approaches as summarized in Scheme 2.

We have focused on reporting, in historical order, the kinetic, thermodynamic,
and other approaches that have been used in determining the kinetics and
mechanism(s) of protein aggregation. We find that there are five main classes of
mechanisms or approaches in the protein aggregation literature: i) subsequent
monomer addition, ii) reversible association, iii) prion aggregation mechanisms,
iv) the “Ockham’s razor”/minimalistic 2-step (F-W) model, and v) quantitative

structure-activity relationship models.
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e Each of the five classes of kinetic and thermodynamic mechanisms was reviewed
in detail, and where possible the fits obtained from the proposed mechanisms and
corresponding equations were given to demonstrate how well those
mechanisms/models were able to fit protein aggregation kinetic data.

* We applied the concept of "polymerized monomer" originally introduced by
Oosawa [95], to the subsequent monomer addition mechﬁnism along with
Griffith’s and Lansbury’s prion mechanisms. This approximation method helps
simplify the systems of associated rate equations so that they should become
easier to solve.

* In what may prove to be an important part of this review, we expressed where
possible the (four) mechanisms of protein aggregation shown in Schemes 21, 22a,
22b, and 23 in terms of common monomer (M) and polymerized monomer (P)
terms so that they can be compared, contrasted, and serve as a stepping-stone for
future work.

* We also briefly discussed empirical approaches that have been used in the
literature. The empirical approaches and resultant equations provide good fits to
the kinetic data, but the resultant fitting parameters lack physical meaning, greatly

limiting their usefulness.
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Physical Methods: Additional Information. In Table 1 of the main text, 18
physical methods are listed. Herein, we present each of these physical methods along
with sedimentation and size-exclusion chromatography in alphabetical order noting
whether each method is direct or indirect,’ in-situ or ex-situ, and discuss the advantages
and disadvantages of each technique for studying protein aggregation.

Absorbance. Absorbance spectroscopy is a direct, easily employed and thus
popular technique used to measure the aggregation of proteins. It can be in-situ if the
concentration of the aggregating protein is within the detection limits of the absorbance
experiment. If the monomer under study shows negligible absorbance in the region being
measured, and if the soluble aggregates are the only absorbing species at the wavelength
of interest, then this method is in principle easily applied under conditions where Beer’s
law is obeyed. Alternatively and under reverse absorbing conditions (i.e., where the
monomer absorbs at the wavelength employed and the oligomeric species do not),
absorbance spectroscopy can be used to follow the loss of monomer in the soluble
fraction of an aggregating mixture (e.g., see the section on Sedimentation) [1]. While
effectively a direct method, an underlying issue is that absorption spectroscopy is in
general not able to distinguish intermediate fibrils of different sizes or shapes.

Atomic Force Microscopy (AFM). AFM is a direct, in-situ method for visualizing
the surface morphology of fibrils being studied. AFM works by a flexible force-sensing

cantilever which is scanned over the surface of the sample in a raster pattern to reveal

' We searched the literature for definitions of direct and indirect physical methods but
were unable to find any. Therefore, we will use the term direct physical method to mean
a method that measures a property that is directly affected by the aggregation process,
while an indirect method measures a property that is only indirectly affected by the
aggregation process.
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atomic level resolution [2]. An advantage of AFM is the little to no sample preparation
allowing for real time imaging, thereby allowing the measurement of the kinetics of
aggregation to be obtained [1]. However, some disadvantages of AFM include issues of
the uniformity of the sample being measured, the possibility of damage to the sample
from the force being applied by the AFM measurement, the fact that this is only a surface
morphology technique, and that AFM does not provide any information about the actual
composition of the aggregate being measured.

Calorimetry. Calorimetry measurements obtained by detecting temperature
changes vs. a reference cell can provide an in-situ, direct measurement of the
thermodynamic changes accompanying protein aggregation [3]. Analysis of calorimetry
data (e.g., from microtitration calorimetry) can in principle provide the full range of
desired thermochemical information, the free energy, enthalpy, entropy, equilibrium
constant, and heat capacity of the protein aggregation or other process being measured.
Kinetic data is also possible from calorimetry, and in fact calorimetry is arguably one of
the more universally applicable, in-situ methods of obtaining kinetic data [4]. In
principle, it should be used more often and up-front where applicable in protein
agglomeration studies.

Circular Dichroism (CD). CD is a direct, usually in-situ measurement and
involves the differential absorption of left and right circularly polarized light [5S]. One of
the main advantages to this technique is the simple relationship between concentration
and signal, as these are related by Beer’s law. CD is also capable of giving information
about the secondary structure of the protein [5], so that a conformational change, for

example, can be followed over time. Another useful advantage of this technique is the
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ability to differentiate between the formation of a-helices and f3-sheets by their signature
spectra [5]. The use of this method does of course require that the sample is optically
active, although this is not a problem for proteins.

Dyes. The use of dyes for the detection of protein aggregation is an indirect
method that is commonly employed due to the sensitivity of the technique [1]. Itis
usually an ex-situ methods as the concentrations of proteins used for these experiments
must be increased in order to be detected by the dyes used. This technique involves the
addition of a dye, with the two most common dyes being Thioflavin T (abbreviated ThT
or TfT) and Congo Red (CR), to a solution of the sample under question. The result is a
spectrum that shows an increase in the spectrum with the formation of more aggregates
[6]. One of the primary advantages of this technique is the ability to measure the
fluorescence vs. time to yield the aggregation kinetics. A disadvantage of this technique
is that again different aggregate species cannot be differentiated from one another and all
contribute to the fluorescence in a combined, averaged way. There also seems to be a
discrepancy in what fluorescence is actually measuring as commented on by Munishkina
and Fink for amyloid  and ThT, “It is tempting to speculate that ThT may bind between
the beta-sheets of the fibril, however, no experimental data exist to support this
assumption” [6]. For this reason, the use of dyes should be considered an indirect
method, at least at present, and until needed control experiments comparing and
calibrating this method to multiple other physical methods appear [7] for each dye used.

FElectron Microscopy (EM). EM is an in principle powerful, albeit indirect, ex-
situ, non-solution method for visualizing the surface morphology of the fibrils being

studied. EM works by a focused beam of electrons being scanned across the surface of
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the sample producing backscattered and secondary electrons as a way to image the
sample [2]. EM techniques can prove useful for determination of the morphology of the
sample, especially when used in conjunction with other, complementary physical
methods. However, EM is a method fraught with issues regarding sample distribution
uniformity during the grid preparation [1], so that careful microscopy necessarily
involves looking at low to high resolution to ensure the homogeneity (or, likely more
common, lack thereof) of the sample under visualization. Also, it is a “too sensitive”
method with the ability to detect at atomic resolution and thus to see “a” species rather
than “rhe” dominant species more accurately represented by Avogadro’s number of
molecules, for example—what we call the “Avogadro’s number problem” of EM (i.e.,
imaging a small number of species far below the desired larger “Avogadro’s number”
level of statistics to avoid sampling errors). Another well-known issue is the possibility
of the electron beam damaging the sample by either causing nucleation of the fibrils or
changing the morphology of the fibrils already present in the sample [8]. As noted in one
EM text book for transmission EM (TEM) specifically, “Certain materials are more
susceptible than others, but in the end, you can damage virtually anything you put into
the TEM” [8]. Thus, EM is a technique that should be used with caution and it is not an
effective means for studying the kinetics of aggregation due to the long sample
preparation times, its ex-situ nature, and the possibility of sampling errors.

Electron Paramagnetic Resonance (EPR) Spectroscopy. EPR has been used to
monitor the kinetics of aggregation by covalently linking a spin label to the amyloid
protein [9]. In this sense, the technique would be considered an indirect method for the

detection of aggregates. Depending on the concentration of the sample being measured,
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the technique could either be considered in-situ or ex-situ. In addition to being able to
measure the kinetics of protein aggregation, EPR can also provide information on the
structure of the monomeric and polymeric forms of the protein under study [9]. The
disadvantages of this technique are that a spin label is usually required in order to obtain
an EPR signal and higher than in vivo concentrations are usually required in order to
obtain a reasonable signal.

Flow Birefringence. Flow birefringence is a hydrodynamic, bulk solution
technique for determining rotational diffusion constants; this in principle direct, in-situ
method involves measuring the equilibrium process of tumbling and re-orientation as a
function of the flow. This in turn allows the measurement of the hydrodynamic radius
[10]. Because an orientation of the protein is induced by the flow, while a re-orientation
of the protein is induced by the tumbling, the degree of flow birefringence has been
employed to monitor protein fibril formation [11]. The main disadvantage of this
technique is it is not well understood exactly what species (i.e., monomer, oligomers,
fibrils, or any combination of these species) cause the birefringence intensity and
therefore, this technique cannot be used as a direct method to distinguish species in
solution.

Fluorescence Spectroscopy with Intrinsic and Extrinsic Fluorophores.
Fluorescence spectroscopy can be a direct, in-situ method to measure protein
aggregation. It involves measuring the fluorescence intensity of either intrinsic or
extrinsic (see Dyes above) fluorophores to gain information on conformation changes
occurring in the protein [6]. This techniques is advantageous in that it is broadly

applicable, requires pM-nM concentration, its sensitivity gives good signal to noise
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ratios, and the kinetics of aggregation can be readily measured [6]. There are several
subcatergories of fluorescence spectroscopy that are used to elucidate information on
folding, membrane-protein interactions, and fibril formation, including but not limited to:
time-resolved spectroscopy, Forster resonance energy transfer (FRET), fluorescence
correlation spectroscopy, and fluorescence microscopy [6]. While fluorescence
spectroscopy is a powerful technique for following structural changes, other
complementary techniques should be used in conjunction with it to verify the
interpretation of the observed fluorescence, especially if an extrinsic fluorophore or label
is added.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR is a direct, usually ex-
situ method that can be used to detect the -structure of proteins as well as the orientation
of adjacent [-sheets to determine whether they are in a parallel or anti-parallel
configuration [3]. Therefore, FTIR can give quantitative information about the larger
aggregates being formed and information about the morphology of the fibrils. However,
little use at least to date, has appeared of FTIR to detect intermediate oligomeric or
amorphous protein aggregates.

Light Scattering. Light scattering can be considered a direct, in-situ method and
has been extensively used to follow fibril size as a function of time [12]. Its extensive
use is despite the lack of a simple, direct correlation between the light scattering signal
and the amount of aggregated protein. If one assumes that all particles are of identical
size, then the scattering intensity, R(Q), is dependent upon the particle concentration, C,
(g/1), the molar mass of the particles, M, (g/mol), the particle form factor, P(Q), and the

structure factor of the dispersion, S(Q,Cy), according to the following equation:
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R(Q)=KxC,M,P(Q)S(Q,C,), where K is a constant dependent upon the

instrumentation and difference in refractive index of particles and solvent [13]. This can
also be thought of in a simplified way: the light scattering depends upon Brownian
motion and the speed at which particles move, or the diffusion of the molecules [14].
Therefore, the molecular weight of a polymeric species can be determined by the

47’ N

4., where M is the molecular weight of the polymer,

Einstein-Stokes relation: M = 3
v

r is the radius, Ny is Avogadro’s number, and v is the partial specific volume of the
polymeric molecule [14]. This implies that diffusion is inversely proportional to the
cubic root of the molecular weight [14], making correlations between the extent of light
scattering measurements and fibril size problematic, especially for heterogeneous
samples.

Mass Spectrometry. Mass spectrometry, in particular matrix-assisted laser
desorption ionization time of flight (MALDI-TOF) mass spectrometry, is an approaching
direct, ex-situ method that has been occassionally used to monitor the formation of
protein complexes at specific time intervals [3]. Since MALDI-TOF has the ability to
monitor species in the molecular weight range up to approximately 300,000 g/mol, both
smaller oligomeric and larger, aggregated proteins can be detected [15]. One of the
disadvantages of this method is that the use of MALDI-TOF typically requires the use of
one of a number of buffer, salt, and co-solvent conditions. Hence, not every protein
system may be analyzed using this technique [16] and, as with pretty much any of the
physical methods that are not completely direct, multiple controls with different sample
preparation methods and buffers, co-solvents, etc. are necessary to ensure the reliability

of the observed results.
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Nuclear Magnetic Resonance Spectroscopy (NMR). NMR is a powerful, direct,
method that has been used in monitoring protein aggregation in both the solid-state and in
solution. It is hard to use it strictly in-situ, however, since the concentrations needed for
NMR (typically mM) are higher (and thus ex-situ) vs. typical concentrations of
aggregating proteins (typically nM). Using solid state NMR, the amount of fibril that
aggregates can be monitored and conformational changes to the fibril can be observed as
well [17]. The use of solid-state NMR typically requires the use of labeled amino acid
residues in order to obtain a reasonable signal [17]. Importantly, soluble intermediates
will normally be missed by solid-state NMR (e.g., except when quantitative differences
might imply their existence); however, solution phase NMR can be used to monitor the
aggregation process of soluble species. One possible disadvantage is that at the higher
concentrations required for solution NMR, proteins with a tendency to aggregate often
become insoluble [18]. Due to the concentration and aggregation issues, typically, 2-D
and polynuclear NMR techniques are required to monitor solution aggregation processes
[18].

Quartz Crystal Oscillator Measurements. This direct, potentially in-situ
technique was just described in 2007 for the measurement of kinetics of seeded
aggregation of the protein insulin [19], despite quartz crystal oscillators being known
since 1928 [20]. This technique employs an oscillating quartz crystal microbalance to
detect the growing weight of fibrils on the surface of existing seeds. A control was
conducted in the 2007 study showing no mass change is observed when the microbalance
is in contact with the protein solution but no seed is present [19]. The mass change is

taken as a direct measurement of aggregation [19], although this only strictly follows
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after a determination of the complete composition of the deposited mass (something that
is not routinely possible due to the small (ng to pg) changes of material typically
detected). This technique has not yet been described for following the kinetics of
unseeded growth. The main disadvantage of this otherwise sensitive method is that
quartz crystal oscillator measurements detect a mass change but do not provide
information about the heterogeneity or homogeneity of the sample. Perhaps the use of
such microbalance methods in conjunction with mass spectrometry could alleviate this
problem.

Sedimentation Studies. Sedimentation studies are used to separate soluble from
insoluble proteins using centrifugation. In theory, the aggregated and thus heavier
protein(s) should become separated from the monomeric protein [1]; the use of the
absorbance spectrum of the soluble fraction allows one to follow the loss of the
monomeric protein. However, there is evidence for the formation of soluble oligomeric
intermediates that are in some cases hypothesized to be toxic [21], and this technique
would not be able differentiate between monomeric and soluble oligomeric protein or
between insoluble intermediates and fibrils. Sedimentation could, however, be used in
conjunction with other techniques to distinguish between the species contained in the
heterogeneous sample. Controls involving different centrifugation times, sample
concentrations, and other conditions would seem to be typically needed, but are generally
not reported, to show that the centrifugation process itself is not causing or changing any
observed aggregation.

Size-Exclusion Chromatography. Size exclusion chromatography has been used

as an (intrinsically ex-situ) method of separating aggregates of various sizes [22]. In
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combination with one or more of the other technique(s) described above, size-separated
aggregates can be detected, although it is not clear without suitable control studies (e.g.,
re-chromatographing the various size fractions obtained) if the separation process causes
or just reports the separated sizes and. To date size exclusion chromatography appears to
be most useful for separating out smaller protein oligomers subsequently detected by
NMR or absorbance measurements, for example [3].

Turbidity. Turbidity directly measures aggregation in-situ by detecting all
particles with a hydrodynamic radius greater than the wavelength of the incidence light
[1]. The solution turbidity has been shown to be proportional to the number
concentration (where the number concentration is equal to the number of entities of a
mixture divided by the volume of the mixture) multiplied by the length of the aggregates
in dilute solutions [23]; that is, turbidity is proportional to the total number of monomeric
units in solution. Therefore, if the sample is homogeneoué, then the turbidity is directly
proportional to the concentration and the oligomer size can be determined [23]. Some
drawbacks to this technique are: the inability to detect some intermediates if the
hydrodynamic radii are smaller than the wavelength, and the inability to determine the
size of the aggregates in a heterogeneous sample.

Viscosity. Viscosity is defined as the measure of resistance of a fluid to deform
under shear stress [24]. As more aggregates form, the solution becomes more viscous,
thereby giving a direct, in-situ measure of the degree of protein aggregation. The
disadvantage of viscosity measurements is that the properties of the bulk solution are

being examined rather then a direct monitoring of the species of interest present in
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solution. In addition, differences between the “macroscopic” and “microscopic”
viscosities are a long-standing problem [24].

X-Ray Diffraction (XRD). XRD is a direct, either in-situ or ex-situ technique (i.c.,
depending on how it is used) that can be used to examine fibril formation at the end of the
aggregation process by examining the B-sheet structure and packing in crystalline fibril
samples [3]. Due to the greater order intrinsic in crystalline samples the amount and
precision of the structural information that results, XRD typically contains more
information than other methods that do not examine crystalline samples. Also, the
availability of synchrotron radiation sources for XRD is an advantage of this method.
The main disadvantage of this method is that only crystalline samples can be examined.
Therefore, many of the interesting intermediate and amorphous species cannot be
examined by XRD.

In summary, at least 20 different physical methods have been used to detect
protein aggregation. Greater use of direct, in-sifu methods, especially methods that are
capable of detecting intermediate fibril or other species, promises to be important in the
future. Finally, since any physical method has its own intrinsic advantages and
disadvantages, the use of multiple, complementary physical methods [7] will be an

important part of future studies of protein aggregation.
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Figure S1. Digitized data (data points) of tubulin aggregation at various concentrations
of tubulin from ref. [55]. This data was fit (lines) using the F-W model to illustrate that a
2-step model s capable of fitting these kinetic data sets and a four parameter model [55] is
not required.

Scheme S1. The mathematical equivalence of De Levie’s 1983 rate equation for
irreversible growth and Ferrone’s 1999 rate equation.

(I) De Levie’s 1983 treatment [82]:

(a) De Levie’s assumptions / approximations:
* The fibers grow from their ends only;
* The concentration of nuclei is constant during growth;
* The monomer concentration is mostly constant at short times.

(b) De Levie’s rate equation (for irreversible growth):

~dM 2
D ——=(kC)cyt
O — ==k C)c,

—-dM
dt
k = forward rate constant

= monomer uptake

C = monomer concentration

¢, = critical nucleus concentration

(c) De Levie’s integrated rate equation (for irreversible growth) using approximations at
short reaction times:
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2) -AM = %( k fC)2 cnt2 - AM = monomer consumed during polymer formation

(I) Ferrone’s 1999 treatment [83]:

(a) Ferrone’s assumptions / approximations:
* The fibers grow from their ends only;
* The concentration of nuclei is constant during growth;
* The monomer uptake occurs mostly through growth (not nucleation);
* The monomer concentration is mostly constant at short times.

(b) Ferrone’s rate equations:

dA

3) —=lk.uc)c A = concentration of polymerized monomers
a +€JCp poly
k., = elongation rate constant
¢ = concentration of (free) monomer
¢, = concentration of polymers
dc b . .
4) = - (k +c)c * c* = concentration of nuclei

(c) Ferrone’s integrated rate equations using approximations at short reaction times:
(5) c,= (k+c)c *t

6) A= %(k+c)2c * g2

(II1) Equivalence between De Levie’s and Ferrone’s treatments:

It can be seen that De Levie’s equation (3) and Ferrone’s equation (6) above, are
equivalent by making the following substitutions:

Ferrone's notation = De Levie's notation

A=-AM (concentration of polymerized monomer)
ki= kg (elongation rate constant)

c=C (monomer concentration)

c*=¢, (nuclei concentration)
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CHAPTER I1I

FITTING NEUROLOGICAL PROTEIN AGGREGATION KINETIC DATA VIA A 2-
STEP, MINIMAL/“OCKHAM’S RAZOR” MODEL: THE FINKE-WATZKY
MECHANISM OF NUCLEATION FOLLOWED BY AUTOCATALYTIC SURFACE

GROWTH

This dissertation chapter contains the manuscript of a full article published in
Biochemistry 2008, 47, 2413-2427. This chapter presents the fits of 14 representative
protein aggregation kinetic data sets relevant to neurodegenerative disorders to the Finke-
Watzky (F-W) 2-step mechanism of nucleation and autocatalytic growth originally
developed for transition-metal nanoclusters. The F-W mechanism is able to account for
each data set analyzed and to deconvolute quantitative rate constants for the separate

processes of nucleation and autocatalytic growth.

The manuscript was prepared by Aimee M. Morris with the helpful insights,
critical analysis, and mathematical equivalence derivation by Dr. Murielle A. Watzky,
along with the assistance and editing of Prof. Richard G. Finke and also helpful

comments from Prof. Jeffrey N. Agar.



Fitting Neurological Protein Aggregation Kinetic Data via a 2-Step, Minimal /
“Ockham’s Razor” Model: the Finke-Watzky Mechanism of Nucleation Followed

by Autocatalytic Surface Growth

Aimee M. Morris, Murielle A. Watzky, Jeffrey N. Agar, and Richard G. Finke

Abstract

The aggregation of proteins has been hypothesized to be an underlying cause of
many neurological disorders including Alzheimer’s, Parkinson’s, and Huntington’s
diseases; protein aggregation is also important to normal life function in cases such as G
to F-actin, regulation of glutamate dehydrogenase, and microtubule and flagella
formation. For this reason, the underlying mechanism of protein aggregation, and
accompanying kinetic models for protein nucleation and growth (growth also being
called elongation, polymerization, or fibrillation in the literature), have been investigated
for more than 50 years. As a way to concisely present the key prior literature in the
protein aggregation area, Table 1 in the main text summarizes 23 papers by 10 groups of
authors that provide five basic classes of mechanisms for protein aggregation over the
period from 1959 to 2007. However, and despite this major prior effort, still lacking are

V

both (i) anything approaching a consensus mechanism (or mechanisms), and (ii) a
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generally useful, and thus widely used, simplest / “Ockham’s razor” kinetic model and
associated equations that can be routinely employed to analyze a broader range of protein
aggregation kinetic data. Herein we demonstrate that the 1997 Finke-Watzky (F-W) 2-
step mechanism of slow continuous nucleation, A — B (rate constant k,), followed by
typically fast, autocatalytic surface growth, A + B — 2B (rate constant k,), is able to
quantitatively account for the kinetic curves from all 14 representative data sets of
neurological protein aggregation found by a literature search (the prion literature was
largely excluded for the purposes of this study in order provide some limit to the resultant
literature that was covered). The F-W model is able to deconvolute the desired
nucleation, k;, and growth, k,, rate constants from those 14 data sets obtained by four
different physical methods, for three different proteins, and in nine different labs. The
fits are generally good, and in many cases excellent, with R* values = 0.98 in all cases.
As such, this contribution is the current record of the widest set of protein aggregation
data best fit by what is also the simplest model offered to date. Also provided is the
mathematical connection between the 1997 F-W 2-step mechanism and Saitd’s 3-step
mechanism proposed by Saitd and coworkers. In particular, the kinetic equation for the
2000 3-step mechanism is shown to be mathematically identical to the earlier 1997 F-W
2-step mechanism and under the 3 simplifying assumptions Saitd and coworkers used to
derive their kinetic equation. A list of the 3 main caveats / limitations of the F-W kinetic
model is provided, followed by the main conclusions from this study as well as some

needed future experiments.
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Introduction

Protein aggregation is known to be intimately associated with many different
types of neurological disorders, including Alzheimer’s, Parkinson’s and Huntington’s
diseases (1,2,3). Understanding the underlying mechanism(s) of protein aggregatipn is,
therefore, central to controlling and otherwise rationally dealing with this important
aspect of the etiology of these neurological disorders. Indeed, protein aggregation has
been postulated to be the underlying cause of such diseases (4,5,6,7,8,9,10,11,12,13,14),
although cause and effect are still not unequivocally demonstrated and, therefore, remain
controversial. Naturally occurring, non-disease state protein aggregation is also a part of
normal life function in cases such as G to F-actin conversion (15,16,17,18), regulation of
glutamate dehydrogenase (19,20,21,22), and microtubule (16,18) and flagella (18)
formation. Hence, understanding especially the simplest description of the mechanism(s)
of protein aggregation is critically important for both the aforementioned disease as well
as non-disease states. For the above reasons, the basic mechanism(s) of protein
aggregation has been the focus of considerable prior effort in at least 30 laboratories over
a period of approximately 50 years (23).

Protein aggregation studies are generally acknowledged (16,18,24,25,26,27) to
have begun in earnest with Oosawa’s 1959 and 1962 studies of the G-actin to F-actin
polymerization where G stands for the globular and F the fibril form of actin (15,16). In
order to proceed rationally and in as best informed mode as possible, we have recently
constructed a critical review of the prior protein aggregation literature (23). We find 5
basic classes of mechanisms for protein aggregation over the period from 1959 to 2007

(23). Those studies are listed in Table 1 below, Table 1 being the first of two key tables
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of prior work that is discussed in our forthcoming critical review (23). The essence of
Table 1 directly relevant to the present contribution is as follow: (i) the most cited,
“complete” mechanism is the subsequent monomer addition mechanism, Scheme 1
(16,17,28,29); and (ii) the resulting mathematics and kinetic equations corresponding to
the complete mechanism are, however, not routinely used to fit experimental data
(25,26,28,29). Alternatively, when fits are possible (following numerous assumptions
and approximations (16,18,27)), the resultant equation obfuscates verification (or
refutation) of whether nucleation and then growth are present and deconvoluteable
(growth also being called polymerization, elongation, or “heterogeneous nucleation” in
some treatments'). The deconvolution of nucleation from growth is key since these are -
central concepts in the broader literature of aggregation phenomenon in Nature
(23,30,31,32,33). In addition our review of the literature (23) reveals that: (iii) nothing
approaching a consensus mechanism—or even an accepted primary model for fitting

data—has emerged; and especially important for the present work (iv) a simplest

' The nomenclature in the protein aggregation literature is varied and can be confusing,
with multiple terms being used for (we infer) more or less the same intended meaning.
Specifically, for growth or agglomeration one also sees the terms ‘“elongation,
aggregation, fibrillation, and polymerization”. For the nucleation period one sees the
phenomenological terms of “induction period” or “lag phase”. Adding considerable
confusion is the term “heterogeneous nucleation” used, we surmise, in the dictionary
definition / meaning of heterogeneous as nucleation of “different” species, for example,
new protein polymers on the surface of existing polymers. We would simply call this
autocatalytic growth. The confusion here arises since, traditionally in the nucleation
literature, “heterogeneous nucleation” means nucleation occurring within a different
phase (such as nucleation on a solid surface or phase despite the reactants being soluble
in solution). Herein we will use the terms (homogeneous) nucleation and (autocatalytic
surface) growth as defined rigorously before and also herein by the kinetic equations and
respective k, and k, rate constants in Scheme 2—except in Table 1 where we retain the
terms used by the original authors so as to properly represent and reproduce the extant
literature.
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possible, “Ockham’s razor” model (34) that can be used to fit experimental data has not
appeared, even though mechanistic scientists know that an Ockham’s razor approach to
mechanism is an essential part of rigorous mechanistic science. Finally, also sorely
lacking is: (vi) a minimal model that can routinely and successfully be used for the badly
needed deconvolution of nucleation from growth' for a broad range of kinetic data, even
if that minimal model is, by necessity, phenomenological and unsophisticated relative to

a more “complete” mechanism.

Scheme 1. The Subsequent Monomer Addition Mechanism Proposed for the

Aggregation of Proteins.
k

k2
P, +P, —*‘k_ P

L 2

i

P, +P 5= Py,
i

Herein we report the following results and insights: (i) that the 1997 Finke-
Watzky (hereafter F-W) 2-step mechanism (31) of slow, continuous nucleation followed
by typically fast autocatalytic surface growth,> Scheme 2 and Figure 1 with its associated
rate law, equation 1, and analytic equation, equation 2, is able to fit all of the 14
representative protein aggregation data sets we have been able to mine out of the (non-

prion) neurological protein aggregation and related literature, (ii) that those in general

* It is Noteworthy that the A + B — 2B step is the kinetic definition of autocatalysis, that
is, a reaction in which a product (B) is also a reactant; this is why the curves “turn on”
with almost step-function like appearance in some cases with the middle part of the
reaction going faster and faster (i.e., and until the reaction runs out of A, so that the
reaction then slows down).
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excellent, often seemingly best-to-date fits demonstrate the broad applicability of the F-
W mechanism to amyloid, a-synuclein, and polyglutamine disease proteins; and (iii) that
the F-W mechanism is both the simplest ("Ockham’s razor” (34)) model yet reported, as
well as perhaps the simplest conceivable model (see Scheme 2), for protein aggregation
that is also able to fit a wide body of protein aggregation data. In addition, we report (iv)
that the F-W mechanism achieves the key result of deconvoluting the crucial nucleation
step from the growth step,' and we also show herein (iv) that the 3-step mechanism
proposed in 2000 by Saitd and co-workers (35) (entry 10 of Table 1) yields, after the
necessary simplification and assumptions those authors made to make the mathematics
manageable, a kinetic equation that we demonstrate herein is mathematically identical to

the simpler, 2-step F-W mechanism published 3 years earlier (31).

Scheme 2. The F-W Mechanism (31) for Nucleation and Growth Phenomenon.?

A—t B
A+B—%2 2B

*This mechanism was first worked out for transition-metal nanocluster nucleation and growth (31,32) (for
a more expanded list of references on nanoclusters, please refer to the Supporting Information), but this
work as well as another in progress (33) show that it also applies to other larger particle and aggregate
formation phenomenon in Nature. Note that (i) the resultant kinetic curves are generally sigmoidal (see
Figure 1); (ii) the A — B and A + B — 2B steps are typically composites of what may be hundreds to even
thousands of actual elementary steps (31,32) (e.g., those back in Scheme 1). Hence, the resultant rate
constants, k1 and k2, are necessarily average values for all the underlying steps.

—-d[A] ) o
i B
=kl AL+ k[ AllB] 0
LR
(4], - 5
1+ —L—exp(k, + k,[A]))¢t
2[A], )
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Finally, equation 3 will prove to be most convenient form for analyzing all but
one of the literature data sets reexamined herein. Equation 3 is readily derivable from
equation 2 in the case where one has a clean reaction, A — B, with associated clean mass

balance, [A],=[A], - [B],. Substitution for [A], into equation 2 and solving for [B], yield

eq. 3.
e[l
Y Toraryor
1+ ——exp(k, + k,[A| )t
k[ A], 3)

110

90
c
E
© 70
a
3 ;
% 50 ! slope ak,
o €
2
2 30
L
R

10

10 F 3‘ — . tlnducﬂon

0 50 100 150 200
Time (hr)

Figure 1. A typical kinetic curve seen for the F-W, 2-step mechanism in Scheme 1 with
representative rate constants of k, = 1 x 10° hr', k, = 1 x 10° mM'hr" (i.e., rate
constants chosen for the sake of illustration but which are also within the range of values
we will find for the protein agglomeration examples which follow). Two useful facts
about this example sigmoidal curve is, as shown in the curve, k, (units of hr) is
proportional to the inverse of the induction period time, t, 4., (units hr'); that is, k, gives
quantitative information about the nucleation period (also called the induction period or
lag phase'). In addition, k,*[A], (units hr'') is proportional to the normalized slope of the
line following the induction period, +d[B]/dt x 1/[A], (units hr') (31, 54).
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Materials and Methods

Selection of Data Sets for Analysis. The literature was searched, using both
SciFinder Scholar and the Web of Science, for the protein aggregation studies relevant to
the neurodegenerative disorders, Alzheimer’s, Parkinson’s, and Huntington’s diseases;
for this first study prion related diseases were deliberately, albeit arbitrarily, omitted from
the literature search in order to keep the number of papers examined to <100. We are
constructing a separate review and kinetic analysis of the prion protein aggregation
literature and will report on that separately in due course. The searches were then
narrowed to articles containing usable protein aggregation vs time kinetic data resulting
in a representative 14 data sets as presented below.

Data Analysis and Curve Fitting. Data were extracted (digitized) from published
kinetic curves using Engauge Digitizer 2.12. In 13 of the 14 data sets, the data were
displayed as the fqrmation of product (B) versus time (t), and these digitized data sets
were fit by the analytical equation shown in equation 3 using the nonlinear least-squares
curve-fitting program in OriginLab Corporation’s Origin version 7.0. In one case (see
Figure 6a), the kinetic data were reported as the loss of monomeric protein (A) versus
time (t); in this case, the kinetic data were fit using equation 2 and, again, Origin version
7.0. The derivation of the analytical equation 3 is given in the Supporting Information.

In the fits presented in Figures 2-12 and summarized in Table 2, we have by
necessity assumed that all forms of kinetic measurement used previously in the literature
are directly proportional to the percent of aggregated protein. This is the same
assumption underlying virtually all the protein agglomeration kinetic studies to date, but

is an assumption that we note merits reinvestigation in future studies. For example,
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changes in protein conformation, without aggregation, may also influence fluorescence,
circular dichroism (CD), absorption, and dynamic light scattering (DLS), even though
many papers in the relevant literature do not account for these contributions.
Furthermore, for these first studies we have again by necessity assumed that the data
measured by fluorescence, CD, and absorption are ideal: that is, it is assumed that there is
no absorption for the monomer at the wavelength measured, and no deviation from
Beer’s law, so that the absorption present is due to the aggregated protein. This appears
to be true for the cases where the spectra are shown (4,6,7,13), but in some cases the
monomer-alone spectrum is not provided to the reader (5,8,9,10), so that we were unable
to verify (or refute) this, again at present necessary, assumption. The resultant signal
intensity vs. time may, therefore, not necessarily be a direct measure of the aggregated
protein3 (36,37), but for the purposes of the initial treatments herein we assume that it is.

It should also be noted that in the literature cases presented herein, the protein generally

> In the case of dynamic light scattering, there is not a simple correlation between the
observed light scattering and the amount of aggregated protein; instead, the relationship
is more complex. Assuming particles all of identical size, the following equation shows
that the scattering intensity, R(Q), is dependent upon the particle concentration, C, (g/l),
the molar mass of the particles, M, (g/mol), the particle form factor, P(Q), and the
structure factor of the dispersion, S(Q,C,),that is: R(Q) = K x C,M, P(QS(Q,C,) (where

K is a constant dependent upon the instrumentation and difference in refractive index of
particles and solvent). This can also be thought of in a more simplified way: dynamic
light scattering measurements depend upon Brownian motion and the speed at which
particles move (the diffusion of the molecules), and therefore the molecular weight of
3
the polymer species can be determined by the Einstein-Stokes relation: M = f%ﬂ,
v
where M is the molecular weight of the polymer, r is the radius, N, is Avogadro’s
number, and v is the partial specific volume of the polymer molecule. This implies that
diffusion is inversely proportional to the cubic root of the molecular weight rather than
the concentration in solution. This in turn means that light scattering measurements are
not directly proportional to the concentration of the solution being measured.
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begins in an unfolded or misfolded state, either natively or by denaturation, prior to

measurements of the kinetics of protein aggregation.

Results and Discussion

To start, the literature was searched for protein agglomeration kinetic data sets as
detailed in the Experimental section. Both Scifinder Scholar and Web of Science were
employed to search for kinetic aggregation data relevant to the neurodegenerative
disorders Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease. A total of
14 representative Kinetic data sets were found (4,5,6,7,8,9,10,11,12,13,14) encompassing
four main categories of proteins: (i) amyloid-f3, the peptide that is hypothesized to be
central to Alzheimer’s disease (1), (ii) a-synuclein, the peptide hypothesized to be key in
Parkinson’s disease (2), (iii) polyglutamine, the peptide hypothesized to be crucial in the
etiology of Huntington’s disease (3), and (iv) other amyloidogenic proteins not belonging
to the previous three categories.

Each kinetic data set was in turn analyzed by the F-W 2-step mechanism given in
Scheme 1. The results are presented in Figures 2-4, Sa-c, 6a-b, and 7-12 that follow, with
Table 2 summarizing the nucleation, k,, and growth, k,, rate constants obtained from the
kinetic analyses. The fit shown in Figure 12 overestimates the second half of the data;
for this reason the data was also analyzed by the 3- and 4-step, expanded versions of the
F-W mechanism which include bimolecular agglomerative growth, B + B — C (rate
constant k;) and a novel, only recently discovered autocatalytic agglomeration step, B +
C — 1.5C (rate constant, k,) (32). For further information on these fits the interested

reader is referred to the Supporting Information (see Figure S7 and the section titled
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Alternative Mechanisms Considered: the 3- and 4-Step Mechanisms). Interestingly, the
2-, 3-, and 4-step fits all give similar residual values. On the basis of Ockham’s razor, the
fit to the simpler 2-step mechanism was chosen for presentation in Figure 12 and since at
present there is no compelling evidence to expand the mechanism to the 3- or 4-step
variants of the original 1997 F-W mechanism.

Fitting Amyloid  Aggregation Literature Data to the 2-Step F-W Mechanism.
The aggregation of proteins to form (-sheet rich amyloid fibrils has been hypothesized to
be intimately involved in more than 20 human diseases (13,38). One very important
amyloidogenic protein is amyloid (3, which forms plaques hypothesized to be a crucial
component of Alzheimer’s disease (39). Shown in Figures 2-6 are the digitized data from
the literature on aggregation of amyloid  protein along with the curve-fits to the F-W 2-
step mechanism (31) of slow, continuous nucleation plus subsequent autocatalytic surface

growth. In all cases the fits are very good if not excellent.
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O Data:

e Fit

o
cC v =+ W N UL oW WU b
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Normalized TfT Fluorescence

50 100 150
Time (hr)

o

Figure 2. Digitized data of Kelly and coworkers’ (4) amyloid 3 peptide aggregation
measured (and normalized by the authors) by TfT fluorescence and fit to the F-W 2-step
mechanism. Amyloid 3 peptide aggregation has been hypothesized to be central in the
pathology of Alzheimer’s disease (1). The fit values for this dataset are k,= 8(3) x 10
hr'and k,= 3.4(1) x 102 yM'ehr",
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Figure 3. Digitized data of Vestergaard and coworkers’ (5) aggregation of amyloid
(AP-42) peptide measured by ThT fluorescence and fit to the F-W 2-step mechanism.
Again aggregation of this peptide is believed to be key in Alzheimer’s disease (39).
Although there is considerably less sigmoidal character to this data set (e.g. vs. Figure 1),
the fit is still quite good. The resultant k,= 6(2) x 10” min™ and k,= 3.8(8) x 10% yMe

min’’.

2.5E+05

" 2.0E+05

ut
(=)
m
+
o
ENS

Mean Residue Ellipticity
(deg cm?

1 : O Data
v semmses Fit
hey C |
T T T 1

0.0E+00 ¢«
0 20 40 60 80

Time (hr)

Figure 4. Data of Lynn and coworkers’ (6) amyloid 8 peptide aggregation measured by
circular dichroism (CD) digitized, and fit to the F-W 2-step mechanism. This data set
and fit provide a third example of the excellent fit by the F-W mechanism to protein
aggregation related to the etiology of Alzheimer’s disease (39). The observed k,= 6(7) x
107 hr! and k,= 2.2(2) x 10° mMehr.
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Figure 5. Digitized data of Lynn and coworkers’ (7) amyloid  peptide measured as a
function of added Zn2+ and fit to the F-W 2-step mechanism. The authors speculate that
Zn2+ binding sites exist along the 3 sheets of amyloid 3 peptides; therefore, they
measured the aggregation as a function of added [Zn**] and observed a reduced
nucleation time with increased [Zn**]. The data in this figure are corrected for the
negative values of ellipticity that were reported in the original reference by normalizing
the data to have a minimum value of zero (7). By making the assumption that the
negative ellipticity values, resulting from the difference in absorption of left vs right
circularly polarized, would remain constant throughout a blank sample, a constant value
was added to each data point shown so as to render positive all the corrected values. (For
the raw, uncorrected data and fits please see Figure S1 of the Supporting Information.)
Part (a) is for ImM of the peptide alone with k,= 1.0(5) x 10 hr' and k,= 5.1(5) x 10
mMehr?, (b) is for [Zn**]:[peptide] of 0.2 with k,= 8.3(3) x 10* hr'" and k,= 6.55(9) x
10° mM'ehr, and (c) represents a [Zn**]:[peptide] of 0.4 with k,= 1.6(4) x 10 hr' and
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k,= 7.1(4) x 10° mM'ehr''. A plot of the resultant k, and k, values vs. [Zn**], provided as
Figure S2 of the Supporting Information, shows little to no effect on the [Zn**] to the k,
and 2 values in this specific case.
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Figure 6. Digitized data of Rebuffat and coworkers’ (8) amyloid 3 peptide aggregation
measured by reversed-phase HPLC with absorbance detection plus the fits to the F-W 2-
step mechanism. Figure 6 (a) is for AB1-16, the first 16 peptides of amyloid 3 (k,=7(1)
x 107 days’, k,= 9(4) x 10° mM'edays") and (b) AB5-16, peptides 5-16 of amyloid P,
(k,=2.1(5) x 10° days and k,= 3.1(2) x 10 mM'edays™).

Fitting a-Synuclein Aggregation Literature Data to the 2-Step F-W Mechanism.
The aggregation of a-synuclein has been hypothesized to be a crucial component in
Parkinson’s disease (2). Figures 7 and 8 illustrate the fits of the F-W mechanism to the
aggregation of a-synuclein. Figure 7 in particular is a striking demonstration of how well

the simple 2-step F-W mechanism fits the a-synuclein aggregation—that is, the

nucleation and autocatalytic growth—kinetic data.
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Figure 7. Digitized data of Fink’s (9) a-synuclein aggregation, in the presence of
macromolecular crowding induced by 100 mg/mL poly(ethylene glycol)-3350 and
monitored by ThT fluorescence, and curve-fit to the F-W 2-step mechanism, k,= 4.0(8) x
10” hr', k,= 2.77(7) x 10° uM'shr. Fink notes about a-synuclein aggregation, “The in
vitro kinetic studies of a-synuclein fibril formation show an initial lag phase followed by
an exponential growth phase and a final plateau...” (9). These are, again, the kinetic
signatures of the F-W 2-step mechanism.
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Figure 8. Digitized data of Sode and coworkers’ (10) a-synuclein aggregation measured
by TIT fluorescence assay analysis and fit to the F-W 2-step mechanism. The resultant
k,=1(1) x 10° hr' and k,=2.2(6) x 10~ gmol’ehr™.
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There is also some kinetic data in the literature that looks at the aggregation of o-
synuclein as a function of added seed protein. The interested reader is referred to Figures
S9-S10 of the Supporting Information for the digitized data and corresponding fits.

Fitting Polyglutamine Aggregation Literature Data to the 2-Step F-W
Mechanism. Aggregation of polyglutamine has been hypothesized to be intimately
involved in the neurodegenerative disorder Huntington’s disease (3). Figures 9 and 10
show the correlation between the aggregation of polyglutamine data and the fit to the F-
W 2-step mechanism demonstrating a third example of protein aggregation kinetic data
that can also be fit and deconvoluted into its nucleation (k;) and autocatalytic surface

growth (k,) components by the 2-step F-W mechanism.
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Figure 9. Digitized data of Wetzel and coworkers’ (11) aggregation of polyglutamine
monitored by light scattering and fit to the F-W 2-step mechanism with resultant rate
constants, k,= 2.6(3) x 10~ hr' and k,= 2.3(2) x 10* uM'ehr".
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Figure 10. Digitized data of Wetzel’s (12) polyglutamine aggregation without seeding
monitored by light scattering and fit to the F-W 2-step mechanism. The fit values are k,=
1.0(4) x 10° hr' and k,= 1.9(2) x 10” M "'ehr",

Wetzel has also examined the aggregation kinetics of polyglutamine in the
presence of a 5% (w/w) seed (12). This digitized and fit data set is contained in Figure
S8 of the Supporting Information for the interested reader.

Fitting Other Amyloidogenic Proteins Aggregation Literature Data to the 2-Step

F-W Mechanism. Figures 11 and 12 show, respectively, the fits of the F-W mechanism to

the aggregation of $2-microglobulin and human lysozyme proteins.
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Figure 11. Digitized data of Goto and coworkers’ (13) ultrasonication-induced
aggregation of 32-microglobulin monitored by ThT fluorescence and fit (solid line) to the
F-W 2-step mechanism. B2-Microglobulin is an amyloid protein that causes amyloidosis
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resulting in the deposition of amyloid fibrils in the synovia of the carpal tunnel in patients
who have been receiving dialysis for more than 10 years (67). Note the generally
excellent fit to this highly sigmoidal, approaching step-function-like kinetic curve. The
fit values are k,= 1(3) x 10" min™ and k,= 6(1) x 10* min"'euM".
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Figure 12. Digitized data of Dobson and coworkers’ (14) in vitro D67H human
lysozyme variant used to study the folding and misfolding of the protein, the latter
leading to aggregate formation and amyloid disease, again with fits to the F-W 2-step
mechanism. In 1993 the D67H lysozyme variant was discovered to be associated with a
hereditary form of nonneuropathic systemic amyloidosis that causes amyloid deposits to
form in various organs of the body (68). The aggregation data was measured by dynamic
light scattering and normalized by the authors. The resultant k,= 1.1(1) x 10" hr', k,=

1.9(1) uM'ehr™.

In summation to this point, all 14 data sets found by our literature search fit the F-
W 2-step mechanism with an R2 value = 0.98 (Table 2). This includes data obtained by
four different methods, for three different proteins, by nine different labs and spanning
over four publication years. The fits are generally good, and in many cases excellent
(e.g. Figures 2,4, 6,7,9, and 11). As such, this contribution is the current record of the
widest set of protein aggregation data best fit by the also simplest kinetic model to date.
The implied conclusion is, therefore, that at least phenomenologically speaking, the F-W

2-step mechanism of nucleation and autocatalytic growth is a previously unrecognized,
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“Ockham’s razor” (34) / minimalistic model for deconvoluting protein agglomeration

nucleation, k,, from (autocatalytic) growth, k,.
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The Relationship between a generalized form of the 1997 F-W mechanism and the
2000 Saité and co-workers (35) Mechanism. Upon studying the protein aggregation
literature and constructing Table 1 (vide supra), we encountered Saitd and co-worker’s
2000 paper and 3-step mechanism, Scheme 3 (35). After some reflection, we in turn
wondered if the 2-step F-W mechanism (Scheme 2) and Saitd and co-worker’s 3-step
mechanism might not be more closely similar than initially meets the eye (i.e., and after
the three assumptions and simplification made by Saitd and co-workers, listed in Table 1,
modifications those authors found necessary to simplify the mathematics into an equation
usable for fitting experimental data). Indeed, in the Supporting Information we
demonstrate the mathematical identity of the F-W and Saitd analytic equations. This
means that the 3-step mechanism proposed by Saitd and co-workers in 2000 reducés to

the 2-step, 1997 F-W mechanism.

Scheme 3. Sait6 and coworkers’ (35) mechanism for the aggregation of human
calcitonin.

Keq' _
npA (monomers) === Ao (micelle)
k,
Ano —— Bno

k2||
A+B, —/ B,

In addition, one can also see intuitively how the two mechanisms shown in
Schemes 2 and 3 can lead to the same overall kinetic expression. For the case of a fast
prior equilibrium that lies predominantly back to the left (towards A) in the Saitd et al.
mechanism, their k" will equal k,"K,,""[A],., which in term will equal k, of the F-W

mechanism, that is, k. = k,"K,,"[A],, = k; (where we have substituted a simple “n” for

obs
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Sait6’s “n0”(35)). That is, Saitd and co-worker’s postulated pre-equilibrium of nA
monomers to a A, micellular-like aggregate —which others would just call soluble protein
oligomers (40,41)—can be hidden within the k, of the F-W mechanism.

The mathematical identity of the F-W 2-step mechanism with the Sait6 et al. 3-
step mechanism (i.e., and using the assumptions Sait6 et al. necessarily made to yield an
equation that would allow them to analyze their protein aggregation kinetic data) means
that, therefore, the Saitd et al. 3-step mechanism is, in the final analysis, a reinvention of
the 2-step mechanism. It should, therefore, be replaced by the 2-step F-W mechanism.
This comment is not intended to downgrade in any way the independent derivation and
contribution by Professor Saitd and his co-workers; indeed, the fractional conversion
(“f”) form of the equation given in Table 1 is a convenient form for analyzing data (with
units of reciprocal time). Moreover, it is entirely possible that the 3-step mechanism in
Scheme 3 may well eventually prove to be a more accurate description of the underlying,
true protein process in at least some cases.

Relevant here is a brief discussion of the original A — B, A + B — 2B and more
generalized form, nA — B,, A + B, — B,,, (Scheme 4), of the F-W 2-step mechanism.
In Schemes S2 and S3 of the Supporting Information we show the mathematical
relationship between these two. At the first level of approximation, they are equivalent
with the generalized form of the equation introducing a statistical factor into k," and k,’;
that is, k, and k, of the original F-W mechanism are proportional, respectively, to
(n+1)k,'[A],; and (n+1)k," of the generalized F-W mechanism under the conditions and
assumptions of the derivation in the Supporting Information. In both k, and k,’ there is

also a previously introduced (31) “scaling factor” of (1+)own)/2 for spherical growth, as
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further defined and discussed elsewhere (31) due to the increasing surface area of B onto
which aggregation is taken to be increasingly likely as the aggregate grows. More recent
(42) and upcoming (43) papers discuss a treatment of the scaling factor that is continuous
with time and, therefore, allows a continuous correction to the changing fraction of B on
the particle or aggregates’s surface, although the specific treatment given is for the case
of transition-metal nanoparticles (42,43)—one, however, that should be readily

extendable by analogy to protein aggregation.

Scheme 4. The generalized form of the F-W mechanism.

'
nA —»B,

A +Bn _2> Bn+1

Does the F-W 2-step mechanism make physical sense for protein aggregation?
The good to excellent fits obtained for a wide range of protein aggregation data (Figures
2-12) argue that the F-W mechanism must be portraying at least some of the key features
of the more complete, elementary step process of protein agglomeration. Nevertheless,
the good fits still beg the question of “does the F-W mechanism make physical sense for
protein aggregation?” A closely related question is what is a deeper physical description
of “A” and “B” in the 2-step mechanism, A — B, A + B — 2B?

In their simplest forms, A is just the predominant form of the unfolded or
misfolded, ready-to-aggregate protein in solution while B is more complex, B
representing the protein aggregates, with all different sizes of B at a given time, t, being

lumped into one average “B”. Physically, B appears to be the (growing) surface area of
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the aggregated protein, that is, the surface area that is primarily involved in, and leads to,
aggregation as A + B, — B,,, grows to higher n. This is consistent with the description
by Fink et al. in the case of a-synuclein where he describes “a partially folded
intermediate is anticipated to have contiguous hydrophobic patches on its surface, which
are likely to foster self-association and hence potentially fibrillation” (44)—an apt
description of our “B”. The broad descriptor “B” therefore covers a range anywhere
from a hypothesized toxic intermediate species (45,46,47,48,49,50,51,52) all the way up
to the hypothesized non-toxic fibril (45). This makes it rather apparent that much more
effort needs to go into demonstrating by direct spectroscopic means what “B” is more
precisely and as a function of time.

The Emerging Case for Protofibrils as the Toxic Intermediate(s). A consensus
appears to be developing in the literature that intermediate protofibrils and/or soluble
oligomers are the toxic species in neurodegenerative diseases (45,46,47,48,49,50,51,52).
(For more references on intermediate protofibril and soluble oligomer species, please
refer to the Supporting Information.) A very important implication of the fits to the F-W
2-step mechanism provided herein is that the soluble monomer-to-protofibril-to-final
fibril size vs. time is in principle obtainable from the deconvoluted k, and k, and
knowledge of the beginning protein concentration, A,, so long as a final fibril geometry
and final size are also known. The treatment is expected to be directly analogous to that
we have developed for nanocluster size vs. time (53), but with the caveat that the shape
and geometry treatment will of course be different than the treatment used for spherical
nanoparticles (53). The needed equations are under development (54). In short, an

implication of the fits herein deconvoluting nucleation, k,, from surface autocatalytic
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growth, k,, is that protofibril size vs. time will be predictable (again, if the final geometry
and average size can be firmly established). This in turn promises to greatly expedite the
rational synthesis of fibrils of known size and, hence, their detailed study and all the
insights those studies promise to provide.

Advantages and Especially Caveats / Limitations of the F-W 2-Step Kinetic
Model. The F-W 2-step mechanism appears to fit a broad range of neurological protein
aggregation data. The simplicity and quality of the fits, the deconvolution of the
nucleation, k,, from the growth, k,, and the implications for fibril size vs. time studies are
all extremely valuable components of the F-W kinetic model. Another significant
advantage that is that the use of the 2-step F-W mechanism allows kinetic fits en route to
the correct deduction of mechanism in cases where fewer data of lower precision are
available (55). The above positives noted, the possible limitations of the F-W model also
need to be clearly noted. Some main limitations apparent at present are:

(1) The F-W 2-step mechanism is obviously a highly condensed, oversimplified,
phenomenological model of the real protein agglomeration that often consists of probably
hundreds if not thousands of steps. The ability of such a 2-step model to account in at
least an average way for the multi-step reaction is, in that sense, remarkable even if a
significant oversimplification.

(2) The resultant k; and k, values are, therefore, averages over all of the true
underlying steps. As such, important kinetic and mechanistic information must be hidden
in the “average” pseudo-elementary steps (31) of A — B, A + B — 2B or even the more
generalized nA — B,, A + B, — B,,,. Put another way, the F-W model assumes that k,

and k, are independent of aggregate size (i.e., that for the nth step a given k, =k ,, =k,,,
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and so on). This is probably never exactly true, and in some cases may hide a very
important increase or decrease in the rate of for example growth with aggregate particle
size. Another issue here is that, as the kinetic equations in Scheme S2 (or just thinking
about the following) make apparent that, during the nucleation process, [A] is
approximately constant. Therefore, a higher kinetic order in [A], that is k,'[A],, is easily
hidden Kinetically and can appear as an apparent K,,,...,[Al; dependence, where in fact
k, « k,'[A],.;- This situation is something we already have experimental evidence for in
the case of transition-metal nanocluster nucleation and growth (43), and is something that
we expect will be more common. This is actually an advantage when working up kinetic
data, as fits to the simple, apparently first order nucleation step, A — B, are seen—an
advantage so long as the user is aware that further plotting of the pseudo-first-order
Ki(appareny ¥S- [A] are needed to test for a higher order nA — B, component to the reaction.

(3) The fact that all sizes of the growing aggregate are hidden behind the general
descriptor “B” is a significant weakness, given the growing evidence that smaller,
intermediate size fibrils may be the more toxic species (45,46,47,48,49,50,51,52). This
weakness is mitigated somewhat by the fact that k, and k, can be used, along with a
knowledge of the final geometry and final (average) size of the aggregates to obtain an
(average) size vs. time of the aggregates (53) or fibrils. Nevertheless, a better
experimental handle on the sizes of “B” vs. time is a very important avenue of future
research.

The above are the main caveats and limitations of the F-W 2-step model that are
apparent to us, at least at present. Other disadvantages (as well as other possible

advantages?) will undoubtedly become apparent with time. The situation is perhaps best
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stated by Eigen in his analysis of prion disease kinetics (59): “The model chosen must be
simple enough to yield lucid results. On the other hand, it must be complex enough to

comprise the essential influences that characterize nucleated aggregation.”

Summary and Conclusions

The main insights from this contribution are the following:

(i) Fourteen protein aggregation data sets from primarily three different proteins
(amyloid B, a-synuclein, and polyglutamine), four different monitoring methods, and
nine individual research labs were fit to the F-W 2-step mechanism/model. The resultant
fits separate and quantitate for the first time the nucleation and growth quantitative rate
constants for the representative 14 data sets and under the assumptions noted in the
Experimental section (e.g., assuming as in the prior literature that the signal intensity is 7
directly proportional to the amount of aggregated protein).

(i) The F-W 2-step mechanism of A — B and A + B — 2B with the generalized
form, nA — B, and A + B, — B,,,, appears, therefore, to provide the simplest possible,
“Ockham’s razor” model for protein aggregation across a fairly wide body of data. Its
most important feature is its ability to separate and quantitate nucleation from growth in a
clear, well-defined, easily applied way.

(ii) The main limitations of the F-W kinetic model that are apparent at present
were also noted, specifically the fact that is an oversimplified, phenomenological model
of the true, multi-step process, that it provides average k; and k, values that may hide

important changes in k, and k, with growing aggregate size, and that B is a catch-all for
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the growing aggregate which, again, will hide any important differences in the growing
aggregate and protofibrils as a function of their size.

(iv) Even given its limitations, since the F-W mechanism gives separate rate
constants for nucleation and growth, therapeutic opportunities are apparent. For instance,
quantitative studies aimed at understanding what factors start vs. stop nucleation (k;)
should in turn yield opportunities for better treatments—namely inhibiting the nucleation
step and thus stopping aggregation from even beginning. The importance of mechanistic
understanding to therapeutic approaches should not be underestimated. An interesting
historical case backing this assertion is sickle cell hemoglobin polymerization where
Eaton and Hofrichter noted: “Finally, kinetic studies have played a central role in
understanding the pathophysiology of sickle cell disease and the design of strategies for
therapy” (56).

(v) The deconvolution herein of protein aggregation into its nucleation, k,, and
autocatalytic growth, k,, components also promises to allow more detailed studies and
insights into established phenomenological linear-free-energy relationships correlating
protein aggregation rates (typically after the “lag” phase; i.e., really during the k, growth
phase) with calculated indices for hydrophobicity, charge, and intrinsic propensity to
form (-sheets or a-helices (57) as well as extrinsic factors such as pH, ionic strength, and
protein concentration (57). As Dobson, Chiti, and Vendruscolo (57) have noted,
correlations for the crucial “lag” (really nucleation, k;) phase need to be done, and that
now is possible —that is, more rigorous correlations of both k, and k, values with the

above intrinsic as well as extrinsic properties are now also possible.
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(vi) In addition, a host of other, more detailed and more quantitative studies of
protein agglomeration—that is, nucleation (k,) and growth (k,)—now become possible,
specifically any and all desired studies looking at the factors that influence k, vs those
that influence k,.

(vii) Finally, an interesting, hypothesis results from this and our other (31,32,33)
work—indeed, the most far-reaching hypothesis to result from this work in combination
with our prior work on the F-W mechanism in other areas of science (31,32,33)—is that
the F-W mechanism appears to be a (if not the) more general, simplest / Ockham’s razor,
phenomenological kinetic model for first-order phase transitions in solution (first order
phase transitions being defined as “a change in state of aggregation of a system
accompanied by a discontinuous change in enthalpy, entropy, and volume at a single
temperature and pressure” (58)). We have shown previously that this mechanism fits
nanocluster agglomeration (31,32) (see the Supporting Information for a more expanded
list of nanocluster references), we have shown herein that the 2-step mechanism fits the
completely different case of protein aggregation, and in other studies in progress we show
that the F-W model can account for at least some solid-state kinetic data as well (33).
The evidence to date suggests, then, that the F-W 2-step méchanism is the more general,
Ockham’s razor kinetic model or “mechanism” for first-order phase transitions in
solution. We view and offer this as a hypothesis, one able to connecting a broad spectrum

of previously largely unconnected literature (23,31,32,33).
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Scheme S1. The derivation of the analytic equation for the F-W mechanism. This

derivation in the original reference (1) contains typesetting errors that were not caught at
the time of publication and should read:

_% = k[A]+ k,[AI([A], - [A])

X —dlA] - [lar
O[A)(k, + ky([A], - [AD) =°

t

1, m["' + ky([A - [A])]
k, + k,[A], [A]

ln[(kl + ky (1Al = [AD)[Aly
klA]

[d]

} =(k + k,[Al,)t
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Scheme S2. Derivation showing the equivalence of the Finke-Watzky (F-W) 2-step
mechanism to Saitd and coworkers’ (2) 3-step mechanism for the aggregation of
calcitonin.

Saitd's equation :

p(e(l+p)kt _ 1)
(1+p)kt

1+ pe
By definition :
ky

p=';, k=k2a7 a=[A]O7

Substitution gives:

ky
1 k~[Algt
ki e( +kz[/‘\]o) ol Al

-1
ka[Alo
f= p
l+—L ki, [ Alyt
1ok e( +kz[A_lo) 2
kalAlo
Simplifying:
ki (e(k1+k2[A]o)’_1)
fe kr[Alp
ky Jlhirkal Alo)t
kalAlo
By definition:
LAl
[Al, =[Alo(1- /)= f =1-=L
t 0 [Alo

Substituting for f gives:

ky (e(k1+k2[A]o)’ _1)

1- [Al, _ kolAlg

[Alo 4 k) e(k1+k2[A]o)'
ka[Alg

Solving for [A]; :
L(e(kﬁkzm]o)' _ 1)
kalAlo
+ kl : e(k['f‘kz[A]o)t
kalAlo
Simplification gives:

[Al; =[Alp|1-

ko
Moa
s [Alp

ki (ki+kolAlo)e
ka[Alo
This last equation is the Finke - Watzky analytic equation corresponding

(Al =

to the 2 - step mechanism.
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Scheme S3. Comparison of the Original and Generalized Form of the F-W 2-Step Mechanism.

The original form of the equation is
A—X B
A+B—2-2B

where the sum reaction is

2A —=2B
which gives the rate equation:
—d[A] . _
Y k[A]+ k,[A][B]
Whereas the generalized form of the 2-step mechanism is given by
nA—% B
A+B, —-B_,
where the sum reaction is
(n+1)A—=B,_,,
which gives the rate equation:

—d[A]
At LTAV + b
e KIAY" + k,[Al[B, ]

At constant [A] (during nucleation), and with the zeroth-order approximation that one can

equate [B] with [B,] (i.e., by treating B as one species), then k, vs k, and k, vs k, are related

by

k =(n+Dk[A]"

k, =(n+1k,
Hence, there is just a statistical factor difference of (n+1) between the k; and k; rate constants

and a similar (n+1) factor, as well as a multiplicative [A]™' concentration factor, between the

k; and k; rate constants.
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Scheme S4. Examination of the Scaling Factors for the Rate Constants, k, and k,.

Beginning with the generalized form of the 2-step mechanism

nA—%—B,

A+B,—%>B

where the sum reaction is

(n+1)A—B,_,,

There are several factors suggested to increase the aggregation but for argument sake, if
you assume only one factor contributes to aggregation and apply Fink;s (3) definition of
B to be a partially folded intermediate which has aggregative (i.e., hydrophobic, charged

or other (4)) patches for increased fibrillation, then the following can be obtained:

nA—~—B

n(aggregative patches)

.
—2y
A + Bn(aggrcgulivc patches) n+l(aggregative patches)

In a zeroth-order treatment that mirrors our earlier one for transition-metal nanoclusters
(1), we define Y ucieation or growny @S the fraction of increased area of aggregative patches
gained in a reaction step of nucleation or growth:

increase in area of aggregative patches

X(nuclmlion or growth) -

total area of aggregative patches

The generalized form can be rewritten then for protein aggregation as:

A_kQB

Xnucleation

X nucleation

%
+ — 2
A+B B(Xnucleation"'Xgrowth )

where the sum reaction is
2A —

B
(Xnucleation +X growth)
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If you assume that B is needed in order to form aggregative patches then (as before (1))
a reasonable assumption is that x,,ceaion=1 Which gives:

2A—B

(1+Xgmwm )
or rewritten

2A — (1 + Xgrowth )B
since there are (1 + ¥g.u) NumMber of aggregative patches in this given example. From

this we obtain:
_l dlA] B 1 d|B]
2 dt 1+ Xypew 4t

d[B] - _ 1 + Xgmwth dlA]
dt 2 dt

t

1
[B] =@<[AJO—[AJ,)

so the rate equation becomes

dlA
—% - k[A]+ k,[Al[B]

Al 7 1
AL Ay ke, e | 41 A), - (A1)
dt 2

Therefore, the value of k; has a scaling factor of (1 + Ygrowin)/2.
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For an expanded list of nanocluster formation references in which the F-W
mechanism has been demonstrated to account for the kinetic data, see references
1,5,6,7,8.9.

For other selected key references on fibril intermediates which includes soluble
oligomers and protofibrils for which there was not space in the main text, please refer to
references 10,11,12,13,14 below.

Figure S1 below shown the data for the uncorrected amyloid p aggregation from
Lynn and coworkers’ 2006 report (15) along with the fits to the F-W 2-step mechanism.
These data were corrected in Figure 5 of the main text using the assumption that, if a
blank of the sample were run, then the ellipticity values observed would have been
negative throughout the measurement. The raw data is also provided below in Table S1,
aloﬁg with the rate constants and correlations for the fits from both the uncorrected and

corrected data, so that the interested reader can compare the fits for themselves.
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Figure S1. Digitized data of Lynn and coworkers’ (15) amyloid 3 peptide measured as a
function of added Zn** and fit to the F-W 2-step mechanism. The authors speculate that
Zn** binding sites exist along the B sheets of amyloid B peptides; therefore, they
measured the aggregation as a function of added [Zn**] and observed a reduced
nucleation time with increased [Zn**]. Figure (a) is for ImM of the peptide alone with
k1= 1(3) x 107 hr' and k,= 8(4) x 10° mM'shr”', (b) is for [Zn>*]:[peptide] of 0.2 with
ki=2(4) x 10 hr' and k= 1.0(4) x 10 mM"hr™", and (c) represents a [Zn**]:[peptide]
of 0.4 with k;= 1(3) x 10™ hr'! and ko= 1.1(2) x 102 mM«hr’". The induction periods are
less well fit in this data set vs the fits shown in Figure 5 of the main text.

182



Table S1. Comparison of the rate constants and coefficient of determination for the
uncorrected and corrected data from Lynn’s (15) amyloid B aggregation system measured

by circular dichroism.

Data ki (r) ke (mMThr') R’
Corrected?
1 mM peptide No 1(3) x 107 8(4) x 10°  0.9707
Yes 1.0(5)x 10*  5.1(5)x 107 0.9973
[Zn]:[peptide]=0.2 No 24)x 10%  1.04)x 10°  0.9839
Yes 8.3(3)x 10*  6.55(9) x 10°  1.0000
[Zn]:[peptide]=0.4 No 13)x10°  1.13)x 102  0.9762
Yes 1.6(4)x 10*  7.1(4)x 10°  0.9988

Effect of Added [Zn”"] to the Rate Constants of Amyloid B Aggregation. From the
fits shown in Figure 5a-c of the main text, the effects on k; and k; of 0, 0.2, and 0.4 mM
added Zn®* were examined, Figure S2. The results in Figure S2 show that there is no
clean trend in the k; values, and little effect within what is probably the true experimental

error on the k; values, at least within the range tested of 0-0.4 mM added Zn®".

() (b)
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_7.E-03-
‘;6.E-04 ] ; T
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~ E
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Figure S2. The effect of added Zn*" of Lynn’s (15) amyloid B aggregation on the (a) k;
and (b) k> values obtained from the corrected data in Figure S of the main text.
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Data Analysis and Curve Fitting Following the Loss of [A]. Data were extracted
from published kinetic curves using Engauge Digitizer 2.12. In the cases presented
below, the y-axis was inverted vs. that presented in the main text. That is, instead of
displaying the data as it is reported in the literature with the formation of product [B] vs.
time, the data is displayed and fit as the loss of reactant [A] vs. time. These two display
1;10des are of course equivalent so long a mass balance, [A], = [A]: + [B]: are obeyed
throughout the reaction, see equations 2 and 3 of the main text.

Numerical integration curve fitting for the 2-, 3-, and 4-step mechanisms was
accomplished with MacKinetics (version 0.9.1b) as detailed in our previous publications
(6,9) in order to compare the residual values from the fits to each of the three
mechanisms. The MacKinetics freeware used for numerical integration was downloaded

at http://members.dca.net/leipold/mk/advert.html. The availability and support of

MacKinetics has become problematic in the time since we first obtained MacKinetics,
however. Hence, we have listed elsewhere (9) the available numerical integration curve-
fitting software we can locate, and also recommend interested readers to take a look at the

freeware Copasi available at http://www.copasi.org. Table S2 contains the rate constants

obtained for each of the kinetic data sets fit in Figures S4-S7.
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Figure S3. An example of plotting the aggregation data as (a) the formation of [B] vs.
time, and (b) the loss of [A] vs. time. In both cases the rate constants obtained are
identical with k;=1(3) x 10" and k,=6(1) x 10™* as required since the data were
interconverted via subtraction of the maximal intensity from each data point. As
expected, the R? values are also equivalent, 0.9968 and R*=0.9968 for the curves (a) and
(b), respectively.

Alternative Mechanisms Considered: the 3- and 4-Step Mechanisms. The 3- and
4-step mechanisms (6,8,9) of nanocluster formation and subsequent agglomeration are

shown in Schemes S5 and S6. The 4-step mechanism is a relatively rare example of a

mechanism with two autocatalytic steps as discussed further elsewhere (8,9).

Scheme S5. The 3-step mechanism for transition-metal nanocluster formation and
bimolecular agglomeration (6).
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Scheme S6. The 4-step mechanism for nanocluster formation that involves two
autocatalytic steps (8). :

A—t B

A+B—%—>2B
B+B—5-C

B+C—*—15C

Since we only disprove in science in general and in mechanism in particular, it
was important to see if the 3- or 4-step mechanism might be able to provide superior fits
to kinetic data that were less then very well fit by the 2-step F-W mechanism. Figures
S4-S7 below reveal that three of the data sets originally in Figures 2-12 of the main text
can also be fit by the 3- or 4-step mechanisms. However, by comparison of the residual
values for the 2-, 3-, and 4-step mechanisms, Table S2, and in line with a conditional
exclusion by Ockham’s razor (16) of the more complicated mechanisms in the absence of
compelling evidence for those more complex mechanisms, the simpler 2-step F-W model

was used to analyze the data below and as shown in Figures 2-12 of the main text.
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Figure S4. Goto and coworkers’ (17) digitized data for the ultrasonification-induced
aggregation of 32-microglobulin monitored by ThT fluorescence and fit to the (a) 3-step

and (b) 4-step mechanisms developed by the Finke group.
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Figure S5. Vestergaard et al’s (18) amyloid  (AB-40) peptide measured ThT
fluorescence and fit to the (a) 3-step and (b) 4-step mechanisms.
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Figure S6. Lynn and coworkers’ (19) amyloid B peptide measured by circular dichroism
(CD) and fit to the (a) 3-step and (b) 4-step mechanisms.
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Figure S7. Dobson and coworkers’ (20) in vitro D67H human lysozyme variant fit to the
(a) 3-step and (b) 4-step mechanisms.

Figure S7 is better fit to the 3- and 4-step mechanisms for the latter half of the
data. However, what is not easily observed here, but is important in choosing the best fit,

is the undercutting of the first half of the data seen in the 3- and 4-step fits. This is a case
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where the 2-step mechanism (Figure 12 of the main text) fits better for the first half of the
data and the 3- and 4-step mechanisms fit somewhat better for the second half of the data.
While the 3- and 4-step mechanism appear to fit the second half of the data better
(especially in the case of Figure S7; see Figure 12 of the main text for the 2-step fit), the
residual values from each of the 2-, 3-, and 4-step fits show little difference, entry 4 of
Table S2. Moreover, the the k; and k; values for the 2-, 3-, and 4-step mechanisms are
similar in each case (entries 1-4 of Table S2). Hence, again we chose the simplest,

Ockham’s razor (16) 2-step mechanism to fit the data reported in the main text.

Table S2. Comparison of residual values obtained from the 2-, 3-, and 4-step
mechanistic fits to the data presented in Figures S4-S7.

Entry Reference System 2-Step Fit 3-Step Fit 4-Step Fit

1 Goto(17) B-microglobulin  k, 2.5x 1070 7.7 x 107 1.0x 107

k, 5.5x 10" 53x10* 52x10*

ks 83x10™" 1.5% 107

kq 1.0x 107

Residual 0.03497 0.05691 0.05771

2 Vestergaard Amyloid-B k, 7.0 x 107 1.3x10” 3.3x10°
(18)

k, 3.4 x 10 1.0x 10™ 1.0x 107

ks 49 x 107 2.3 x 107

k4 8.3 x 107

Residual 0.06901 0.05689 0.1116

3 Lynn(19) Amyloid-B k; 7.5x1071° 1.1 x 107 1.1x10°

ks 7.5x 10" 7.3 %10 7.6 x 107!

ks 1.1x 10" 1.1x 10"

k4 82 x 10!

Residual 0.02117 0.02735 0.08707

4 Dobson (20) D67H lysozyme  k, 1.1x10" 4.9 x 107 8.5 x 107

\ ks 1.8 32 3.0

ks 24 2.7

ks 1.1

Residual 0.08148 0.07403 0.11009

Fitting Seeded Protein Aggregation Data. Some of the protein aggregation

kinetic data that we found in the literature relevant to neurodegenerative diseases is for
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seeded protein agglomeration. Those data were digitized with Engauge Digitizer 2.12
and fit using Origin 7.0. Each data set was then fit (i) as a control to the original F-W 2-
step mechanism, which assumes an initial concentration of B=0, via equations (1) or (2)
of the main text, and then also (ii) to the analytical equation shown below in equation
(S1) or (S2), depending upon the way the data was reported in the literature, S1 and S2
being the equations for the F-W 2-step mechanism, but with [B]o# 0 (i.e., for the seeded
case). The data sets were also fit (iii) by a hypothetical mechanism of autocatalysis
alone, namely just the A + B — 2B step, equations (S3) and (S4). The derivation of
equations (S1) and (S2) is shown below in Scheme S7. The derivation of equations (S3)

and (S4) can be found in several textbooks, for example reference (21).

_ (K + ky([Aly + [Blp DAl

[A]' . kz[A]O + kle(k|+kz([A]o+[B]o))t (Sl)
: (k, + k,([A], +[Bly))[A]
[BJt = ([A]O - [B]O)_ kzl[A]02+ kle?kl +k2([A(])0+[B]O))Ot (Sz)
. A B
(AL, = (AL, +[Bly) - — L2 (83)
14+ 1o -ktats Bl
[B],
- [A], +[B],
B] = S4
LB, 1+@ge—k<mlo+wlo)t (54)
(B,
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Scheme S7. Derivation of the 2-step mechanism with [B]o # 0.

d[A o
__Ed-t_] = klI.AJ + kz[A][B]
By mass balance and assuming that [B], =0
[B] =[B], + [A], - [A]
- AL AT+ ATl + (4], - (A
ft —dlA] = fdt

Ok [A]l+ k,[A(IB], +[A], —[AD

1 m( k, + ky([A], +[B], - [A]))], _,

k, + k,([Al, + [B],) [A] 0

m((k] + ky([Al, + [Bly - [AD)IA]

k[A]
(k, + k,([A], +[B], -[AD)[A] = ol k(A Ty +[Blo)
ki[A]
_ (k + ky( Al + [Blo))[A],
= kz[A]O + kle(k' +ky([A)g +[B o)
Which by mass balance of :
[Al, =[A], - [B], - [B],
can also be expressed as:
(k, + k,([Aly +[Blo)[Al,
kZ[A]O + kle(k' +ky([Alo+[Blo D)t

) = (kl + kz([A]o + [B]O))t

[Al,

[B], =[Al, -[B], -

The data and fits shown below in Figure S8 correspond to the data found in
Figure 10 of the main text for the unséeded case. What is observed in Figure S8 is that
each of the proposed mechanisms seems to fit the seeded aggregation kinetic data, but by
examination of the R? values in Table S2, the 2-step mechanism with [B]o#0 provides the

best overall fit.
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Figure S8. Wetzel’s (22) seeded protein aggregation kinetic data measured by dynamic
light scattering and fit to autocatalysis only (pink), the F-W 2-step mechanism (yellow),
and the 2-step mechanism with [B]o#0 (teal).

Table S3. Rate constants and R? values obtained for the data in shown in Figure S8

Autocatalysis only k=1.2(1) x 10?hr’ R?*=0.75718

Classic 2-step mechanism k,=2.3(9) x 10" hr' R?=0.89385
k,=3(3) x 10° uM'hr!

2-step mechanism with [B],#0 k,=2.9(8) x 10" hr' R?=0.92885

k,=3(3) x 10° uM'hr"

A second set of seeded protein aggregation kinetic data was also fit. Note, in the
original publication (23) the absorbance data does not reach zero. Therefore, it was
assumed the that residual absorbance observed is some sort of background absorbance
and, hence, that the data should be corrected by subtracting the difference between the
last leveled off data points and zero in the cases of 0.01, 0.1, 1, and 10% seeded cases.
(The data could not be corrected in the case of 0.001% seeded because there is no final
leveling off point present, i.e., the growth phase is not completely shown in the original
paper (23).) Both the raw data and corrected data were analyzed by both the 2-step
mechanism and the 2-step mechanism with [B]o # 0; the results can be seen in Table S4.

The corrected data gives the better fit and can be seen in Figure S9.
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Figure S9. Biere’s (23) (a) 0.001%, (b) 0.01%, (c) 0.1%, (d) 1%, and (e) 10% seeded -
synuclein data after correction for the non-zero residual absorbance and curve-fit to the
F-W 2-step mechanism (as a control) and then to the 2-step mechanism with [B]o # 0.
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Both the 2-step mechanism and the 2-step mechanism with [B]o # 0 give the same

rate constants within experimental error for the seeded data with <0.1% seed. However,

the baseline-corrected data with a seed concentration > 0.1% is better fit by the 2-step

mechanism with [B]o # 0. (When the uncorrected data were analyzed, negative rate

constants were obtained for both the cases of 1% and 10% seeded shown in Table S4.)

The 2-step mechanism with [B]o # 0 is not able to account for the data at higher seed

concentrations; our belief is that the mechanism may change to a presently unknown

mechanism at seed concentrations at or above certain concentration levels.

Table S4. The rate constants, k; and ks, obtained from the uncorrected data as originally
published (23) and the corrected data shown in Figure S9.

% Seeded Fit Corrected?  kj(days)  k, (uM'days’) R?

0.001 2-step No 82)x10°  2.83)x 107 098115
2-step + [B]o#0 No 8(2)x 10°  2.83)x 10" 098115

0.01 2-step No 1.6(4)x 107 3.0(5)x 107  0.97507
Yes 489)x10°  92(5)x 10" 0.99808

2-step + [Bo£0 No 1.6(4)x 102 3.0(5)x 10" 0.97508

Yes 489 x10%  92(5)x10"  0.99808

0.1 2-step No 51yx 10%  2.7(8)x 107 0.97505
Yes 2.13)x 107 8.1(5)x 10" 0.99849

2-step + [B]o#0 No 51)x10%  2.78)x 10" 0.97514

Yes 2.13)x 107 8.1(5)x 10" 0.99843

1 2-step No 22(3)x 107 -1.8(9) x 10" 0.98231
Yes 1.6(2) x 10™ 41)x 107 0.99590

2-step + [B]o#0 No 3.6(5)x 107 -57(8) x 107" 0.95212

Yes 1.6(2) x 10™ 41)x 107 0.99538

10 2-step No 3.0(8) -5(1)  0.94538
Yes  2(20,000)x 10°*  50(300,000)*  0.99177

2-step + [B]o# No 9.9(7) -15(1)  0.99105

Yes 1.0(3) 6(2)  0.99196

*These resulting errors that were 100-1000 times larger than the actual rate constants

indicates the inability of the mechanism to account for the data.
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The rate constants obtained from the fits to the corrected absorbance data (as
displayed in the five graphs in Figure S9) were plotted as a function of the added seed in
Figure S10. The k; dependence on the concentration of By is first-order (i.e., if we did
not need the logarithmic scale in x-axis of Figure S10a to display the data in the space
allowed, then a linear k; vs concentration plot would be apparent). The k, dependence on

added seed does not show any discernable dependence of the concentration of added

seed, By.
(@) (b)
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1.26+00 | e 66400 |
1.0E+00 7.E+00
. £~ 6.E+00
%, B8.0E-01 ®
1] B SE+00
< =
> 6.0E-01 I 4.€+00
* £}
& 3.E+00 |
4.0E-01
2.E400
2.0E-01
1.E+00 e o
& &
0.0E+00 0.E+00 .
0.0001 0.01 1 100 0.0001 0.01 1 100
% Seeded Y Seeded

Figure S10. (a) k; and (b) k; correlations with the concentration of added seed for the
corrected a-synuclein aggregation data from ref (23). Note the logarithmic x-axis in each
graph.

Our current working hypothesis as far as the seeded kinetic data sets go is that the
2-step mechanism is able to account for the data up to a certain level of seed

concentration after which it appears that the aggregation mechanism may be changing to
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some at present, unknown pathway. Obviously, further studies of seeded protein
aggregation will be needed before definitive statements about the underlying

mechanism(s) can be made.
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CHAPTER IV

FITTING YEAST AND MAMMALIAN PRION AGGREGATION KINETIC DATA
WITH THE FINKE-WATZKY 2-STEP MODEL OF NUCLEATION AND

AUTOCATALYTIC GROWTH

This dissertation chapter contains the manuscript of a full article published in
Biochemistry 2008, 47, 10790-10800. This chapter presents the fits of 27 representative
yeast and mammalian prion aggregation kinetic data sets relevant to prion diseases to the
Finke-Watzky (F-W) 2-step model of nucleation and autocatalytic growth. The F-W
model is able to account for each data set analyzed and elucidate quantitative, separate
rate constants for the processes of nucleation and autocatalytic growth. In addition, the
quantitative rate constants were used to analyze the data and suggest hypotheses for
factors that may affect nucleation more than growth or vice versa.

The data were analyzed and manuscript prepared jointly by Aimee M. Morris and
Dr. Murielle A. Watzky with the helpful insights, discussions, key references, and editing

by Profs. Eric D. Ross and Richard G. Finke.



Fitting Yeast and Mammalian Prion Aggregation Kinetic Data with the Finke-

Watzky 2-Step Model of Nucleation and Autocatalytic Growth

Murielle A. Watzky, Aimee M. Morris, Eric D. Ross, and Richard G. Finke

Abstract

Recently we reported 14 amyloid protein aggregation kinetic data sets that were
fit using the “Ockham’s razor”’/minimalistic Finke-Watzky (F-W) 2-step model of slow
nucleation (A—B, rate constant k;) and fast autocatalytic growth (A+B—2B, rate
constant k»), yielding quantitative rate constants for nucleation (k;) and growth (k;),
where A is the monomeric protein and B is the polymeric protein (Biochemistry 2008, 47,
2413-2427.). Herein we apply the F-W model to 27 representative prion aggregation
kinetic data sets obtained from the literature. Each prion data set was successfully fit
with the F-W model, including three different yeast prion proteins (Sup35p, Ure2p and
Rnq1p) as well as mouse and human prions. These fits yield the first quantitative rate
constants for the steps of nucleation and growth in prion aggregation. Examination of a
Sup35p system shows that the same rate constants are obtained for nucleation and for
growth within experimental error, regardless of which of six physical methods was used,

a unique set of important control experiments in the protein aggregation literature. Also
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provided herein are analyses of several factors influencing the aggregation of prions such
as glutamine/asparagine rich regions and the number of oligopeptide repeats in the prion
domain. Where possible, verification or refutation of previous correlations to
glutamine/asparagine regions, or number of repeat sequences, in literature aggregation
kinetics is given in light of the quantitative rate constants obtained herein for nucleation
and growth during prion aggregation. The F-W model is then contrasted to four prior
proposed mechanisms that address the molecular picture of prion transmission and
propagation. Key limitations of the F-W model are listed in order to avoid
overinterpretation of the data being analyzed, limitations that derive ultimately from the

model’s simplicity. Finally, possible avenues of future research are suggested.

Introduction

The mammalian prion diseases (or transmissible spongiform encephalopathies)
are a subset of neurodegenerative disorders that include bovine spongiform
encephalopathy (or “mad cow” disease), scrapie in sheep, chronic wasting disease in deer
and elk, and the human kuru and Creutzfeldt-Jakob diseases (1). It is generally
recognized that the infectious prion agent is composed of protein (thus the term prion for
proteinaceous infectious -on) (2). However, in the case of mammalian prions it has not
been irrefutably shown whether the infectious agent is composed of only protein (3.4).
The prion agent in mammalian diseases is usually referred to as PrP*¢ (for prion protein,

scrapie) and the normal form of the protein as PrP® (for prion protein, cellular).! The two

! Abbreviations: ANS=ANS fluorescence; CA=Candida albicans; CHY=chymotrypsin
resistance; CR=congo red; F-W=Finke-Watzky 2-step protein aggregation kinetic model;
LS=light scattering; MDC=monomer directed conversion; NCC=nucleated
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forms of the protein are believed to be conformational isomers (2), with the PrP> form
believed (i) to be aggregation-prone with a secondary structure of high B-sheet character
(5) and (i1) to have the ability to convert PrP€ (of predominantly a-helix secondary
structure) into PrP*° (1).

The prions found in yeast are now being widely used as models of the mammalian
prion diseases, as (i) they appear to propagate in a similar manner as their mammalian
equivalent and, importantly, (ii) unlike their mammalian equivalent, they are not
contagious to humans (6). In the yeast species Saccharomyces cerevisae (SC), three
different prions have been identified, the names of which are derived from the
characteristic (change in) phenotype that accompanies them: [URE3], [PSI+], and
[PIN+] (7,8). The “encoding” or “determinant” proteins whose propagating prion form is
associated with these prion diseases are Ure2p, Sup35p, and Rnqlp, respectively (12).
Hence, overexpression of the protein Ure2p, Sup35p, or Rnqlp will cause de novo
appearance in SC yeast of the prion phenotype [URE3] (9), [PSI+] (10), or [PIN+] (11),
respectively. For the yeast prions, it has been demonstrated that the infectious prion
agent is composed only of protein, as amyloid fibrils formed in vitro by purified proteins
are found to be infectious when transformed into yeast (12,13,14,15).

A common feature in many neurodegenerative disorders is the presence of
insoluble protein aggregate fibrils (called amyloid fibrils) in the affected area of the brain.
In prion diseases, it is the prion form of the protein that aggregates to form fibrils. Fibrils

are typically composed of the protein in a B-sheet secondary structure, with all B-sheets

conformational conversion; NP=nucleated polymerization; PrD=prion domain;
PrP®=prion protein, cellular; PrP**=prion protein, scrapie; SC=Saccharomyces cerevisae,
SDS=SDS-PAGE; Sed=sedimentation; TA=templated assembly.
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aligned perpendicular to the axis of the fibril. The final product is an insoluble fibril
comprised of p-sheets; however, it is unclear if these insoluble fibrils are toxic (16). Itis
currently believed that smaller, soluble oligomeric intermediates in the protein
aggregation process are toxic to the neuronal cells, but the structure of these
intermediates is still under investigation (17,18). It is also not clear whether the
oligomeric species that are toxic lead to the formation of ordered fibrils (“on-pathway”),
or instead to the formation of disordered aggregates (“off-pathway”) (19,20,21,22).

The exact (molecular) mechanism of transmission and propagation of prion
diseases is still controversial, but generally believed to be intimately linked to prion
aggregation (23,24). Overall, four different mechanisms have been proposed in the
literature for how transmission and propagation of the prion disease may occur through
an agent made (only) of protein, see Table 1 below. The first three mechanisms (I, II,
and III) were originally developed for mammalian prion diseases (25,26,27,28,29) but
have been widely cited in yeast prion studies. The last mechanism (IV) was proposed in

a study of the yeast prion Sup35p (23).

Table 1. Four proposed literature mechanisms of transmission and propagation of the
prion agent (23,30).

Entry Reference Year Author Mechanism *
I 29) 1967 J. S. Griffith Template Assembly (TA)
II (25,26) 1991 S. B. Prusiner Monomer Directed Conversion (MDC)
111 (27,28) 1993 P.T. Lansbury, Jr. Nucleated Polymerization (NP)
v (23) 2000 S. L. Lindquist Nucleated Conformational Conversion
(NCO)

 The mechanistic nomenclature comes from reference 23.
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These four mechanisms are often displayed as word and picture-only mechanisms
that lack the numerically or analytically integrable balanced chemical equations
corresponding to the proposed mechanism. This is not to say that these needed equations
do not (or can not) exist, only that they are not routinely provided nor, therefore, used to
fit prion aggregation kinetic data. Of course, without connecting specific balanced
reactions to their corresponding differential/integrated kinetic equations, one cannot
verify the postulated (word or picture only) mechanism (30). In short, it remains crucial
to gain a better understanding of the mechanism(s) of protein aggregation. Having a
minimalistic kinetic model that can account for the available prion aggregation data is a
needed, key first step towards that better understanding.

Recently we were able to fit a broad range of amyloid protein aggregation (14
representative kinetic data sets) using the minimalistic/“Ockham’s razor” Finke- Watzky
(F-W) 2-step model of nucleation and autocatalytic growth (31) (Scheme 1). With those
results, we were able to obtain separate quantitative rate constants for nucleation and
growth of amyloid protein aggregation for those 14 data sets for the first time (31).
However, due to the breadth of the protein aggregation literature, we previously focused
our attention on the proteins of amyloid 8, a-synuclein, and polyglutamine (31). We

purposely, but arbitrarily, left out prion proteins in that first study (31).

Scheme 1. The minimalistic F-W 2-step model of slow nucleation followed by fast
autocatalytic growth (42).

4k g
A+B—F2 .op

# A is the monomeric form of the protein and B is the (auto)catalytic, polymeric form of the protein.

204



Herein, we apply the 2-step F-W model to the aggregation of prion proteins with a
focus on the SC yeast prion proteins Ure2p, Sup35p, and Rnqlp. We report 24
representative fits of Ure2p, Sup3Sp, and Rnqlp aggregation kinetics to the F-W model.
We also examine 3 representative examples of mammalian prion aggregation kinetics
using the F-W model, again affording quantitative (albeit average, vide infra) rate
constants for nucleation and growth. In all cases examined, the F-W model is able to fit
the prion aggregétion kinetic data. To our knowledge, this is the first nonempirical (30)
equation that has been used to fit prion aggregation kinetic data and afford quantitative,

separate (average) rate constants for both nucleation (k) and growth (k).

Materials and Methods

Selection of Data Sets for Analysis. The literature was searched, using both
Scifinder Scholar and the Web of Science, for yeast prion as well as mammalian prion
aggregation kinetics. For the yeast prion references, we chose representative data sets to
fit from various research groups, under various conditions, and with the wild type and
mutants of Ure2p, Sup35p, and Rnqlp proteins. For the mammalian prion aggregation
kinetics three representative data sets were chosen (from a small number of data sets).

Data Analysis and Curve Fitting. Data were extracted (digitized) from the
published kinetic curves cited herein using Engauge Digitizer 2.12. All data were fit
using the integrated analytical equation (eq. 1) corresponding to the F-W 2-step model
using Origin 7.0, as detailed previously (31). In eq. 1, [B]; represents the concentration

of aggregated protein at time t (vide infra), [A]o represents the initial protein
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concentration, and k; and k; are the aforementioned rate constants for nucleation and

growth, respectively.

L]

[B], = [A], - k,
1+ ‘] exp(k +k,[A] )t

2 0

(D

In each of the fits presented herein and as previously detailed (31), we have by necessity
assumed (as generally done in the literature) that (i) all forms of kinetic measurement are
directly proportional to the percent of aggregated protein (i.¢., that the physical method
used is a direct measure of the aggregated protein), and (ii) the data are ideal; that is, only
the aggregated protein is responsible for the observed signal. Furthermore, where noted
in the cases that follow, the published data sets were normalized to an initial minimum of

ZEr0.

Results

In what follows, we present fits of 24 representative yeast prion aggregation
kinetic data sets, including the yeast prions Sup35p, Ure2p, and Rnqlp, as well as three
representative mammalian (both mouse and human) prion aggregation kinetic data sets.
Each data set was fit using the F-W model; the results are displayed in Figures 1-10 and
summarized in Table 3.

Fitting Yeast Prion Aggregation Kinetic Data. Figures 1-8 show representative
kinetic data sets for yeast prion aggregation fit using the F-W model from the three yeast

prion systems Sup35p, Ure2p, and Rnqlp. To start, we looked at Sup35p aggregation
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kinetic data obtained by Lindquist and co-workers using six different physical methods
(23). Displayed below in Figure 1 are the F-W fits to each set of aggregation kinetic data
measured by ANS fluorescence, chymotrypsin resistance, Congo Red binding, light
scattering, SDS-PAGE, and sedimentation. Interestingly, and as displayed in Table 2,
each of these physical methods gives the same nucleation (k;) and growth (k) rate
constants within experimental error. However, one issue with the data sets shown in
Figure 1 is that the spectra appear to be somewhat noisy, resulting in relatively large error
bars in the rate constants and in lower than desired coefficients of determination (R?,
Table 2). Nevertheless, Lindquist and co-workers are the first (to the best of our
knowledge) to perform this important control of examining protein aggregation kinetic
data with at least six physical methods. Our analysis herein is the first to deconvolute
that data into k; and k; values showing that both rate constants are the same within

experimental error with all methods used, at least for the Sup35p system.
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Figure 1. Aggregation of Sup35p measured by Lindquist and co-workers (23) using 6
different physical methods. Specifically, Sup35p aggregation was measured by (a) ANS
fluorescence, (b) chymotrypsin resistance, (¢) Congo Red binding, (d) light scattering, ()
SDS-PAGE, and (f) sedimentation methods. Each data set was digitized and fit using the
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F-W model. Table 2 shows the k; and k; rate constants obtained for parts a-f. The
important finding is that the k; values, as well as the k; values, are all equal to one
another within experimental error for the six techniques used.

Table 2. Rate constants and coefficients of determination (R*) obtained from the fits
shown in Figure 1 measuring the aggregation of Sup35p by the six listed methods.

Physical Method ki (hr'") ko (pMThr!) R*®

ANS fluorescence (ANS) 1(1)x 107 12(2)x 10 0.88158
Chymotrypsin resistance (CHY) 3(1) x 107 1.0(2)x 102 0.91165
Congo Red (CR) 2(1)x 107 1.2(4)x 102 0.91684
Light scattering (LS) 1.48)x 10°  1.2(2)x 107 0.92883
SDS-PAGE (SDS) 1.7(8)x 107 0.9(2)x 10% 0.93344
Sedimentation (Sed) 1(1)x 107 1.0(4)x 107 0.76354

? The coefficient of determination R” is a measure of the quality of the regression model; the closer the
value of R%is to 1, the more precise the fit is to the data.

Another Sup35p data set we examined comes from Weissman and co-workers
(32). Those authors looked at whether the prion function of Sup35p is conserved in
distantly related yeasts, by expressing foreign prion domains (PrD) of Sup35p in SC (32).
The authors found that the prion function of Sup35p was conserved among these yeasts.
The ability to form amyloid fibrils in vitro was conserved as illustrated in Figure 2, which
includes fits by the F-W model (32).* From the F-W fits in Figure 2, prion aggregation of
Sup35p from the yeast species SC and Candida Albicans (CA) display (i) different

nucleation kinetics, as shown by k; values that appear to differ by 5 orders of magnitude

? The authors also found that a species barrier inhibited prion induction by Sup35p from
different species. That is, “foreign” PrDs could not efficiently seed prion formation by
“wild-type” Sup35p (but “foreign” PrDs did behave as prions themselves). We chose to
not fit cross-seeding experiments in this data set, as seeding introduces ‘B’ into the
reaction, which then is not be properly modeled by eq.1. (We have, however, provided
an equation elsewhere (31) that can in principle deal with seeded data sets.) To our
knowledge, no data set treated herein involves any type of seeding.
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(note, however, that there are large error bars in these k| values®); but (ii) similar growth

kinetics, as demonstrated by k; values that are the same order of magnitude.
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Figure 2. Weissman and co-workers’ aggregation of Sup35p PrDM from different yeast
species, measured by Congo Red binding at [PrD]= 2.5 uM with continuous rotation
(32). The data sets were digitized, normalized to an initial minimum of zero, and then fit
to the F-W model. Resultant rate constants for Saccharomyces cerevisae (SC): k;=1(1) x
107 min™ (k;=6(6) x 10 h'"), ko= 4.2(4) x 102 pM " .min"' (k;=2.5(2) uM'1 b'h),
R?=0.997; for Candida albicans (CA): k1=2(9) x 10" min™ (k;=1(5) x 10™"°

h™"), ko= 6(1) x 102 uM™"' min™ (kp=3.6(6) pM™" h'"), R?=0.998. The relatively large
error bars in k; result from the lack of data around the initial, concave portion of the
sigmoidal curve.

The third literature study we examined is an interesting paper by Weissman and
co-workers in which they used a genetic screening technique to identify mutations that
cause defects in the amyloid formation of Sup35p (33). Visual examination of the
aggregation curves shown in Figure 3 below for WT Sup35p and a Q15R mutant (where

Q at position 15 is substituted by R) reveals that the induction period is lengthened,

qualitatively, on going from the WT to the mutant. Using the F-W model, we were able

3 Ideal data sets would have more data points around the concave portion of the sigmoidal
curve, in order to lessen error bars from the fit, especially the error in k;.

210



to more quantitatively dissect the data. Specifically, we find that the mutation (i) does
affect nucleation kinetics, decreasing the observed k; value by one order of magnitude on
going from the WT to the mutant (although here, again, large error bars in k; values are
present’), while (ii) the growth kinetics are less affected, with the k, value for the mutant

being approximately one-half of that for the WT.
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Figure 3. Weissman and co-workers’ Sup35p and mutant AQ15R digitized aggregation
data measured by Congo Red binding (33). The digitized data were normalized to an
initial minimum of zero and then fit using the F-W model. The resultant rate constants
for the WT are: ki=2(2) x 10® min™ (k;=1(1) x 10° h™"), k,=4.5(3) x 10% uM™" min™
(k2=2.7(2) uM ' 1), R?=0.999; and AQ15R: k;=2(2) x 10° min™" (k;=1(1) x 107 h™),
k=2.1(1) x 102 pM™!' min™ (k=1.26(6) pM™' h'"), R?*=0.999. Here again, the relatively
large error bars in k; result from the lack of data around the initial, concave portion of the
sigmoidal curve.

In a different study in 1999, Lindquist and co-workers examined the importance
of oligopeptide repeat expansions in Sup35p (34). In order to investigate this idea, they
created the variants RA2-5 and R2E2 in which RA2-5 differs from the WT in that it has
the last four repeats deleted, while R2E2 has two additional copies of the second repeat.

Via the F-W fits to their aggregation data shown in Figure 4a, we now can look at the
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effect of repeat expansion or deletion on nucleation and growth, separately. The fits
reveal that no statistically significant trend due to the effect of repeat sequences on
nucleation is observed (Figure 4b). (Although the k; values appear to be increased by one
order of magnitude both for the deletion and repeat expansion variants as compared to
WT,* the large error bars render the results statistically equivalent.”’) On the other hand,
the repeat sequences do appear to affect the growth kinetics, as shown by the increase in
k> values with an increasing number of repeat sequences (Figure 4c). These observations
are consistent with Osherovich et al.’s findings of residues 1-39 of Sup35p driving in
vivo prion formation, and residues 40-114 driving prion propagation (35). These are
valuable insights on the factors affecting nucleation vs. growth that were previously

buried within this interesting 1999 study (34).

* We have observed that the (inverse of the) induction period is a good indicator of
nucleation kinetics only when the sigmoidal aggregation curve is not “rounded” (i.e.,
when the initial portion of the curve is flat and there is a clean-cut transition to the linear
slope portion). When the sigmoidal curve is “rounded” (i.e., when the initial portion of
the curve is not flat and the transition to the linear slope portion shows a wide concave
angle), we find that both nucleation and growth kinetics can be convoluted in the
induction period. Additional studies on this issue are in progress.
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Figure 4. (a) Aggregation data for WT Sup35p along with mutants, RA2-5 and R2E2,
measured by Congo Red binding from Lindquist and co-workers (34). The RA2-5 mutant
contains four less repeat sequences than the WT, while R2E2 has two more repeat
sequences (34). The data were digitized, normalized to an initial minimum of zero, and
fit by the F-W model. The following rate constants were obtained: WT, k;=1.5(9) x 107
h' and k,=5.4(6) x 10" pM" h!, R%=0.995; RA2-5, k;=1(1) x 10?2 h™" and k,=4(2) x 10™!
uM™! b, R%=0.945; R2E2, k;=1(2) x 10?2 h'! and k,=1.1(4) pM™' b, R*=0.951. (b), (c)
Correlations between the difference in number of repeat sequences (set at zero for WT),
and the ki, k; values obtained from the data fits in Figure 4a.

The next interesting study that caught our eye was the investigation by Perrett and
co-workers of the role of specific glutamine/asparagine (Gln/Asn) rich regions, contained
in residues 1-14 and 42-90, of the prion domain of Ure2p (36). We re-examined the

aggregation data shown in Figure 5 for both WT and mutant Ure2p, using the F-W model
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to obtain quantitative k; and k; rate constants. For the mutant 15Ure2 (Figure 5a), which
refers to Ure2p with residues 1-14 (a GIln/Asn rich region) removed, the nucleation
kinetics are strongly affected, as shown by a k; value decreased by three orders of
magnitude as compared to WT (where this difference is beyond the fitting error). On the
other hand, the mutation has little effect on growth kinetics, with k; values the same
within experimental error. Consistent with these observations is the previous work
addressing nucleation and showing that deletion of residues 2-14 of Ure2p dramatically
reduces the in vivo frequency with which new prions are detected (37). For the mutant
A15-42Ure2 (Figure 5b), which refers to Ure2p with residues 15-42 (a region less
enriched in Gln/Asn) removed, the authors note a strong effect on the intensity of the
fluorescence signal and hypothesize that the less enriched Gln/Asn region which was
removed might be a binding site for ThT (36). As a consequence, it is not clear at present
whether the change in the mutant aggregation curve (and its F-W fit) actually represents
different aggregation kinetics, or if it is some type of experimental artifact. The
deconvolution of k; and k; is, however, useful in directing needed future control

experiments.
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Figure 5. (a) Perrett and co-workers’ 40 uM Ure2p and mutant 15Ure2 aggregation data
measured by fluorescence, at pH = 7.5 and T = 25°C, with shaking (36). The data were
digitized, normalized to an initial minimum of zero, and then fit using the F-W model.
Rate constants for Ure2p are k;=3(2) x 10~ h™! and k=4.1(7) x 102 pM™! b}, R*=0.975.
Rate constants for 15Ure2 are k;= 1(1) x 10® h™! and k,=3.3(4) x 102 uM™" h™', R*=0.999.
(b) Digitized data of Perrett and co-workers’ 40 uM Ure2p and mutant A15-42Ure2
aggregation data measured by fluorescence, at pH =9 and T = 4°C, without shaking (36).
The data were fit to the F-W model. Resultant rate constants for Ure2p: k;=2(1) x 10 h”
! k=1.3(2) x 107 uM ™" !, R?=0.975; and A15-42Ure2: k;=1.4(4) x 10> h™', kp=4(1) x
10 uM' !, R*=0.931.

Perrett and co-workers also looked at the stability of folding intermediates of
Ure2p, and studied the effect of experimental variables on its aggregation (38). The
effect of varying Ure2p concentration is shown in Figure 6, along with fits to the F-W
model (38). [Unfortunately, the full range of concentrations could not be digitized or fit,
since at lower concentrations the aggregation curves (in their published form) were
convoluted in the early portion of the curve, that early portion being crucial in
determining the nucleation kinetics (38).] In Figure 7, we show four representative
examples of the effect of pH and temperature on the aggregation of Ure2p, along with fits

by the F-W model (38). In this case, all the published curves could be digitized.

However, some of the curves differed significantly enough from the average curve
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obtained under the same conditions (as the results summarized in Table 4 of ref. 38
indicate), that we chose not to attempt to draw trends (38). The main conclusions from
the data and fits in Figure 7, then, are (i) the F-W model fits the data well, but (ii) more
precise data would be useful for drawing correlations for different concentrations of prion

protein, varying temperatures, and varying pH values.
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Figure 6. Perrett and co-workers’ Ure2p aggregation measured by ThT fluorescence for
different [Ure2p] concentrations at pH = 7.5 and T = 25°C, in 50 mM Tris buffer with
shaking (38). The data was digitized, normalized to an initial minimum of zero, and then
fit by the F-W model. Resultant rate constants for [Ure2p]=25 uM: k;=4.2(9) x 10> h™",
k2=4.2(2) x 102 uM".h™!, R?=0.997; [Ure2p]=38 uM: k;=5(2) x 102 h'!, k,=3.3(3) x 107
uM™h!, R*=0.987.
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Figure 7. (a) Perrett and co-workers’ Ure2p aggregation measured by ThT fluorescence
for different temperatures at pH = 7 and [Ure2p]= 30uM, in 50 mM phosphate buffer
with shaking (38). The data was digitized, normalized to an initial minimum of zero and
then fit to the F-W model. Resultant rate constants for T = 25 °C: k;= 3.2(9) x 10> h™!,
k,=3.7(3) x 10 uM".h!, R?=0.996; for T = 37 °C: k;= 3(1) x 10™ h'", k,=6.3(7) x 10
uM™h!, R*=0.992. (b) Perrett and co-workers’ Ure2p aggregation measured by ThT
fluorescence for different temperatures at pH = 8 and [Ure2p]= 30uM, in 50 mM
phosphate buffer with shaking (38). The data was digitized, normalized to an initial
minimum of zero and then fit to the F-W model. Resultant rate constants for T = 25 °C:
ki=1.8(7) x 107 h'!, kp=5.0(4) x 10 uM™* b}, R*=0.995; for T =37 °C : k;=6(2) x 10~
h', ky=5.1(5) x 102 uM" .1, R>=0.993.

In a study aimed at demonstrating a protein-only mechanism of infection for
[PIN+], Liebman and co-workers used a Gluw/Asn rich recombinant fragment of Rnqlp
(residues 132-405) that polymerizes into fibrils (12). The authors studied the effect of
agitation, concentration, and temperature on the Rnqlp-(132-405) aggregation curves
measured by continuous ThT fluorescence. We show one representative example of
Rnqlp-(132-405) aggregation in Figure 8, fit by the F-W model. [Unfortunately, most of

the published curves could not be readily digitized (12).] The primary conclusion from

Figure 8 is that the observed data are well fit by the F-W 2-step kinetic model.
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Figure 8. Liebman and co-workers’ aggregation of Rnq1p-(132-405) measured by
continuous ThT fluorescence at T = 27°C and [Rnq1p-(132-405)]=110 uM, with agitation
(12). The data was digitized and fit to the F-W model. Resultant rate constants: k;=8.0(9)
x 10° ™!, k,=6.7(1) x 10? uM™L. ' R?=0.999.

Fitting Mammalian Prion Aggregation Kinetic Data. Figures 9 and 10 show
representative data sets of mammalian prion aggregation curves fit using the F-W model,
for both mouse and human prion systems. Cohen and co-workers (39) were interested in
the mechanism of conversion of the (monomeric, a-helical) cellular form of the prion
protein, PrPC, into its (polymeric, B-sheet) prion form, PrP*; hence, they collected kinetic
data for the aggregation of recombinant mouse prion protein (MoPrP). The aggregation

curve is shown in Figure 9, illustrating the good fit of the F-W nucleation and growth

model.
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Figure 9. Digitized data for the assembly of 40 uM MoPrP from Cohen and co-workers
normalized to an initial minimum of zero and then fit using the F-W model (39). The
resultant rates constants are k;=1(1) x 10 hr'! and k,=2.9(2) x 102 pM™ hr'! with
R*=0.999.

Next, we looked at Baskakov and co-workers’ study of the aggregation of
recombinant human prion protein (HuPrP) under different experimental conditions,
including various prion protein concentrations (40). Two aggregation curves illustrating
the effect of HuPrP concentration are shown in Figure 10, along with fits by the F-W
model. Here again, the full range of concentrations could not be digitized or fit by us,
since at lower concentrations the published aggregation curves were convoluted in the

early portion of the curve (40). The fits that were possible are quite good, indicating that

it would be of interest to investigate other concentrations of HuPrP.
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Figure 10. Baskakov and co-workers’ kinetics of the human recombinant prion protein
(Hu rPrP 90-231) digitized data from varying concentrations normalized to an initial
minimum of zero and then fit to the F-W model (40). The following rate constants and
R? values are obtained for each concentration: 20 pM, k;=1(2) x 10 hr'', k,=5(1) x 10"
uM! hr!, R?=0.977; 50 uM, k;=4(2) x 10™ hr'!, k,=1.2(2) x 10" pM™" hr'!, R*=0.988.
Addressing the Issue of the Effects of Agitation. To address the issue of agitation
(and resulting fragmentation) on prion aggregation, we searched the literature for prion
kinetic data sets of a system under the same experimental conditions, with and without
agitation. Only one unseeded data set was found that could be readily digitized; this data
set and its analysis can be found in the Supporting Information. Unfortunately, the likely
presence of several possible experimental issues in this otherwise important data set kept
us from being able to properly address the important issue of fragmentation. In the
future, we plan to obtain our own data sets to address this issue via the F-W model (41).
Table 3 summarizes the 24 representative cases of yeast prion and 3
representative cases of mammalian prion aggregation kinetics that were successfully
curve-fit using the F-W model (Figures 1-10). Of course, any time one goes to the

trouble to collect and tabulate this amount of data, the resultant table merits scrutiny for

any insights or needed future experiments suggested by the data and the cross
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comparisons. A couple of such comparisons in Table 3 caught our eye; the reader is
encouraged to find their own, within the caveats noted below of the issues involved in
comparing different systems and different experimental conditions. (i) A comparison of
data for ostensibly similar systems (e.g., entries 3 and 9) yields k; values differing by
~10* and k; values differing by ~10%. Hence, repeats of identical systems under identical
(as well as a broader range) of conditions, and in multiple laboratories, remain to be done
to determine what k; and k; values (and what level of reproducibility) results. Especially
important is that (ii) considerable caution needs to be exercised in any such cross
comparisons, even for identical proteins since rate constant can be sensitive to the precise
experimental conditions just like any other physical constant of a system. Indeed, Table
3 is just the first such table of its kind, so there is a need for many more k; and k; values

obtained under carefully controlled and reported conditions.
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Discussion

Additional Background on the 2-Step F-W Model. The F-W model has been
shown to apply to a variety of aggregation processes in nature, including (first)
nanocluster formation (42,43,44,45,46,47) and more recently protein fibrillation (31). It
consists, typically, of slow nucleation followed by fast autocatalytic growth, as displayed
in Scheme 1, where k; and k; represent the rate constants for nucleation and growth,
respectively. In the case of protein aggregation, A corresponds to a monomeric form of
the protein while B corresponds to protein in oligomers that are past the nucleation stage.
As species B is both a product and a catalyst for growth, the second step of the F-W
model is referred to as autocatalytic (the strict definition for autocatalysis being
A+B—2B).

The F-W model results from the use of the concept of pseudo-elementary kinetics,
an approach pioneered in the 1970s by R. Noyes (48). With this approach, the many
substeps involved in nucleation and growth, are combined into two pseudo-elementary
steps of nucleation and growth, which behave kinetically as (pseudo) elementary steps.’
The two pseudo-elementary steps of nucleation and growth in the F~-W model yield an
integrable rate equation (eq. 1) which can be used to fit concentrations as a function of
time, as shown here and elsewhere (31,42,43,44,45,46,47). The resulting rate constants
k; and k; for nucleation and growth, respectively, can thus be seen as pseudo-elementary
rate constants (i.e., where k; and k;, are pseudo elementary step “rate constants” that may

vary with concentration, and therefore, may not be true “constants’).

3 The pseudo-elementary step concept involves summing faster reactions with one or
more slower reactions, giving an overall (sum) reaction that can be treated kinetically as
an elementary step.
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Because of the convolution of many steps into (kinetically useful) average k; and
k; steps, the F-W model is at best a starting point in attempts to elucidate the molecular
picture of the aggregation process.® The primary use of the F-W 2-step kinetic model is
to deconvolute (average) nucleation from (average) growth. It is obviously a
minimalistic kinetic model, and its limitations (vide infra) derive from that Ockham’s
razor nature.

Fitting Prion Aggregation Data with the F-W Model: Effect of the N-terminal and
C-terminal Regions of the Sup35p Prion Domain on Nucleation and Growth. The prion
domain (PrD) of the yeast prion protein Sup35p consists of two subdomains: (i) the N-
terminal portion (amino acids 1-39), which is rich in glutamine/asparagine (GIn/Asn)
residues and is thought to drive prion aggregation (35), and (ii) the C-terminal region
(amino acids 40-114), which contains a series of imperfect oligopeptide repeats and is
believed to play arole in prion propagation. Experiments with both Sup35p and Ure2p
prion proteins have demonstrated that it is the overall amino acid composition (rather
than the sequence) of the prion domain that is the predominant feature driving prion
formation (37,49).

Among yeast species, the overall composition of the prion domain of Sup35p is

relatively similar. Little homology in sequence is found for the N-terminal portion of

6 An alternative form of the model, which provides more physical insight, is shown
below, where B is replaced by the “full oligomer” B,. This descriptive form does not
however, allow for a simple mathematical treatment with analytically integrable rate
equations. As such, it cannot be easily used to fit experimental aggregation kinetic data.

nA—* B

A+Bn __162__>Bn+1
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PrD, but the amino acid composition is generally conserved, whereas in the C-terminal
portion of PrD, both the amino acid composition and the overall repeat structure (thus the
sequence) are generally conserved among species. Figure 2 (vide supra) shows
aggregation curves obtained by Weissman and co-workers for the prion domain of
Sup35p from SC and CA yeast species (32). Fits by the F-W model indicate that while
nucleation kinetics (i.e., values of the nucleation rate constant k;) vary considerably
between species, growth kinetics (and the growth rate constant k) vary much less. Since
the main difference between the prion domains of these yeast species lies in the sequence
of the N-terminal portion, our results suggest the hypothesis that the N-terminal portion
of the PrD in Sup35p affects nucleation more than growth, an observation consistent with
Osterovish et al. (35).

When Weissman and co-workers screened the prion domain of Sup35p to look for
mutations causing defects in amyloid formation, they found that (i) all these mutations
were contained within a short region between residues 8 and 24 (a region with a high
content of Gln and Asn residues); and (ii) most mutations were the result of a Gln or Asn
mutation (33). Therefore, the authors suspected “a critical role for [the] Gln and Asn
residues” in the N-terminal portion of the Sup35p PrD (33). Figure 3 shows the
aggregation curves measured for the variants wild type (WT) and Q15R mutant (with
Q—R at position 15) (33). Fits by the F-W model show that the mutation resulted in
appreciably slower nucleation (k;) kinetics, and in somewhat slower growth (k) kinetics.
Since the mutation only involved substituting a glutamine (Q) by arginine (R) at position
15, our results indicate that the (Gln/Asn rich) N-terminal portion of the PrD in Sup35p

affects nucleation kinetics more than growth kinetics. These results are also consistent
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with subsequent single-fiber growth studies, which indicate that the Q15R mutant
exhibits average growth kinetics similar to those of WT (50). The results also allow an
intriguing prediction that merits future testing: although the Q15R mutant does not
efficiently add to WT prion fibers in vivo (33), when expressed as the sole copy of
Sup35p, the Q15R mutant should have a low frequency of prion formation, but should
still be able to efficiently propagate prions once they form. It should be noted that this
mutant was isolated based on its inability to propagate wild-type [PSI+]. However, this
may reflect a species barrier between WT and Q15R rather than the intrinsic ability of
QI15R to propagate prions.

The significance with respect to prion aggregation of oligopeptide repeat
sequences, located in the C-terminal portion of the Sup35p prion domain, came into focus
when Lindquist and co-workers created variants of Sup35p that differed only by the
number of repeats (34). Figure 4a (vide supra) shows the aggregation curves obtained for
Sup35p WT, a deletion variant RA2-5 (with repeats 2-5 deleted), and an expansion
variant R2E2 (with repeat 2 expanded twice). Fits by the F-W model suggest that the
number of repeats affects growth kinetics, as indicated by a correlation between values of
the growth rate constant k; and the (difference in) number of repeats, Figure 4c. On the
other hand (in part due to large error bars), we could not detect a reliable correlation
between the nucleation rate constant k; and the (difference in) number of repeats (Figure
4b). Since the variants differed by the number of oligopeptide repeat sequences, our
analysis implies the hypothesis that the (repeats-containing) C-terminal portion of the
PrD in Sup35p plays a role that affects growth kinetics, an observation consistent with

the proposed role of the repeats in prion propagation (35).
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Fitting Prion Aggregation Data with the F-W Model: Effect of a GIn/Asn Rich
Region of the Ure2p Prion Domain on Nucleation and Growth. The prion domain of
Ure2p (residues 1-90) shows consistently a high GIln/Asn content. As there is no
evidence of separate aggregation or propagation subdomains, the Ure2p PrD is generally
not subdivided. Perrett and co-workers were interested in the role of specific regions of
the Ure2p PrD that are particularly rich in Gln and Asn, and created a 15Ure2 mutant
with residues 1-14 (a GIn/Asn rich region) removed (36). Figure 5a, vide supra, shows
aggregation curves measured for the WT and 15Ure2 variants. Fits by the F-W model
indicate that the mutant displays substantially slower nucleation (k;) kinetics, but rather
similar growth (k;) kinetics. Because the mutation results from the removal of a Gln/Asn
rich region, our results suggest the hypothesis that this Gln/Asn rich region in the PrD of
Ure2p plays a role that affects nucleation kinetics more than growth kinetics (37).
Further tests of this and the other hypotheses provided above are, of course, needed.

A Return to the Issue of Fragmentation. We began these studies expecting that the
F-W 2-step model would not be able to fit prion aggregation kinetic data due to the fact
that it does not specifically account for fragmentation step(s), yet fragmentation is
generally believed to be an integral part of prion aggregation (51,52,53,54,55).

However, the generally good to excellent fits to the literature prion aggregation kinetic
data (i.e., specifically to the data which shows sigmoidal behavior) by the F-W 2-step
model demonstrated herein were achieved without specifically including fragmentation.
These two seemingly inconsistent facts (the literature evidence for fragmentation, op. cit.,
vs the lack of a specific step to account for fragmentation in the F-W 2-step model)

require thought and subsequent comment.
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Three logical hypotheses seem possible here: (i) fragmentation is not really a part
of at least the kinetic pathway for prion aggregation as previously believed; we believe,
however, that this idea cannot be right in light of the extant evidence for fragmentation
(51,52,53,54,55). (ii) A second thought is that too little is known at present about the true
products of prion aggregation and their structures versus time to make a definitive
statement about the role of fragmentation in the mechanism of prion aggregation. A
related issue here is that fibers are believed to grow from one or both ends only
(56,57,58). If fibers grow only from their ends, and if B is the growth surface, then one
would expect the growth step to be expressed as “A+B—B” instead of “A+B—2B”.
However, this stoichiometry per se can be ruled out as it is inconsistent with the observed
autocatalytic curves [i.e., with the need for A+B—2B (the kinetic definition of
autocatalysis) as the second step of the F-W kinetic model]. (iii) A third, more likely
hypothesis in our opinion is that the F-W 2-step model may be “hiding” fragmentation
somehow. For example, if the number of fiber ends closely parallels the total amount of
aggregated protein, which was predicted in one model of Sup35p aggregation (54), then
B would be approximately proportional to the growth surface, effectively hiding
fragmentation in “B”. A related issue here is that the way a particular physical method
monitors “growth” may be hiding fragmentation within the description of “B”. Again,
the need for additional studies is apparent (41).

Examination of Four Prior Mechanisms for Prion Transmission and Propagation.
Four prior mechanisms have been suggested for the transmission and propagation of
prions, as briefly discussed in the introductory section and summarized in Table 1.

Attempts have been made in the prion literature to test the validity of these mechanisms
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(23,59).” In our view, all four mechanisms present valid and alternative descriptions of
prion aggregation at the molecular level; however, none can be ruled out at the present.
Attempts to rule out any of these four mechanisms by using kinetic data (a) have both not
been done, and (b) will not be possible until these word/picture mechanisms are turned
into specific reactions, defining individual, specific rate constants that can then be used to
derive differential or integrable rate equations for actual data fitting.” Nevertheless, in
time, the true picture of prion aggregation at the molecular level may turn out to contain
features from all four mechanisms.

Caveats and Limitations of the F-W Model. The F-W model appears to fit a broad
range of kinetic aggregation data (31,42,43,44,45,46,47) including amyloid-3, o~
synuclein, polyglutamine, and now the prion protein aggregation systems. However, and
as was previously addressed (31), the F-W model has limitations:

1)  The F-W 2-step model is obviously a highly condensed, oversimplified,
phenomenological kinetic model of the real, molecular prion aggregation
process that probably consists of hundreds if not thousands of steps in

most cases.

7 Attempts have been made in the yeast prion literature to test the validity of these four
(molecular) mechanisms by looking at the effect of yeast protein concentration on the
observed lag times and aggregation rates of the protein in its prion form. There, for each
mechanism, the authors state expected correlations between the observed lag
times/aggregation rates and initial protein concentration that are essentially qualitative in
nature. The authors use these stated expectations quantitatively, as a proposed way to test
the likelihood of each mechanism. We will argue that these correlations were derived in
a manner that is not strictly proper kinetically, since a kinetically rigorous treatment
would require that: (i) chemical equations be written; (ii) appropriate rate equations be
given; and where possible, that (iii) either numerical integration be used, or integrated
rate equations be provided and used.
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iii)

The resultant k; and k, values are, therefore, averages over all of the true
underlying steps. As such, important kinetic and mechanistic information
must be hidden in the average A — B and A + B — 2B pseudo-
elementary steps and their resultant, average k; and k; rate constants.
Another issue is that during the nucleation process, [A] is approximately
constant. Therefore, a higher kinetic order in [A], that is k;'[A]", is easily
hidden kinetically and can appear as an apparent Kjapparent)[A] dependence,
where in fact K apparenty = k1’ [A]"" (60). A study of any concentration
dependence of K apparenty can be used to overcome this issue, however.
Finally, the fact that all sizes of the growing aggregate are hidden behind
the general descriptor “B”, while a great advantage for extracting an
average kj, hides important molecular details that will need to be the focus
of separate studies. The possible role of fragmentation in the proper
description of “B” vs. time is a related issue here, again one requiring

future studies.

In light of the above limitations, we have attempted to be cautious in the

W model.

Conclusions

interpretations herein and urge others to use caution when interpreting results from the F-

In conclusion, the main contributions from this paper can be summarized as follows:

Twenty-seven prion aggregation curves from the literature, measured by seven

different physical methods, were successfully fit using the F-W model, allowing
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iit)

vi)

for the deconvolution of average nucleation (k;) and growth (k,) kinetic
parameters for the first time in all cases.

The F-W model was able to fit the in vitro aggregation curves of three different
types of yeast prions, as well as that of mouse and human prion.

The aggregation of Sup35p measured by 6 different physical methods under the
same experimental conditions (23), fit by the F-W model, provided values of the
nucleation and growth rate constants that were equivalent within experimental
error. This is an important study (23), and the k; and k; analysis provided
herein yields considerably more confidence than before that true aggregation
rates (and now, k; and k; rate constants) can be faithfully measured using
different methods, at least for this Sup35p system.

Fits of Sup35p aggregation curves by the F-W model indicate the hypotheses
requiring further study that (i) the Glu/Asn rich N-terminal region of the prion
domain appears to influence the kinetics of nucleation more than grthh and (ii)
the oligopeptide repeat containing C-terminal region of the prion domain
appears to affect the kinetics of growrh more than nucleation.

Fits of Ure2p aggregation curves by the F-W model indicate the hypothesis that
GIn/Asn rich regions in the prion domain of this protein appear to influence the
kinetics of nucleation more than growth.

Examination of four prior mechanisms suggested for prion transmission and
propagation reveals that these prior mechanisms, while useful molecular

descriptions, have not yet been turned into useful kinetic models that can be
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vii)

viii)

used for fitting data and, thereby, distinguishing those postulated (molecular)
mechanisms from one another.

The F-W model provides, therefore, the presently available kinetic model/
minimal kinetic mechanism of prion aggregation and its average nucleation (k;)
and growth (k,) rate constants.

Caveats of the F-W model were discussed, particularly the facts that (a) since
each pseudo-elementary step hides many (sub)steps at the molecular level, the
rate constants obtained for nucleation and growth are actually average rate
constants, and (b) the average nature of B also hides potentially important data
about fibril size vs. time effects, including the possible contributions of
fragmentation effects.

Hence, the need for future experimental work on the issues of agitation and
fragmentation was noted.

Also included in the needed future experiments are more direct experiments on
what “A” and “B” are in prion aggregation, and B vs. time. How do those “A”
and “B” relate to the molecular descriptions in the previously suggested
mechanisms in Table 1? These issues, and the three hypotheses given in the

Discussion section, should provide fertile ground for future studies.
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Supporting Information Available: Raw, digitized data (i.e., not normalized to an
initial minimum of zero) corresponding to Figures 2-7, and 9-10 of the main text along
with their fits to the F-W model and ensuing discussion on the observed effects of

agitation on the aggregation curve of Sup35p is provided.
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Figure S1. Weissman and co-workers’ raw, digitized data (1) for the aggregation of
Sup35p PrDM that was expressed in different yeast species, measured by Congo Red
binding at [PrD]= 2.5 uM with continuous rotation along with the fits to the F-W model.
Resultant rate constants for Saccharomyces cerevisae (SC): k= 1(2) x 10 min™, ko=
3.5(7) x 1072 uM ™ .min"!, R*= 0.983; for Candida albicans (CA): k= 3(21) x 10® min™,
ko= 4(2) x 10? min"', R*= 0.973. See Figure 2 of the main text for the corrected data and
fits.
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Figure S2. Weissman and coworkers’ (2) Sup35p and mutant AQ15R raw, digitized
aggregation data measured by Congo Red binding. The data were fit to the F-W
mechanism. Resultant rate constants for WT: k,=1(2) x 10°® min'l,k2=3.3(9) x 107 pM™!
min”', R*=0.978; and AQ15R: k;=4(4) x 10° min”", k;=8(3) x 10> uM™ min™!, R%=0.983.
For the corrected data fit, see Figure 3 of the main text.
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Figure S3. WT Sup35p along with mutants, RA2-5 and R2E2, raw aggregation data

measured by Congo Red from Lui

and Lindquist (3). The RA2-5 mutant contains four

less repeat sequences than the WT, while R2E2 has two more repeat sequences (3). The

data were digitized and fit to the F

-W mechanism. The following rate constants and R*

values were obtained: WT, k;=6(5) x 10> h™!, k,=3.9(8) x 10™ uM™' h™', and R*=0.982;

RA2-5, k;=7(3) x 102 h™', ka=1(2)

x 10" uM™' h'!, and R*=0.862; R2E2, k;=1(2) x 107

h', ko=1.1(4) pM™' ™! and R*=0.918. See Figure 4 of the main text for the corrected data

and fits.
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Figure S4. Correlations between the number of repeat sequences, if you assume WT has
zero repeats, and the kj, k; values obtained from the raw data fits in Figure S3.
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Figure S5. Perrett and coworkers’ (4) Ure2 and mutant 15Ure2 aggregation data
measured by fluorescence. The raw (uncorrected) data were digitized and fit to the F-W
mechanism. Rate constants for Ure2 are k;=7(4) x 10% h™', k,=3.5(5) x 102 uM' h!,
R§=0.972. Rate constants for 15Ure2 are k;=6(7) x 10° h™', k,=2.8(4) x 10? pM™! b
R"=0.974.

100 O  25uM data
g 25 uM fit ,tﬁg»
< ® 38uMdata s S
~ B0 | e 38 uM fit _g” L
@ 60 -
Q
b
g
5 40
=
-
= 20-
£
=
0 |

time (h)

Figure S6. Perrett and co-workers’ Ure2p aggregation measured by ThT fluorescence
for different [Ure2p] concentrations at pH = 7.5 and T = 25°C, in 50 mM Tris buffer with
shaking (5). The uncorrected data was digitized and fit to the F-W model. Resultant rate
constants for [Ure2p]=25 uM: k;=4.0(8) x 102 h™!, k,=4.0(2) x 102 uM.h”!, R?>= 0.996;
[Ure2p]=38 uM: ki=4(2) x 10> h'!, k,=3.1(4) x 102 uM™".h"!, R*=0.984. The corrected
data and resultant fits are shown in Figure 6 of the main text.
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Figure S7. (a) Perrett and co-workers’ Ure2p aggregation measured by ThT
fluorescence for different temperatures at pH = 7 and [Ure2p]= 30uM, in 50 mM
phosphate buffer with shaking (5). The data was digitized (not corrected) and fit to the F-
W model. Resultant rate constants for T =25 °C: k;= 5(2) x 10° h™', k,=3.2(4) x 107
uM.h!, R*=0.988; for T =37 °C: k;=1.3(7) x 10> h™", k;=6.5(6) x 10% uM".h!, R*=
0.994. (b) Perrett and co-workers’ Ure2p aggregation measured by ThT fluorescence for
different temperatures at pH = 8 and [Ure2p]= 30uM, in 50 mM phosphate buffer with
shaking (5). The data was digitized and fit to the F-W model. Resultant rate constants for
T=25°C:ki=1.6(7) x 10> h'!, k= 4.8(4) x 10> uM".h™", R?= 0.994; for T =37 °C : k=

41)x 107 b, ko=5.1(5) x 102 uM b, R?=
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Figure S8. Uncorrected kinetic data of the assembly of 40 uM mouse prion protein from
Cohen and coworkers (6) and fit to the F-W mechanism. The resultant rates constants are
k1=3(5) x 10 hr'" and k,=2.6(4) x 10 pM™" hr”! with R?=0.996.
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Figure S9. Baskakov et al.’s (7) raw kinetic data of human recombinant prion protein at
varying concentrations fit to the F-W mechanism. The following rate constants and R?
values are obtained for each concentration: 20 pM, k;=1(1) x 107 hr™', ky=4( 1) x 10" pM”
"hr!, R?=0.955; 50 uM, k;=7(2) x 10° hr'!, k,=1.0(1) x 10" pM™ hr'!, R?=0.990.
Attempting to Analyze the Effects of Agitation (and Associated Fragmentation) on
Nucleation and Growth. A major issue associated with prion aggregation (but not
necessarily with other amyloid aggregation) is fragmentation (defined as the breakage of
existing fibrils to smaller, multiple fibrils). It has been shown in the literature that in vivo
fragmentation of prions occurs during propagation (8,9,10,11). In order to explore the
effect of fragmentation on yeast prion aggregation, we searched the literature for an
unseeded prion aggregation data set under identical experimental conditions, with and
without agitation that can induce fragmentation. We found only two data sets that could
be readily digitized: one from Liebman and co-workers that unfortunately appeared to be
truncated at the base (12), and one from Weissman and co-workers for both an agitated

and a non-agitated sample of the prion protein Sup35p under otherwise identical

aggregation conditions, Figure S10 (16).
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The data from Weissman and co-workers was fit using the F-W model yielding
the results of the nucleation rate constant (k;) for the agitated prion system being
apparently 8 orders of magnitude larger than that obtained for the non-agitated system.
This large difference is also visually reflected in the large differences in the lag times
observed (Figure S10), the larger lag time corresponding to much slower nucleation
(13,14,15). There is also an observed difference of approximately half an order of
magnitude in the apparent growth rate constant, k», its value being larger for the agitated
sample than for the non-agitated sample. On the surface, these observations would seem

to suggest that the agitation effects in this system are primarily in the k; nucleation step.
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Figure S10. Weismann and co-workers’ kinetics of aggregation of the NM domain of
Sup35p with and without agitation fit to the F-W model (16). With agitation:

ki (apparent)=5.2(6) x 107 h''; k;=2.26(7) x 102 pM™" h'!; R*=0.986. Without agitation:
ki=1(6) x 10" h'"; k,=6(2) x 107 uM' h!; R?=0.995.

However, the dramatic difference in k; values is not expected to arise simply from
the effects of agitation. Overall we could not disprove that one or more of the following

experimental artifacts may be affecting this data set. (i) The aggregation of the agitated
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sample was measured with continuous ThT fluorescence, and that of the non-agitated
sample with CR binding. It is not clear how the binding properties of these dyes might be
affected by agitation. (ii) It has previously been observed that a larger number of shorter
fibrils might cause an increase in ThT fluorescence intensity (12). (iii) The fibril growth
in the agitated reaction may be too fast for the response time of the ThT fluorescent dye,
so that the desired kinetics of aggregation are not what is actually being measured.
Obviously, more studies where fragmentation is involved, and where a F-W
analysis can be performed (that will need to include fragmentation as a discrete step), are

needed.
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CHAPTER V

a-SYNUCLEIN AGGREGATION VARIABLE TEMPERATURE AND VARIABLE
pH KINETIC DATA: A RE-ANALYSIS USING THE FINKE-WATZKY 2-STEP

MODEL OF NUCLEATION AND AUTOCATALYTIC GROWTH

This dissertation chapter contains a full paper published in Biophysical Chemistry
2009, /40, 9-15. Insights gained from the analysis of literature a-synuclein aggregation

kinetic data using the Finke-Watzky 2-step kinetic model are presented and discussed.



a-Synuclein AggregationVariable Temperature and Variable pH Kinetic Data: A
Re-analysis using the Finke-Watzky 2-Step Model of Nucleation and Autocatalytic

Growth

Aimee M. Morris and Richard G. Finke

Abstract

The aggregation of proteins is believed to be intimately connected to many
neurodegenérative disorders. We recently reported an “Ockham’s razor”/minimalistic
approach to analyze the kinetic data of protein aggregation using the Finke-Watzky (F-
W) 2-step model of nucleation (A—B, rate constant k;) and autocatalytic growth
(A+B—2B, rate constant k). With that kinetic model we have analyzed 41
representative protein aggregation data sets in two recent publications, including amyloid
B, a-synuclein, polyglutamine, and prion proteins (Morris, A. M., et al. (2008)
Biochemistry 47, 2413-2427; Watzky, M. A, et al. (2008) Biochemistry 47, 10790-

10800). Herein we use the F-W model to reanalyze protein aggregation kinetic data
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obtained under the experimental conditions of variable temperature or pH 2.0 to 8.5. We
provide the average nucleation (k;) and growth (k,) rate constants and correlations with
variable temperature or varying pH for the protein a-synuclein. From the variable
temperature data, activation parameters AG*, AH*, and AS* are provided for nucleation
and growth, and those values are compared to the available parameters reported in the
previous literature determined using an empirical method. Our activation parameters
suggest that nucleation and growth are energetically similar for a-synuclein aggregation
(AG*nucteation=23(3) keal/mol; AGIgmwth=22(l) kcal/mol at 37 °C). From the variable pH
data, the F-W analyses show a maximal k; value at pH ~3, as well as minimal k; near the
isoelectric point (pl) of a-synuclein. Since solubility and net charge are minimized at the
pl, either or both of these factors may be important in determining the kinetics of the
nucleation step. On the other hand, the k; values increase with decreasing pH (i.e., do not
appear to have a minimum or maximum near the pl) which, when combined with the k;
vs. pH (and pl) data, suggest that solubility and charge are less important factors for
growth, and that charge is important in the k;, nucleation step of a-synuclein. The
chemically well-defined nucleation (k;) rate constants obtained from the F-W analysis
are, as expected, different than the 1/lag-time empirical constants previously obtained.
However, k; x [A]p (Where k; is the rate constant for autocatalytic growth and [A]y is the
initial protein concentration) is related to the empirical constant, k,p, obtained previously.
Overall, the average nucleation and average growth rate constants for a-synuclein
aggregation as a function of pH and variable temperature have been quantitated. Those
values support the previously suggested formation of a partially folded intermediate that

promotes aggregation under high temperature or acidic conditions.
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Introduction

The processes of nucleation and growth are of central importance to many
different neurological disorders since the aggregation of certain proteins is hypothesized
in the literature to be intimately linked to the cause of numerous neurodegenerative
diseases [1,2,3,4,5,6]. For instance, the aggregation of a-synuclein has been
hypothesized to be the underlying cause of Parkinson’s disease [5]. The ability to
monitor and detect protein aggregation is, therefore, of importance and may lead to
possible therapeutic treatments.

Recently, we reviewed the literature relevant to the mechanism(s) of protein
aggregation and found five classes of proposed kinetic mechanisms for the aggregation of
proteins [7]. Experimentally, we found that the “Ockham’s razor” [8] / minimalistic,
Finke-Watzky (F-W) 2-step model, Scheme 1, is able to fit a wide variety of kinetic data
and provide quantitative rate constants corresponding to the nucleation and growth of

protein aggregates [9,10].

Scheme 1. The minimalistic, “Ockham’s razor” Finke-Watzky (F-W) 2-step kinetic
model of nucleation followed by autocatalytic growth [11].

A_k]_,B
A+B—F .op

The F-W 2-step model was originally developed for transition-metal nanocluster
nucleation and growth [11] but has recently been applied to a wider range of natural
growth phenomena [12] including, protein aggregation [9,10] kinetics. In protein

aggregation, A is the monomeric form of the protein, B is the polymeric form of the
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protein aggregate, and k; and k; correspond to the average rate constants for nucleation
and growth, respectively, rigorously defined kinetically by the F-W 2-step kinetic model
in Scheme 1.

Recently we reported that the F-W model is able to fit the kinetic data in 14
different data sets of protein aggregation relevant to Alzheimer’s, Parkinson’s, and
Huntington’s diseases [9], as well as 27 data sets for yeast and mammalian prion
aggregation kinetic data [10]. The F-W fits to these protein aggregation data sets yielded
the first quantitative rate constants for both nucleation (k;) and growth (k;) in these
systems [9,10]. Those individual rate constants in turn yielded insights into factors such
as the N-terminal portion and GIn/Asn rich regions that affect nucleation more than
growth, while other factors such as the C-terminal portion affects growth and not
nucleation in model yeast prion systems relevant to prion diseases [10].

Herein we examine a-synuclein (140 amino acids; ~14,000 MW) aggregation
variable temperature and variable pH kinetic data from a classic study from A. L. Fink’s
laboratories' using the F-W model. This protein system was previously analyzed using
one method available at the time, namely an empirical approach [13] (see the Results and
Discussion section, vide infra). Specifically, herein we address the following questions:
(1) Is there any correlation between the k| and k; values for nucleation and growth and the

empirical constants determined previously, 1/lag-time and kapp [13]? (ii) Do the activation

! We were unaware until after we completed this project that Professor A. L. Fink had
passed away. We originally picked his laboratory’s data set and paper because of the
high quality of data and science in that paper; indeed, we had hoped to initiate a
collaboration by sending him a copy of this paper and sharing co-authorship with him.
We dedicate this paper to Professor Fink’s highly productive career and superb science.
We wish we’d had the chance to know him personally and collaborate with him and his
research group. We thank Professor G. Millhauser as UC Santa Cruz for his help and
advice in constructing this dedication to Professor Fink.
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parameters obtained from the variable temperature analysis using the F-W model
correspond to the activation parameters reported using empirical methods? (iii) What is
the correlation between the pH value and the nucleation and growth rate constants
obtained from the F-W analysis? (iv) How do any correlations observed and resultant
insights compare to those observed from empirical treatments of the variable pH data? (v)
Are our kinetic analyses consistent with the prior finding [13] that acidic pH or increased
temperature causes the formation of a partially folded intermediate that promotes a-
synuclein aggregation? And lastly, (vi) what physical/biochemical insights can we derive
from the deconvoluted, well-defined nucleation (k;) and autocatalytic growth (k,) rate

constants?

Experimental

Selection of Data Sets for Analysis. The data fit in the Results and Discussion
section were selected from searches of the literature (using Scifinder Scholar) that
displayed variable temperature or variable pHvkinetic data for a-synuclein aggregation
and also provided the original raw data (i.e., the temperature or pH kinetic curves). The
system chosen was Fink and co-workers’ scholarly, expert biophysical studies of a-
synuclein aggregation [13].

Data Analysis and Curve Fitting. Data were extracted (digitized) from published
kinetic curves using Engauge Digitizer 2.12 and fit by the analytical equation shown in
eq. (1) corresponding to the F-W model (Scheme 1) using Origin 7.0, all as previously
described [9]. The resultant rate constants for each data set were then plotted using Excel

11.3.3 and the activation parameters were calculated using the Eyring equation, eq. (2),
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where £ is the rate constant, T is temperature, R is the universal gas constant, ks, is

Boltzmann’s constant, and h is Planck’s constant.

P [4],
[B], =[Alp- ———2 (1)
1+ kz[;\]o exp(k; + kp[A] )t
t b
ink AR ke AST @)
T RT h R

Results and Discussion

Previous a-Synuclein Aggregation Kinetic Data and Analysis by an Empirical
Method. Previously a-synuclein aggregation was induced by increasing temperature or
decreasing pH and monitoring the aggregation kinetics using ThT fluorescence [13]. The
goal of that study [13] was to test the hypothesis that higher temperature or lower pH
would induce the natively unfolded a-synuclein into a partially folded, more aggregation
prone, intermediate state. After following the kinetics of a-synuclein aggregation and
performing other biophysical studies [13] the authors noted, “such [kinetic] curves are
consistent with a nucleation-dependent polymerization model” [13].

The variable temperature and pH kinetic data was previously published and
analyzed via the empirical equation shown in eq. (3) where Y is the fluorescence
intensity, (y; + mx) is the initial slope of the line during the lag phase, (yy + mgx) is the
final slope of the line after the growth has ended, and ¥y is the time to reach 50%

maximum fluorescence intensity [13]. From eq. (3) the empirical constants® of kapp=1/t

2 The prior work refers to kapp as an apparent first order rate constant. However, since
Kapp 1s not defined in the usual way by a well-defined and balanced chemical reaction, it is
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and 1/lag-time=1/(xy-27) are calculated [13]. As these equations show, the lag time and
kapp are both dependent upon 1/t in the empirical model. While eq. (3) is able to fit the
published kinetic data [13], the authors were careful to note, “This expression is unrelated
to the underlying molecular events, but provides a convenient method for comparison of
the kinetics of fibrillation” [13].
v ftm fx)

X~X0 )

(3)
1+ e_( T

Y=(y; + mx)+

It is of interest, therefore, to analyze this a-synuclein aggregation data by the F-W
2-step nucleation and autocatalytic growth model to (i) see if the F-W model will fit the
data, and if so (ii) to obtain discrete, chemically well-defined nucleation (k) and
autocatalytic growth (k;) rate constants, as well as (iii) to see if our quantitative kinetic
results support or refute the original hypothesis [13] of increased temperature or

decreased pH causing the formation of a partially folded intermediate.

Analysis of Variable Temperature a-Synuclein Aggregation Kinetic Data with
the F-W 2-Step Model. Variable temperature data of a-synuclein aggregation [13] were

analyzed using the F-W 2-step model. The F-W analysis yields the rate constants for

not a true rate constant in a rigorous sense. Hence, we have referred to both 1/lag-time
and k,pp as empirical constants throughout the text. This point is not trivial. In fact, a
review of the protein aggregation kinetic and modeling literature [7] shows that a failure
to connect words, concepts, and their associated rate constants to balanced chemical
reactions (as is the protocol of rigorous chemical kinetics) has contributed to
considerable confusion in the protein aggregation literature [7]. Obviously, Professor
Fink and co-workers were aware of this point as the quotation in the text of the original
paper indicates (“This expression is unrelated to the underlying molecular events, but
provides a convenient method for comparison of the kinetics of fibrillation) [13].
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nucleation (k;) and growth (k;), along with the coefficient of determination (R?) for each
fit.

Sample F-W fit and rate constants obtained. An example of the graphic fit
obtained from the F-W analysis of the variable temperature a-synuclein aggregation
kinetic data is given in Figure 1 (all 4 graphical fits of this data are available in Figure S1
of the Supporting Information). Shown in Table 1 are the nucleation (k;) and growth (k3)
rate constants obtained from the F-W analysis. Also given in Table 1 are k;[A]p values,
where [A]o is the initial concentration of a-synuclein, along with the coefficient of
determination (R?) values for the fits at each temperature. The R? > 0.989 as well as the
visually good fits (Figure 1 and Figure S1 of the Supporting Information) indicate that the
F-W model is able to fit the kinetic data well at each temperature. For comparative
purposes, the empirical constants' previously obtained via eq. (3) are also provided in

Table 1.
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Figure 1. Literature a-synuclein aggregation at 37 °C kinetic data [13] and the fit by the
F-W 2-step model. The resultant rate constants are k;=8(2) x 10™* hr”! and k,=1.5(1) x
107 pM™! hr'! with an R?=0.9957.
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Table 1. The average rate constants and R? values obtained from fitting the variable
temperature a-synuclein aggregation data [13] with the F-W 2-step model along with
comparisons to the empirical constants reported [13] using eq. (3).

27°C 37°C 47°C 57°C
For the F-W
analysis: k* (hr'") 2.48)x 10" 8(2)x 10 23(7)x 107 6(2) x 107
ko* (uM™! hr't) 6.4(4)x 10*  1.5(1)x 107 3.6(3)x 107 9.0(7) x 107
kao[Alo (hr'h) 45(3)x 107 1.05(7) x 107" 2.52)x 107 6.3(5) x 10™
R?® 0.9891 0.9957 0.9921 0.9914
From the previous
analysis [13]: 1/lag-time 3 (hr'") 4.1 x 107 92 x 107 2.5%x 10" 6.1x10"
Kapp ** (hr™") 1.4 x 107 3.4x107 1.1x 10" 2.8x 10"

2 The error bars for k; and k; are determined by the square root of the reduced x* based on a modified
Levenberg-Marquardt algorithm [25].

® R? is the coefficient of determination and is the square of the correlation coefficient (r). The closer this
value is to 1.0, the more precise the analysis is to fitting the data.

¢ The 1/lag-time and k,p, values were found by digitizing a In(1/lag-time) and In(k,pp) vs. 1/T plot from the
original reference [13].

4 While digitizing the data it became apparent that in order to correspond with the raw variable temperature
kinetic data the In(1/lag-time) and k,p, vs. 1/T graphs had to be in units of reciprocal seconds. The 1/lag-
time and k,pp were converted to units of hr! for comparison purposes to the analyses presented herein.

As expected, the k; and k; rate constants obtained from the F-W model are
different than the empirical constants' obtained from eq. (3), Table 1. However,
examination of Table 1 reveals that k,p, from eq. (3) appears to be proportional to kx[A]o
obtained by from the F-W model (vide infra). From the k; and k; rate constants, we
observe that both nucleation and growth are faster at higher temperatures, as of course
expected and as seen with the previous empirical analysis. The increases in k; and k; are
consistent with the previous idea of an increased concentration and/or aggregation rate of
a partially folded intermediate at higher temperatures [13].

Activation parameter determination. From the Eyring plots shown in Figs. 2a and
2b, the activation parameters AG*, AH?, and AS* were obtained for both the nucleation
(k;) and growth (k) steps of the a-synuclein aggregation system, Table 2. The activation
parameters obtained for the k| nucleation and k, growth steps are quite similar, a finding

that has also been observed in actin aggregation [14]. That said, the importance of
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AHInuclemion, AHIgmwth, ASInuc|eat,'0n, and ASIgmwth obtained from the F-W model, and shown
in Table 2, is that they refer to the well-defined chemical steps of nucleation and growth,

respectively. Application of the F-W model also gives previously unavailable AS?

values.
(a) .10 (b)-10
y = -10300x + 20.324 y = -8394.2x + 14.881
-11 R? = 0.9994 R? = 0,9979
-11
E -12 - [
~ ~
) g-12
E 13 E
14 - -13 -
-15 T : -14 .
3.0E-03 3.2E-03 3.4E-03 3.0E-03 3.2E-03 3.4E-03
1/7 (K?) 1/7T(K")

Figure 2. Eyring plots of (a) k; and (b) k; for the a-synuclein aggregation system [13].
The error bars were propagated assuming a possibly too large (i.e., upper limit) error in
the temperature measurement of = 0.5 °C and since no temperature measurement error
bars were given in the original work.

The activation parameters for a-synuclein aggregation are of interest and merit
comment. The values of AH* for nucleation and growth are both positive for a-synuclein
(AHInucleation=20(3) kcal/mol; AHIgmwth=17(l) kcal/mol), while the AS* for nucleation and
growth are compensatingly more negative (i.e., compensationally less favorable)
(ASInucleaﬁoﬁ-lO(lO) e.u.; ASIgmwth=-18(3) e.u.). The enthalpy vs. entropy compensation
might be real or might be artifactual [15] due to the moderate temperature range (30 °C)

examined; large temperature ranges are known to be required to accurately deconvolute

AG* into AH* and AS* [16].

257



Table 2. Activation parameters calculated for a-synuclein aggregation from the Eyring
plots shown in Figure 2 using the F-W analysis and comparison to the empirical
parameters previously obtained in the literature.

AG AH? AS?
(kcal/mol at 37 °C)  (kcal/mol)  (cal/mol-K)
From the F-W analysis: Nucleation, k,*  23(3) 20(3) -10(10)
Growth, k,* 22(1) 17(1) -18(3)
AI_Iempl1 °
(kcal/mol)
From the literature empirical
analysis (13)°; 1/lag-time 17.3(8)"  NA®
Kapp 19.5(8)%"  NAS

® The error bars are calculated by propagating the error through the Eyring equation using the following
equations from Girolami and co-workers [26]:

RT,, T2 |(oT AL Y AL V| (ok)?
(oAHY)? = Z—max_min (—) (1+Tmin —) +[1+Tmax ——-) + 2(—) and
(Tmax - Tmin ) (Tmax _Tmln ) k

(Tmax —Tmin )2 T
R? or\’ ALY AL V(o)
2 2
(oASF)? = —— (—) Tmax2(1+Tmm T—) +Tmin2(l+me ﬁ) +(7) (mermz) , where
min max min

(Tmax 'Tmin )2 T max

AL = [In(kpay / Trax )= InCkin / Tin )1 For ok, we used the largest error bars in the k; or k; that was observed and
assumed an error of 0.5 K for oT. Alternatively, we calculated error bars based on the errors at the 95%
(20) confidence level for the slope and intercept obtained from the linear regression analysis. However,
those resultant error bars are much smaller (by ca. 2-10 fold in AH* and 3-30 fold in AS*). Therefore, we
have reported the larger error bars herein.

® We denote the enthalpy of activation from the previous analysis as AH‘.,mplt since it is derived from
empirical constants' and is therefore, not a true AH* value in the unambiguous chemical mechanism sense.
¢ In the literature, eq. 3 is used to calculate the empirical constants' of kapp=1/T and 1/lag-time=1/(o-27)
[13].

4 a-Synuclein aggregation was measured from 27 °C to 57 °C; a 30 °C temperature range.

¢ These values were converted from the reported E, by the following equation: E, = AH* + mRT ,p0n s

where m is the molecularity (taken as 1 in the present case), and Ty, is the mean temperature range over
which measurements were taken [27].

The error bars reported come from the original analysis [13] and are calculated from the error in the slope
of the linear regression fits of the Arrhenius plots.

E NA=not available.

Examination of Table 2 shows that the activation parameter determination using
the F-W model yields values that are the same within experimental error as eq. (3) for
AH*. Both the previous [13] and present results are consistent with the idea that AH?* for

nucleation and growth are similar.

Analysis of Variable pH a-Synuclein Aggregation Kinetic Data with the F-W 2-

Step Model. The second aggregation variable examined herein is pH. Interestingly, it
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has been hypothesized in the literature that a pathological decrease in pH occurs in
neurons affected by neurodegenerative diseases, resulting in apoptosis [17]. It has also
been suggested that lowering the pH causes a reduction in the overall net charge of
proteins and thereby increases the aggregation propensity [13]. While selectively
maintaining in vivo affected cells at a slightly alkaline pH has been suggested as a
possible therapeutic strategy for the treatment of neurodegenerative disorders [17], it is
probably not a viable treatment option. However, studying variable pH in vitro may give
insights into in vivo factors that could increase the aggregation propensity and
intermediate formation of a-synuclein.

Hence, we have reanalyzed the a-synuclein variable pH kinetic data that was
previously analyzed using eq. (3) to give empirical constants' 1/lag-time and kap, [13].
Figure 3 shows a representative fit and Figure S2 of the Supporting Information shows
the graphical fits to each of the five pH values examined using the F-W 2-step model.
Table 3 shows the rate constants obtained from the F-W analyses along with the
associated R” values. The rate constants obtained by the analytic equation for the 2-step
model (eq. (1)) are one to two orders of magnitude different than the empirical constants

obtained with eq. (3), Table 3.
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Figure 3. Literature a-synuclein aggregation kinetic data at pH 5.82 [13] and the fit
using the F-W model. Resultant rate constants (and coefficient of determination):
ki=4(2) x 107 hr''; k,=4.2(3) x 10° puM™" hr! (R*=0.9965).

Table 3. The resulting rate constants and R? values from the published [13] a-synuclein
variable pH data fit by the F-W 2-step model and comparison to the empirical constants
reported previously.

pH 1.92 pH 2.79 pH 4.08 pH 5.82 pH 7.23/8.52*
k; (hr'") 3(2) x 107 12(4)x 107 6(2) x 107 42)x 107 3.5(6) x 10™
ko (M hr'h) 133)x 102 1.0(1)x 107 1.17(5)x 107 42(3)x 10° 1.7(1)x 107
kao[A]o (hr'") 9(2) x 107 707 x 100 82(3)x 10" 2.9(2)x 107" 1.19(7) x 107!
R? 0.9898 0.9902 0.9993 0.9965 0.9984
1/lag-time (hr'")® 2.5 x 10! 44 x10" 1.1 x 10" 4.2 x 107 3.5% 107%/3.3 x 107
Kapp (A1) ° 8.2 x 10" 1.0 7.0x 10" 3.4 x 10" 1.1 x 1077/8.6 x 107

* While digitizing this data set we were unable to discern between the data points for pH 7.23 and pH 8.52
® These values were obtained by digitizing the pH vs. 1/lag-time and pH vs. Kapp graphs from the original
reference [13].

Correlations between pH values and nucleation and growth rate constants
obtained from the F-W analysis. The correlations obtained using the F-W model for the
varying pH data are shown in Figure 4. Figure 4a reveals that the k; rate constant is
increased at pH ~2 and increased by another order of magnitude at pH ~3. From pH ~3 to
~4 the nucleation rate constant is decreased by 3 orders of magnitude. The slowest
nucleation rate constants occur from pH 4-6 which coincide well with the isoelectric

point (pl) of 4.0-4.7 given for a-synuclein [13,18,19]. The k; rate constant also increases
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by an order of magnitude but now from pH ~6 to pH ~7. The data suggest that there is an
optimum pH of ca. 3 at which the nucleation rate is greatly enhanced. The result of an
optimum pH ~3 is consistent with the previous structural analyses by Fourier transform
infrared spectroscopy and small angle X-ray scattering, suggesting that the partially
folded intermediate forms between pH 7.5 and 3.0. This optimum pH ~3 is also
consistent with the previous CD and ANS fluorescence results which suggest partially
folded intermediate formation between pH 5.5 and 3.0 [13]. Assuming that the ThT
fluorescence is providing an accurate measure of a-synuclein aggregation, our kinetic
analysis suggests that the pH in which the partially folded intermediate is formed and
nucleation is most increased is pH ~3. The minimum nucleation rate constants near the
pl also suggest that solubility or net charge (or both) may be important factors in

determining the nucleation rate constant for a-synuclein aggregation [20].
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Figure 4. The (a) ki, (b) k; and (c) ko[ A]o correlations determined using the F-W 2-step
model to varying pH values.

The previous kinetic analysis performed via eq. (3) yielded a correlation of
shorter lag-times with decreasing pH values but also revealed the shortest lag-time
occurred at pH ~3 [13]. However, over the range of pH measured, the lag-time only
changed by one order of magnitude. Our results herein, as well as studies in progress
[21], suggests that the lag-time in sigmoidal protein aggregation curves is not a generally

reliable measure of the nucleation rate constant.
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Figure 4b shows the correlation of increasing k; values (i.e., faster growth) with
decreasing pH. As expected since the concentration of the protein remains constant, the
same correlation holds true for increasing k[A]o with decreasing pH, Figure 4c. This is
also the same correlation previously observed for kapp [13]. Hence, it appears that the
solubility and charge minima at the pl are not major factors in determining the growth
rate constants of a-synuclein. More importantly, k, should have decreased, not
increased, near the pl as did k, if decreased solubility of a-synuclein near the pI was the
controlling variable. Hence, the combined pH/pl effects on k; and k; suggest that charge
is the important variable in determining the a-synuclein nucleation rate constant, k;.

In short, from the F-W reanalysis of the variable pH data, we confirm the previous
findings [13] that: (i) the nucleation rate constant (k;) is larger at lower pH values and (ii)
Kapp, k2[A]o, and k; increases with decreasing pH values. This supports the previous
claim that the nucleation and growth rate constants are increased under acidic conditions
[13]. We have, however, added the insights that: (i) the k; rate constant seems to be
maximal at pH 3 and minimal near the pl, (ii) k; increases with decreasing pH and does
not correlate with the pl, so that (iii) net charge is implicated as an important factor in
determining the k; value. In addition, (iv) the lag-time (i.e., 1/lag-time) is not a generally

reliable measure of k;.

Analysis of Any Relationships of the Rate Constants Obtained from the F-W
Reanalysis to the Empirical Constants from Eq. 3. Figure 5, as well as examination of
Tables 1 and 3, show that the ko[ A], values from the F-W model are proportional to the

kapp values obtained from eq. (3), (a plot of ks vs. kqpp is also available in the Supporting
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Information). The kz[A]o « kqpp reflects the fact that both k,pp, and k, are proportional to
the slope of the growth line [11,13]. In addition, ko[A]o o kapp is a useful finding that

helps add validity to the interpretation from the previously obtained kg [13].
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Figure S. The kap, values obtained from eq. (3) for both the variable temperature and
variable pH data compared to the ky[A]o values obtained from the same data but using the
F-W 2-step model. The k,pp and kp[A]y values can also be found in Tables 1 and 3.

We also attempted to look for any correlations between the empirical constant
1/lag-time and ki, ky (or some combination of k; and k) from the F-W model. We did
not find any apparent correlation (the interested reader is referred to Figs. S3-S4 in the
Supporting Information to see the plots of ki, ki + ko, ki x ko, ki/ks, ki + ka[Ale, ki %
ka[Alo, and ki/ka[A]p vs. 1/lag-time). This again suggests that lag-time is not an accurate
measure of the nucleation rate constant. We were also unable to find any simple

mathematical equivalence correlation between eq. (1) from the F-W model and the

empirical eq. (3) (Scheme S1 of the Supporting Information).
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Caveats and Limitations of the F-W Kinetic Model. The weaknesses of the F-W
model, which derive ultimately from its over-simplified nature, have been presented in
three other publications for the interested reader [7,9,10]. Briefly, the main limitations
are: (i) k; and k; are averages (although to the extent nucleation tends towards the limit of
a simple misfolded protein [21], k; should tend towards the limit of the rate constant for
that individual step); (ii) B is also an average, so that (iii) important changes in k;, k», or
B as a function of aggregation fibril size are hidden. In addition, (iv) other processes
such as fibril fragmentation are not treated explicitly [10]. The main advantage of the F-
W 2-step model is, however, its ability to deconvolute the average nucleation rate
constant, k, from the average autocatalytic growth\rate constant, k,, in a model that has
rate constants and associated concepts (words; specifically nucleation and autocatalytic
growth) rigorously defined by balanced chemical reactions in the normal way of rigorous

kinetic and mechanistic science.

Conclusions
The contributions from this article are the following:

* The F-W model 2-step has been used to analyze a-synuclein aggregation kinetics
under variable temperature and variable pH conditions. Quantitative rate
constants with well-defined physical meaning corresponding to both nucleation
and growth, k; and k; respectively, were obtained.

* The k; rate constant found using the F-W model differs from the empirical 1/lag-
time constant obtained previously. Other, work in progress confirms that 1/lag-

time is not a reliable predictor of k; [22]. However, ka[A]o from the F-W model is
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proportional to Kapp from the eq. (3) empirical treatment, thereby adding validity
to the prior determination and interpretation of Kapp.

The activation parameter determination for a-synuclein performed herein is the
first to our knowledge to report values for AG*, AH*, and AS? for well-defined
nucleation and autocatalytic growth.

The AH?, AS*, and AG* of nucleation and growth were found to be approximately
equivalent for a-synuclein under the experimental conditions examined.

The a-synuclein variable pH data analysis shows that the nucleation rate constant,
k;, has a maximal rate constant at pH ~3, as well as minimal rate constant at pH
~4-6. These results are consistent with the previous analysis [13] and further
suggests that there is an optimal pH for the nucleation rate constant.

The growth rate constant, ks, (as well as k,[A]y) appears to increase with
decreasing pH—that is, the average growth rate constant is faster at lower pH
values in the case examined herein. This observation is again consistent with the
previous analysis [13]. Furthermore, the k; rate constants do not correlate with
the pl.

The combined k; and k; vs. pH data near the pI of a-synuclein in turn suggest
that »net charge is an important variable in a-synuclein nucleation.

Overall, our reanalysis quantitates the average nucleation and average growth rate
constants and kinetically supports Fink and co-workers’ hypothesis [13] of the
formation of a partially folded intermediate species that promotes aggregation at

higher temperatures or lower pH.
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* Other variables that have been hypothesized to either accelerate (e.g., O, H,O,,
or Oy" [23]), or inhibit (e.g., B- or y-synuclein [24]), a-synuclein aggregation in
vivo are of interest for deconvolution into k; and k; effects by the methods
detailed herein.

Finally, it is especially important to acknowledge the original work and
contributions of the Professor A. L. Fink and his co-workers [13]. It is their original
efforts and a-synuclein kinetic data that have allowed the work and analysis herein to be

reported. We are pleased to dedicate this work to Professor Fink’s memory.'
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Kinetic Data from the Literature and Fits to the Finke-Watzky (F-W) 2-Step
Model of Nucleation and Autocatalytic Growth. Displayed in Figures S1-S2 are the
digitized literature data sets for the aggregation of a-synuclein (1) under variable
temperature or pH conditions. Each data set was fit to the Finke-Watzky (F-W) 2-step
model, as detailed in the Experimental section of the main text. For the resultant rate
constants (k; and k) and coefficients of determination (R?) refer to Tables 1 and 3 of the

main text,
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Figure S1. Literature a-synuclein aggregation variable temperature data (1) at (a) 27, (b)
37, (c) 47, and (d) 57 °C. Fits are to the F-W 2-step model cited and referenced in the

main text.
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Figure S2. Literature a-synuclein aggregation variable pH data (1) at pH values of (a)
1.92, (b) 2.79, (c) 4.08, (d) 5.82, and (e) 7.23/8.52. The fits are to the F-W 2-step model
cited and referenced in the main text.
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Looking for correlations between the empirical constants 1/1ag-time and K,

(1) and k4, k2, or some combination of k; and k3, of the F-W 2-step model. In the

main text it is noted, and illustrated in Fig. 4, that k,,, from the empirical analysis

elsewhere (1) is correlated to kz[A] from the F-W model. We then wondered if there

was any correlation between kj, k,, or some combination of k; and k; of the F-W model

with the empirical 1/lag-time. Shown below in Figure S4 are the attempts to find a

correlation with 1/lag-time. No simple correlation that at least we could find is apparent.
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Figure S3. Attempts at finding a correlation with the literature (1) 1/lag-time and: (a) k;,
(b) kitka, (¢) ki*ks, or (d) ki/k,. The data employed comes from Tables 1 and S of the

main text.



We also investigated whether the 1/lag-time empirical constant would be
correlated with some combination of k; and k;[A]y as shown in Figure S4. Again no
correlation is apparent between the empirical constant 1/lag-time and any of the

combinations of k; and ky[A]p tried.
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Figure S4. Attempts at finding a correlation with the empirical constant 1/lag-time and:
(a) kitky[Alo, (b)-ki*ka[A]o, and (¢) ki/kz2[Alo. Again, the data employed in plots (a)-(c)
comes from Tables 1 and 5 of the main text.
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It was shown in the main text that k,p, is correlated to ky[A]o of the F-W model.
The same linear relationship between k,,p, and k, can also be observed, Figure S5.
However, there is an offset in the values. That is, kepp is equal to 100 x k,. This value of
100 is the concentration of the protein (100 pM) and thus the correlation is actually
between kapp and ko[Alo. Also multiplying kj by the concentration of the protein puts

both kapp and k,[A]p into the same units of hr!,

1.6E-02

1.2E-02 - i)

8.0E-03 -

k2 (uM* hr't)

4.0E-03 IIIIII

0.0E+00 .
0.0 0.4 0.8 1.2
kapp (hr')

Figure S6. The correlation between the empirical constant kapp and k; of the F-W model.
Note that kapp and k; are in different units and that k,pp, is approximately equal to 100 x ko.

Attempts to Find a Simple Mathematical Relationship Between the
Integrated Rate Equation for the F-W 2-Step Model and the Empirical Eq. 3 of the
Main Text. The integrated form of the F-W 2-step model is shown below in eq. S1 (or
eq. 1 of the main text) along with the previously reported (1) empirical equation, eq. S2
(or eq. 3 of the main text). We could not find any apparent, simple mathematical

relationship between eqgs. S1 and S2 as demonstrated below in Scheme S1.
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Scheme S1. Mathematical attempt at finding an equivalence between eqs. S1 and S2.

il you assume the fluorescoce intensity, Y, = the concentration of aggregale at time {, [B], then we can
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If you also assume that X,* A, is proportional to k,m. a5 was shown in the main text, then:
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AQ — X = (vi ~ mii-x} = (f = mf )

exp( (ki = k2-A0}-1) L-exp( - ((x = xg) 42-40-2))

!
&2-A0

Since there are no other obvious assumptions to make, we tried to simplify the
above expression using Mathematica. Unfortunately, we were unable to simplify this
further to determine any correlations between eqgs. S1 and S2. In fact, when trying to
simplify we ended up with each variable equal to itself (i.e., k;=k;, x=x, etc.) and
therefore, we concluded that there does not appear to be any simple equivalence between

egs. S1 and S2.
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CHAPTER VI

PART II INTRODUCTION: A BRIEF REVIEW OF THE IMPORTANCE OF
DIOXYGENASES PLUS AN INTRODUCTION TO TWO SIGNIFICANT

SYNTHETIC DIOXYGENASE SYSTEMS

This chapter is an introduction to Part II of this dissertation and introduces
dioxygenase catalysis, including discussions of catecholate dioxygenases and a claimed

Ru-containing polyoxometalate dioxygenase.



Part II Introduction: A Brief Review of the Importance of Dioxygenases Plus an

Introduction to Two Significant Synthetic Dioxygenase Systems

I. Introduction
a. What are dioxygenases?

Dioxygenases are defined as catalysts that are able to incorporate both atoms of
dioxygen into a substrate without the product of side products such as H,O.! Therefore,

dioxygenases are highly efficient and desirable oxidation catalysts.

b. Dioxygenases and their functions in Nature

Dioxygenases enzymes are widely distributed among plants, animals, and
microorganisms in Nature.! Their main function in these organisms varies from amino
acid metabolism to aromatic compound metabolism.' Dioxygenases are also involved in
the metabolic disposal of a variety of drugs and foreign substances.” A major reaction
catalyzed by dioxygenases is the cleavage of an aromatic double bond located (i) between
two hydroxylated carbon atoms, (ii) adjacent to two hydroxylated carbon atoms, or (iii) in

an indole ring.
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II. The Importance of Dioxygenases
a. O; activation

Activation of molecular oxygen is difficult because the ground state for
dioxygen (*0,) contains two unpaired electrons in the highest occupied m* orbitals
making it spin-forbidden to react with spin-paired singlet species.” In addition, the higher
energy of the excited singlet state of dioxygen (‘0,), makes it not very accessible by
dioxygenases except by radical-chain mechanisms that result in autbxidation and its low
selectivity.” However, selective oxidation of dioxygen does occur and is initiated either
by (a) a paramagnetic metal ion binding with dioxygen, or (b) an electron-rich substrate

activation of a diamagnetic metal followed by an attack by dioxygen,*’ Figure 1.

(a) 0 °
e
'Mn+ + 02 —_ l
Mn+1
(b) O
oF
o~

S
Mo+l 4 0§ — |
M

Figure 1. Oxygen activation via (a) metal activation, or (b) substrate activation.

There are so called “Holy Grail” dioxygenase reactions’ that would have a
significant impact on industry as well as on the field of catalysis, for example, those
shown in Figure 2. However, these reactions currently require multi-step processes and

suitable synthetic dioxygenases for these reactions have yet to be realized.
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0
2 /ST o+ Oz——>2{§

2 R—H + 0O, —> 2 R—OH

Figure 2. Desired “Holy Grail” dioxygenase reactions.

However, dioxygenase enzymes in Nature have been known since 1955.° Among

the naturally occurring dioxygenase enzymes are the catechol dioxygenases.

b. Catechol Dioxygenases

i. Introduction. In Nature, catechol dioxygenases are Fe- or Mn-containing
enzymes involved in the degradation of hydroxylated aromatics into acyclic compounds
via oxygen atom insertions."” Catechol dioxygenases insert both atoms of dioxygen into
catechol (1,2-dihydroxybenzene) or substituted catechol substrates while simulateously
catalyzing the cleavage of the benzene ring to form acyclic, more readily degradable
compounds, Figure 3. The cleavage of the benzene ring can either occur on the C-C
bond between the two ortho hydroxyl groups resulting in an intradiol product (Figure 3,
top), or cleavage can occur on the C—C bond adjacent to the ortho hydroxyl groups

resulting in the formation of an extradiol product, Figure 3, bottom.
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Figure 3. Intradiol and extradiol cleavage with dioxygen insertion by dioxygenases.

ii. Intra- vs. extradiol products. Interestingly, Fe(Ill) enzymes give intradiol
products while Fe(IT) enzymes have been shown to give extradiol products.” While both
the oxidation state of the metal as well as the coordination geometry around the metal
have been proposed as possible reasons for the selectivity of a dioxygenase,*’ how the
enzyme controls the observed ring cleavage sites has yet to be fully elucidated.'®!"!?

Synthetic dioxygenases have been shown to give only intradiol, only extradiol, or
to give both intradiol and extradiol products. The ability to control and tune the catalyst
for the desired dioxygenase product is a highly desirable property for a synthetic
dioxygenase. Researchers have developed steric as well as electronic effects in the
synthetic dioxygenases in attempts to mimic the properties of the enzymes.'%'?

iii. The [VO(3,5-DTBC)(3,5-DBSQ)]. catalytic-cycle resting state. One notable
catechol dioxygenase precatalyst, actually catalytic-cycle resting state (vide infra) is
[VO(3,5-DTBC)(3,5-DBSQ)]. (where 3,5-DTBC = 3,5-di-tert-butylcatecholate and 3,5-
DBSQ = 3,5-di-tert-butylsemiquinone). This complex was originally reported by

Pierpont and co-workers in 1983," Figure 4. In 1999,'* a V-containing precatalyst was

reported to exhibit a record catalytic lifetime of more than 100,000 total turnovers with
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the substrate 3,5-di-tert-butylcatechol, H»(3,5-DTBC). It was subsequently determined
that 11 different V-containing catechol dioxygenase precatalysts all give, as a common
component, [VO(3,5-DTBC)(3,5-DBSQ)],,"* which was later determined to be a
catalytic-cycle resting state.'>!® Under the dioxygenase conditions, [VO(3,5-DTBC)(3,5-
DBSQ)]» produces both intradiol and extradiol oxidation products from the substrate
Hx(3,5-DTBC).'®!7 The dimer catalytic-cycle resting state, [VO(3,5-DTBC)(3,5-
DBSQ)]a, still remains a record synthetic dioxygenase in terms of its total turnovers for

the substrate H»(3,5-DTBC).

-Bu
+-B

t-Bu Oa o
'OII, "%’.\\O‘ t-BU

T A
u O 00 © t-Bu

t-Bu
-Bu

Figure 4. The catalytic-cycle resting state [VO(3,5-DTBC)(3,5-DBSQ)]..

Chapter VII of this dissertation investigates the dioxygenase catalytic activity of a
related but different precatalyst, namely V(3,6-DTBC),(3,6-DBSQ). In addition Chapter
VIII looks at extending the list of substrates for which [VO(3,5-DTBC)(3,5-DBSQ)], as
well as V(3,6-DTBC),(3,6-DBSQ) and [MoO(3,5-DTBC),]; act as dioxygenase

precatalysts.
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¢. R—H substrates

While catechols are interesting dioxygenase substrates, one of the “Holy Grail”
dioxygenase reactions involve insertion of dioxygen into R—H bonds. A synthetic
dioxygenase capable of performing this dioxygen insertion does not yet exist, although
one claimed dioxygenase has appeared in the literature, as discussed next.

i. Ru-containing polyoxometalate claimed dioxygenase. In 1997 and 1998, the
sandwich polyoxometalate [WZn;Ru'"2(OH)(H20)(ZnWoO34)2]2 (Figure 5) was reported
to be a dioxygenase catalyst for converting adamantane into 1-adamantanol and 2-
adamantanone.'®'” However, upon reinvestigation of
[WZn;Ru",(OH)(H,0)(ZnWs034)]> in 2005 by Yin and Finke,”® the mechanism of
forming 1-adamantanol and 2-adamantanone was revealed to actually be a radical-chain
autoxidation, and not dioxygenase, pathway. Interestingly, the same yields of oxidation
products were observed by both the prior research group and Yin and Finke, providing
strong evidence that they were examining the same catalyst. Chapter IX of this
dissertation investigates the actual composition of
“IWZn;Ru"",(OH)(H,0)(ZnW,0s4):]27, 1, specifically the question of “have 2.0
equivalents of Ru been incorporated into the parent polyoxoanion

[WZn3(H20)2(ZnWgO34)2]27”.

III. Summary
Dioxygenases are an important class of catalysts able to insert two oxygen atoms
from O, into a substrate under mild conditions. One important synthetic dioxygenase in

the literature is the catechol dioxygenase [VO(3,5-DTBC)(3,5-DBSQ)]>. In prior work,
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Yin and Finke showed that [VO(3,5-DTBC)(3,5-DBSQ)], is a catalytic-cycle resting
state for Hz(3,5-DTBC) with a record >100,000 total turnovers of H»(3,5-DTBC)
dioxygenase catalysis using O,. On the other hand,
[WZn3RuI"2(0H)(H20)2(ZﬂW9034)2]2 turns out to be a nearly Ru-free autoxidation

catalyst rather than the previously claimed dioxygenase catalyst.
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CHAPTER VII

SYNTHESIS AND CHARACTERIZATION OF VY(3,6-DBSQ)(3,6-DBCat),, A d°

METAL COMPLEX WITH DIOXYGENASE CATALYTIC ACTIVITY

This dissertation chapter contains the manuscript of a communication published in
Inorganic Chemistry 2009, 48, 13496-13498. This chapter presents the synthesis,
characterization and initial dioxygenase catalytic activity studies of the new complex
VvY(3,6-DBSQ)(3,6-DBCat), (where 3,6-DBSQ = 3,6-di-tert-butylseminquinone and 3,6-
DBCat = 3,6-di-tert-butylcatecholate).

The manuscript was prepared by Aimee M. Morris with near infrared, infrared,
and EPR spectroscopy interpretation completed with the assistance by Prof. Cortlandt G.
Pierpont. In addition, Profs. Cortlandt G. Pierpont and Richard G. Finke assisted with the

writing and editing.



Synthesis and Characterization of V¥(3,6-DBSQ)(3,6-DBCat),, a d’ Metal Complex

with Dioxygenase Catalytic Activity

Aimee M. Morris, Cortlandt G. Pierpont, and Richard G. Finke

Abstract

Transition-metal complexes containing redox-active quinoid ligands are of
interest because of their catalytic capabilities in multielectron, substrate-activation
reactions such as dioxygenase catalysis using O,. The new catecholate complex VV(3,6-
DBSQ)(3,6-DBCat); (where 3,6-DBSQ = 3,6-di-tfert-butylsemiquinone and 3,6-DBCat =
3,6-di-fert-butylcatecholate) was synthesized by combining VO(acac), with 1 equiv of
3,6-DBBQ (where 3,6-DBBQ = 3,6-di-fert-butylbenzoquinone) and 2 equiv of Hy(3,6-
DBCat) in dry methanol under an inert atmosphere. The resultant complex was
characterized by single-crystal X-ray diffraction, elemental analysis, near-IR, UV/vis,
and electron paramagnetic resonance (EPR) spectroscopy. The crystallography as well as
the near-IR and EPR studies suggest that the radical spin is localized on the 3,6-DBSQ
ligand at room temperature, making V"(3,6-DBSQ)(3,6-DBCat), a type 1 mixed-valence
complex. Initial dioxygenase catalysis studies reveal that V" (3,6-DBSQ)(3,6-DBCat), is
a good dioxygenase precatalyst for the substrate H,(3,6-DBCat) with O in ca. 600 total
turnovers to > 93% intra- and extradiol products with only 1-2% of the undesired

benzoquinone autoxidation product.
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Main Text

Studies on the coordination chemistry of transition metal complexes containing
redox-active quinoid ligands have recently been focused on multi-electron substrate-
activation reactions that use electron density derived from the ligands without a changel'4
in metal oxidation state.” By far the most common substrate is dioxygen, which is well-
known to add to nucleophilic metal complexes; dioxygen also adds to complexes
containing a-diamide and catecholate ligands without a change in oxidation state at the
metal.>? Reactions of this type are relevant to the mechanism of oxygen-activation in
enzymatic and synthetic catechol oxidation reactions.* For example,
peroxosemiquinonate complexes, proposed as intermediates in catechol oxidation
reactions, have been formed reversibly for catecholate complexes of antimony(V)
demonstrating that O reduction is mediated by the catecholate ligand.®

In much earlier work with tris(catecholato) complexes of Mo(VI) and V(V), it
was observed that O, addition leads to the formation of oxo-bis(catecholato) species with
release of o-benzoquinone.”® These reactions demonstrate that there are three potential
products that may be formed by the addition of O to a d° metal complex containing a
reduced quinoid (catecholate) ligand without a change in metal oxidation state, namely

reactions and products (1) — (3).
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These reactions can be taken a step further with the insertion of O, into a catechol
C-C bond to give the ring-opened products associated with the intra- and extradiol
dioxygenase enzymes and related synthetic systems.® Recent structural characterization
on an extradiol dioxygenase enzyme at various stages in the catalytic cycle has provided
evidence for an iron-peroxosemiquinonate intermediate.’

The catechol used most frequently in reactions that model catechol dioxygenase
catalytic activity is 3,5-di-tert-butylcatechol [H,(3,5-DBCat); note once deprotonated,
H,(3,5-DBCat) becomes the catecholate 3,5-DBCat]'® due to its commercial availability
and the activating effect of the tert-butyl substituents. Reactions have been studied with a
wide variety of metals, but the two metals studied most extensively are iron, due to its
biological relevance, and vanadium due to its catalytic efficiency."’

Earlier reactions between either V(CO)s and 3,5-di-tert-butyl-1,2-benzoquinone
(3,5-DBBQ) or VO(acac), and Hy(3,5-DBCat) were both observed to form “V(3,5-
DBQ);” under inert conditions (where 3,5-DBQ = 3,5-di-tert-butylquinoid).” EPR
characterization established that “V(3,5-DBQ);” had a ligand-based S= %2 spin ground
state that might be associated with a V'"(3,5-DBSQ); (where 3,5-DBSQ=3,5-di-tert-
butylsemiquinone) species with strong V-SQ antiferromagnetic spin coupling, or with the

redox isomer V"(3,5-DBSQ)(3,5-DBCat), and its mixed-charge ligands.” In the presence
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of trace quantities of O,, the product was observed to form dimeric [VYO(3,5-
DBSQ)(3,5-DBCat)],.”* In the presence of excess oxygen [VO(3,5-DBSQ)(3,5-DBCat)];
reacts further to ultimétely give V,0s and 3,5-DBBQ,” but in the presence of excess
H,(3,5-DBCat) the dimeric complex serves as an exceptionally long-lived catalyst for
catechol oxidation with >10’ turnovers of Hy(3,5-DBCat) to produce well-characterized
intra and extradiol dioxygenase products.'?

However, less investigated are metal complexes containing 3,6-DBCat

13.1% 4r catechol oxidation catalysis'* using Ha(3,6-DBCat). The symmetrical

ligands,
distribution of tert-butyl substituents should have the advantages of (i) leading to a less
complicated series of organic oxidation products, relative to Hx(3,5-DBCat); and (ii)
monomeric metal precursors and possibly catalysts should be favored by the disposition
of tert-butyl substituents adjacent to the catecholate oxygens which, in turn, should
disfavor bridging interactions to a second metal center. However, these and other
advantages (or disadvantages) of 3,6-DBCat remain less investigated in comparison to
3,5-DBCat. "™

Herein we report that the reaction between VO(acac); and a 2 : 1 mixture of
H,(3,6-DBCat) and 3,6-DBBQ in dry methanol gives a new, octahedral monomeric
product of formula: VY(3,6-DBSQ)(3,6-DBCat), (1). In addition, we find that 1 is a good
H,(3,6-DBCat) dioxygenase precatalyst,' leading to ~600 total catalytic turnovers (TTO)
to more than 93% intra- and extra-diol dioxygenase products, with very little (1-2%) of
the undesired benzoquinone autoxidation product, vide infra.

Complex 1 was synthesized according to equation (4). The bulk sample

composition, verified by elemental analysis (Galbraith Laboratories, Inc. Knoxville, TN),
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is consistent with the formula V(3,6-DBSQ)(3,6-DBCat),*CH3;OH. Calc. [found]: V, 6.85

[6.58]; C, 69.43 [69.91]; H 8.67 [8.90].

dry MeOH

VIVO(acac), + 3,6-DBBQ + 2 H,(3,6-DBCat) ————> @

VY(3,6-DBSQ)(3,6-DBCat), + 2 acacH + H,0

Crystallographic characterization'® is consistent with the bulk sample composition
and reveals that 1 consists of charge-localized SQ and Cat ligands. Complex 1 is located

about a crystallographic two-fold axis that bisects the semiquinonate ligand, Figure 1.

Figure 1. 50% probability thermal ellipsoid plot of V(3,6-DBSQ)(3,6-DBCat),.
Relevant to the structure of 1 is that prior structure determinations of complexes

containing mixed-charge SQ and Cat ligands, C-O lengths have been diagnostic of the

reduction level of the quinone ligand.!” In this case as well, the C—O length for the ligand
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located along the two-fold axis is at a SQ value, 1.298(3) A, the C-O lengths for the
independent Cat ligand are 1.330(4) and 1.336(4) A, and the C—C length between ring C1
and C2 carbon atoms is significantly longer for the SQ ligand (1.466(6) A) than for the
Cat ligand (1.421(5) A), Table 1. The C—C lengths at the ring 3-4 and 5-6 positions are
generally found to be contracted for SQ ligands (C16—C17 of the structure
determination), and this is the case for the 3,6-DBSQ ligand with a value of 1.364(4) A.
However, lengths at these positions for the Cat ligand are found to be similarly contracted
(1.376(5), 1.373(6) A, Table 1) suggesting some SQ character for this ligand that could
result from either crystallographic disorder or a shift in charge distribution to,

conceivably, a VI(3,6-DBSQ); redox isomer.

Table 1. Selected bond lengths (A) for V(3,6-DBSQ)(3,6-DBCat),.

Cat ligands SQ ligands
V-0l 1.868(2) | V-O2  1.898(2) | V-O3 1.971(2)
C1-01 1.330(4) | C2-02 1.326(4) | C15-03 1.298(3)
Cl-C2 1.421(5) C15- 1.466(6)
CI5A
C3-C4 1.376(5) | C5-C6 1.373(6) | C16-C17  1.364(4)

The related complex of manganese was found to undergo a shift in charge

distribution, from Mn""

(3,6-DBSQ); at temperatures just above room temperature to
Mn'Y(3,6-DBSQ),(3,6-DBCat) at lower temperatures.’*® This equilibrium could be
monitored by the appearance of a ligand to ligand’ intervalence transfer (LL’IT)
transition at 2300 nm for the complex at low temperature. However, electronic spectra

obtained for the vanadium complex 1 in solution (Figure 2 and Figure S4 of the SI) and

in the solid state (Figure S1-S3 of the SI) show no evidence for a shift in charge between
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the Cat and SQ ligands. Spectra recorded in both media show an intense absorption at
670 nm'® (¢ = 33,000-38,000 M'cm™, concentrations = 2.2 x 10°-9.4 x 10° M in
toluene), similar to the 668 nm band (& ~ 27,000 M'em™) observed for [VO(3,5-
DBSQ)(3,5-DBCat)], in toluene.!" No other absorptions at lower' energy that might be
associated with a precedented'*** Type 2 mixed-valence complex (where the region is

~2100 nm"***) are observed for 1, at least at room temperature.

Absorbance
et © ©
IS o )

o
o

0

300 400 500 600 700 BOO
wavelength (nm)

Figure 2. UV/Vis spectra of 2.2 x 10° M V(3,6-DBSQ)(3,6-DBCat), in toluene and
under an inert atmosphere at room temperature.

The isotropic EPR spectrum recorded for V"(3,6-DBSQ)(3,6-DBCat); in toluene
confirms the charge-localized nature of the complex at room temperature. The spectrum,
shown in Figure 2, is that of the 3,6-DBSQ radical, weakly coupled with the 1= 7/2 Sty
center, with additional coupling from the two SQ ring protons at carbon atoms C4 and C5
(C17 and C17A of the structure determination). The spectrum is centered about a <g>
value of 2.0058, and a reasonable simulation could be obtained with A(SIV) of 347G
and A('H) of 4.53 G. This is in contrast to the nine-line spectrum with <g> value of

2.004 along with AC’'V) and A('H) of 2.85 and 0.35 G, respectively, observed for
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[VO(3,5-DBSQ)(3,5-DBCat)],.** Together, the electronic and EPR spectra of 1 point to
a charge localized, Type 1 mixed-valence formulation for VV(3,6-DBSQ)(3,6-DBCat)2
with no contribution from, for example, V'"(3,6-DBSQ), again at room temperature.

Studies of other temperatures would be valuable and are in progress.

Figure 3. EPR spectrum of V(3,6-DBSQ)(3,6-DBCat), in toluene and under an inert
atmosphere at 23 °C.

Preliminary studies examining the catalytic activity of 1 plus the substrate H,(3,6-
DBCat) under O, show that the products and yields shown in equation (5) are obtained
according to GC-MS identification and GC quantitation. Importantly, as eq (5)
summarizes, >93% dioxygenase products are obtained with 1 along with only 1-2% of
the undesired autoxidation product, benzoquinone (the ranges of the products shown
represent the small variability in three repeat catalytic runs). In addition, even these initial
catalytic results demonstrate the catalytic dioxygenase capability derived from 1 of ca.
600"’ TTOs for the substrate Hy(3,6-DBCat). Additional studies of the dioxygenase

activity derived from 1 are currently underway."
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To summarize, herein we have described the synthesis of the catecholate complex
V(3,6-DBSQ)(3,6-DBCat),, 1, and itsvcharacterization by single crystal X-ray diffraction,
elemental analysis, near IR, UV/Vis, and EPR. The data reveal that 1 is a type 1 mixed
valence compound at room temperature with localized radical spin on the 3,6-DBSQ
ligand. Catalysis of H,(3,6-DBCat) plus O plus 1 as the precatalyst gives intra and
extradiol dioxygenase products along with 1-2% of the autoxidation product
benzoquinone in ca. 600 TTOs of catalysis. Future studies and a full report on the
dioxygenase catalytic activity of 1 as well as other V and Mo catecholate complexes will

be reported in due course."
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EXPERIMENTAL

Materials

The following were obtained from the indicated sources, then used as received:
TiCls (Aldrich, 99.9%), Ag,0 (Aldrich, 99%), catechol (Aldrich, >99%), toluene
(Aldrich, 99.8%, anhydrous), xylenes (Fisher Scientific, ACS grade), isobutylene
(Aldrich, 99%), hexanes (Fisher Scientific, ACS grade), methylene chloride (Fisher, ACS
grade), diethyl ether (Aldrich, HPLC grade), n-pentane (Fisher, pesticide grade), and
VO(acac), (Aldrich, 95%; stored in a Vacuum Atmospheres N, drybox).
Instrumentation

'"H NMR was run on a Varian Inova (JS-300) nuclear magnetic resonance (NMR)
spectrometer using CDCls as the solvent. The '"H NMR was referenced to the residual
proton impurity in the deuterated solvent. Diffraction data were collected on a Bruker
APEX?2 diffractometer employing Mo Ka radiation. Standard Bruker APEX2 control
and integration software was employed, and Bruker SHELXTL' software was used for
structure solution, refinement, and graphics. SADABS? correction was employed and the
structure was solved by direct metﬁods and refined by a full-matrix, weighted least-
squares process. In addition, PLATON’s SQUEEZE function was used to refine the
disordered methanol solvent. The IR spectrum was collected on an Avatar 360 FT-IR
spectrometer with a solid KBr sample pellet. The near IR spectrum was obtained with a
solid KBr sample pellet on a Perkin-Elmer Lambda 9 UV-visible near-IR
spectrophotometer. Solution UV/vis measurements were obtained on a Hewlett-Packard

8452A diode spectrometer in glass, Schlenk UV cells (i.e., cells with a Teflon valve
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glass-blown onto a standard pyrex glass cuvette). Electron paramagnetic resonance
(EPR) spectra were recorded on a Bruker ESP-300E spectrometer using a 5-mm o.d.
quartz j-young EPR tube with 2,2-diphenyl-1-picrylhydrazyl (DPPH) as the reference
compound (g=2.0037). Elemental analyses were performed by Galbraith Laboratories,
Inc. (Knoxville, TN). Positive and negative ion electrospray ionization mass
spectrometry analyses were performed on an Agilent model 6220 TOF mass

spectrometer.

Synthesis of 3, 6-di-tert-butylcatechol H,(3,6-DBCat)

The H,(3,6-DBCat) synthesis was carried out in a Parr pressure reactor (model
4561) made of Monel 400 alloy. The reactor is equipped with a pressure gauge and
automatic temperature controller. The interior of the reactor contains an impeller,
thermocouple, cooling loop, and dip tube, all of which are in contact with the reaction
solution. A glass liner was dried overnight at 160 °C and used to avoid contact of the
solution with the interior of the reactor. H,(3,6-DBCat) was synthesized according to
previously published literature methods,” but with the following changes: (i) the reaction
was scaled down by a factor of five in order to accommodate our Parr bomb reactor
volume (~300 mL) and not exceed a pressure of 16 atm, as described in the literature,’
(ii) the reaction was run at 150 °C instead of 100 °C, and the reaction time was extended
from 1.5 hours to 4 hours because the reaction is not complete at 1.5 hours as monitored
by the pressure loss. In addition, following the vacuum distillation, the product was
purified by recrystallizating twice in hot n-pentane (purified yield 4 g (12 %)). The

purified product was characterized by "H NMR in CDCl; and MS. Observed [previously
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reported’]: 6.75 [6.59]; 5.33 [5.11]; and 1.39 [1.31] ppm in a 1:1:9 ratio. GC-MS found

for Ci4H»10,, m/z 221 H(3,6-DBCat)'.

Synthesis of 3,6-Di-tert-butyl-1,2-benoquinone (3, 6—DBBQ)

3,6-DBBQ was synthesized according to the literature procedure.® Specifically,
0.899 g (4.04 mmol) of pure 3,6-DBCat was dissolved in ~10 mL of diethyl ether with
stirring. Upon addition of 2.000 g (8.63 mmol) of Ag,O (in excess), the solution
immediately turns green. Stirring was continued for ~5 minutes and then the grey solid
(Ag) was filtered off using a medium frit. The solution was rotovapped to dryness
yielding crude 3,6-DBBQ. The crude 3,6-DBBQ was then purified by column
chromatography. The column (450 x 30 mm) was packed with a slurry of silica gel
(Aldrich 70-230 mesh, 100 g, suspended in ~200 mL of n-hexanes). The crude 3,6-
DBBQ was dissolved in ~3 mL of CH,Cl,, placed on top of the column and eluted with
~500 mL of CH,Cl,. The green colored fractions were combined and rotovapped to
dryness. The purified 3,6-DBBQ was then dried under vacuum at room temperature
overnight. Yield 0.127 g (14 %). '"H NMR in CDCl; observed [previously reported’]:
6.81 [6.17] and 1.27 [1.21] ppm in a 1:9 ratio. GC-MS found for C14H200,Na, m/z 243

(3,6-DBBQ+Na").

Synthesis of V(3,6-DBSQ)(3,6-DBCat)
V(3,6-DBSQ)(3,6-DBCat), was synthesized under Ar by distilling at 70 °C dry
methanol over the stirring mixture of VO(acac), (68.0 mg, 0.256 mmol), H,(3,6-DBCat)

(114 mg, 0.511 mmol), and 3,6-DBBQ (58.3 mg, 0.265 mmol) over the course of ~2

303



hours. The resultant solution was deep blue. The entire apparatus was sealed and placed
in the freezer to induce crystallization which occurred overnight. The apparatus was then
transferred into a N, atmosphere drybox and the resultant deep-blue solid was filtered
over a medium frit and dried under vacuum at room temperature overnight. Yield 121
mg (66 %). Elemental analysis (Galbraith Laboratories, Inc. Knoxville, TN) was
consistent with V(3,6-DBSQ)(3,6-DBCat),*CH;OH. Calc. [found]: V, 6.85 [6.58]; C,

69.43 [69.91]; H 8.67 [8.90].

CHARACTERIZATION

X-ray Diffraction

The single crystal was removed from the mother liquor after the freezer induced
crystallization (vide supra), mounted on a goniometer, and data collection was started.
The X-ray data, atomic coordinates, anisotropic displacement, bond length, and bond
angle tables for the structure solution of V(3,6-DBSQ)(3,6-DBCat), can be seen in Tables

S1-S4 below.

Table S1. Crystal data and structure refinement for V(3,6-DBSQ)(3,6-DBCat),.

Identification code: rf110r Om
Empirical formula: C42HgoOgV
Formula weight: 711.84
Temperature: 296(2) K
Wavelength: 0.71073

Crystal system: orthorhombic
Space group: Ccca

Unit cell dimensions:
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a: =19.9969(17) A alpha =90°
b: =23.740(2) A beta = 90°
c:=18.1741(16) A gamma = 90°
Volume, Z: 8627.8(13) A%, 8
Density (calculated): 1.096 mg/m’
Absorption coefficient: 0.270 mm™
F(000): 3064
Crystal size: 0.36 x 0.10 x 0.07 mm
Eange for data collection: 1.74 to 23.53°
Limiting indices: -22 <0 <22,-26 <6 <26, -20 <0 <20
Reflections collected: 14529
Independent reflections: 3222 (R(int) = 0.0819)
Completeness to 23.53°, 99.9 %
Max. and min. transmission: 0.9826 and 0.9080
Refinement method: Full-matrix least-squares on F
Data / restraints / parameters: 3222/ 0/ 331
Goodness-of-fit on F*: 1.071
Final R indices: R1 =0.0540, wR2 = 0.1195
R indices (all data): R1 = 0.0840, wR2 = 0.1325
Largest diff. peak and hole: 0.436 and -0.356

Table 2. Atomic coordinates [ x 10*] and equivalent isotropic displacement parameters
[x 10°] for V(3,6-DBSQ)(3,6-DBCat),. U(eq) is defined as one third of the trace of the
orthogonalized tensor.

X y z  U(q)

V(1) 2500 5000 385(1)  23(1)
O(1)  2995(1)  4533(1)  1008(1)  24(1)
0(2)  1924(1)  4364(1)  405(1)  25(1)
03)  1992(1)  5311(1)  -451(1)  26(1)
C(l)  2825(2) 3991(1) 1007(2)  30(1)
C2)  2191(2) 3897(1)  67822)  26(1)
C(3)  1900(2) 3359(1)  632(2) 40(1)
C4)  2279(3) 2943(2)  956(3)  68(2)
C(5)  2906(3) 3032(2) 1278(3)  75(2)
C6)  3207(2) 3551(2) 1307(2)  48(1)
C(7)  124002) 3261(2)  226(2)  44(1)
C(8)  1038(4) 2634(2)  242(4)  78(2)
C(9) 6772)  3601(2)  590(3)  56(1)
C(10)  1314(2) 34372) -581(2) 41(1)
C(11)  3921(3)  3660(2) 1598(3)  65(2)
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C(12)  3880(3)  4028(2)
C(13)  4257(3)  3097(2)
C(14)  4344(3)  3931(4)
C(15)  2204(2)  5182(1)
C(16)  1912(2)  5372(1)
C(17)  22192)  5185(1)
C(18)  1291(2)  5750(2)
C(19)  712(2)  5429(2)
C(20)  1078(2)  5909(2)
C21)  1441(3)  6296(2)

2285(3)
1815(4)
1004(4)
-1104(2)
-1769(2)
-2394(2)
-1757(2)

-1392(2)

-2544(2)
-1340(2)

58(1)
162(4)
102(3)
23(1)
25(1)
29(1)
34(1)
44(1)

47(1)
47(1)

Table S3. Bond lengths [A] and angles [°] for V(3,6-DBSQ)(3,6-DBCat),.

V(1)-0(1)
V(1)-O(1)#1
V(1)-0(2)
V(1)-0(2)#1
V(1)-0(3)
V(1)-0(3)#1
0(1)-C(1)
0(2)-C(2)
0(3)-C(15)
C(1)-C(6)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(7)
C(4)-C(5)
C(5)-C(6)
C(6)-C(11)
C(7)-C(10)
C(7)-C(9)
C(7)-C(8)
C(11)-C(14)
C(11)-C(12)
C(11)-C(13)
C(15)-C(16)

C(15)-C(15)#1

C(16)-C(17)
C(16)-C(18)

C(17)-C(17)#1

C(18)-C(21)

1.868(2)
1.868(2)
1.898(2)
1.898(2)
1.9712)
1.971(2)
1.330(4)
1.326(4)
1.298(3)
1.404(5)
1.421(5)
1.406(5)
1.376(5)
1.530(5)
1.399(7)
1.373(6)
1.543(6)
1.533(5)
1.534(6)
1.543(6)
1.514(9)
1.527(6)
1.548(6)
1.415(4)
1.466(6)
1.364(4)
1.533(5)
1.428(7)
1.532(5)
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C(18)-C(19)

1.536(5)

C(18)-C(20) 1.539(5)
O(1)-V(1)-O(1)#1  105.38(12)
0(1)-V(1)-0(2) 80.66(9)
O(1)#1-V(1)-0(2) 97.99(9)
0(1)-V(1)-O(2)#1 97.99(9)
O(D#1-V(1)-02)#1  80.66(9)
0(2)-V(1)-O(2)#1  177.80(13)
0(1)-V(1)-0(3) 164.25(9)
O(1)#1-V(1)-0(3) 88.39(8)
0(2)-V(1)-0(3) 90.01(9)
O2)#1-V(1)-0(3) 91.68(9)
0(1)-V(1)-O(3)#1 88.39(8)
O(1)#1-V(1)-03)#1  164.25(9)
0(2)-V(1)-0(3)#1 91.68(9)
OQ)#1-V(1)-03)¥1  90.01(9)
0(3)-V(1)-0(3)#1 79.16(12)
C(1)-0(1)-V(1) 116.01(19)
C(2)-0(2)-V(1) 115.4(2)
C(15)-0(3)-V(1) 116.67(19)
0(1)-C(1)-C(6) 125.5(3)
0(1)-C(1)-C(2) 112.3(3)
C(6)-C(1)-C(2) 122.2(3)
0(2)-C(2)-C(3) 124.9(3)
0(2)-C(2)-C(1) 112.7(3)
C(3)-C(2)-C(1) 122.4(3)
C(4)-C(3)-C(2) 113.6(4)
C(4)-C(3)-C(7) 124.9(3)
C(2)-C(3)-C(7) 121.5(3)
C(3)-C(4)-C(5) 124.3(4)
C(6)-C(5)-C(4) 123.0(4)
C(5)-C(6)-C(1) 114.4(4)
C(5)-C(6)-C(11) 124.7(4)
C(1)-C(6)-C(11) 120.7(4)
C(3)-C(7)-C(10) 109.7(3)
C(3)-C(7)-C(9) 110.2(3)
C(10)-C(7)-C(9) 109.9(4)
C(3)-C(7)-C(8) 111.3(4)
C(10)-C(7)-C(8) 107.8(4)
C(9)-C(7)-C(8) 107.9(5)
C(14)-C(11)-C(12)  111.7(5)
C(14)-C(11)-C(6)  110.1(4)
C(12)-C(11)-C(6)  109.1(4)
C(14)-C(11)-C(13)  107.8(6)
C(12)-C(11)-C(13)  107.9(4)
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C(6)-C(11)-C(13)
0(3)-C(15)-C(16)
0(3)-C(15)-C(15)#1
C(16)-C(15)-C(15)#1
C(17)-C(16)-C(15)
C(17)-C(16)-C(18)
C(15)-C(16)-C(18)
C(16)-C(17)-C(17)#1
C(21)-C(18)-C(16)
C(21)-C(18)-C(19)
C(16)-C(18)-C(19)
C(21)-C(18)-C(20)
C(16)-C(18)-C(20)
C(19)-C(18)-C(20)

110.2(4)
124.9(3)

113.75(17)
121.39(18)
114.9(3)
124.5(3)
120.5(3)
123.66(19)
110.1(3)
110.8(3)
109.1(3)
107.8(3)
110.7(3)
108.4(3)

Symmetry transformations used to generate equivalent atoms#1: -x+1/2,-y+1,z

Table S4. Anisotropic displacement parameters [x 10°] for V(3,6-DBSQ)(3,6-DBCat),.

Ull  U22 U33 U23 UI3 UI2
V() 27(1) 26(1) 16(1) 0 0 4(1)
o(1) 25(1) 28(1) 17(1) -2(1) o)  3(1)
0@2) 26(1) 27(1) 22(1) 2(1) -41)  5(1)
o(3) 311 28(1) 18(1) o) 3(1)  81)
C(l) 392) 2822) 21(2) -32) -72) 6(2)
C2) 332 2822 172 0O -32) 5(Q2)
C3) 61(3) 27(2) 31(2) -12) -122) -8(2)
C@4) 1134) 20(2) 693) 3(2) -433) -9Q2)
C(5) 122(5) 30(2) 73(3) 0Q2) -693) 12(3)
C6) 693) 32(2) 422) -6(2) -292) 16(2)
C(7) 553) 40(2) 36(2) -6(2) -12(2) -14(2)
C(8) 112(5 59(4) 62(4) -1(3) -32(4) -45(4)
C(9) 46(3) 80(4) 41(3) -123) -42) -28(3)
C(10) 47(3) 40(3) 352) -92) -7(2) -3(2)
C(11) 76(3) 50(3) 69(3) -292) -53(3) 35(2)
C(12) 64(4) 64(3) 47(3) -133) -253) 9(3)
C(13) 184(7) 71(4) 229(8) -655) -179(7) 80(4)
C(14) 44(4) 172(8) 90(5) -66(5) -24(3) 54(4)
C(15) 27(2) 20Q2) 22(2) -21) 22 -3(1)
C(16) 252) 28(2) 22(2) -12) -12) 1(Q2)
C(17) 28(2) 38(2) 20Q2) 52 -62 0Q)

308



C(18) 36(2) 43(2) 232 0Q2) -32) 13(2)
C(19) 322) 68(3) 31(2) 22) 52) 14(2)
CR0) 473) 61(3) 312) 3(2) -72) 2003)
C2l) 61(3) 42(2) 373) 0Q2) -102) 21(2)

Near IR Spectrum

The room temperature near IR region was scanned to look for ligand-ligand

charge-transfer bands; none were observed from 300 to 3000 nm, Figure S1.

3.5

Absorbance
N
N (V2]

[
wn

]

0-5 H L 1 +
300 900 1500 2100 2700
wavelength (nm)

Figure S1. The near IR region of V(3,6-DBSQ)(3,6-DBCat), at room temperature. No
ligand-ligand charge transfer bands are present from 300 to 3000 nm. The small peak
observed near 3000 nm is due to the residual water OH stretching from the KBr.

IR Spectrum

In order to test for a low energy ligand-ligand charge transfer band, the IR region

was also scanned at room temperature. Again, no ligand-ligand charge transfer band is

309



observed from 400 to 4000 cm™ indicating that the charge is localized on a single

semiquinone ligand of V(3,6-DBSQ)(3,6-DBCat),.
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Figure S2. The IR region of V(3,6-DBSQ)(3,6-DBCat); at room temperature. The
normal C-O, C-C, and C-H stretching bands are present, but no ligand-ligand charge
transfer band is observed, at least at room temperature.

Solid-State and Solution UV/Visible Spectra
The solid-state UV/Visible spectrum is shown in Figure S3. Note that the same
peaks are present as in the solution spectrum (Figure 2 of the main text and Figure S4),

but the peaks around ~300 and 405 nm are not as pronounced in the solid-state spectrum.
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Figure S3. UV/Vis spectrum of V(3,6-DBSQ)(3,6-DBCat), prepared as a KBr pellet and
at room temperature.

The UV/Vis of V(3,6-DBSQ)(3,6-DBCat), was taken in toluene, both under an
inert N, atmosphere and after bubbling the solution with O,, all at room temperature.
The solution spectra can be seen in Figure S3 below. Note that upon exposure to O, the
peak at ~670 nm diminishes, but the peaks at ~405 and 300 nm remain. This is
analogous to what is observed with [VO(3,5-DBSQ)(3,5-DBCat)],.” That is, the peak at
668 nm diminishes upon exposure to O, while the peak at 294 nm remains. The products
of this reaction with just O, (i.e., and in the absence of additional, non-bound substrate)
have not been characterized, in part since they are under non-catalytic conditions, but still

may be of interest for further studies.
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Figure S4. UV/Vis spectra of V(3,6-DBSQ)(3,6-DBCat), in toluene under an inert
atmosphere and after bubbling with O,, all at room temperature. The spectra show the
disappearance of the 670 nm band and also the retention of the 300 and 405 nm bands
with exposure to O,. The products of this reaction under non-catalytic conditions
remains to be identified.
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CHAPTER VIII

DIOXYGENASE CATALYSIS BY d’ METAL-CATECHOLATE COMPLEXES
CONTAINING VANADIUM AND MOLYBDENUM FOR H,(3,5-DTBC) and

H(3,6-DTBC) SUBSTRATES

This dissertation chapter contains a Journal of Molecular Catalysis A manuscript
that is currently in press. The chapter presents the dioxygenase catalytic result of the
three precatalysts, [VO(3,5-DTBC)(3,5-DBSQ)]2, V(3,6-DTBC)x(3,6-DBSQ), and
[MoO(3,5-DTBC),], (where 3,5-DTBC = 3,5-di-tert-butylcatecholate and 3,5-DBSQ =
3,5-di-tert-butylsemiquinone) with the substrates H,(3,5-DTBC) and the relatively little
studied substrate, H,(3,6-DTBC).

The experiments were carried out by Aimee M. Morris, who also prepared the

manuscript with editing from Profs. Cortlandt G. Pierpont and Richard G. Finke.



Dioxygenase Catalysis by d’ Metal-Catecholate Complexes Containing Vanadium

and Molybdenum for H»(3,5-DTBC) and H,(3,6-DTBC) Substrates

Aimee M. Morris, Cortlandt G. Pierpont, and Richard G. Finke

Abstract

Facile synthetic dioxygenases, catalysts that can split O, and place both oxygen
atoms selectively into 2 olefins to yield 2 epoxides or into 2 C—H bonds to yield 2
alcohols, remain a “Holy Grail” of oxidation catalysis. Recently, it was shown that
[VO(3,5-DTBC)(3,5-DBSQ)]: (where 3,5-DTBC and 3,5-DBSQ are 3,5-di-tert-
butylcatecholate and 3,5-di-tert-butylsemiquinone, respectively) is the cycle resting state
of a record catalytic lifetime catechol dioxygenase catalyst (100,000 total catalytic
turnovers) for the substrate 3,5-di-tert-butylcatechol, H,(3,5-DTBC) (Yin, C.-X.; Finke,
R. G.J Am. Chem. Soc. 2005, 127, 9003-9013). Herein we show that the precatalyst
V(3,6-DTBC),(3,6-DBSQ) also gives dioxygenase products for the substrate Hy(3,5-
DTBC), notably the same dioxygenase products in similar yields as seen for [VO(3,5-
DTBC)(3,5-DBSQ)],. EPR studies show that the same g=2.003-2.004 species are present

in solution throughout the oxidation reaction for both [VO(3,5-DTBC)(3,5-DBSQ)]; and
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V(3,6-DTBC),(3,6-DBSQ). The similar products, product yields, and EPR spectra
observed suggest that both [VO(3,5-DTBC)(3,5-DBSQ)], and V(3,6-DTBC)»(3,6-DBSQ)
are feeding into the same catalytic cycle. In addition we have expanded the substrates to
include H,(3,6-DTBC), a substrate of interest for its higher symmetry, structurally
simplified organic products, and steric hindrance expected to favor the formation of
monomeric metal-catecholate complexes. The precatalysts [VO(3,5-DTBC)(3,5-
DBSQ)]; and V(3,6-DTBC),(3,6-DBSQ) were examined with H»(3,6-DTBC) and found
to give the same intradiol and extradiol dioxygenase products in the same yields. EPR
studies of [VO(3,5-DTBC)(3,5-DBSQ)], and V(3,6-DTBC),(3,6-DBSQ) with Hy(3,6-
DTBC) show that the same spectra are observed throughout the oxidation, but at different
reaction times. These EPR observations, along with the product studies, suggest that
[VO(3,5-DTBC)(3,5-DBSQ)], and V(3,6-DTBC),(3,6-DBSQ) have a common
mechanistic cycle en route to the H(3,6-DTBC) dioxygenase products, albeit a
mechanism different than that observed for H,(3,5-DTBC) based on observed EPR
spectra and differing product distributions. We also show that oxidation catalysis with
[MoO(3,5-DTBC);], follows primarily an oxidase path leading to the undesired
benzoquinone autoxidation products for both H»(3,5-DTBC) and H,(3,6-DTBC) and with
reaction times one to two orders of magnitude longer than seen for the vanadium
precatalysts. The dramatic difference in product distribution and slower rate for
[MoO(3,5-DTBC),],, along with its lack of a semiquinone ligand in at least this
precatalyst, suggests the hypothesis that the d° vanadium(V) bonded to a semiquinone

ligand in [VO(3,5-DTBC)(3,5-DBSQ)]; and V(3,6-DTBC),(3,6-DBSQ) is a necessary
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component of the superior dioxygenase precatalysts able to produced primarly

dioxygenase products.

1. Introduction

Dioxygenases are an important class of catalysts able, by definiton, to insert both
atoms of O, into a substrate without the use of protons and electrons and hence, without
the production of side products. Dioxygenase enzymes exist in nature but selective and
facile synthetic dioxygenases that can do difficult reactions such as those shown in

Scheme 1 remain a grand challenge or so-called “Holy Grail” in oxidation catalysis [1].

Scheme 1. Desired “Holy Grail” dioxygenase reactions.

2/=+ Oz—>2{O§

2 R—H + 0, ———» 2 R—OH

Catechol dioxygenases are a subset of dioxygenases that catalyze the degradation
of aromatic compounds via intradiol or extradiol cleavage, Scheme 2. Synthetic catechol
dioxygenases have been developed containing Fe(1I/III) [2], V(IV/V) [3,4,5,6,7], Ru(1l)

[8], Rh(III) [9], and other metals [10].
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Scheme 2. Intradiol vs. extradiol cleavage by catechol dioxygenases.

OH
R OH R
l\/\“‘"’( Intradiol dioxygenase X//\\g
o]
Z OH 0, X
OH
H
R/?* OH . A =0 o
|\ ~ Extradiol dioxygenase N
P o, \ OH
OH —
OH

In 1999 a V-containing precatalyst was reported to exhibit a record catalytic
lifetime of more than 100,000 total turnovers with the substrate 3,5-di-tert-butylcatechol,
Hy(3,5-DTBC) [4]." It was subsequently determined that 11 different V-containing
catechol dioxygenase precatalysts all give a common component or catalytic-cycle
resting state of [VO(3,5-DTBC)(3,5-DBSQ)]», where 3,5-DTBC = 3,5-di-tert-
butylcatecholate (which is the deprotonated form of the catechol H,(3,5-DTBC)) and 3,5-
DBSQ = 3,5-di-tert-butylsemiquinone, Figure 1 [5]. The 11 different V-containing
precatalysts were shown to form [VO(3,5-DTBC)(3,5-DBSQ)]» under the dioxygenase
conditions [5,6] to produce both intradiol and extradiol oxidation products from Hx(3,5-
DTBC) [6,7). These observations have led to interest in whether other related d° metal-

catecholate complexes might also be able to produce H»(3,5-DTBC) dioxygenase

! Abbreviations: H,(3,5-DTBC) = 3,5-di-tert-butylcatechol; 3,5-DTBC = 3,5-di-tert-
butylcatecholate, the deprotonated form of Hy(3,5-DTBC); 3,5-DBSQ = 3,5-di-tert-
butylsemiquinone; H;(3,6-DTBC) = 3,6-di-tert-butylcatechol; 3,6-DTBC = 3,6-di-tert-
butylcatecholate; 3,6-DBSQ = 3,6-di-fert-butylsemiquinone; SQ = semiquinone; spiro
product = spiro[ 1,4-benzodioxin-2(3H),2’-[2H]-pyran]-3-one,4°,6,6’,8-tetrakis(1,1-
dimethylethyl); rds = rate determining step.
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products, what the minimum requirements might be for such catechol dioxygenases, and

whether the presence of a semiquinone ligand such as 3,5-DBSQ might be important.

-Bu
B

t-Bu Oa o
IOIl, '/%l-‘\o\ t—BU

B0 7 ~g
O 0o t-Bu

-Bu
-Bu

Figure 1. The catalytic-cycle resting state [VO(3,5-DTBC)(3,5-DBSQ)]..

We recently reported the synthesis and characterization of a related metal-
catecholate complex, V(3,6-DTBC),(3,6-DBSQ) [11]. The complex V(3,6-DTBC),(3,6-
DBSQ) is similar to [VO(3,5-DTBC)(3,5-DBSQ)]: in that it contains catecholate and
semiquinone (SQ) ligands in addition to d° V(V). As noted in structural studies of
complexes containing 3,6-DTBC and 3,6-DBSQ, the presence of tert-butyl substituents at
ring positions adjacent to donor oxygen atoms blocks bridging to adjacent metals of the
type found for [VO(3,5-DTBC)(3,5-DBSQ)], [12]. Such blocking should, in turn, permit
studies on the potential importance of the dimeric structure of [VO(3,5-DTBC)(3,5-
DBSQ)]. on dioxygenase activity. The symmetrical H»(3,6-DTBC) should also lead to a
less complicated series of organic oxidation products relative to Hy(3,5-DTBC), but
possibly at the expense of the catalytic activity. In fact, in an earlier study using an iron

catalyst, Funabiki and co-workers found that an Fe complex containing 3,6-DTBC had
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significantly lower oxidation activity than did the same Fe complex with a 3,5-DTBC
ligand [11].

An additional d° metal-catecholate complex [MoO(3,5-DTBC),], was reported in
1979 as the product of O, addition to Mo(3,5-DTBC); [13]. [MoO(3,5-DTBC),], is of
interest since it has a dimeric structure that is identical to [VO(3,5-DTBC)(3,5-DBSQ)]..
The metal ion (Mo(VI)) is also d°, but the ligands are now all catecholates, a feature
which permits a test of the importance of a semiquinone ligand in at least the precatalyst
en route to obtaining dioxygenase products.

Herein we report the catechol dioxygenase activity for the d° precatalysts
[VO(3,5-DTBC)(3,5-DBSQ)]2, V(3,6-DTBC),(3,6-DBSQ), and [MoO(3,5-DTBC),].
with both H,(3,5-DTBC) and H,(3,6-DTBC) as substrates. In addition to examining
whether V(3,6-DTBC),(3,6-DBSQ) and [MoO(3,5-DTBC);], are able to produce
dioxygenase products for both the H(3,5-DTBC) and H»(3,6-DTBC) substrates, it is of
interest to determine if they function by the dioxygenase mechanism proposed [6,7] for
[VO(@3,5-DTBC)(3,5-DBSQ)], in which half of this dimeric complex is involved in the

actual catalytic cycle.

2. Results and Discussion

2.1. O; Uptake by Solutions of Hy(3,5-DTBC) Plus Precatalysts [VO(3,5-
DTBC)(3,5-DBSQ)],, V(3,6-DTBC)(3,6-DBSQ), or [MoO(3,5-DTBC);],. Dioxygen
uptake plots for solutions containing H(3,5-DTBC) and the precatalysts [VO(3,5-
DTBC)(3,5-DBSQ)]2, V(3,6-DTBC),(3,6-DBSQ), and [MoO(3,5-DTBC),], are shown in

Figure 2. Experiments were carried out with 1.8 mmol of H,(3,5-DTBC), 1-2 umol of

319



precatalyst, 8.2 mL of 1,2-dichloroethane, 40 °C, and 0.8 atm of O,. Figure 2a shows
representative O, uptake curves for the precatalysts [VO(3,5-DTBC)(3,5-DBSQ)],; and
V(3,6-DTBC),(3,6-DBSQ) and reveals that these two V-precatalysts behave kinetically
identical. In Figure 2b, comparison of the O, uptake time by the two V-precatalysts to
that of [MoO(3,5-DTBC),], reveals that the [VO(3,5-DTBC)(3,5-DBSQ)], or V(3,6-

DTBC),(3,6-DBSQ) precatalysts are roughly two orders of magnitude faster than the

[MoO(3,5-DTBC),], precatalyst.

O[VO(3,5-DTBC)(3,5-DBSQ)]2 O[VO(3,5-DTBC)(3,5-DBSQ)]2
IBVv(3,6-DTBC)2(3,6-DBSQ) Bv(3,6-DTBC)2(3,6-DBSQ)
o N A[MoO(3,5-DTBC)2]2
]
3 3 2
v 9 v 4
2 ) : a
3 40 - Fo) 3 N
} = ;™
o o Fa¥
€ A
20 - o) A A
A
#
(o] A 20
0 . Omy—cm-o e
0 2 4 6 0 100 200 300 400
Time (h) Time (h)

Figure 2. (a) The time region between 0 and 6 hours for the precatalysts [VO(3,5-
DTBC)(3,5-DBSQ)]» and V(3,6-DTBC),(3,6-DBSQ) plus H(3,5-DTBC). (b) Three
separate representative O;-uptake curves of the substrate Hy(3,5-DTBC) plus the
precatalyst [VO(3,5-DTBC)(3,5-DBSQ)]2, V(3,6-DTBC)»(3,6-DBSQ), and [MoO(3,5-
DTBC);], on the ca. 6.6-fold expanded time scale vs Figure 2a. The greatly, ca. 102-fold
faster rate of the [VO(3,5-DTBC)(3,5-DBSQ)]; and V(3,6-DTBC)»(3,6-DBSQ) systems
is apparent. The conditions are as follows: 1.8 mmol of substrate, 1-2 umol of
precatalyst, 8.2 mL of 1,2-dichloroethane, 40 °C, and 0.8 atm of O,. Note that the final
pressure in each case has been subtracted from each data point, so that the net pressure
loss to a zero final pressure is shown here and in analogous figures hereafter.
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2.2. Observed Hy(3,5-DTBC) Dioxygenase Plus Oxidase Products and Their
Yields from the O,-Uptake Reactions. At the end of each O,-uptake reaction with H(3,5-
DTBC), the reaction solution was analyzed by gas chromatography (GC) in comparison
to authentic samples as described in the Experimental Section. Scheme 3 shows the
respective Hy(3,5-DTBC) intradiol and extradiol dioxygenase products plus any
benzoquinone oxidase product, along with their yields, observed for the precatalysts

[VO(3,5-DTBC)(3,5-DBSQ)]2, V(3,6-DTBC),(3,6-DBSQ), and [MoO(3,5-DTBC);],.
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The data show that [VO(3,5-DTBC)(3,5-DBSQ)]; and V(3,6-DTBC),(3,6-DBSQ)
give the same dioxygenase products in similar yields for the first two products in Scheme
3, but that V(3,6-DTBC),(3,6-DBSQ) with its sterically more crowded 3,6-DTBC ligand
gives more of the benzoquinone autoxidation product and less of the (somewhat sterically
crowded) spiro product, spiro[1,4-benzodioxin-2(3H),2’-[2H]-pyran]-3-one,4’,6,6,8-
tetrakis(1, l-dimethylethyi). On the other hand, the molybdenum complex [MoO(3,5-
DTBC),]» exhibits quite different reactivity: in addition to taking 2 orders of magnitude
longer to complete the O,-uptake (Figure 2b), it gives a majority (56%) of the
benzoquinone autoxidation product.

The results displayed in Scheme 3 show that V(3,6-DTBC),(3,6-DBSQ) is also an
effective dioxygenase precatalyst for the H,(3,5-DTBC) substrate, albeit one that gives
higher yields of the undesired benzoquinone autoxidation product and lower yields of the
spiro complex. More interesting is that the slow O,-uptake and primarily non-
dioxygenase products seen for [MoO(3,5-DTBC);], suggest, in comparison to the results
for the V-based precatalysts, that either (i) the presence of the SQ ligand in both
[VO(3,5-DTBC)(3,5-DBSQ)], and V(3,6-DTBC),(3,6-DBSQ) is an important and
necessary component of these precatalysts for their faster catalysis to the observed
H,(3,5-DTBC) dioxygenase products, or that (ii) the 1* row V rather than 2" row Mo as
the d° metal is important for the observed catalysis since reaction rates of catechol
oxidations for 2" row metals are often orders of magnitude slower than. for 1% row metals
[14]. Regardless of the precise details and explanation here, the observed results

demonstrate that the presence of a d° vanadium bonded to a semiquinone ligand is a
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preferred precatalyst combination (vs d° Mo bonded to catecholates) for the formation of
high yields of the H(3,5-DTBC) dioxygenase products.

2.3. Time-dependent EPR studies of H2(3,5-DTBC) plus V(3,6-DTBC) (3, 6-
DBSQ). Electron paramagnetic resonance (EPR) spectroscopy was used to follow the
paramagnetic species present in solution during the O,-uptake of Hx(3,5-DTBC) with the
V(3,6-DTBC),(3,6-DBSQ) precatalyst. Table 1 displays changes in the observed EPR
spectra throughout the O, uptake. Initially, a scan of the full 1000 G spectrum shows a
broad signal at g=2.030-2.031 along with a signal at g=2.003-2.004 at its center-field,
Table 1. A center-field scan at 50 G reveals a 10-line spectrum (g=2.006, AC'V)=2.1 G)
that matches the 10-line spectrum previously observed for the [VO(3,5-DTBC)(3,5-
DBSQ)]» precursor VO(acac), plus Hx(3,5-DTBC) [5]. The 10-line spectrum was
previously assigned to “V(3,5-DBSQ);” formed by the addition of H(3,5-DTBC) to
either V(CO)s or VO(acac); [13]. However, “V(3,5-DBSQ);” with a parent ion peak at
m/z = 712 [13] may have actually been V(3,5-DTBC),(3,5-DBSQ) based on the recently
solved structure of V(3,6-DTBC),(3,6-DBSQ) [11]. As the O»-uptake progresses, the
broad signal at g=2.030-2.031 becomes more intense and then disappears by the end of
the reaction suggesting that this broad signal is associated with an active dioxygenase
catalyst—that is, this signal does behave as expected for a kinetically competent
intermediate. The line-width of the broad signal suggests that the species is a V(V)-bound
radical with unresolved hyperfine coupling.

Furthermore, the center-field signal changes from a 10-line spectrum to a 9-line
spectrum. This 9-line spectrum with g=2.004 and A('V)=3.0 G, characteristic of a

single semiquinone ligand coupled to a >'V center, is consistent with the EPR spectrum
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due to [VO(3,5-DTBC)(3,5-DBSQ)]; that is also observed at the end of the O,-uptake
reaction of VO(acac); plus Hy(3,5-DTBC) [5], Table 1. This suggests that during the O,-
uptake of V(3,6-DTBC),(3,6-DBSQ) plus H,(3,5-DTBC), the previously proposed [6]
catalytic-cycle resting staté of [VO(3,5-DTBC)(3,5-DBSQ)]: is formed. This in turn
suggests that the catalytic cycle previously seen, in which [VO(3,5-DTBC)(3,5-DBSQ)],
breaks in half and then reacts with O, in a rate-determining step [6], is also accessed in
the V(3,6-DTBC);(3,6-DBSQ) plus H>(3,5-DTBC) reaction, perhaps not unexpectedly
due to the presence of a large excess of the H,(3,5-DTBC) substrate over the V(3,6-
DTBC),(3,6-DBSQ) precatalyst.

Finally, after the O,-uptake reaction is complete, a one-line spectrum of g=2.003
is observed, Table 1. This one-line spectrum may be a result of the vanadium species
may be a result of a monomeric VO(DTBC)(DBSQ) species that has intramolecular
electron transfer occurring on the EPR timescale between symmetrically equivalent
catecholate ligands, thereby causing the loss of hyperfine coupling as has been observed

in Co catecholate complexes [15].
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Table 1. Time-dependent EPR spectra of V(3,6-DTBC),(3,6-DBSQ) plus H,(3,5-
DTBC) under oxidation conditions in toluene compared to the EPR spectra previously
reported [5] for VO(acac); plus H,(3,5-DTBC) under otherwise identical experimental
conditions.”

ca. 0.5 h post ca. half-way ca. 0.5hprior to the > 2h post
induction period through O,-uptake  end of O,-uptake reaction
(Full
Spectrum)
V(3,6-DTBC),
(3,6-DBSQ)
+
H,(3,5-DTBC)
(Center-
fiecld-scan)
(Full ‘
Spectrum)
YO(acac),
+
H,»(3,5-DTBC)
(Center-
field-scan)

? The full spectra were scanned at a magnetic field width of 1000 G while the center-field
scans were over 50 G.

The fact that the same 10-line and 9-line spectra are observed during the O;-
uptake of H,(3,5-DTBC) with either the [VO(3,5-DTBC)(3,5-DBSQ)], precursor
VO(acac), or V(3,6-DTBC),(3,6-DBSQ), along with the same products being observed
in similar yields (Scheme 2), strongly suggests that these two precatalysts lead to the
same catalyst(s). The time-dependent EPR spectra observed with the H,(3,5-DTBC)
substrate plus VO(acac), or V(3,6-DTBC),(3,6-DBSQ) as well as the previous evidence
for [VO(3,5-DTBC)(3,5-DBSQ)]: as the catalyst-cycle resting state [6], are all generally

consistent with the previously proposed mechanism [6] and catalytic-cycle resting state
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of [VO(3,5-DTBC)(3,5-DBSQ)].. That said, it is unknown at this time precisely how and
where the V(3,6-DTBC),(3,6-DBSQ) precatalyst feeds into the previously established
catalytic cycle, shown in Scheme 4 for [VO(3,5-DTBC)(3,5-DBSQ)}. plus H»(3,5-
DTBC). Note that based on the product yields given as part of Scheme 3, there is at most
a modest observed preference (< 1.2-4.6) for intradiol over extradiol products, the precise

origins of which are not understood [2e].

Scheme 4. The previously supported catalytic cycle for the formation of Ha(3,5-DTBC)
dioxygenase products starting from [VO(3,5-DTBC)(3,5-DBSQ)]» [6]. The previously
published kinetic and other data revealed that the catalytic-cycle resting state dimer
breaks in half and then reacts with O, in the rate-determining step (rds) as shown [6].
Steps after the rds (step 2) are, therefore, kinetically hidden and, therefore, had to be
written by analogy with prior, seminal work of others [16,17,18] specifically the

literature precedent for steps 3 and 4 [19].
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2.4. O,-Uptake Studies of Hy(3,6-DTBC) with [VO(3,5-DTBC)(3,5-DBSQ) />,
V(3,6-DTBC)»(3,6-DBSQ), or [MoO(3,5-DTBC),],. We then wondered if the above d
metal-catecholate complexes are also dioxygenase catalysts for the more hindered
substrate, Hy(3,6-DTBC). Figure 3 shows the O,-uptake curves obtained for the
precatalyst [VO(3,5-DTBC)(3,5-DBSQ)]2, V(3,6-DTBC),(3,6-DBSQ), or [MoO(3,5-

DTBC),], with the H»(3,6-DTBC) substrate.

120 120
O[VvO0(3,5-DTBC)(3,5-DBSQ)]2 O[VvOo(3,5-DTBC)(3,5-DBSQ)])2
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Figure 3. (a) The precatalyst [VO(3,5-DTBC)(3,5-DBSQ)], or V(3,6-DTBC),(3,6-
DBSQ) plus Hy(3,6-DTBC) O;-uptake curves from 0-10 hours. (b) Representative O,-
uptake curves of the substrate H»(3,6-DTBC) plus the precatalyst [VO(3,5-DTBC)(3,5-
DBSQ)J,, V(3,6-DTBC),(3,6-DBSQ), or [MoO(3,5-DTBC),],. The conditions are as
follows: 1.8 mmol of substrate, 1-2 umol of precatalyst, 8.2 mL of 1,2-dichloroethane, 40
°C, and 0.8 atm of O,. Again, the data reveal that the two V-precatalysts are similar in
their kinetics while the Mo-precatalyst is again slower, but now only ca. 5-fold.

Figure 3a illustrates that the precatalysts [VO(3,5-DTBC)(3,5-DBSQ)], and
V(3,6-DTBC)»(3,6-DBSQ) show similar (slightly sigmoidal) O,-uptake curves with

similar net reaction times for the oxidation of H(3,6-DTBC). Interesting here is the fact
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that the oxidation rates for the H,(3,5-DTBC) and H,(3,6-DTBC) substrates are similar
contrasts with what has been previously obser‘ved for an Fe dioxygenase model system
containing either a 3,5-DTBC or 3,6-DTBC ligand. The Fe 3,5-DTBC system is very
active (Koxidation=18 M s™') while the 3,6-DTBC complex displays a ca. 820-fold lower
reactivity (Koxidation= 0.022 M s'l) [20]; hence, the high, but roughly equivalent,
reactivity [VO(3,5-DTBC)(3,5-DBSQ)]; and V(3,6-DTBC),(3,6-DBSQ) with H,(3,6-
DTBC) is an interesting finding. The simplest interpretation of these results is that fairly
rapid evolution (e.g., via ligand exchange or other, necessary reactions) of each
precatalyst to the same catalyst is occurring. Figure 3b shows that [MoO(3,5-DTBC),]»
is slower requiring ca. 1/2 an order of magnitude longer than [VO(3,5-DTBC)(3,5-
DBSQ)]. or V(3,6-DTBC),(3,6-DBSQ) for the oxidation of H,(3,6-DTBC).

In addition to the H»(3,6-DTBC) substrate, we briefly looked at simple catechol,
but found that with the precatalyst [VO(3,5-DTBC)(3,5-DBSQ)]» no O;-uptake under
standard conditions was observed even after > 2 days (Figure S1 of the Supporting
Information). This result reaffirms the established point [21] that the eleétron donating
tert-butyl groups are an important component of the substrate for facile dioxygenase
catalysis to be observed, at least with precatalysts such as [VO(3,5-DTBC)(3,5-DBSQ)]a,
a significant limitation of these catalyst systems in terms of the other catechols that one

would like to oxygenate via dioxygenase reactions.

2.5. Observed Hy(3,6-DTBC) Dioxygenase Products and Yields from O,-Uptake
Reactions with the Precatalysts [VO(3,5-DTBC)(3,5-DBSQ) ], V(3,6-DTBC) (3, 6-

DBSQ), or [MoO(3,5-DTBC),],. Similar to the dioxygenase products that were
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previously observed with Hy(3,5-DTBC), both intradiol and extradiol products are also
observed at the end of the O,-uptake reaction with Hy(3,6-DTBC)—although the products
are simpler as anticipated. The H(3,6-DTBC) dioxygenase products observed and
quantified by GC at the end of the O,-uptake reactions, in comparison to authentic
standards, are shown in Scheme 5. These products were also separated from one another
by column chromatography and characterized by 'H and >C NMR, GC-MS, and X-ray
diffraction (See Experimental section as well as the Supporting Information). Those
characterized, authentic products were then used to calibrate the GC en route to the

reported yields.

Scheme 5. H,(3,6-DTBC) dioxygenase products and product yields. The range of yields
shown represents the maximum and minimum yields that were obtained for > 3 separate
O,-uptake reactions.
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\ e o AN o x OH
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mass reaction
balance time

[VO(3,5-DTBC)(3,5-DBSQ)}, 16-20% 69-72% 1-2% 0% 92+8%  5+2 hrs
V(3.6-DTBC),(3,6-DBSQ) 20-21% 73-78% 1-2% 0% 95+5% 6.5+1 hrs
[MoO(3,5-DTBC),], 2% 37% 51% 12% 102% ~30 hrs

Scheme 5 shows that the same products within experimental error are observed
for both the [VO(3,5-DTBC)(3,5-DBSQ)]. and V(3,6-DTBC),(3,6-DBSQ) precatalysts.
Interestingly, the H,(3,6-DTBC) substrate shows that a majority (> 69%) of the extradiol
product is obtained (Scheme 5) as opposed to a majority (> 40%) of the intradiol product

observed when H,(3,5-DTBC) is the substrate, Scheme 3, vide supra. Furthermore, less
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of the benzoquinone autoxidation product is observed with the Hy(3,6-DTBC) substrate
(1-2%) as opposed to the H,(3,5-DTBC) substrate (> 9%), Schemes 3 and 5. Another
difference between the H,(3,5-DTBC) and H,(3,6-DTBC) substrates is that no spiro
product is observed with H(3,6-DTBC), as expected if steric hinderance from the para t-
butyl groups is inhibiting the formation of an analégous spiro product.

The results in Scheme 5 extend the substrate list for which [VO(3,5-DTBC)(3,5-
DBSQ)]: and V(3,6-DTBC)2(3,6-DBSQ) act as dioxygenase precatalysts. The results in
Scheme 5 also demonstrate that V(3,6-DTBC),(3,6-DBSQ) is an equally good
dioxygenase for H,(3,6-DTBC) that produces the same dioxygenase products in the same
yields as does [VO(3,5-DTBC)(3,5-DBSQ)]. Scheme 5 further demonstrates that with
[MoO(3,5-DTBC);],, and similar to the results for Hy(3,5-DTBC), the H,(3,6-DTBC)
substrate gives primarily (ca. 51%) the undesired benzoquinone autoxidation product.
Furthermore the [MoO(3,5-DTBC);], precatalyst is slow enough and eventually
deactivates so that 12% of the starting H»(3,6-DTBC) substrate still remains even > 2
hours after no further O,-uptake is observed. Even to reach that point, the O;-uptake
takes half an order of magnitude longer than either of the vanadium catecholate
precatalysts.

The implication of these V- vs Mo-results is, again, that either (i) a semiquinone
ligand is important for the dioxygenase catalysis, or that (ii) d° vanadium is superior to d°
molybdenum; or that (iii) both the d° vanadium and a semiquinone ligand are crucial for

the observed, faster and more efficacious dioxygenase catalysis.

2.6. Time-dependent EPR Studies of Hy(3,6-DTBC) with [VO(3,5-DTBC)(3,5-

DBSQ) [, or V(3,6-DTBC),(3,6-DBSQ). EPR spectroscopy was once again used to
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follow the species present in solution during the O,-uptake of H,(3,6-DTBC) with either
the precatalyst [VO(3,5-DTBC)(3,5-DBSQ)], (top panel, Table 2) or V(3,6-DTBC),(3,6-
DBSQ) (bottom panel, Table 2). With the [VO(3,5-DTBC)(3,5-DBSQ)], precatalyst, an
initial scan of the full 1000 G spectrum shows a prominent broad signal at g=2.026-2.027
along with a signal at g=2.003-2.004 at its center-field, Table 2. A center-field scan at 50
G shows a broad signal with a lack of resolvable hyperfine splitting. As the reaction
progresses, the broad signal at g=2.026-2.027 begins to diminish in intensity and the
center-field signal at g=2.003-2.004 becomes more apparent. A scan of the center-field
shows a six-line spectrum that is likely the result of a triplet split by an additional
spin=1/2 nucleus. The full-spectrum after further O,-uptake then displays another more
intense signal at g=2.026-2.037 and the center-field scan begins to lose the hyperfine
resolution. After the O,-uptake is complete, the broad signal at g=2.026-2.027 is nearly
absent and the prominent signal at g=2.003-2.004 shows no hyperfine splitting in a
center-field scan. Interestingly, the same EPR spectra are observed throughout the O,-
uptake reaction with the V(3,6-DTBC),(3,6-DBSQ) precatalyst but, again, at different
times during the reaction. That is, looking at the full spectrum scans, the broad signal at
£=2.026-2.027 is also observed but it appears to increase in intensity during the reaction
and then diminish after the reaction is complete as opposed to the intensity starting off
large, decreasing, increasing again, and finally diminishing as seen for [VO(3,5-
DTBC)(3,5-DBSQ)];. In addition, examination of the center-field scans with V(3,6-
DTBC),(3,6-DBSQ) initially shows the same 6-line spectrum that is observed near the
middle of the O,-uptake reaction with [VO(3,5-DTBC)(3,5-DBSQ)],. This 6-line

spectrum then gradually loses the hyperfine coupling throughout the course of the
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reaction and finally the same simple one-line spectrum with g=2.004 as was observed
with [VO(3,5-DTBC)(3,5-DBSQ)]», is observed at the end of the O,-uptake with V(3,6-
DTBC)y(3,6-DBSQ).

Table 2. Time-dependent EPR spectra of the precatalysts [VO(3,5-DTBC)(3,5-DBSQ)],

and V(3,6-DTBC),(3,6-DBSQ) with the H,(3,6-DTBC) substrate under standard
oxygenation conditions in toluene.”

ca. 0.5 h post ca. half-way ca. 0.5 h prior to the > 2h post
induction period through O,-uplake end of O,-uptake reaction

(Full
Spectrum)
[VO(3,5-DTBC)
3,5-DBSQ)],
+
H,(3,6-DTBC)
(Center-
field-scan)
(Full
Spectrum)
¥Y(3,6-DTBC),
(3,6-DBSQ)
+
H,(3,6-DTBC)
(Center-
field-scan)

* The full spectra were scanned at a magnetic field width of 1000 G while the center-field
scans were obtained at 50 G.

The fact that the same EPR spectra are observed, but at different reaction times,
for Hx(3,6-DTBC) with both [VO(3,5-DTBC(3,5-DBSQ)}; and V(3,6-DTBC),(3,6-
DBSQ) suggests that these two precatalysts are feeding into the same catalytic cycle, at
least in the simplest, “Ockham’s razor” interpretation of the data that we observe. We

hypothesize that the 6-line spectrum that is observed with the H,(3,6-DTBC) substrate is
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a result of the formation of H(3,6-DBSQ) which arises from protonation of one SQ by
protons derived from Hy(3,6-DTBC). The triplet arises from coupling to the two
equivalent protons at the 4 and S ring positions (A= 3.9 G). Weaker coupling to the
proton bound to the oxygen (A= 1.6 G) gives the 6 lines. The g-value and coupling
constants observed for the 6-line spectrum match those previously observed for free

H(3,6-DBSQ) [22].

The other center-field spectra that are observed throughout the O,-uptake of
H,(3,6-DTBC) look to be a result of the loss of hyperfine coupling from the 6-line
spectrum. The asymmetry of the signal suggests overlap of more than one signal. Againn
as we suggested for the H,(3,5-DTBC) substrate, the broad one-line signal observed after
the O,-uptake is complete for H»(3,6-DTBC) plus [VO(3,5-DTBC)(3,5-DBSQ)]; or
V(3,6-DTBC)2(3,6-DBSQ) may be a result of a monomeric VO(3,6-DTBC)(3,6-DBSQ)
species that has intramolecular electron transfer between the symmetrically equivalent
3,6-DTBC and 3,6-DBSQ ligands causing the hyperfine signals to be lost.

Overall, the EPR spectra shown in Table 2 along with the observed products and
yields (Scheme 5) suggest that both the precatalysts [VO(3,5-DTBC)(3,5-DBSQ)], and
V(3,6-DTBC),(3,6-DBSQ) are feeding into the same dioxygenase catalytic cycle. It also
appears by the difference in EPR spectra, as well as the difference in intradiol vs.
extradiol products observed, that the H,(3,6-DTBC) substrate may be operating under a
different mechanism in comparison to the Hy(3,5-DTBC) substrate (Scheme 4) for the
formation of dioxygenase products. However, further kinetic, spectroscopic and other

studies probing the mechanism of H,(3,6-DTBC) with [VO(3,5-DTBC)(3,5-DBSQ)], and
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V(3,6-DTBC),(3,6-DBSQ) precatalysts will be needed to gain deeper insights into the

mechanism underlying the Hy(3,6-DTBC) oxidation pathway(s).

3. Conclusions

The main findings from this study can be summarized as follows:

Product studies reveal that, as with [VO(3,5-DTBC)(3,5-DBSQ)]; before [5,6,7],
V(3,6-DTBC),(3,6-DBSQ) is an effective dioxygenase precatalyst for the
substrate H,(3,5-DTBC). The precatalyst V(3,6-DTBC),(3,6-DBSQ) generally
gives two primary dioxygenase products in similar yields, but also gives a higher
yield of the undesired benzoquinone autoxidation product and a lower yield of the
spiro complex in comparison to beginning with [VO(3,5-DTBC)(3,5-DBSQ)]..
Time-dependent EPR studies show that similar species are observed in solution
throughout the O,-uptake using either [VO(3,5-DTBC)(3,5-DBSQ)], or V(3,6-
DTBC),(3,6-DBSQ) plus Hy(3,5-DTBC). Specifically, a 10-line spectrum
corresponding to “V(3,5-DBSQ)3” [13], as well as a 9-line spectrum
corresponding to [VO(3,5-DTBC)(3,5-DBSQ)],, are both observed regardless of
which precatalyst is used. The EPR spectra are observed at different times during
the reaction, however, results that require different kinetics en route to the
observed species.

The EPR studies along With the observed similar products and yields suggest that

[VO(3,5-DTBC)(3,5-DBSQ)]; and V(3,6-DTBC),(3,6-DBSQ) plus Ha(3,5-
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DTBC) are operating predominantly by the same, mostly likely previously
established [6] mechanism.

We have also expanded the list of substrates to include H,(3,6-DTBC) as a
substrate for which both [VO(3,5-DTBC)(3,5-DBSQ)], and V(3,6-DTBC),(3,6-
DBSQ) function as effective precatalysts en route to intradiol and extradiol
dioxygenase products. The use of the H,(3,6-DTBC) substrate gives much less
(1-2% vs. >9%) of the benzoquinone autoxidation product in comparison to
H,(3,5-DTBC), suggesting that the autoxidation pathway is significantly slowed
relative to the dioxygenase pathway by using this sterically more hindered
substrate.

The choice of Hy(3,5-DTBC) vs. Hy(3,6-DTBC) substrate dictates whether the
major observed dioxygenase product is a result of intradiol or extradiol cleavage:
the H,(3,5-DTBC) substrate gives > 40% of an intradiol dioxygenase product
while the H»(3,6-DTBC) substrate results in > 69% of an extradiol dioxygenase
product with either [VO(3,5-DTBC)(3,5-DBSQ)], or V(3,6-DTBC)»(3,6-DBSQ).
In addition, no spiro product is observed with the H,(3,6-DTBC) substrate
presumably due to steric hinderance of the para-oriented (vs. meta-oriented with
the H2(3,5-DTBC) substrate) fert-butyl groups.

EPR studies of H,(3,6-DTBC) plus [VO(3,5-DTBC)(3,5-DBSQ)], or V(3,6-
DTBC),(3,6-DBSQ) show that the same EPR spectra are observed throughout the
reaction, but they occur at different reaction times depending on which precatalyst
is used. The six-line hyperfine spectrum observed with both [VO(3,5-

DTBC)(3,5-DBSQ)], and V(3,6-DTBC)»(3,6-DBSQ) is hypothesized to result
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from the formation of free semiquinone radical. The different EPR spectra and
different major products in comparison to those observed with the H»(3,5-DTBC)
substrate, suggests that H»(3,6-DTBC) is oxygenated by a different mechanism
than seen for Hy(3,5-DTBC).

* The ca. one to two orders of magnitude slower dioxygenase activity of [MoO(3,5-
DTBC),],, and much lower yields of the desired dioxygenase products plus high
yields of undesired benzoquinone autoxidation product, reveal that a d° vanadium
complex containing a SQ ligand is important for the best dioxygenase catalysis

that at least we have observed from the precatalysts tested.

4. Experimental

4.1. Reagents. Hy(3,5-DTBC) (Aldrich, 99%) was recrystallized three times from
n-pentane under argon and stored in a Vacuum Atmosphere drybox (O, < Sppm). H(3,6-
DTBC) was synthesized and recrystallized according to the modified literature
procedure'" and stored in the drybox. The solvent 1,2-dichloroethane (Aldrich, HPLC
grade) was dried over preactivated 4 A molecular sieves and stored in the drybox.
VO(acac); (Aldrich, 95%) and Mo(CO)¢ (Aldrich, 99.9+%) were used as received and
stored in the drybox. The following were purchased where indicated and used as
received: catechol (Aldrich, > 99%), chlorofo.rm (Fisher, ACS grade), hexanes (Fisher,
ACS grade), methanol (Fisher, HPLC grade), and n-pentane (Fisher, pesticide grade).
Argon (99.985%) and oxygen (99.5%) gases were purchased from General Air and used

as received.
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4.2. Instrumentation. "H NMR were recorded in 5-mm o.d. tubes on a Varian
Inova (JS-300) NMR spectrometer and referenced to the residual proton impurity in the
deuterated solvent. EPR spectra were recorded on a Bruker EMX 200U EPR
spectrometer using quartz 4-mm o.d. tubes and referenced to 2,2-diphenyl-1-
picrylhydrazyl (DPPH, g=2.0037 g). GC analyses were performed on a Hewlett-Packard
(HP) 5890 Series II gas chromatograph equipped with an FID detector and an SPB-1
capillary column (30 m, 0.25 mm i.d.) with the following temperature program: initial
temperature, 200 °C (initial time, 2 min); heating rate, 2 °C/min; final temperature, 240
°C (final time, 3 min); FID detector temperature, 250 °C; injector temperature, 250 °C.
An injection volume of 1 pl. was used. Electrospray ionization mass spectrometry
analyses were performed on either a Thermo Finnigan LCQ Advantage Duo mass
spectrometer or an Agilent model 6220 TOF mass spectrometer. Elemental analyses
were performed by Galbraith Laboratories, Inc (Knoxville, TN).

4.3. Preparation of [VO(3,5-DTBC)(3,5-DBSQ)]>. The precatalyst
[VO(DTBC)(DBSQ)], was synthesized according to the published method [5,19] and
characterized by EPR and UV/Vis. The synthesized product gave the characteristic 9-
line EPR spectrum with a g-value of 2.006 in accord with the literature [19]. The UV/Vis
under an inert atmosphere in toluene shows two absorbances at 298 and 660 nm in
comparison to 294 and 668 nm reported in the literature [5]. Elemental analysis:
calculated for [VO(DTBC)(DBSQ)],*CH;30H [found]: C, 65.38 [65.26]; H, 8.09 [7.83];
V 9.73 [9.92].

4.4. Preparation of V(3,6-DTBC)(3,6-DBSQ). V(3,6-DTBC),(3,6-DBSQ) was

synthesized according to a recently published method [11] and characterized by UV/Vis,
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EPR, single crystal X-ray diffraction, and elemental analysis. UV/Vis under an inert
atmosphere in toluene shows an intense signal at 670 nm (¢=33,000-38,000 M1t em™).
An EPR spectrum also in toluene and under an inert atmosphere shows a 9-line spectrum
with g=2.0058 and A(’'V)=3.47 G and A('"H)= 4.53 G. Elemental analysis yields:
calculated for V(3,6-DTBC),(3,6-DBSQ)*CH3;0H [found]: C, 69.43 [69.91]; H, 8.67
[8.90]; V, 6.85 [6.58].

4.5. Preparation of [MoO(3,5-DTBC),],. This precatalyst was synthesized
according to the literature procedure [13]. In addition, the crude product was purified by
recrystallization from hot n-pentane (recrystallization yield 40%) to yield a >95% pure
product (by "H NMR). Melting point: 301 to 302 °C. 'H NMR (CDCl;) observed: 0.95,
1.30, 1.32, 1.55, 6.40, 6.77, 7.04, and 7.20 ppm; previously reported [13]: 0.95, 1.27,
1.28,1.57, 6.81, 6.83, 7.08, and 7.11 ppm. Elemental analysis calculated for [MoO(3,5-
DTBC);],1.5(CsHsCH3) [found]: C, 64.24 [64.03]; H, 7.46 [7.84]; Mo 15.4 [15.3].

4.6. Standard Conditions O-Uptake Experiments. These experiments were
carried out as detailed elsewhere on a volume-calibrated oxygen-uptake line [4]. Ina
Vacuum Atmosphere drybox, ca. 1.8 mmol of Hy(3,5-DTBC) or H,(3,6-DTBC) substrate
were added to a 50 mL side-arm, round-bottomed, schlenk flask equipped with a septum
and an egg-shaped 3/8-in x 3/16-in Teflon-coated magnetic stir bar. Using a 10 mL gas-
tight syringe, 8 mL of predried 1,2-dichloroethane was added to the flask. A vacuum
adapter was attached and sealed with a Teflon stopcock, and the flask was brought out of
the drybox. The flask was then connected to the oxygen uptake line via an O-ring joint,
and the reaction solution was frozen in a dry-ice/ethanol bath (-76 °C) for 15 minutes.

Two freeze-pump-thaw-fill cycles were performed using O, as the filling gas. The dry-
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ice/ethanol bath was then replaced with a temperature-controlled oil bath. The flask was
then brought up to 40.0 + 0.7 °C and allowed to equilibrate under stirring for 30 minutes.
(Note: the catechol substrates, while initially insoluble, dissolve upon heating and
stirring.) In the drybox, ca. 1-2 umol of the selected precatalyst was weighed into a 5 mL
glass vial and dissolved in 0.2 mL of 1,2-dichloroethane. The catalyst solution was then
mixed by repeatedly pulling the solution into and expelling from a 1 mL gas-tight syringe
and then drawn into the syringe. The syringe was then inserted into a septum-capped 5
mL glass vial to protect the solution from air and brought out of the drybox. The catalyst
solution was then injected into reaction flask through the sidearm and ¢ = 0 was set.
Pressure readings from the manometer were used to follow the reactions. Reactions were
stopped when no further pressure loss was observed for > 1 hour.

4.7. Scaled-Up O,-Uptake Experiments. The same procedure as detailed in the
“Standard Conditions O,-Uptake Experiments” was employed except that ca. 1 g (4.5
mmol) of substrate and 5-6 umol of precatalyst is used in order to scale-up the amount of
oxygenated product obtained.

4.8. H)(3,5-DTBC) Product Identification. Product identification using GC was
determined by co-injection of authentic materials [4]. In addition, mass spectrometry
(MS) was employed to verify the formation of the products shown in Scheme 3.

4.9. Hy(3,6-DTBC) Product Separation and Identification. Following the “Scale-
Up O,-Uptake Experiments”, the main three H»(3,6-DTBC) oxygenated products were
separated in an analogous manner to the previously detailed separation of H»(3,5-DTBC)
products [4]. For details of this separation see the Supporting Information. The H,(3,6-

DTBC) oxygenated products were then characterized by 'H and >C NMR, MS, and in
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the case of 3,6-di-fert-butyl-1-oxacyclohepta-3,5-diene-2,7-dione by single crystal X-ray
diffraction (results are given in the Supporting Information). The three main products
making up ~90% of the mass balance are presented bel.ow along with their
characterization.

4.9.1. 3,6-Di-tert-butyl-1-oxacyclohepta-3,5-diene-2,7-dione. GC-MS found
for C14H2003, m/z 236 (M"); '"HNMR (CDCl;): 8 1.25 (s, 18H, t-butyl) 6.40 (s, 2H, ring);
B3C NMR (CDCls): & 29.4 (s, primary t-butyl), 36.3 (s, quaternary t-butyl) 126.0 (s, C4
and C5), 146.7 (s, C3 and C6), 161.6 (s, C2 and C7). Single crystals suitable for X-ray
diffraction were obtained from hot pentane. The crystallographic data can be found in
the Supporting Information.

4.9.2. 3,6-Di-tert-butyl-2H-pyran-2-one. GC-MS found for Ci3H3,0,, m/z 208
(M"); 'THNMR (CDCl3): & 1.25 (d, 18H, t-butyl) 5.94 (d, 1H, hydroxyl) 7.11 (d, 1H,
ring); *C NMR (CDCls):  28.4 (s, primary t-butyl), 28.6 (s, primary t-butyl), 34.5 (s,
quaternary t-butyl), 35.8 (s, quaternary t-butyl), 99.3 (s, C5), 133.5 (s, C4) 137.2 (s, C3),
161.0 (s, C2), 17Q.8 (s, C6).

4.9.3. 3,6-Di-fert-butyl-1,2-benzoquinone. GC-MS found for C4H200,, m/z 221
(M+H"); "HNMR (CDCl;): & 1.25 (s, 18H, t-butyl) 6.78 (s, 2H, ring); >C NMR
(CDCl3): 6 29.4 (s, primary t-butyl), 32.5 (s, quaternary t-butyl), 134.2 (s, C4 and C5),
149.8 (s, C3 and C6), 181.4 (s, C1 and C2).

4.10. EPR during and following O,-Uptake Experiments. The same procedure as
detailed in the “Standard Conditions O,-Uptake” section was employed, except that: (i)
ca. 5-8 pmol of the V(3,6-DTBC),(3,6-DBSQ) or [VO(3,5-DTBC)(3,5-DBSQ)]»

precatalyst was used, (ii) toluene was used as the solvent instead of 1,2-dichloroethane,
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with the toluene being frozen with liquid nitrogen, and (iii) the precatalyst was added to
the Hy(DTBC) solution inside the drybox instead of by injection to the pre-stirred
solution. The O; pressue loss was monitored by a mercury manometer {4]. Aliquots of
reaction solution (0.3 mL) were drawn through the septum covered side-arm of the
reaction flask at ca. 0.5 hour after the pressure began to decrease and then ca. at every 10
torr of pressure loss. The solution was also sampled again while still under the O,
atmosphere through the reaction flask side-arm after no pressure loss was observed for >

2 hours.
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Attempted O,-Uptake Reaction of [VO(3,5-DTBC)(3,5-DBSQ)]; Plus
Catechol. An oxygenation experiment was attempted using simple catechol as the
substrate, under the standard conditions outlined in the main text, with the precatalyst
[VO(3,5-DTBC)(3,5-DBSQ)],. No uptake of O, was observed even after 2 days. Asa
control, at the end of those 2 days, we then injected a solution containing the Hy(3,5-
DTBC) substrate to make sure that O,-uptake could in fact be observed and that the
precatalyst was not defective. Figure S1 shows this reaction beginning with just the
catechol substrate where no O,-uptake is observed, but that the injection of Hy(3,5-
DTBC) into the reaction solution is quickly followed by active uptake of O,. Product
verification after O,-uptake was complete (ca. 150 hrs) by GC showed only H(3,5-

DTBC) dioxygenase products plus the starting, unreacted catechol.

120
t So @ <€——H,(3,5-DTBC) added
100 |

80 - %
60 - [e)

40

Pressure Loss (Torr)

20 - o

0 T —O- O~
0 50 100 150 200
Time (h)

Figure S1. O,-uptake graph for [VO(3,5-DTBC)(3,5-DBSQ)}]; plus catechol. After no
O,-uptake was observed even after 2 days, 403.2 mg (1.81 mmol) of H»(3,5-DTBC)
dissolved in 1.3 mL of 1,2-dichloroethane was injected into the reaction flask; O,-uptake
was then observed as shown above. Reaction conditions: 203.7 mg (1.85 mmol) of
catechol, 5.9 mg (6 pmol) of [VO(3,5-DTBC)(3,5-DBSQ)];, 8.2 mL of 1,2-
dichloroethane, 40 °C, and ca. 1 atmosphere of O,.
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Separation of H2(3,6-DTBC) Dioxygenase Products from a Resultant Oz-
Uptake Reaction with [VO(3,5-DTBC)(3,5-DBSQ)].. Following the “Scaled-up O,-
Uptake” procedure outlined in the main text, the products were separated by column
chromatography as follows: column size, 450 x 30 mm; filled with~100 g of 60 A silica
gel (Aldrich)/hexanes slurry; eluent, ~1000 mL of CHCl;; elution rate, ~1.5 mL/min.
Each fraction was then run through the GC column and temperature program outlined in
the main text to determine which fractions contained the desired products. A schematic
of the column separation, one analogous to that employed for separating H(3,5-DTBC)

oxygenated products [1], is shown below in Figure S2.
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Figure S2. Column chromatography product separation of the 3 main H(3,6-DTBC)
dioxygenase products. Column: 450 x 30 mm,; silica gel (Aldrich, 60A); suspended in n-
hexane. Eluent: ~1000 mL CHCl;; ~1.5 mL/min. Product identification: GC, GC-MS,
'H and ®C NMR, X-ray crystallography as detailed in the main text (or, for the X-ray
crystallography, in this Supporting Information, vide infra).

X-ray Crystal Structure of 3,6-di-tert-butyl-1-oxacyclohepta-3,5-diene-2,7-
dione (1). Following the column separation of the H(3,6-DTBC) dioxygenase products,

3,6-di-tert-butyl-1-oxacyclohepta-3,5-diene-2,7-dione (1) was isolated by
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rotoevaporation of the solvent and redissolving the residue in a minimum (ca. 2 ml) of
hot n-pentane. The solution was then capped and placed in the freezer. After a couple of
days clear, colorless single crystals suitable for X-ray diffraction were obtained.
Diffraction data were collected on a Bruker APEX2 diffractometer employing Mo
Ka radiation. Standard Bruker APEX2 control and integration software was employed.
Bruker SHELXTL [2] software used for structure solution, refinement, and graphics.
SADABS [3] correction was employed and the structure was solved by direct methods

and refined by a full-matrix, weighted least-squares process.

Figure S3. 50% Thermal Ellipsoid plot of 3,6-di-tert-butyl-1-oxacyclohepta-3,5-diene-
2,7-dione (1).

Table S1. Crystal data and structure refinement for 1.

Empirical formula: C;4H203
Formula weight: 236.30
Temperature: 100(2) K
Wavelength: 0.71073
Crystal system: Monoclinic
Space group: P2,

Unit cell dimensions:

349



a=6.4032(2) A alpha = 90 °

b=10.3625(3) A beta = 100.8250(10) °
¢ =10.4866(3) A gamma =90 °
Volume: 683.44(4) A Z:2

Density (calculated): 1.148 Mg/m®

Absorption coefficient: 0.079 mm™

F(000): 256

Range for data collection: 1.98 to 31.49 °

Limiting indices: -9 <h <9, -10 <k <15,-15<1<15
Reflections collected: 7778

Independent reflections: 3786 (Rint = 0.0195)
Completeness = 31.49 °, 98.5 %

Refinement method: Full-matrix least-squares on F
Data / restraints / parameters: 3786/ 1/ 160
Goodness-of-fit on F*: 1.059

Final R indices: R1 = 0.0490, wR2 = 0.1253

R indices (all data): R1 = 0.0576, wR2 = 0.1326
Absolute structure parameter: 1.5(11)

Largest diff. peak and hole: 0.382 and -0.156

Table S2. Atomic coordinates [x 10*] and equivalent isotropic displacement parameters
[A? x 10%] for 1. U(eq) is defined as one third of the trace of the orthogonalized tensor.

X y z U(eq)

C(2)  1681(3) 6736(2) - 1841(1) 26(1)
C(3)  -464(3) 7254(2) 1284(1)  22(1)
C(4)  -1374(2) 8103(2) 1984(2)  22(1)
C(5)  -535(2) 8593(2)  3281(1)  23(1)
C(6)  1490(2)  8832(2)  3840(1)  19(1)
C(7)  31822) 8723(2) 3059(1)  24(1)
C(8)  -1624(3)  6654(2) (1) 25(1)
C(9) -83(4)  6552(2) -963(2)  38(1)
C(10) -2421(4) 5304(2)  280(2) 35(1)
C(11)  -3527(4) 7487(2) -608(2)  40(1)
C(12)  2172(3)  9378(2) 5217(1)  23(1)
C(13)  318(4) 93293)  5956(2)  52(1)
C(14)  2856(5 10795(2) 5197(2)  49(1)
C(15)  4005(4)  8572(2)  5946(2)  44(1)
o)  32752) 7632(1)  2330(1)  31(1)
0(2)  2273(2) 5640(1)  1811(1)  40(1)
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0(3)  4587(2)

9500(2)  3047(1)  34(1)

Table S3. Bond lengths [A] and angles [°] for 1.

C(2)-0(1) 1.403(2)
C(2)-0(2) 1.199(2)
C(2)-C(3) 1.488(2)
C(3)-C(4) 1.347(2)
C(3)-C(8) 1.540(2)
C(4)-C(5) 1.457(2)
C(5)-C(6) 1.342(2)
C(6)-C(7) 1.480(2)
C(6)-C(12) 1.535(2)
C(7)-0(3) 1.209(2)
C(7)-0(1) 1.373(2)
C(8)-C(11) 1.532(3)
C(8)-C(10) 1.536(3)
C(8)-C(9) 1.543(2)
C(12)-C(15) 1.524(3)
C(12)-C(14) 1.533(3)
C(12)-C(13) 1.536(3)
0(2)-C(2)-0(1) 115.08(16)
0(2)-C(2)-C(3) 127.14(17)
0(1)-C(2)-C(3) 117.36(15)
C(4)-C(3)-C(2) 118.91(14)
C(4)-C(3)-C(8) 123.53(15)
C(2)-C(3)-C(8) 117.14(14)
C(3)-C(4)-C(5) 127.97(15)
C(6)-C(5)-C(4) 128.97(14)
C(5)-C(6)-C(7) 119.45(13)
C(5)-C(6)-C(12) 124.05(13)
C(7)-C(6)-C(12) 116.08(13)
0(3)-C(7)-0(1) 115.59(14)
0(3)-C(7)-C(6) 125.37(16)
0(1)-C(7)-C(6) 118.96(15)
C(11)-C(8)-C(10)  109.01(16)
C(11)-C(8)-C(3) 110.65(14)
C(10)-C(8)-C(3) 108.90(13)
C(11)-C(8)-C(9) 108.79(15)
C(10)-C(8)-C(9) 109.79(16)
C(3)-C(8)-C(9) 109.69(14)
C(15)-C(12)-C(14)  109.63(17)
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C(15)-C(12)-C(6)  109.05(14)
C(14)-C(12)-C(6)  111.84(15)
C(15)-C(12)-C(13)  108.89(17)

- C(14)-C(12)-C(13) 106.76(19)

C(6)-C(12)-C(13)  110.61(13)
C(7)-0(1)-C(2) 130.04(13)

Table S4. Anisotropic displacement parameters [A? x 10°] for 1.

Ul1 U22 U33 U23 U13 Ul2

C2) 36(1) 251) 18(1) 1(1) 81 7(1)
C3) 30() 19(1) 16(1) 2(1)  4(1) -1(1)
C@) 21(1) 24(1) 21(1) -41) 201) -2(1)
C(5) 21(1) 29(1) 20(1) -7(1) 6&1) -1(1)
Cc6) 21(1) 19(1) 18(1) -1(1) 5(1)  2(1)
C(7) 21(1) 311) 181) 2(1) 1) 10(1)
C(8) 41(D) 20(1) 141) -2(1) 11 -5(1)
C(9) 65(1) 32(1) 20(1) -7(1) 13(1) -12(1)
C(10) 55(1) 23(1) 24(1) -1(1) 2(1) -10(1)
C(11) 541) 33(1) 24(1) L) -12(1)  0(1)
C(12) 26(1) 24(1) 19(1) -41) 2(1) -2(1)
C(13) S51(1) 792) 27(1) -26(1) 13(1) -15(1)
C(14) 80(2) 26(1) 37(1) -6(1) 1(1) -7(1)
C(15) 56(1) 45(1) 23(1) -3(1) -11(1) 14(1)
o) 27(1) 37() 30(1) -7(1) 41 7))
O(2) 48(1) 29(1) 42(1) -1(1) 41 13(1)
O(3) 26(1) 42(1) 36(1) 1(1) 81) -3(1)

Reactions for Observed H2(3,6-DTBC) Dioxygenase Product Formation.
Shown below in Schemes S1 and S2 are the proposed reactions for the formation of the

intra and extradiol dioxygenase products formed from the H,(3,6-DTBC) substrate.
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Scheme S1. Reactions for the formation of 3,6-Di-fert-butyl-1-oxacyclohepta-3,5-diene-
2,7-dione.

OH O
/ OH 2 y /
| + 0O, e o —— ¢ + H,0
N o N N
OH (o]

Scheme S2. Reactions for the formation of 3,6-di-tert-butyl-2H-pyran-2-one.

Q
- OH / . \o
| + 150, ———*> - + co, + H,0
X OH \ /K
o) o

[1] Weiner, H.; Finke, R. G. J Am. Chem. Soc. 1999, 121, 9831-9842.

VRN

[2] Sheldrick, G. M. Acta Cryst. A 2008, 64, 112-122.

[3] Sheldrick, G. M. SADABS (a program for Siemens Area Detection Absorption
Correction), 2000. ‘
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CHAPTER IX

RE-INVESTIGATION OF A Ru,-INCORPORATED POLYOXOMETALATE
DIOXYGENASE PRECATALYST, “[WZnRu,"'(H,0)(OH)(ZnWg034)2] '
EVIDENCE FOR MARGINAL, <0.2 EQUIVALENTS OF Ru INCORPORATION
PLUS FASTER CATALYSIS BY PHYSICAL MIXTURES OF [Ru"(DMS0)4Cl,] AND

THE PARENT POLYOXOMETALATE [WZn3(H,0)2(ZnWs034)2]'>

This chapter contains the manuscript of a full article currently in press in
Inorganic Chemistry. This manuscript re-analyzes the composition of
“[WZnRuzm(HzO)(OH)(ZnW9034)2] (1), a previously claimed all-inorganic
dioxygenase. The findings are that in our hands 1 is composed of primarily the parent
polyoxometalate [WZn3(H,0)2(ZnW4034);]'> with small amounts of Ru either
incorporated into the polyoxometalate structure or more likely as Ru™" impurity.
Furthermore, mixtures of the parent polyoxometalate [WZn3(H,0)2(ZnWgO34);] 12 plus
[Ru(DMSO0)4Cl;] gives faster catalysis to the same autoxidation products than does “1”.

This manuscript was prepared, and the experiments contained herein were
performed by Aimee M. Morris, with assistance on the structure determination and

critical analysis of previous structures from Prof. Oren P. Anderson and editing by Prof.

Richard G. Finke.



Re-Investigation of a Ru;-Incorporated Polyoxometalate Dioxygenase Precatalyst,
“[WZnRu;"'(H,0)(OH)(ZnWs034)2]''”: Evidence For Marginal, <0.2 Equivalents
of Ru Incorporation Plus Faster Catalysis by Physical Mixtures of

[Ru"(DMSO0),ClL] and the Parent Polyoxometalate [WZn3(H20)2(ZnWqO34):]'>

Aimee M. Morris, Oren P. Anderson, and Richard G. Finke

Abstract

A 1997 Nature paper (Nature 1997, 388, 353-355) and subsequent 1998 J. Am.
Chem. Soc. paper (J. Am. Chem. Soc. 1998, 120, 11969-11976) reported that a putative
Ru,-substituted polyoxoanion, “{WZnRu,"(H,O)OH)Y(ZnWsO34)2]'", (1), is an all-
inorganic dioxygenase able to incorporate 1 O, into 2 adamantane C—H bonds to yield 2
equivs. of 1-adamantanol as the primary product. In a subsequent 2005 Inorg. Chem.
publication (Inorg. Chem. 2008, 44, 4175-4188), strong evidence was provided that the
putative dioxygenase chemistry is, instead, the result of classic autoxidation catalysis.
That research raised the question of whether the reported Ru; precatalyst, 1, was pure or
even if it contained two Ru atoms, since Ru is known to be difficult to substitute into
polyoxoanion structures (Nomiya, K.; Torii, H.; Nomura, K.; Sato, Y. J. Chem. Soc.

Dalton Trans. 2001, 1506-1521). After our research group had contact with three other
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groups who also had difficulties reproducing the reported synthesis and composition of 1,
we decided to re-examine 1 in some detail. Herein we provide evidence that the claimed
1 actually appears to be the parent polyoxoanion [WZn3(H20)2(ZnW9O34)2]12' with small
amounts of Ru (< 0.2 atoms) either substituted into the parent complex or present as a
small amount of a Ru"" impurity, at least in our and two other group’s hands. The
evidence obtained, on three independent samples prepared from two research groups
including ours, includes elemental analysis on the bulk samples, single-crystal X-ray
diffraction, elemental analysis on single crystals from the same batch used for X-ray
diffraction, '**W NMR, and adamantane oxidation oxygen uptake and product
determination studies. Also re-examined herein are the two previously reported crystal
structures of 1 that appear to be very similar to the structure of the parent polyoxoanion,
[WZn3(H20)2(ZnW9O34)2]12'. Furthermore, we report that trace Ru alone, in the form of
[Ru(DMSO0),4Cl;], or the parent polyoxoanion [WZn3(Hy0)(ZnWg0s4),]" alone, are
capable of producing the same products. More significantly, a simple physical mixture of
[WZn3(H20)2(ZnW9O34)2]12' plus the average 0.13 equiv. of Ru found by analysis added
as the [Ru(DMSO0),Cl,] starting material is a ca. 2 fold kinetically more competent
catalyst than “[WZnRuzIH(H20)(OH)(ZnW9O34)2]l 1'”, (1). In short, the evidence is
strong that the putative “[WZnRu,"'(H,0)(OH)(ZnWs034),]'"™, (1), which underlies the
previously reported all-inorganic dioxygenase catalysis claim, is probably not correct.
That does not mean that 1 cannot or even does not exist, but just that (a) no reliable
synthesis of it exists if it has actually been made before, and (b) that a simple mixture of
the [Ru(DMSO)4Cly] plus [WZn3(H,0)2(ZnWoO34)2]'> precursors gives ca. 2-fold faster

catalysis of adamantane hydroxylation that occurs by, the evidence suggests, a radical-
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chain autoxidation mechanism rather than via the previously claimed, novel all-

inorganic-based dioxygenase catalysis.

Introduction

A 1997 Nature paper' and subsequent 1998 J. Am. Chem. Soc. paper” by others
claimed to have synthesized the first “all inorganic dioxygenase”,
Qui[ZnWRu,(OH)(H,0)(ZnWoOs4),] (referred to hereafter as, Qy;-1), where Q =
tricaprylmethylammonium ion; {CH3N[(CH2)7CH3]3}+. This claim involving Qy;-1 is
significant and of interest on several accounts: (i) first, only a few catalytically active 2™
row transition-metal di-M,-substituted polyoxoanions derived from the parent compound
[WZn3(H20)2(ZnWoO34)2]** are known in the literature;> and second and more
im}?ortantly, no other all-inorganic dioxygenase that will do unactivated C—H bond
activation has been reported in the literature, to our knowledge. Such a dioxygenase is a
current “Holy Grail” of oxidation catalysis due to its ability, by definition, to insert both
atoms of O, into 2 C—H bonds to yield 2 C-OH, for example, all without the use of
protons or electrons and, hence, without the formation of even trace H,0.*>®* Therefore,
knowledge of the true composition and purity of 1, as well as the critical question of the
true nature of the underlying catalyst, is an important question.

The main evidence reported by others® for Q-1 being a dioxygenase was
hydroxylated alkane product studies, leading to the claimed Stoichiometry shown in
equation (1), plus the finding that the addition of the alkyl radical scavenger, 4-fert-

butylcatechol, caused “only a very slight decrease in catalytic activity.””
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However, in 2005 Yin et al. reinvestigated the claimed dioxygenase, Q;;-1.°
Their results provided compelling evidence that the claimed Q;;-1 is not a dioxygenase
but, rather, is a classic autoxidation catalyst for which a detailed autoxidation mechanism
could be written consistent with the re-evaluated kinetics.® The reported evidence for an
autoxidation catalyst was extensive and included: (i) detection of trace amounts of
peroxide, ROOH, the initial product of aﬁy autoxidation (peroxide would of course not be
present if Q;;-1 were in fact a dioxygenase as in eq. 1 above); (ii) kinetic studies
demonstrating a fractional rate law quantitatively consistent with, and highly
characteristic of, a radical-chain mechanism but inconsistent with the previously
suggested dioxygenase pathway'; (iii) a 1:1 producfs:Oz stoichiometry (in distinct
contrast to the previously claimed 2:1 dioxygenase stoichiometry, eq. (1)), evidence that
by itself rules out a pure dioxygenase reaction; (iv) detection of H,'*0 as a product, a
product expected for autoxidation (but that could not be present if Q;;-1 was a true
dioxygenase); (v) initiation of the reaction by known radical initiators, AIBN and ¢-
BuOOH, again indicative of a radical (and not a dioxygenase) mechanism; and (vi)
complete inhibition of the progress of the reaction by four radical scavengers including 4-
tert-butylcatechol that was previously’ claimed to not be a strong inhibitor, evidence
again consistent with and highly supportive of a radical-chain mechanism.® The results

were so different from those reported in the 1997 Nature paper' that Yin, et al. stated in
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their paper “at times during our studies it seemed as if we were studying a different
system [than the prior workers had studied].”® Hence, a closer look at the precatalyst
Q1:1-1 also became important from that perspective and since others began using “Q;;-1”
for additional chemistry.’

Contact with three other research groups indicated that they, too, had concerns
regarding the reported Q;-1, either from trying to repeat its preparation or from trying to
confirm its reported Ru, composition. Specifically, Nomiya and co-workers reported'®""
that they were not able to reproduce the reported preparation of the Q-1 precursor, Kji-
1. C. L. Hill’s group shared that they, too, had issues with the original crystal structure
of K;-1 and concerns over the reported composition of Q;;-1.'> And, in 2004, Shannon
and co-workers’ reported the structure of Naj;-1 to be Na14[Rumzan(Hzo)z(ZnW9O34)2],
although their crystallographic data indicated only partial incorporation of Ru into the
parent [WZn3(H20)2(ZnW9O34)2]12' polyoxoanion. Their work reported that Ru replaces
one zinc atom and a partial W atom (as opposed to replacing two Zn atoms as originally
suggested7), resulting in a composition of Naj4[Wo 76Ru; 24Zn,(H20)(ZnWO34)2] (vide
supra). In short, the issues surrounding K;;-1 and Q-1 raised independently by three

1L12 along with the importance of claims of a dioxygenase catalyst and

research groups,
the key question of what is the true catalyst or at least precatalyst, led us to re-scrutinize 1
in some detail.

Reported herein is our reinvestigation of 1, [ZnWRu,(OH)(H20)(ZnWoOs4)2]',
and its claimed Ru, composition.'” We find by elemental analysis of the bulk samples,

single crystal X-ray structure determination, elemental analysis on single crystals from

the same batch used for the X-ray diffraction structure, '83W NMR, oxygen uptake, and

359



product identification studies that there is little to no evidence of di-substitution of
Ru(III) into the parent compound [WZn3(H,0)2(ZnWs034)2]'> by the reported
synthesis™?! using [Ru(DMSO0),Cl,] regardless if the source is Yin’s,® Nomiya’s,"
Hill’s,'? Shannon’s’ or our present preparation of 1. Instead, we provide evidence for the
composition of “1” being primarily [WZn3(H20),(ZnWs034),]'* in at least three
independent samples examined herein with only a small amount (< 0.2 atoms) of Ru
being observed in any of the three independent samples—that low Ru level due
presumably to either partial incorporation of Ru into the parent polyoxoanion or a small
level of a Ru™ impurity. Significantly, we also provide O, uptake and product
identification studies herein that show the same products are obtained in similar yields
and ratios for: (i) the original'? “Q,;-1” (i.e., based on the published yields'?); (ii) three
independent samples of “Q;;-1” containing < 0.2 atoms (which is < 0.2 equiv.) of Ru,
(iii) the parent compound Q[ WZn3(H,0)2(ZnWy0O34),] containing no Ru, (iv) 0.13
equiv. of Ru added as the precursor [Ru(DMSO0),Cl;], and (v) a mixture of
Q12[WZn3(H20)2(ZnW90O34)3] plus 0.13 equiv. of Ru added as [Ru(DMSO)4Cl;]. The
significance of these studies is at least four-fold: (i) in providing evidence on whether
Ru,-substituted “K;;-1” and “Q-1” actually exist; (ii) in providing further evidence
bearing on the prior claim of an all-inorganic dioxygenase®; (iii) in clarifying what the
true catalyst probably is in the prior report of adamantane hydroxylation by Ru and
polyoxoanion-containing precatalysts—the true catalyst being a central, but often

13,14,15,16,17

perplexing part of modern catalysis, and (iv) in bearing on the generally difficult

7,10,18

problem of synthesizing Ru (and other later transition-metal'®) -containing

polyoxoanions cleanly. The present results also (v) tie, in a general way, into other areas
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of synthetic inorganic chemistry such as the difficulties historically in putting Ru into

other ligands (e.g. porphyrins).*’

Results and Discussion

Synthesis and Characterization of Independent Samples of “Q;;-1.” Three
independent samples of both “K;;-1" and “Q;-1” were prepared according to the
literature procedure,”?! shown in Scheme 1,2 in two different laboratories by three
individual researchers (A. M. Morris at Colorado State University (CSU) (vide infra), C.-
X. Yin also at CSU,? and T. Anderson in C. L. Hill’s laboratories at Emory University'?),
and then used in this study. Each of the three independent “1” samples was analyzed by:
elemental analysis, IR, comparison of O, uptake curves to the literature,” and adamantane
oxidation product studies. The “1” sample prepared herein was also analyzed by single

crystal X-ray diffraction and '"*W NMR.
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Scheme 1. The literature”*' synthesis of “1.”

Reflux in deionized water at 90 °C for 18 hrs
Cool, expose to air, and add 2 g KCI

Filter crude product

Recrystallize twice from hot water

Dry overnight under vacuum at room temp

"K;1[WZnRu,(OH)(H,0)(ZnW¢034)5]", Ky;-1

Dissolve in deionized water

Add 11QCl

Extract three times with 1,2-dichloroethane
Remove 1,2-dichloroethane in vacuo

"Q11[WZnRuy(OH)(H,0)(ZnW¢O3,4),1", Qq;-1

Elemental Analysis Results. Elemental analysis on each of the three samples
reported herein of “K;;-1,” the “Q,;-1” precursor, and in comparison to the “K;;-1”
originally reported,® are shown in Table 1. Three independent samples of “K;-1,” each
prepared by the same procedure’?' in so far as possible, show different compositions.
While no two analyses are the same (indicating that an impure sample is obtained as

previously suggested®), each of the three independent samples are low in Ru and two of

the three are high in Zn content, Table 1.
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Table 1. Elemental Analyses for Three Independent Samples of “K;;-1” vs. the

Literature’s Reported Analysis.”?'
K17

Calculated for ~ Neumann's”?! prepared Yin's8 Anderson's12

K;{-1:15H,0 “Ky1-1*15H,0” herein “K;-17 “Kq1-17
K 7.57 7.06 4.69 4.29 NMm?
Na 0.00 NM* 0.59 1.39 NM?
Ru 3.56 3.56 0.75 0.24 0.29
Zn 3.45 3.24 7.13 6.65 3.08°
w 61.5 61.3 NM? 61.2 NM?
H,O 4.76 4.69 NA° NA® NA°

*NM = not measured. ° This Zn analysis appears to be low/in error in light of the low amount of Ru that
is observed in this same sample. °NA = not applicable, since the number of hydrated waters in each
sample found by TGA studies can vary depending upon the preparation and especially drying conditions.

Crystal Structure of “Na; -1.” The X-ray structure of “Na;;-1,” shown in

Figure 1, confirms the previous findings”**'

that “1” has a sandwich type polyoxoanion
structure. In the previous study, it was reported that a ring containing WRuZnRu is
sandwiched between the two (ZnWyO34) polyoxoanion units.”' However, an issue with
that prior structure is the unusually large thermal coefficients reported for the two Ru
atoms. The authors rationalized this by assuming that the two positions at which the Ru
atoms are located are relatively labile.”' However, upon examination of the two sites
which Ru is thought to occupy, these sites contain 5 internal oxygen bonds as well as one
bond to a H,O or OH" ligand. Given that the estimated bond dissociation energy of a
Ru-O bond is ca. 110 kcal/mol,” the probability of the atom in this site being labile is
low. A simpler explanation for the unusually large thermal coefficient observed is that
the atom assignment is incorrect, a hypothesis not just consistent with, but required by,

three of the four elemental analysis results in Table 1 revealing relatively little

incorporation of Ru into the polyoxoanion.
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In a second, literature study of the crystal structure of “Nay;-1”, the
crystallographic data indicated a Ru'!} 54 Wo 76Zm, ring.9 However, the reported
composition in the main text of the previous publication’ suggests a Ru'",Zn; ring is
present in “Naj;-1” giving the composition Naya[Ru™Zny(Ho0)2(ZnWoOsa)a].

Moreover, the structure suggests that the Ru atoms substitute into the Zn and W positions
of the ring’ and not the two Zn atom positions containing terminal H,O ligands as
previously suggested.”?! In addition, in that study,’ the composition of “Naj;-1” is
reported fo vary from six independent crystals studied by both X-ray diffraction and
energy dispersive X-ray (EDX) spectroscopy. The average EDX composition was
consistent with Ru,Zn; but not with the Ru; 24Wy 76Zn ring of the crystal structure. This

second study® again illustrates the variation and inconsistency of “1.”

Table 2. Crystallographic data for the structure solved in this publication compared to
structures previously solved by Tourné,'® Neumann,?! and Shannon.’

Tourné's™® Neumann's*! Shannon’s’ Naz[WZn3;(H,0),
Nau[WZn3(H20)2 Nal 1 [WZnRuz(OH) NaM [W0'76RU 1 ,24Zn2 (ZnW9034)2]
(ZnW9034)2] (HzO)(ZnW9034)2] (HzO)z(ZﬂWgOu)z] '39H20 solved
*46H,0 *42H,0 *46H,0 herein

Space

Group P2,/c P2,/c P2,/n P2,/n

M 6047.9 6023.9 6110.4 5995.0

alA 13.027(4) 13.069(3) 13.0374(6) 13.0017(6)

b/A 17.788(5) 17.827(4) 17.7859(8) 17.8485(7)

c/A 24.124(4) 24.182(5) 21.1030(10) 21.0260(9)

B/° 118.94(2) 118.97(2) 93.3800(10) 93.223(3)

U/A? 4892(2) 4929(1) 4884.9(4) 4871.6(4)

Crystal

size 0.088 x 0.102 x 0.067 x 0.166 x

/mm 021 x0.16 x 0.34 NR* 0.326 0.263

R 0.039 0.051 0.0380 0.0509

GOF NR® NR* 1.061 1.120

#NR = not reported
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In order to further test the hypothesis that there is little to no Ru incorporation into
the parent polyoxoanion, we grew crystals of “Na;;-1” according to the literature
procedure21 and performed an independent single crystal X-ray structure determination.
Our structural results agree with our bulk elemental analysis results above (Table 1), as
well as our elemental analysis results on the single crystals from the same batch used for
X-ray diffraction (Table 3, vide infra), in that there appears to be no Ru present in at least
this sample of “Nay;-1”, Figure 1. Attempts to introduce even partially occupied Ru sites
into the refinement were unsuccessful. Instead our reported structure suggests that “Nay,-
1” is primarily, if not completely, the parent precursor polyoxoanion,
Naj2[WZn3(H20)2(ZnWgOs4),], Table 2, last column. In order to rule out the possibility
of having some crystals which contain Ru, three separate crystals from two different
crystal batches were analyzed and each of the three data sets refined to the same

structure, Ru-free Na ;[ WZn3(H,0)2(ZnW0s4)2].
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Figure 1. Thermal ellipsoid plot of [WZn3(H;0),(ZnWg034)2]'> (50% ellipsoids).
Solvent (H,0) and counter cations (Na') have been removed for clarity.

While reinvestigating the crystal structure of “Na;;-1,” similarities between the
two previous structure determinations®' of “Na-1” and Tourné’s'® determination of
Naj2[WZn3(H20):(ZnWe034),] became apparent (Table 2). The structure determination
reported herein appears at first glance to be different from the reported structures of
“Nay,-1"?! and Naj)[WZn3(H,0)2(ZnWoO34)2]" as the space group is different (we chose
to solve the structure in the International Union of Crystallographers’ preferred space
group of P2,/n). However, Table S1 of the Supporting Information shows that the
alternative P2/c space group for the structure reported herein gives a unit cell that
exhibits similar cell constants to those shown for the structures of “Na;;-1”° and

Naj2[WZn3(H,0)2(ZnWo0s4);] in Table 2. This provides further support consistent with

the hypothesis that 1 made in at least our hands is the parent polyoxoanion,
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[WZn3(H20)2(ZnWoO34)2] 12 our crystallography result also raises the possibility that the
atom assignments in the previous structure may have been misinterpreted.

As noted above, elemental analysis of the crystals from the batch used for X-ray
diffraction gave the composition Na [ WZn3(H,0),(ZnW¢O34),]*13H,0. This
composition is identical to the polyoxoanion precursor used (Table 3), and supports the
results from the crystal structure determination. Like the bulk sample, the crystal batch
sample also indicates no detectable Ru substitution into the parent polyoxoanion. That
there is little to no Ru substitution is not surprising as Ru has been shown to be difficult
to substitute into polyoxoanions.'® Furthermore, the synthesis published”?" uses a neutral
pH, whereas acidic (or sometimes basic) pH is often required for polyoxoanion
substitutions.”* An alternative hypothesis here is that it is simply our failure (i.e., in our
hands) to be able to incorporate Ru into the desired structure. However, the same low to
no Ru results for 2 independent researchers in our labs, in C. L. Hill’s labs, and Nomiya’s
inability to repeat the reported synthesis of Rup-1,"" all argue strongly that there is a
problem with the reported synthesis, Scheme 1, and the claimed composition of 1. The
catalytic results provide additional, highly suggestive evidence that “Ru,-1” may have

never been made, vide infra.
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Table 3. Elemental analysis data for the single crystals of “Na;;-1” from the batch used

for the X-ray diffraction structural analysis.
Calculated for
Calculated for Na; ;-1 Nay[WZn3(H;0)2,(ZnWy0s4)]  Observed for “Naj;-17

*13H,0 *13H,0 sample prepared herein
Na 4.60% 5.06% 4.62%
Zn 3.57% 5.99% 5.99%
Ru 3.67% 0% <0.1%
w 63.5% 64.1% 62.8%"
) 24.1% 24.4% 24.2%

® Low W analyses are unfortunately prevalent in the polyoxometalate area (for example see the repeat W
analyses required in the experimental section of ref 25); W analyses can vary by ca. £2% even when
performed (as was done here) by inductively coupled plasma (ICP) emission spectroscopy.*®

3% NMR Studies. Tourné previously reported the '**W NMR spectrum for the
Li" salt of [WZn3(H,0)(ZnWq0Os4)2]'> taken at 22 °C. In order to collect further
evidence on the composition of the bulk sample, 183W NMR on the Li* exchanged “Ky;-
1” prepared herein (i.e., by A. M. Morris) was taken at 52 °C in order to increase the
solubility of “1”, Figure 2. The spectrum shown in Figure 2, although with a relatively
poor signal/noise, is the same within experimental error as the spectrum of Li" exchanged
[WZn3(H,0),(ZnW4034),]'> once the difference in temperature of the two spectra are
taken into account.” Both spectra contain the expected ten W signals, nine of which
correspond to the W atoms in the two (ZnWyOs4) units. One (the tenth) signal at ca. +20
ppm has half the intensity of the other signals and can be assigned to the single W atom
contained in the WZn; ring of the polyoxoanion and labeled W1/W1A (each having 50%
occupancy) in Figure 1. The "W NMR spectrum of Li*-“1” is consistent with the
elemental analysis studies as well as the crystal structure in showing that “1” is at least
mostly composed of the parent polyoxoanion, [Wan(HzO)z(ZnW9034)2]12'. The caveat
here is, however, that 1833 NMR is notoriously insensitive to smaller, trace components,

especially in non-ideal signal/noise spectra such as we were able to obtain (Figure 2).
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Figure 2. "W NMR spectrum of Li* exchanged “K;;-1” in D,0 at 52 °C.

0,-Uptake and Product Identification and Quantitation Studies: General
Procedure. Following the previously published literature procedure for O, uptake
studies,® 6.0 mmol of adamantane, 6.0 pmol of the precatalyst, and 12.0 mL of 1,2-
dichloroethane were combined and equilibrated at 80 °C under ~1.0 atm of O,. The
oxygen uptake curves for each of the experiments discussed below can be seen in Figures
3 and S3 to S8 of the Supporting Information. Control experiments of the appropriate
added Zn and [Ru(DMSO)4Cl] plus QCI, along with discussion, are also provided in the
Supporting Information for the interested reader. Following the O, uptake experiments,
the products of each reaction were identified and quantified by comparison to authentic
samples with GC.

O, Uptake and Product Identification and Quantitation Studies with “Q;;-1.”
For each of the three independently prepared samples of “Q;;-1,” there was
approximately 2.5-3 psig of O, taken up during the course of 24 hours over which the
reaction was monitored (following the previous literature procedure®). A sample O,
uptake is shown in Figure 3. The resulting products from the O,-uptake curves for each
of the three independent samples of “Q;-1” are the same within experimental error,
Table 4, entries 1, 2, and 6, despite the varying amounts of Ru present in each of the

samples. In addition, the products obtained from each of the three independent samples
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(entries 1, 2, and 6 of Table 4) of “Q,;-1” gave the same yields and selectivities as the
previously reported “Q;;-1” reported to contain > 1.8 more Ru atoms, entry 7, Table 4.

12721 (j e., and with its claimed two

This implies that “Q;;-1” reported previously
incorporated Ru atoms) either (i) coincidently gives the same oxidation products in the
same yields as we see with “1” that has < 0.2 equiv of Ru, or more likely we believe (ii)
that the previously reported1’2’7’21 “Qq1-1” is similar to our “Qi;-1” samples—samples

prepared by the same method”?! and reported herein to contain < 0.2 Ru. The latter is

certainly the simplest, “Ockham’s razor” interpretation of the extant data.
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Figure 3. Pressure vs. time curves recorded by a O, pressure transducer. The initial
pressure rise is due to the 1,2-C;H4Cl, solvent pressure equilibration following flushing
the Fischer-Porter bottle with O, and then pressurizing it with ca. 14 psig of O,. (The
noise in the pressure curve arises from temperature variations since the reaction
temperature is at 80 °C yet the rest of the apparatus is at ambient temperature with +£3 °C
variation.) However, the net pressure loss shown matters, so that this experiment more
than suffices for its intended purpose of monitoring the net O, uptake over the time (24
hours) that the adamantane oxidation products were also monitored. Reaction conditions:
6.0 mmol of adamantane, 6.0 umol of “Q;;-1,” 12 mL of 1,2-C,H4Cl,, 80 °C, and ca. 14
psig of O, pressure.
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0,-Uptake and Product Identification and Quantitation Studies with Just
[Ru(DMSO0)4Cl;] as the Precatalyst. By using just 0.13 equiv of Ru (by adding the
0.77 umol of Ru, which is the same amount of Ru if one could add 1.0 equiv of
Q12[WRug 13Zn; 37(H20)2(ZnWyO34)2]) in the form of [Ru(DMSO0)4Cl;] (an amount that is
the same as the average Ru seen in the elemental analysis of “Q;;-1” from our
laboratories, entries 1 and 6 of Table 4), an O, uptake curve the same within experimental
error of Figure 3 was produced, see Figure S3 of the Supporting Information.
Furthermore, 1-adamantanol and 2-adamantanone products are again obtained as reported
for? “Qn1-1” in a similar selectivity (ca. the same within experimental error), albeit in a
bit less than half as much yield (entry 3, Table 4, in comparison to entries 1 and 2)—half
the yield that may simply reflect that there is ca. half the Ru in this control experiment as
in entries 1 and 2. Overall, this control experiment shows that starting with
[Ru(DMSO0)4Cl;] gives similar adamantane hydroxylation products, but more slowly in
ca. half the yield.

0,-Uptake and Product Identification and Quantitation Studies with
Q12]|WZn;(H,0)2(ZnW¢034)2]*nQCL. The next obvious control experiment was to use
the Ru-free Q" salt of the polyoxoanion precursor, [WZn3(H20)2(ZnWyO34)2]'>, instead
of “Q1-1”. Again, the identical two main 1-adamantanol and 2-adamantanone products
were observed for Q12[WZn3(H,0)2(ZnWy0s4)2] (entry 4, Table 4 in comparison to
entries 1 and 2). However, no products were observed after 24 hours for
Q12[WZn3;(H20)(ZnWyO34)2]*nQCI since the reaction time is variable (as expected for a
radical-chain autoxidation reaction®) and requires 95 to 140 hrs for completion (Figures

S4a and b of the Supporting Information). In combination with the prior control of just
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[Ru(DMSO0),Cl,] alone, these results would seem to indicate that (i) both
[Ru(DMSO0),4Cl,] and Ru-free Q12[ WZn3(H,0)2(ZnWy034),]*nQCl are able to exhibit the
observed (radical-chain®) catalysis, but (ii) that their combination is more effective. This
is in fact the case as the third control reaction described next demonstrates.

0,-Uptake and Product Identification and Quantitation Studies with Pre-
mixed Q;2[WZn3(H20)2(ZnWy034)2]*nQCI plus [Ru(DMSO)4Cl;]. The third control
of pre-mixing 0.13 equiv [Ru(DMSO0)4Cl] with Q12[ WZn3(H0)(ZnW9O34),] produced
the anticipated accelerated hydroxylation reaction. The induction period was shortened
as expected, the same two main products were produced as with “Qy;-1”, but the yields
were higher beyond experimental error (entry 5, Table 4). This is an important result,
one of the most telling results in this report. It indicates higher kinetic competence of
low levels of Ru not necessarily in the polyoxoanion structure as would be the case for
authentic 1; it argues for enhanced catalysis by a perhaps polyoxoanion-supported®’ (and
not polyoxoanion-framework incorporated,?® such as 1) form of Ru™ (e.g.,
Ru™/[WZn3(H,0)2(ZnWsO34)2]' is one possibility). It also makes an important
connection between our results and the work in question®: we get the same catalysis in
terms of yields (rates) and selectivities with just low levels of Ru and the parent
polyoxoanion. This strongly implies that if the prior complex 1 really contains the 2.0
equiv of Ru as listed in Table 4, then that Ru is not essential to catalysis! The alternative
hypothesis is that the previously reported'*’ “1” does not contain 2 Ru but, instead, is
really the same as our low-Ru material.

0,-Uptake and Product Identification and Quantitation Studies with Pre-

mixed Q2[ WZn3(H20)2(ZnWy034)]*nQCIl plus [Ru(DMSO)4CL;] plus 4-tert-
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butylcatechol. The above experiments, along with our prior demonstration® of a radical-
chain mechanism for the formation of 1-adamantanol and 2- adamantanone beginning
with “Q1-1” as the precatalyst, strongly imply that the results in Table 4 are all due to
radical-chain chemistry. However, to provide evidence for this in the now important case
of pre-mixed Q2 WZn3(H,0),(ZnW4034),] plus [Ru(DMSO0),Cl;], these two precursors
were combined under the standard reaction conditions employed herein. Affer ca. 8
hours when O, uptake was observed to be underway, 4-fert-butylcatechol (a radical
inhibitor used in both our and the literature previous studies™®) was added. As shown in
Figure S8 of the Supporting Information, the addition of 4-fert-butylcatechol completely
halted the otherwise on-going O, uptake; no further hydroxylated adamantane products
were observed by GC. While only a single experiment, in light of the now extensive
evidence for a radical-chain mechanism when using “Q,;-1” as the precatalyst® and given
that 4-fert-butylcatechol is an established inhibitor of that chain,® even this single result

provides prima facie evidence of a similar mechanism, and a close connection, between

“Q11-1” and a physical mixture of Q2[WZn3(H20)2(ZnWoOs4),] plus [Ru(DMSO)4Cl;].

Conclusions
The.main findings from the present study can be summarized as follows:

*  “Qi-1” prepared in at least our laboratories by two independent researchers
(reported herein and ref 8) and in Hill’s'* laboratories (as well as in Nomiya’s
laboratories'") is not consistent with the previously claimed'?
Qu[Ru™LZnW(H,0)(OH)Y(ZnWsO34)2] on the basis of elemental analysis, single

crystal X-ray diffraction, "**W NMR, and oxygen uptake and product
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quantification studies plus appropriate control experiments. In particular, to date
no one has reported being able to independently prepare a sample of 1 that
contains the claimed 2 Ru atoms.

Instead “Q,1-17, at least as we or others can synthesize, it appears to be primarily
the parent polyoxoanion precursor, Q12[ WZn3(H20)2(ZnWgO34),] with small
amounts of Ru (< 0.2 atoms) either substituted into the complex, or perhaps more
likely variable amounts of Ru" present as an impurity.

The two previous crystal structure determinations of “Na;;-1” as

Naj; [Ru"™,ZnW(H,0)(OH)(ZnWsO34)] or

Naj4[Wo.76Ru; 24Z1n2(H20)2(ZnWs034),] show strong similarities to the parent
polyoxoanion, Naj3[ WZn3(H,0)2(ZnWy034),]. While this is to be expected based

1% the need for other

on the similarities of their structures, this does re-illustrate
physical methods able to show the amount and location of low-valent metals in
polyoxoanion structures—a difficult topic.'*®

Control O,-uptake and product identification studies using
Q12[WZn3(H20)2(ZnWyO34),] alone, [Ru(DMSO0)4Cl;] alone, or a combination of
Q12[WZn3(H20)2(ZnW4034),] and [Ru(DMSO),Cl;] provide evidence that pre-
mixed Q12[WZn3(H20)2(ZnWy034),] and 0.13 equiv of [Ru(DMSO0),Cl;] is a ca.
2-fold faster, kinetically more competent catalyst to the same products that were
reported for the original “Q;;-1” with its claimed two Ru atoms. This is an
important new piece of evidence, one as important as any reported herein,

evidence that either (i) raises the hypothesis that the claimed 2-Ru containing

“Qy;-1" may actually be a mixture of low levels of Ru plus the parent

375



polyoxoanion (and since their catalysis is basically the same), or (ii) alternatively
suggests that if 1 exists, then the 2 framework-incorporated Ru atoms are not
relevant to catalysis.

Another conclusion is that the catalysis is an important additional handle, one that
allows an independent, albeit indirect, probe of the amount of Ru™" and its
location. Such an independent handle would be valuable in other areas where
metal content and location in late-transition-metal-substituted polyoxometalates
remains controversial.'*

The radical-chain mechanism previously elucidated for “Q;;-1” in our prior work®
still appears to be operative. That mechanism can now be updated slightly by
replacing the “Ru,""” and “Ru,""""” species in Scheme 3 elsewhere® with a more
general Ru" and Ru™' species in the chain mechanism (see Figure S1 of the
present Supporting Information for the slightly revised radical-chain mechanistic

scheme).

Overall, we find no independent evidence for Ru,-containing “1.” We emphasize

that the evidence herein does not mean that 1 cannot or even does not exist, but just that

(a) no reliable synthesis of it exists. Another important implication of our results is that if

authentic Ru,-containing 1 were made with its framework-incorporated® Ruy, it might

still be an inferior oxidation catalyst vs simply beginning with a physical mixture of low

levels of [Ru(DMSO)4Cly] plus 1.0 equiv [WZn3(H,0):(ZnWg034),]'".

An overall message of the present and our prior® work is that claims of Ru and

other late-metal substituted polyoxometalates will need to consider carefully the
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problems and issues present in getting pure samples of fully substituted, non-disordered,
non-late-metal contaminated products. Then, catalysis with those precatalyst

13.14.13.16.17 (i1l need to rely on the appropriate kinetic and other, ideally

complexes
operando,'” studies needed to rule out the conceivable catalyst possibilities en route to
providing evidence for the true catalyst and true reaction type. In oxidation chemistry,
ruling out “omni-present autoxidation™ continues to be job #2, while obeying Platt’s

scientific method of the disproof of all alternative hypotheses® continues to be job #1

here and in science in general.

Experimental

Materials. All reaction solutions were prepared under oxygen and moisture-free
conditions in a Vacuum Atmosphere drybox (O; level <5 ppm, as continuously
monitored by an oxygen sensor). 1,2-Dichloroethane (Aldrich, HPLC grade) was dried
with preactivated 4 A molecular sieves and stored in the drybox. Adamantane (Aldrich,
99+%) was used as received and stored in the drybox. Na2W04+2H20 (Aldrich, 99%),
Zn(NO3)2+6H20 (Fisher Chemicals), RuCl3.xH20 (Aldrich, 99.98%), NaCl (Fisher
Chemicals, ACS grade) and Aliquat 336 (Aldrich) were used as received. 4-tert-
butylcatechol (Aldrich, 97%) was stored in the freezer. Deionized water was used for
solution preparations.

Instrumentation. Infrared spectra were obtained on a Nicolet 5SDX spectrometer
using neat samples in a press-fit KBr cell. The 1H nuclear magnetic resonance (NMR)
spectra in D20 or CDCI3 were obtained on a Varian Inova (JS-300) NMR spectrometer

and referenced to the residual proton impurity in the deuterated solvent. The 183W NMR
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spectrum was obtained on a Varian Inova 500 MHz NMR and was referenced to an
external Na, WO, sample. The 500 MHz NMR was kept at 52.0 £ 0.2 °C by heating the
carrier gas. A high precision (0.015 psig) oxygen pressure transducer (Omegadyne Inc.,
model PX02C1-100G10T-OX) connected to an analog-to-digital converter (Omega
D1131) and integrated with LabView 6.1 software was used for O2-uptake data
collection, all as previously described.31 GC analyses were performed on a Hewlett-
Packard 5890 series I gas chromatograph equipped with a FID detector and a SPB-1
capillary column (30 m, 0.25 mm i.d.) with the following temperature program, as
before8 for adamantane hydroxylation products: initial temperature, 140 °C (initial time,
4 min.); heating rate, 5 °C/min; final temperature, 180 °C (final time, 3 min.); FID
detector temperature, 250 °C; injector temperature, 250 °C. An injection volume of 1 pL.
was used. Product peaks were identified by comparison to authentic sample peaks.
Elemental analyses were performed by Mikroanalytisches Labor Pascher (Remagen-
Bandorf, Germany) or, where indicated, by Galbraith Laboratories, Inc (Knoxville, TN).
Diffraction data were collected on a Bruker APEX2 diffractometer employing Mo Ka
radiation for three independent crystals. Standard Bruker APEX?2 control and integration
software was employed, and Bruker SHELXTL32 software was used for structure
solution, refinement, and graphics. A face-indexed absorption correction yielded results
that were not better than obtained using SADABS33 alone. The structure was solved by
direct methods and refined by a full-matrix, weighted least-squares process. Residual
electron density representing solvent molecules (H,O) and the countercations (Na") were

included in the model.
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Preparation of Putative “{{WZnRu,(OH)(H,0)[(ZnWs034)2}''™, 1,
Precatalyst. The precursor Na;;[ WZn3;(H,0),(ZnWy034)2]*xH,O (precrystallization
yield 37 g, 27%) was synthesized and recrystallized according to the literature.>® W
NMR (D,0) observed at 52 °C [reported’, estimated from the spectrum provided at 32
°C]: & +24 [+21], -14.2 [-20], -37 [-55], -77 [-95], -83 [-100], -89 [-105], -147 [-155], -
178 [-190], -218 [-230], -313 [-310]. Elemental analysis on a sample dried at room
temperature under vacuum Yyields: Calculated [found]: Na 5.02 [4.99]; W 63.6 [63.0]; O
24.8 [24.6]; Zn 5.95 [5.99].

Similarly, [Ru(DMSO)4Cl;] was synthesized and recrystallized according to the
literature'*** (recrystallized yield 70-75%). The "H NMR of recrystallized
[Ru(DMSO0),Cl,] was identical within experimental error to a recent published
preparation.”® "H NMR (CDCls): & (major peaks) 2.67, 2.78, 3.37, 3.49, 3.55, and 3.58;
literature'® (CDCl3): & (major peaks) 2.60, 2.72, 3.32, 3.43, 3.48, and 3.50. Elemental
analysis from Galbraith Laboratories, Inc. on a recrystallized sample dried overnight at
room temperature under vacuum yields: Calculated [found]: Ru 20.9 [20.7]; C 19.8
[20.0]; H 4.99 [5.23]; S 26.5 [27.0]; C1 14.6 [14.3].

Next, “K11[WZnRu(OH)(H,0)(ZnWyO34)2]*15H,0” was prepared and
recrystallized twice from hot water according to the literature®': specifically and in brief,
22.5 g (3.7 mmol) of Naj2[WZn3(H20)2(ZnWoO34),]+46-48 H,O was dissolved in ~10
mL of deionized water under Ar. Under a flow of Ar, 4.0 g (8.3 mmol) of
[Ru(DMS0),4Cl,] was added and the solution was refluxed under Ar at 90 °C for 18
hours. Follov(/ing the reflux, the solution was exposed to air and 2 g (27 mmol) of KCI

was added causing an immediate formation of yellow precipitate. The product was
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filtered and recrystallized twice from hot water and finally dried under vacuum overnight
at room temperature. Yield 4.1 g (18%); literature: 3.7 g (16%)® and 24%.>' Neat IR: 720
(s), 770 (s), 881 (m) 924 (m). Elemental analysis, calculated [found]: K 7.53 [4.69]; Na 0
[0.59]; Zn 3.43 [7.13]; Ru 3.54 [0.75].

Next, the organic counterpart of the polyoxometalate salt
“Q1[WZnRuz(OH)(H2O)(ZnWy034),]*nQCI” was synthesized via the published
method,”?' specifically and briefly as follows: equimolar amounts of
“K11[WZnRu(OH)(H,0)(ZnWoO34),]*15H,0” (0.18 mmol) and QCI (2.0 mmol) were
combined in deionized water and the product was extracted three times using ~5 mL of
1,2-dichloroethane. The 1,2-dichloroethane was then removed in vacuo to yield of the
gum-like, red-orange compound. Yield 51%; literature® 50-65%. IR data (as a neat
sample): 714 (s), 797 (s), 8§74 (m), 924 (m) cm’’; literature®: 723 (s), 766 (s), 871 (m),
921 (m) cm™". The IR spectrum can be seen in Figure S1 of the Supporting Information.
Elemental analysis of the above prepared sample which had been dried under vacuum
overnight at room temperature gave the following analysis, calculated [found]: C, 39.91
[39.75]; H, 7.28 [7.10]; N, 1.86 [1.62]; Ru, 0.21 [0.21]; Zn, 3.21 [3.50], which in turn
yields the composition Q2[ WRu-¢2Zn-; 3(H,0),(ZnWy034),]*QCl. An independent
sample of “Q,;-1" and “K;;-1” was also generously donated by C. Hill’s lab; elemental
analysis of the Hill K" salt yields: Ru, <0.1; Zn, 2.92; Elemental analysis results of a
third independent sample prepared by C.-X. Yin from the Finke group yields the
composition, Q2] WRu¢,05Zn-3(H20)2(ZnW9034),]+2.5QCI. Calculated [found]: C,
41.93 [41.44]); H, 7.64 [7.92]; N, 1.96 [1.83]; O, 10.8 [10.3]; W, 33.6 [32.7]; Ru, 0.05

[0.05]; Zn, 3.15 [3.49]. Unless otherwise indicated, the “K;;-1” and “Q;;-1” samples

380



prepared at Colorado State University by A. M. Morris were used in subsequent
experiments.

Preparations of crystals of “Na;;[WZnRu"",(OH)(H,0)(ZnWyOs4),]*42H,0.”
X-ray quality crystals of “Na [WZnRu",(OH)(H,0)(ZnWo034),]*42H,0” were grown
according to the literature procedure.’> Briefly,
“K[WZnRu",(OH)(H,0)(ZnWq034):]*15H,0” was dissolved in a 0.5 M solution of
NaCl and allowed to slowly evaporate in air at room temperature. After approximately
one week, spear-shaped, clear-orange crystals were obtained. Elemental analysis of this
crystalline sample gives: calculated [found]: Na, 5.06 [4.62]; Zn, 5.99 [5.99]; W, 64.0
[62.8]; O, 24.4 [24.2], consistent with. the composition,
Naj2[WZn3(H20)2(ZnW4034),]*13H,0.

Preparation of Q12| WZn3(H20)2(ZnW¢034)2]*nQCI.
Q12[WZn3(H20)2(ZnW5034),]*nQCI was prepared in the analogous manner to the
literature preparation of “Q;;[WZnRu(OH)(H,0)(ZnWs034)2]onQC1.”"?! Specifically,
410-520 mg (70-90 pmol) of Na;2[WZn3(H,0)2(ZnWO34),]*46-48H,0 was dissolved in
ca. 10 mL of deionized water with heating and stirring. This solution was cooled to room
temperature and 320-420 mg (0.8-1.0 mmol) of Aliquat 336 (Aldrich) was added. The
solution was then extracted three times with ca. 5 mL of 1,2-dichloroethane, each time
collecting the lower, organic layer. The 1,2-dichloroethane solvent was then removed in
vacuo resulting in a colorless to orange gel. Yield 260-380 mg (37-38%). IR data(asa
neat sample): 722 (s), 765 (s), 873 (m), and 923 (m) cm™. The full IR spectrum can be

seen in Figure S2 of the Supporting Information.
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Preparation of the 183w NMR Sample. 1.0 g (0.18 mmol) of “K;;-1” was
dissolved with heating and stirring in ca. 3 mL of D,0. To this solution, 0.17 g (1.6
mmol) of Li(ClO4); was added in order to exchange the potassium cation and improve
solublility. The solution was filtered to remove the solid KCIO4 and transferred into a 10
mm NMR tube. The solution was kept at or above 50 °C at all times in order to prevent
the product from recrystallizing. '**W NMR (D0, 52 °C): & +25.2, -17.6, -40.0, -81.5, -
83.7,-88.8,-149.7,-183.1, -222.9, -298.5; literature (D,0, 22 °C):3 O (estimated from
spectrum) +20, -20, -55, -95, -100, -105, -155, -190, -230, -310.

General Procedures for Oxygen-Uptake Experiments. Adamantane
hydroxylation was monitored by oxygen pressure loss on a computer-interfaced, high
precision O,-pressure transducer apparatus (vide supra). The reaction flask was a
pressurized Fischer-Porter bottle attached via Swagelock quick-connects and flexible
stainless steel tubing to both an oxygen tank and to the pressure transducer. (A schematic
of this general apparatus, but where instead a H,-compatible pressure transducer is
instead used, is provided elsewhere.’') In the drybox, adamantane (ca. 815 + 8 mg, 6.0
mmol) was weighed into a 5 dram vial and transferred using the 1,2-dichloroethane
solvent into a new 22 mm x 175 mm Pyrex culture tube along with a new 5/8 in. x 5/16
in. Teflon stir bar. The precatalyst, “Q;-1” (ca. 60 £ 5 mg, 6.0 pmol) was dissolved in
ca. 5 mL of 1,2-dichloroethane, and then quantitatively transferred into the culture tube
via a disposable pipet. The remaining solvent (total = 12 mL) was added to the culture
tube and the culture tube was then placed inside the Fischer-Porter bottle, sealed, and
brought out of the drybox. The bottle was connected via the quick-connects, placed in a

temperature controlled oil bath (80 °C), and stirring was initiated. The solution was
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equilibrated with stirring at 80 °C for 40 minutes under the inert N, atmosphere of the
Fischer-Porter bottle. The Fischer-Porter bottle was then purged 15 times with ~14 psig
of Oy; 15 s/purge, equilibrate 1 min 15 s; 5 min total time elapsed before the pressure
recordings were initiated. The reaction vessel pressure was set at 14 = 2 psig and 1 = 0
was set. The reactions shown here were stopped after 24 hours following literature
precedent unless otherwise noted.'” At the end of the reaction, GC analysis was used for
the determination of the final products following the hydroxylation. The Fischer-Porter
bottle was vented, opened in air, and the contents were poured into a 5 dram vial. A 0.2
mL sample from the vial was dissolved in 8.2 mL of 1,2-dichloroethane (41x dilution)
and used for the GC analyses.

0,-Uptake Experiments with [Ru(DMSO),CL]. The same procedure as above
(“General Procedures for Oxygen-Uptake Experiments”) was used except, instead of
dissolving 60 mg of the precatalyst ,“Q;;-1,” in ca. 5 mL of 1,2-dichloroethane, 0.1 mL
of a solution containing 3.6 mg (7.7 pmol) of [Ru(DMSO0)4CL;] in 1.0 mL of 1,2-
dichloroethane was added. This [Ru(DMSO0)4Cl;] solution permitted 0.77 umol of Ru to
be added to the reaction which is the average amount (0.13 equiv) of Ru present in the
“Q1-1” sample by elemental analysis from the two samples prepared in our laboratories
(entries 1 and 6, Table 4).

0O,-Uptake Experiments with Q12| WZn3(H20)2:(ZnWy034)2]*nQCl. The same
procedure as above (“General Procedures for Oxygen-Uptake Experiments™) was used
except instead of 60 mg of “Qy;-1,” 60 + 4 mg (~6 pmol) of Q12[WZn3(H,0).

2(ZnWq034)2]°nQCl was dissolved in ca. 5 mL of 1,2-dichloroethane and the reaction

383



time was lengthened to ~120 hours since no O, uptake was observed after the normal 24
hours.

0;-Uptake Experiments with Pre-mixed Q[ WZn3(H20)2(ZnWyO34)2]°nQCl
and [Ru(DMSO0),ClL;]. The same procedure as above (“General Procedures for Oxygen-
Uptake Experiments™) was used except instead of 60 mg of “Q;;-1,” 60 + 3 mg of
Q12[WZn3(H20)2(ZnWy034)2]*nQCl and 0.1 mL of the [Ru(DMSO),Cl,] solution
described in “O,-Uptake Experiments with [Ru(DMSO)4]Cl,” were combined and
dissolved in ca. S mL of 1,2-dichloroethane. In a separate experiment, the pre-mixed
Q12[WZn3(H20)2(ZnWO34)2]*nQCl and [Ru(DMS0),Cl,] solution was monitored by its
O, uptake and at ¢ = 8.3 hours, 35 mg (0.21 mmol) of the previously employed® radical
trap, 4-tert-butylcatechol, was added. The results are shown in Figure S8 of the

Supporting Information.
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Supporting Information for:
Re-Investigation of a Ru;-Incorporated Polyoxometalate Dioxygenase Precatalyst,
“IWZnRu,"(H,0)(OH)(ZnWs0s,);]''”: Evidence For Marginal, <0.2 Equivalents

of Ru Incorporation Plus Faster Catalysis by Physical Mixtures of

[Ru"(DMSO0),CL] and the Parent Polyoxometalate [WZn3(H;,0)(ZnWoOs4)]'>

Aimee M. Morris, Oren P. Anderson, and Richard G. Finke
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Figure S1. IR spectrum of neat “Q,;-1” prepared herein.
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Figure S2. IR spectrum of neat Q2[WZn3(H,0)2(ZnW5034);]
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Figures S1 and S2 show that similar peaks are observed for the “Q;-1” and
Q12[WZn3(H,0),(ZnW40s4),] prepared herein. Specifically, they both contain peaks at
923-924 cm’! and 873-874 cm’™. However, in the ~800 to ~700 cm™! region, differences

in the broad peaks between Figures S1 and S2 are seen.

Table S1. Crystallographic data for the structure solved herein in the alternative P2,/c
space group compared to structures previously solved by Neumann® and Tourné.'

Neumann's® Tourné's'

Na,[WZny(H,0),(ZnW3034);1  Nay [WZnRuy,(OH)(H,0)(ZnW3054),]  Nap,[WZny(H,0),(ZnWs0;,),]
*34H,0 *42H,0 *46H,0

Space Group P2/c P2)/c P2/c

M 58144 6023.9 6047.9

alA 13.0017(6) 13.069(3) 13.027(4)

b/A 17.8485(7) 17.827(4) 17.788(5)

c/A 24.0914(11) 24.182(5) 24.124(4)

B/° 119.381(3) 118.97(2) 118.94(2)

N 4871.6(4) 4929(1) 4892(2)

Crystal size /mm 0.067 x 0.166 x 0.263 NR® 021x0.16x0.34

R NA* 0.051 0.039

* NA means not applicable as the structure was not solved in the above P2,/c space
group. ° NR stands for not reported in the previous publications.

The results in Table S1 show the similarities exhibited for the unit cell constants
for the structures of Naj2[ WZn3(H20)2(ZnWg0O34)2] solved herein and by Tourné, as well
as Neumann’s Na;;[WZnRu,(OH)(H,0)(ZnWy0s4);] as discussed further in the main

text.
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Figure S3. Pressure vs. time curve recorded by an O, pressure transducer. The initial
pressure rise is due to the solvent pressure equilibration following the addition of O, to
the reaction flask. Reaction conditions: 6.0 mmol of adamantane, 0.74 pmol of
[Ru(DMS0)4Cl;], 12 mL of 1,2-C,H4Cl,, 80 °C, and ca. 14 psig of O, pressure. The net
pressure difference of 1.4 + 0.1 psig corresponds to 0.39 + 0.02 mmol of O, that was

taken up over 24 hours. The product yields from this O,-uptake are given and discussed
in the main text.

(@) 16 (b) 16

—
H

[y
N
.

Pressure (psig)
Pressure (psig)
o

o]
L

4 T . r . ‘ T 4 1 T T
0 20 40 60 80 100 120 140 0 25 50 75 100

Time (hrs) . Time (hrs)

Figure S4. Two different pressure vs. time curves recorded by an O, pressure transducer
for the reaction conditions: 6.0 mmol of adamantane, 6.0 umol of
Q12[WZn3(H20)2(ZnW9O34)2], 12 mL of 1,2-C2H4C12, 80 OC, and ca. 14 psig of 02
pressure. The two figures illustrate the length and variation in induction period times and
amount of O, that was consumed for the Ru-free polyoxoanion. The initial pressure rise
in (a) and (b) are due to the solvent pressure equilibration following the addition of O, to
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the reaction flask. The small fluctuations in pressure arise from temperature fluctuations
during the long reaction times. The product yields were determined by GC and averaging
the two curves at the end of the reaction, ~120 hours; these results are given and
discussed in the main text.

Experimental Conditions for the O,-Uptake Experiments with Pre-mixed
Q12| WZn3(H20)2(ZnW¢014)2]*nQCl and Zn. The same procedure as described in “O,-
Uptake Experiments with Q;2[Zn3; W(H20)2(ZnW50O34):]*nQCI” of the main text was
used, only 6 pmol (2 equiv) of Zn metal was also added to the ca. 5 mL of 1,2-

dichloroethane inside the drybox and the reaction time was lengthened to 95 hours.
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Figure SS. Pressure vs. time curves recorded by an O, pressure transducer. The initial
pressure rise is due to the solvent pressure equilibration following the addition of O; to
the reaction flask. The features seen at ~25 and ~50 hours are most likely due to in
temperature fluctuations and temperature gradients present during the long reaction
times. Reaction conditions: 6.0 mmol of adamantane, 6.0 umol of
Q]z[WZH3(H20)2(ZI‘1W9034)2], 6 me] of Zn, 12 mL of 1,2-C2H4C12, 80 OC, and ca. 14

psig of O, pressure. The important part of the Figure is the net pressure drop of 6.1 psig
as shown. ‘

393



0,-Uptake Studies with Pre-mixed Q;2[Zn;W(H;0)2(ZnWy034)2]*nQCl + Zn.
In the literature report,” it is claimed that the addition of Zn(0), to the reaction containing
“Qn-1,” adamantane, and solvent eliminates the induction period observed when no Zn is
added. Contrarily, in Yin et al’s previous report,’ they observed the exact opposite effect,
namely that the addition of Zn causes a lengthening in the induction period of the
reaction. When Zn was added to the reaction containing Q2[Zn3 W(H,0)2(ZnWO34),] as
part of the present work, the same lengthening of the induction period (from ~10 hours to
~30 hours) was also observed, Figures S4a and S4b). This finding is consistent with the
previous hypothesis’ that Zn may be acting as a weak radical inhibitor, thereby causing a

longer induction period to be observed.

-
(8,1

-
H

[y

w
— -
b 4

12 -

Pressure (psig)

8

0 5 10 15 20 25

Time (hrs)
Figure S6. Pressure vs. time curves recorded by an O, pressure transducer. The initial
pressure rise is due to the solvent pressure equilibration following the addition of O, to
the reaction flask. The small fluctuations in pressure arise from temperature fluctuations.
Reaction conditions: 6.0 mmol of adamantane, 6.0 pmol of
Q12[WZII3(H20)2(ZI’1W9034)2], 0.74 mel of [Ru(DMSO)4C12], 12 mL of 1,2-C2H4C12, 80
°C, and ca. 14 psig of O, pressure. The premixed Q12 WZn;(H,0)(ZnWy0s4)2] and
[Ru(DMSO)4]Cl; conditions allow for more O, uptake to occur in the 24 hour period (4.8
psig) in comparison to Q2[ WZn3(H,0)2(ZnW4034),] alone (0-2.2 psig),
[Ru(DMSO),4Cl;] alone (1.4 psig), or “Q;;-1” (2.0 £ 0.2 psig).
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Experimental Conditions for Pre-mixed QCI + [Ru(DMSO)4Cl;]. The same
procedure as described in “O,-Uptake Experiments with [Ru(DMSO)4Cl;]” of the
publication was used except 67 pmol of QCI (equivalent to the amount of Q" present in 6
umol of Q2[WZn3(H20)2(ZnWy034),2]) was added to the ca. 5 mL of 1,2-dichloroethane

inside the drybox.
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Figure S7. Pressure vs. time curve recorded by an O, pressure transducer. The initial
pressure rise is due to the solvent pressure equilibration following the addition of O, to
the reaction flask. The small fluctuations in pressure arise from temperature fluctuations.
Reaction conditions: 6.0 mmol of adamantane, 67 pumol of QCI, 0.74 pmol of
[Ru(DMSO0)4Cl;], 12 mL of 1,2-C,H4Cly, 80 °C, and ca. 14 psig of O, pressure.

0,-Uptake Studies with Pre-mixed QCI + [Ru(DMSO0),ClL]. In order to test
the possibility that the increased yields and shortening of the induction period is not
caused by QCI + [Ru(DMSO0)4Cl,] rather than by the pre-mixed polyoxoanion,
Q12[WZn3(H20)2(ZnW4O34);], and [Ru(DMSO),4Cl;], the control experiment in Figure S7

was run using 0.13 equivs [Ru(DMSO0)4Cl;] plus 1.0 equiv QCl. As can be seen Figure
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S7, there is an increase in the O, uptake in the 24 hour period to 3.4 psig (vs. 1.4 psig
from [Ru(DMSO0)4Cl,] alone, Figure S3), but a slight decrease from the pre-mixed
Q12[WZn3(H20)2(ZnW4034),] and [Ru(DMS0)4Cl;] (4.8 psig) shown in Figure S6. In
short, added QCI without the parent polyoxoanion does have some affect on the product

yields.
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Figure S8. Pressure vs. time curves recorded by a high precision pressure transducer.
The initial pressure rise and re-rise following the addition of 4-tert-butylcatechol are due
to the solvent pressure equilibration following the addition of O, to the reaction flask.
The small fluctuations in pressure arise from temperature fluctuations. Reaction
conditions: 6.0 mmol of adamantane, 6.0 umol of Q;2[WZn3;(H,0)2(ZnWy034)2], 0.74
umol [Ru(DMSO0)4Cl;], 12 mL of 1,2-C,H4Cl, 80 °C, and ca. 14 psig of O, pressure. At
t=8.3 hours, 0.21 mmol of 4-tert-butylcatechol was added under a positive flow of Os.
The important observation here is that adding 4-tert-butylcatechol completely stops the
previously active adamantane oxidation catalysis.

0;-Uptake Studies with Premixed Q;2[WZn3(H20)2(ZnWy034)2] +
[Ru(DMSO)4CL,] Along with the Addition of the Radical Inhibitor 4-tert-

butylcatechol. The radical inhibitor, 4-tert-butylcatechol is added to the O,-uptake of
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premixed Q2] WZn3(H,0)2(ZnWy034),] + [Ru(DMSO0)4Cl,] at t=8.3 hours which is after
the uptake of O; has begun. Figure S8 provides evidence that premixed
Q12[WZn3(H,0)2(ZnWg034)2] plus [Ru(DMSO0),Cl,] are operating via a radical
mechanism. This is an important control, as “Q;;[WZnRuy(OH)(H,0)(ZnWg034),]” was
shown previously” to operate via a radical mechanism. Taken with the results in the main
text, the implication is that Q2] WZn3(H,0)2(ZnWy0O34),]*nQCI plus trace amounts of
Ru"™ are a highly plausible explanation for the previously observed® autoxidation

catalysis.
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Scheme S1. Slightly revised mechanism for the radical-chain autoxidation of
adamantane plus concurrent Ru-catalyzed ROOH-based adamantane reaction; adapted
from reference 3. The mechanism is identical to that previously given,® except that the
Ru atoms are not necessarily incorporated into the polyoxoanion but can be trace Ru"*
species the current evidence suggests.

Initiation

(1) Adm-H+ Ru™ + 0, —Xa s Ry™™O0OH +  Adme
(mostly 1-adme;
but some 2-adme)

Propagation

) Adme + 0, —X2 > AdmOO »
fast

(3) AdmOO * + Adm-H —3 AdmOOH + Adme
(primary autoxidation product)

Concurrent Ru - Catalyzed AdmOOH - Based Reaction

(4) AdmOOH + Ru"™ —X4 . AdmOO «+ H* + Ru™
(5) AdmOOH + Ru™ — ks . AdmO«+ OH + Ru"!
(6)OH + H* —Xs > H,0

fast
(7) AdmO * + AdmOOH —XZ—> AdmOH + AdmOO

(8) AdmO * + Adm— H—5—> AdmOH + Adm®

(9) 2AdmO0* —X2 5 2AdmO* + O,
Termination

(102) 2AdmO0 » —X12 > AdmOOAdm + O,

(10b) 2AdmOO s —X10 5 1. AdmOH + 2-Adm=0 + O,
(possible when one AdmOQs is 2-AdmOO»)

As detailed elsewhere,’ this mechanism accounts quantitatively for the radical-
chain kinetices, and steady-state rate law (equation S1, where “Ru source” is for example

equal to “Q1{WZnRu(OH)(H,0)(ZnW¢034)2}") observed.?
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d[1 - adamantanol ]

3/2m
dt [

Ru source"]l/z[Oz]"l/2 (S1)

= k,ps[adamantane]

The Results of Six Attempted Preparations of 1 by Nomiya and Co-
Workers.* We thank Prof. Nomiya and his colleagues for sharing their following results
and permitting us to cite them herein for the first time. The write-up which follows is
from Prof. Nomiya.

In the preparation of the Neumann compound,
K11[WZnRuH12(OH)(HZO)(ZntO34)2],5 the two precursor complexes, that is, cis-
[RuCly(DMS0)4] * and Naj3[WZn3(H;0)2(ZnWs034),] ,%° were prepared without any
problems. The former was characterized with FT-IR, CH analysis, TG/DTA, 'H and P*C
NMR, and the latter with FT-IR, "**W NMR, TG/DTA, and cyclic voltammetry (CV)
measurements. The resultant characterization data were satisfactory and in accord with
the literature.5*®

Using these well-characterized precursors, we have repeated (6 times) the
preparation of the Neumann compound according to the reported procedure; “the solution
was stirred for 18 h at 90 °C under argon and cooled and opened to air”, that is, we have
performed the preparation by refluxing the aqueous solution, with the only difference that
we performed our studies under N gas. Yellow-brown materials were obtained,
sometimes as a mixture with crystals, with that product then being characterized by IR,
'H NMR, TG/DTA and UV-visible absorption spectra, and magnetic susceptibility plus
CV measurements. However, the IR spectra were almost unchanged after the reaction,

that is, they only showed a pattern due to the original Keggin fragments. The 'H NMR
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spectra in D,0 showed that the materials contained several S-bonding DMSO molecules
showing signals at 3.44, 3.47, 3.51, 3.68, 3.69, 3.71 and 4.00 ppm, and O-bonding
DMSO molecule showing a signal at 2.78 ppm. (The original paper’ does not report the
C, H, or S analyses nor '"H NMR measurements.) "**W NMR measurements in D,O were
unsuccessful, because of the insufficient concentration of the saturated solution of the Kj;
salt. TG/DTA showed the presence of ca. 30 water. The UV-visible absorption spectra
did not show the reported peak at 430 nm due to the reported’ O — Ru charge transfer.
Furthermore, apparent magnetic moments of our six materials were observed in the range
of 0.32 - 1.15 BM (specifically, 0.32, 0.53, 0.65, 0.81, 0.93 and 1.15 BM), with estimated
diamagnetic corrections based on the assumed formula of
“K11[WZnRu",(OH)Y(OH,)/(ZnWoOs4)2]*30H,0 (MW 5985)”. These results suggest that

the products we obtain are almost diamagnetic. Also, in the CV measurements of these

i/ v/l

compounds, we did not find reversible redox peaks due to Ru"" and/or Ru """ at
positive potentials, as reported.’ |

We have examined the parallel control experiments based on the reactions of cis-
[RuCl,(DMSO0)4] in aqueous solution with the closely related, two sandwich-
polyoxotungstates constructed with two Keggin or t‘wo Dawson fragments, both with P
heteroatoms, specifically Ko[Zny(H,0)(PW034),] and Najs[Zns(H,0)2(P2 W ;5056 )2],
respectively.” These two Zn4 derivatives have been prepared according to the literature

and characterized with FT-IR, TG/DTA, *'P and '®¥W NMR, and CV measurements.

Using Neumann's procedure (as well as with other modifications) we obtained many

111 11

materials. However, neither di-Ru -substituted paramagnetic compounds nor mono-Ru

compounds were never obtained in pure form. In every case, including the attempted
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preparation of Neumann’s compound, a color change from colorless to yellow-brown was
observed. Probably, a partial or incomplete substitution occurs, but the magnetic
susceptibility measurements showed that the products were always close to diamagnetic.
These results were also consistent with *'P NMR spectra characteristic of diamagnetic
species, that is, the two phosphorus resonances were almost unchanged after the
reactions.

In short, all compounds we have obtained according to the literature method’ are a
mixture of materials with incomplete substitution. The only difference in our synthesis is
the fact that our experiments have been performed under N, gas, while the previous work
under Ar gas. Our results indicate that two-site substitution of the WZn; moiety with cis-
[RuCl,(DMSO0)4], or even one-site substitution, will be very difficult under the reported
conditions. While our work does not deny the existence of the di-Ru"-substituted
sandwich polyoxotungstate K11[WZnRumz(OH)(HzO)(ZnW9034)2], it certainly echos the
findings of Finke and co-workers as well as Hill and co-workers reported in the main text
that the reported synthesis’ does not produce pure, di-Ru substituted product if cis-

[RuCl2(DMSO)4] is used as the ruthenium source.
Crystallographic Data For Na;;[WZn3(H20)2(ZnWy0;34):] or Naj-1. Shown

below in Tables S1-S3 are the crystallographic data tables from the structure solved and

discussed in the main text of Naj,-1.
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Table S1. Crystal data and structure refinement for Na,,-1.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 36.36°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Hg, Na, Oy00 Wio Zns

5922.51

100(2) K

0.71073 A

P2(1)/n

P2(1)/n

a=13.0017(6) A a= 90°.
b = 17.8485(7) A b=93.223(3)°.
¢ =21.0260(9) A g =90°.
4871.6(4) A3

2

4.012 Mg/m3

23.716 mm!

5210

0.263 x 0.166 x 0.067 mm3

1.50 to 34.34°.

-20<=h<=20, -28<=k<=28, -33<=1<=33
84169

20295 [R(int) = 0.0630]

98.8 %

Multi

Full-matrix least-squares on F?

20295 /0 /690

1.120

R1 =0.0509, wR2 =0.1079
R1=0.0717, wR2 =0.1153
6.596 and -4.092 A-3
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Table S2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(A2x 103) for Na,,-1. U(eq) is defined as one third of the trace of the orthogonalized UlJ
tensor.

X y z U(eq)
Na(1) 10289(4) 895(2) 8191(2) 19(1)
Na(2) . 8596(4) 2268(2) 9045(2) 19(1)
Na(3) 10599(4) 6184(3) 8229(2) 25(1)
Na(4) 10448(4) 7468(2) 7152(2) 19(1)
Na(5) 10455(4) 9393(2) 6972(2) 20(1)
Na(6) 12058(13) 609(10) 5020(8) 67(5)
Na(7) 11434(14) 4154(15) 9039(9) 104(9)
o) 6735(6) 6065(4) 5324(3) 16(1)
0@2) 7978(6) 5202(4) 6356(3) 16(1)
O@3) 7015(6) 4488(4) 5192(3) 15(1)
o) 8497(6) 3811(4) 4281(3) 15(1)
&6} 10660(5) 3842(4) 4455(3) 13(1)
O(6) 11602(6) 4523(4) 5609(3) 17(1)
o) 10398(5) 5163(3) 6509(3) 13(1)
O(8) 9343(5) 4680(3) 5333(3) 8(1)
09 7214(6) 4877(4) 7524(3) 15(1)
Oo(10) 6423(5) 4210(4) 6405(3) 12(1)
O(11) 5361(6) 3556(4) 5352(3) 18(1)
0(12) 7291(6) 2998(4) 5018(3) 15(1)
O(13) 7495(5) 25314 3763(3) 15(1)
O(14) 9608(6) 2624(4) 4024(3) 13(1)
O(15) 11756(6) 2524(4) 4124(3) 16(1)
O(16) 11574(5) 3050(3) 5387(3) 11(1)
O(17) 13304(6) 3646(5) 6022(3) 2002)
O(18) 11981(6) 4280(4) 6864(3) 15(1)
0(19) 10947(6) 4958(4) 7816(3) 15(1)
0(20) 9149(6) 4346(4) 7193(3) 16(1)
o1 8081(5) 3620(3) 6174(3) 10(1)
0(22) 9446(5) 2882(3) 5187(3) ¢))
0(23) 10454(5) 3612(3) 6390(3) 9(1)
0(24) 6584(5) 2719(4) 6198(3) 13(1)
0(25) 8451(6) 1753(3) 4772(3) 14(1)
0(26) 10558(5) 1782(3) 4962(3) 13(1)
o@27) 11965(6) 2788(4) 6679(3) 18(1)
0(28) 10771(6) 3446(4) 7587(3) 14(1)
0(29) 7499(5) 3381(3) 7278(3) 11(1)
0@30) 8365(6) 2021(4) 6040(3) 14(1)
o@31) 10363(6) 1991(4) 6232(3) 14(1)
0@32) 9201(6) 2634(4) 7039(3) 16(1)
0(@33) 7367(6) 1833(4) 7186(3) 16(1)
034 9394(6) 763(3) 5606(4) 19(2)
0@35) 10953(6) 1890(4) 7530(3) 15(1)
0(36) 10419(6) 2005(4) 8950(4) 18(1)
Oo@37) 8496(6) 1323(4) 8279(3) 19(1)
0(38) 9537(6) 542(4) 7095(3) 16(1)
0@39) 12098(6) 688(4) 8294(4) 20(2)
0@40) 10391(6) -533(4) 8066(3) 17(1)
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01C:9))]
042)
043)
0@44)
0(45)
046)
0@47)
0(48)
049)
0O(50)
0161))]
0(52)
0O(53)
04
O(55)
0O(56)
0/6%))
Ww(1)
W(2)
W(3)
W4)
W(s)
W(6)
W)
W(®)
W)
W(10)
Zn(1)
Zn(2)
Zn(3)

10053(7)
11867(6)
9089(8)
8865(7)

'11808(6)

9443(6)
12078(12)
10311(6)

9166(6)
11748(6)
10151(9)
13100(20)
11891(9)
11043(10)

8910(30)

9680(20)
10690(50)

9522(6)
10770(1)
11983(1)
10601(1)

7742(1)

6647(1)

8274(1)

9414(1)
10622(1)

7749(1)

9469(17)

9339(1)

8056(1)

352(5)
-503(4)
2733(6)
3279(5)
6648(4)
6385(4)
6548(6)
7514(4)
8387(5)
8445(4)
9381(5)
420(11)
10191(6)
3432(6)
5849(13)
5582(16)
5420(18)
4611(4)
2785(1)
3666(1)
4418(1)
4442(1)
3677(1)
2769(1)
1731(1)
2594(1)
2582(1)
4600(12)
3722(1)
5342(1)

9291(4)
5642(3)
10067(4)
8378(4)
7517(5)
7254(4)
9027(6)
8296(4)
6950(4)
7121(3)
5875(4)
3893(16)
6705(6)
10152(5)
8655(13)
8976(11)
9270(20)
4375(3)
4604(1)
6089(1)
7158(1)
6876(1)
5619(1)
4430(1)
5532(1)
6993(1)
6728(1)
4383(10)
5755(1)
5386(1)

24(2)
18(1)
34(2)
26(2)
31(2)
18(1)
57(4)
20(2)
21(2)
18(1)
37(2)
90(13)
50(3)
51(3)
34(7)
30(7)

100(20)

8(1)
9(1)
8(1)
10(1)
10(1)
11(1)
10(1)
11(1)
10(1)
10(1)
8(1)
(1)
16(1)
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Table S3. Bond lengths [A] and angles [°] for Na,,-1.

Na(1)-0(39)
Na(1)-0(35)
Na(1)-O(37)
Na(1)-O(38)
Na(1)-041)
Na(1)-O(36)
Na(1)-O(40)
Na(1)-Na(5)#1
Na(1)-Na(2)
Na(2)-O(44)
Na(2)-O(37)
Na(2)-0(43)
Na(2)-O(15)#2
Na(2)-O(36)
Na(2)-O(1)#3
Na(3)-0(56)
Na(3)-0(45)
Na(3)-0(19)
Na(3)-0(48)
Na(3)-O(55)
Na(3)-0(46)
Na(3)-0(47)
Na(3)-O(57)
Na(3)-Na(4)
Na(3)-Na(7)
Na(4)-0(46)
Na(4)-0(49)
Na(4)-0(45)
Na(4)-O(48)
Na(4)-O(50)
Na(4)-O(14)#4
Na(4)-Na(5)
Na(5)-O(40)#5
Na(5)-0(51)
Na(5)-0(50)
Na(5)-O(38)#5
Na(5)-0(53)
Na(5)-0(49)
Na(5)-Na(1)#5
Na(6)-0(42)
Na(6)-0(47)#6
Na(6)-0(52)
Na(6)-O(26)
Na(6)-Na(7)#6
Na(7)-0O4d2)#7
Na(7)-0(57)
Na(7)-0(54)
Na(7)-0(19)
Na(7)-Na(6)#7
O(1)-Zn(3)
O(1)-Na(2)#8
02)-W(5)

2.378(9)
2.442(8)
2.471(9)
2.533(9)

2.543(9)

2.545(9)
2.565(8)
3.723(6)
3.812(6)
2.324(9)
2.331(9)
2.359(10)
2.435(9)
2.436(9)
2.573(8)
2.29(2)
2.380(10)
2.406(8)
2.409(9)
2.49(3)
2.498(10)
2.563(16)
2.58(4)
3.220(6)
4.12(2)
2.351(9)
2.359(10)
2.389(10)
2.424(8)
2.432(9)
2.476(7)
3.456(6)
2.310(8)
2.318(10)
2.393(9)
2.394(8)
2.439(12)
2.454(9)
3.723(6)
2.396(17)
2.80(2)
2.82(3)
2.86(2)
3.75(3)
2.35(2)
2.52(5)
2.745(18)
2.981(15)
3.75(3)
2.147(7)
2.573(8)
1.780(6)
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0(2)-Zn(3)
O(3)-W(6)
0(3)-Zn(3)
O(4)-Zn(1)
O(4)-W(7)
O4)-W(1)
O(5)-W(Q2)
0O(5)-W(1)
O(5)-Zn(1)
O(5)-Zn(3)#4
0(6)-W(3)
O(6)-Zn(1)#4
O(6)-W(1)#4
O(6)-Zn(3)#4
O(7)-W(1)#4
O(7)-W(4)
O(7)-Zn(1)#4
O(8)-Zn(2)
O@®)-W(1)#4
O(8)-Zn(1)
O(8)-W(1)
O(8)-Zn(3)
O(8)-Zn(1)#4
O(9)-W(5)
O(10)-W(6)
O(10)-W(5)
O(11)-W(6)
" O(12)-W(7)
0(12)-W(6)
O(13)-W(7)
O(14)-W(2)
O(14)-W(7)

O(14)-Na(4)#4

O(15)-W(2)

O(15)-Na(2)#9

0O(16)-W(3)
0O(16)-W(2)
0O(17)-W(3)
O(18)-W(4)
O(18)-W(3)
O(19)-W(4)
0(20)-W(4)
0(20)-W(5)
0(21)-Zn(2)
0Q21)-W(5)
0(21)-W(6)
0(21)-W(10)
0(22)-Zn(2)
0(22)-W(7)
0(22)-W(2)
0(22)-W(8)
0(23)-Zn(2)
0(23)-W(3)
0(23)-W(4)

2.061(7)
1.783(7)
2.064(8)
1.90(2)
1.912(6)
1.956(10)
1.918(6)
2.017(10)
2.05(2)
2.227(7)
1.883(7)
2.10(2)
2.129(11)
2.177(7)
1.910(10)
1.912(6)
1.94(2)
1.926(6)
2.0139)
2.02(2)
2.045(9)
2.057(6)
2.07(2)
1.741(7)
1.942(7)
1.976(7)
1.747(8)
1.873(7)
1.971(7)
1.727(7)
1.908(7)
1.992(7)
2.476(7)
1.739(7)
2.43509)
1.892(6)
1.959(7)
1.731(8)
1.946(7)
1.964(6)

1.726(7)

1.897(8)
1.920(8)
1.911(6)
2.144(6)
2.146(7)
2.243(6)
1.926(6)
2.151(7)
2.176(6)
2.181(6)
1.925(7)
2.122(7)
2.163(6)
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0(23)-W(9)
O(24)-W(10)
O(24)-W(6)
0(25)-W(7)
0(25)-W(8)
0(26)-W(8)
0(26)-W(2)
O(27)-W(9)
0(27)-W(3)
0(28)-W(4)
0(28)-W(9)
0(29)-W(10)
0(29)-W(5)
0(30)-W(8)
O(30)-W(10)
O3 1)-W(8)
O(31)-W(9)
0(32)-W(9)
0(32)-W(10)
0(33)-W(10)
O(34)-W(8)
0(35)-W(9)
O(38)-Na(5)#1
O(40)-Na(5)#1
0(42)-Na(7)#6
O47)-Na(6)#7
0(55)-0(56)
0(56)-0(57)
W(1)-O(7)#4
W(1)-0O8)#4
W(1)-0(6)#4
W(1)-Zn(3)#4
W(1)-W(1)#4
W(1)-Zn(1)#4
W(5)-W(6)
Zn(1)-0(7)#4
Zn(1)-0(8)#4
Zn(1)-O(6)#4
Zn(1)-W()#4
Zn(3)-0(6)#4
Zn(3)-0()#4
Zn(3)-W(1)#4

0(39)-Na(1)-0(35)
0(39)-Na(1)-0(37)
0(35)-Na(1)-0(37)
0(39)-Na(1)-0(38)
0(35)-Na(1)-0(38)
O(37)-Na(1)-0(38)
0(39)-Na(1)-0(41)
0(35)-Na(1)-0(41)
O(37)-Na(1)-0(41)
0(38)-Na(1)-0(41)
0(39)-Na(1)-0(36)

2.219(6)
1.847(7)
2.103(6)
1.959(6)
1.973(7)
1.964(7)
1.967(6)
1.932(8)
2.000(7)
1.962(6)
1.970(7)
1.876(6)
2.104(6)
1.853(7)
1.966(7)
1.924(7)
1.942(7)
1.857(8)
1.965(8)
1.736(6)
1.733(6)
1.728(7)
2.394(8)
2.310(8)
2.35(2)
2.80(2)
1.27(4)
1.45(7)
1.910(10)
2.013(9)
2.129(11)
3.161(7)
3.165(15)
3.184(15)
3.2339(5)
1.94(2)
2.07(2)
2.10(2)
3.184(15)
2.177(7)
2.227(7)
3.161(7)

77.6(3)
166.8(3)
100.5(3)
111.9(3)

78.1(3)

80.1(3)

91.6(3)
149.2(3)

83.5(3)
132.3(3)

91.9(3)
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0(35)-Na(1)-0(36)
O(37)-Na(1)-0(36)
0(38)-Na(1)-0(36)
0(41)-Na(1)-0(36)
0(39)-Na(1)-0(40)
0(35)-Na(1)-0(40)
O(37)-Na(1)-0(40)
O(38)-Na(1)-0(40)
O(41)-Na(1)-0(40)
0(36)-Na(1)-0(40)
0(39)-Na(1)-Na(5)#1
0(35)-Na(1)-Na(5)#1
O(37)-Na(1)-Na(5)#1
0(38)-Na(1)-Na(5)#1
O(41)-Na(1)-Na(5)#1
0(36)-Na(1)-Na(5)#1
0(40)-Na(1)-Na(5)#1
0(39)-Na(1)-Na(2)
0(35)-Na(1)-Na(2)
O(37)-Na(1)-Na(2)
0(38)-Na(1)-Na(2)
0(41)-Na(1)-Na(2)
0(36)-Na(1)-Na(2)
O(40)-Na(1)-Na(2)
Na(5)#1-Na(1)-Na(2)
0(44)-Na(2)-0(37)
0(44)-Na(2)-0(43)
0(37)-Na(2)-0(43)
0(44)-Na(2)-O(15)#2
O(37)-Na(2)-0(15)#2
0(43)-Na(2)-0(15)#2
0(44)-Na(2)-0(36)
0(37)-Na(2)-0(36)
0(43)-Na(2)-0(36)
O(15)#2-Na(2)-O(36)
0(44)-Na(2)-O(1)#3
O(37)-Na(2)-O(1)#3
0(43)-Na(2)-0(1)#3
O(15)#2-Na(2)-O(1)#3
0(36)-Na(2)-O(1)#3
0(44)-Na(2)-Na(1)
O(37)-Na(2)-Na(1)
0(43)-Na(2)-Na(1)
O(15)#2-Na(2)-Na(1)
0(36)-Na(2)-Na(1)
O(1)#3-Na(2)-Na(1)
0(56)-Na(3)-0(45)
0(56)-Na(3)-0(19)
0(45)-Na(3)-0(19)
0(56)-Na(3)-0(48)
0(45)-Na(3)-0(48)
0(19)-Na(3)-0(48)
0(56)-Na(3)-0(55)
0(45)-Na(3)-0(55)

77.1(3)
75.0(3)
140.6(3)
74.5(3)
78.4(3)
130.0(3)
111.7(3)
71.3(3)
74.0(3)
146.7(3)
81.7(2)
95.5(2)
111.5(2)
39.54(19)
111.5(2)
171.2(3)
37.73(18)
130.6(2)
91.8(2)
36.2(2)
112.6(2)
73.4(2)
39.01(19)
136.2(2)
147.65(17)
98.6(3)
103.6(4)
152.3(4)
96.0(3)
98.1(3)
95.9(3)
85.4(3)
79.6(3)
85.8(3)
177.5(3)
173.9(3)
75.4(3)
82.4(3)
84.2(3)
94.2(3)
96.0(2)
38.7(2)
121.4(3)
136.5(2)
41.12)
79.8(2)
169.1(10)
86.4(7)
86.9(3)
109.4(8)
78.7(3)
161.9(3)
30.4(10)
159.6(8)
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0(19)-Na(3)-0(55)
0(48)-Na(3)-0(55)
0(56)-Na(3)-0(46)
0(45)-Na(3)-0(46)
0(19)-Na(3)-0(46)
0(48)-Na(3)-0(46)
O(55)-Na(3)-0(46)
O(56)-Na(3)-0(47)
0(45)-Na(3)-0(47)
0(19)-Na(3)-0(47)
0(48)-Na(3)-0(47)
O(55)-Na(3)-0(47)
0(46)-Na(3)-047)
0(56)-Na(3)-0(57)
0(45)-Na(3)-0(57)
0(19)-Na(3)-0(57)
0(48)-Na(3)-0(57)
O(55)-Na(3)-0(57)
0(46)-Na(3)-0(57)
0(47)-Na(3)-0(57)
0(56)-Na(3)-Na(d)
0(45)-Na(3)-Na(4)
0(19)-Na(3)-Na(4)
0(48)-Na(3)-Na(4)
0O(55)-Na(3)-Na(4)
0(46)-Na(3)-Na(4)
O(47)-Na(3)-Na(4)
O(57)-Na(3)-Na(4)
O(56)-Na(3)-Na(7)
0(45)-Na(3)-Na(7)
0(19)-Na(3)-Na(7)
0(48)-Na(3)-Na(7)
O(55)-Na(3)-Na(7)
0(46)-Na(3)-Na(7)
O(47)-Na(3)-Na(7)
O(57)-Na(3)-Na(7)
Na(4)-Na(3)-Na(7)
0(46)-Na(4)-0(49)
0(46)-Na(4)-0(45)
0(49)-Na(4)-0(45)
0(46)-Na(4)-0(48)
0(49)-Na(4)-0(48)
0(45)-Na(4)-0(48)
0(46)-Na(4)-0(50)
0(49)-Na(4)-0(50)
0(45)-Na()-0(50)
0(48)-Na(4)-0(50)

0(46)-Na(4)-O(14)#4
0(49)-Na(4)-O(14)#4
0(45)-Na(4)-O(14)#4
0(48)-Na(4)-O(14)#4
O(50)-Na(4)-O(14)#4

0(46)-Na(4)-Na(3)
0(49)-Na(4)-Na(3)

95.7(6)
94.1(6)
108.4(9)
79.8(3)
87.2(3)
79.5(3)
80.1(8)
94.0(8)
80.0(4)
108.5(4)
79.94)
118.0(8)
153.54)
33.9(15)
136.0(15)
80.0(7)
118.0(7)
64.2(17)
140.3(15)
65.2(14)
143.2(9)
47.6(3)
113.5(2)
48.4(2)
113.8(6)
46.5(2)
107.1(3)
166.4(7)
56.0(9)
113.5(4)
45.5(4)
151.6(4)
81.8(6)
126.7(4)
77.4(4)
35.5(8)
157.0(4)
101.4(3)
82.7(3)
170.5(4)
82.2(3)
93.7(3)
78.3(3)
169.5(3)
89.0(3)
86.8(3)
95.3(3)
92.9(3)
83.4(3)
105.0(3)
173.8(3)
90.1(3)
50.4(2)
129.5(3)
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0(45)-Na(4)-Na(3)
0(48)-Na(4)-Na(3)
0O(50)-Na(4)-Na(3)
O(14)#4-Na(4)-Na(3)
0(46)-Na(4)-Na(5)
0(49)-Na(4)-Na(5)
0(45)-Na(4)-Na(5)
0(48)-Na(4)-Na(5)
0(50)-Na(4)-Na(5)
O(14)#4-Na(4)-Na(5)
Na(3)-Na(4)-Na(5)
O(40)#5-Na(5)-0(51)
O(40)#5-Na(5)-0(50)
O(51)-Na(5)-0(50)
O(40)#5-Na(5)-O(38)#5
O(51)-Na(5)-O(38)#5
O(50)-Na(5)-O(38)#5
O(40)#5-Na(5)-0(53)
O(51)-Na(5)-0(53)
0(50)-Na(5)-0(53)
O(38)#5-Na(5)-0(53)
O(40)#5-Na(5)-0(49)
O(51)-Na(5)-0(49)
0O(50)-Na(5)-0(49)
O(38)#5-Na(5)-0(49)
O(53)-Na(5)-0(49)
O(40)#5-Na(5)-Na(4)
O(51)-Na(5)-Na(4)
0O(50)-Na(5)-Na(4)
O(38)#5-Na(5)-Na(4)
0O(53)-Na(5)-Na(4)
0(49)-Na(5)-Na(4)
O(40)#5-Na(5)-Na(1)#5
O(51)-Na(5)-Na(1)#5
O(50)-Na(5)-Na(1)#5
O(38)#5-Na(5)-Na(1)#5
0O(53)-Na(5)-Na(1)#5
0(49)-Na(5)-Na(1)#5
Na(4)-Na(5)-Na(1)#5
0(42)-Na(6)-0(d7)#6
0(42)-Na(6)-0(52)
O(47)#6-Na(6)-0(52)
0(42)-Na(6)-0(26)
O(47)#6-Na(6)-O(26)
0(52)-Na(6)-0(26)
0(42)-Na(6)-Na(7)#6
O(47)#6-Na(6)-Na(7)#6
0(52)-Na(6)-Na(7)#6
0(26)-Na(6)-Na(7)#6
O(42)#7-Na(7)-0(57)
O(42)#7-Na(7)-0(54)
O(57)-Na(7)-0(54)
O(42)#7-Na(7)-0(19)
O(57)-Na(7)-0(19)

47.4(2)
48.0(2)
120.9(3)
130.7(2)
146.4(3)
45.2(2)
129.6(3)
94.3(2)
43.8(2)
87.5(2)
141.64(17)
167.8(4)
88.6(3)
101.7(3)
78.3(3)
93.2(3)
160.5(3)
105.4(4)
82.3(4)
84.4(4)
85.2(4)
89.9(3)
84.1(4)
87.7(3)
106.5(3)
162.5(4)
87.02)
95.7(3)
447(2)
146.6(3)
127.8(3)
43.0(2)
42.8(2)
132.7(3)
119.1(2)
42.3(2)
79.2(3)
118.3(2)
129.78(15)
98.9(6)
115.5(8)
118.8(10)
122.6(7)
80.6(6)
114.2(8)
37.5(5)
81.9(5)
95.7(8)
149.8(7)
94.4(19)
95.4(6)
99.3(11)
105.8(6)
70.8(11)
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O(54)-Na(7)-0(19)
O(42)#7-Na(7)-Na(6)#7
O(57)-Na(7)-Na(6)#7
O(54)-Na(7)-Na(6)#7
0(19)-Na(7)-Na(6)#7
O(42)#7-Na(7)-Na(3)
O(57)-Na(7)-Na(3)
0(54)-Na(7)-Na(3)
0(19)-Na(7)-Na(3)
Na(6)#7-Na(7)-Na(3)
Zn(3)-O(1)-Na(2)#8
W(5)-0(2)-Zn(3)
W(6)-0(3)-Zn(3)
Zn(1)-0(4)-W(7)
Zn(1)-0(4)-W(1)
W(T)-O4)-W(1)
W(2)-0(5)-W(1)
W(2)-0(5)-Zn(1)
W(1)-0(5)-Zn(1)
W(2)-O(5)-Zn(3)#4
W(1)-O(5)-Zn(3)#4
Zn(1)-0(5)-Zn(3)#4
W(3)-0(6)-Zn(1)#4
W(3)-0(6)-W(1)#4
Zn(1)#4-0(6)-W(1)#4
W(3)-0(6)-Zn(3)#4
Zn(1)#4-0(6)-Zn(3)#4
W(1)#4-0(6)-Zn(3)#4
W()#4-0(7)-W(Q)
W(D)#4-O(7)-Zn(1)#4
W@)-O(7)-Zn(1)#4
Zn(2)-0(8)-W(1)#4
Zn(2)-0(8)-Zn(1)
W(1)#4-0(8)-Zn(1)
Zn(2)-08)-W(1)
W()#4-0(8)-W(1)
Zn(1)-O(8)-W(1)
Zn(2)-0(8)-Zn(3)
W(1)#4-O(8)-Zn(3)
Zn(1)-0(8)-Zn(3)
W(1)-O(8)-Zn(3)
Zn(2)-08)-Zn(1)#4
W()#4-0(8)-Zn(1)#4
Zn(1)-08)-Zn(1)#4
W(1)-0@®)-Zn(1)#4
Zn(3)-0(8)-Zn(1)#4
W(6)-O(10)-W(5)
W(7)-0(12)-W(6)
W(2)-0(14)-W(7)
W(2)-0(14)-Na(4)#4
W(7)-O(14)-Na(@)#4
W(2)-0(15)-Na(2)#9
W(3)-0(16)-W(2)
W(4)-0(18)-W(3)

157.1(8)
38.3(5)
58.1(17)
89.5(7)

101.6(7)
96.3(7)
36.6(9)

135.1(9)
35.2(3)
74.2(6)

128.8(4)

136.1(4)

133.7(4)

144.1(8)

1.4(9)

143.4(5)

137.0(4)

135.2(7)

1.8(8)

124.8(3)
96.2(3)
97.8(6)

139.2(7)

137.8(4)

1.8(7)

122.9(3)
95.5(6)
96.4(3)

145.9(4)

2.009)

145.6(7)

116.0(4)

113.3(7)

104.3(7)

113.8(3)

102.5(4)

2.0(8)

117.5(3)

101.9(3)

101.9(7)

103.1(3)

116.0(7)

1.4(8)

103.2(8)

101.3(7)

102.9(7)

111.3(3)

152.6(4)

112.6(3)

128.7(3)

117.3(3)

139.3(4)

155.4(4)

112.2(3)
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W(4)-0(19)-Na(3)
W(4)-0(19)-Na(7)
Na(3)-0(19)-Na(7)
W(4)-0(20)-W(5)
Zn(2)-021)-W(5)
Zn(2)-O(21)-W(6)
W(5)-0(21)-W(6)
Zn(2)-0(21)-W(10)
W(5)-021)-W(10)
W(6)-0(21)-W(10)
Zn(2)-0(22)-W(7)
Zn(2)-0(22)-W(2)
W(7)-0(22)-W(2)
Zn(2)-0(22)-W(8)
W(7)-0(22)-W(8)
W(2)-0(22)-W(8)
Zn(2)-0(23)-W(3)
Zn(2)-0(23)-W(4)
W(3)-0(23)-W(4)
Zn(2)-0(23)-W(9)
W(3)-0(23)-W(9)
W(4)-0(23)-W(9)
W(10)-O(24)-W(6)
W(7)-0(25)-W(8)
W(8)-0(26)-W(2)
W(8)-0(26)-Na(6)
W(2)-0O(26)-Na(6)
W(9)-027)-W(3)
W(4)-0(28)-W(9)
W(10)-0(29)-W(5)
W(8)-0(30)-W(10)
W(8)-031)-W(9)
W(9)-0(32)-W(10)
W(9)-0(35)-Na(1)
Na(2)-O(36)-Na(1)
Na(2)-O(37)-Na(1)
Na(5)#1-O(38)-Na(1)
Na(5)#1-O(40)-Na(1)
Na(7)#6-0(42)-Na(6)
Na(3)-O(45)-Na(4)
Na(4)-O(46)-Na(3)
Na(3)-O(47)-Na(6)#7
Na(3)-O(48)-Na(4)
Na(4)-O(49)-Na(5)
Na(5)-O(50)-Na(4)
0(56)-0(55)-Na(3)
O(55)-0(56)-0(57)
O(55)-0(56)-Na(3)
O(57)-0(56)-Na(3)
O(56)-0(57)-Na(7)
0(56)-0O(57)-Na(3)
Na(7)-O(57)-Na(3)
O(7)#4-W(1)-O4)
O(7)#4-W(1)-O(8)#4

138.7(4)
117.1(7)
99.3(6)
155.7(4)
117.8(3)
119.0(3)
97.9(3)
120.9(3)
98.9(2)
97.8(3)
117.3(3)
119.9(3)
97.2(2)
121.6(3)
97.6(2)
98.2(2)
118.0(3)
118.8(3)
98.5(3)
121.8(3)
98.2(3)
96.7(2)
113.6(3)
111.9(3)
113.8(3)
118.5(4)
124.9(4)
113.2(4)
112.7(3)
113.7(3)
155.54)
147.0(4)
157.1(4)
144.9(4)
99.9(3)
105.1(3)
98.1(3)
99.5(3)
104.3(9)
84.9(3)
83.2(3)
125.0(6)
83.5(3)
91.7(3)
91.53)
66.2(16)
166(3)
83.4(17)
84.0(17)
116(3)
62.1(18)
107.9(12)
97.5(4)
94.9(4)
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O(@)-W(1)-O(8)#4
O(7)#4-W(1)-O(5)
O(4)-W(1)-0(5)
O@®)#4-W(1)-0(5)
O(7)#4-W(1)-O(8)
O(4)-W(1)-O(8)
O(8)#4-W(1)-O(8)
O(5)-W(1)-O(8)
O(T)#4-W(1)-O(6)#4
O(@)-W(1)-O(6)#4
O@®W#4-W(1)-O(6)#4
O(5)-W(1)-0(6)#4
O(8)-W(1)-O(6)#4
O()#4-W(1)-Zn(3)#4
O4)-W(1)-Zn(3)#4
O®)#4-W(1)-Zn(3)#4
O(5)-W(1)-Zn(3)#4
O(8)-W(1)-Zn(3)#4
O(6)#4-W(1)-Zn(3)#4
O(T)#4-W(1)-W(1)#4
O(4)-W(1)-W(1)#4
O@®)#4-W(1)-W(1)#4
O(5)-W(1)-W(1)#4
O(8)-W(1)-W(1)#4
O(6)#4-W(1)-W(1)#4
Zn3)#4-W(1)-W(1)#4
O(D#4-W(1)-Zn(1)#4
O@)-W(1)-Zn(1)#4
O@®)#4-W(1)-Zn(1)#4
O(5)-W(1)-Zn(1)#4
O(8)-W(1)-Zn(1)#4
O(6)#4-W(1)-Zn(1)#4
Zn3)#4-W(1)-Zn(1)#4
W()#4-W(1)-Zn(1)#4
0O(15)-W(2)-0(14)
O(15)-W(2)-0(5)
O(14)-W(2)-0(5)
O(15)-W(2)-0(16)
O(14)-W(2)-0(16)
O(5)-W(2)-0(16)
O(15)-W(2)-0(26)
O(14)-W(2)-0(26)
O(5)-W(2)-0(26)
0(16)-W(2)-0(26)
O(15)-W(2)-0(22)
O(14)-W(2)-0(22)
O(5)-W(2)-0(22)
O(16)-W(2)-0(22)
0(26)-W(2)-0(22)
O(17)-W(3)-0(6)
O(17)-W(3)-0(16)
0(6)-W(3)-0(16)
O(17)-W(3)-0(18)
0(6)-W(3)-0(18)

166.7(5)
98.4(4)
90.2(4)
83.2(4)

164.0(5)
91.6(4)
77.5(4)
94.7(4)
86.4(4)
93.8(4)
91.8(4)

173.3(5)
79.9(3)
92.4(3)

134.6(4)
39.5(2)
44 4(2)
90.5(3)

131.1(4)

132.5(5)

129.6(4)
39.1(2)
88.7(4)
38.4(2)
84.6(4)
61.0(2)

131.5(3)

130.7(3)
37.94)
88.1(4)
39.6(4)
85.3(4)
59.8(3)

1.3(5)

100.0(3)

102.7(3)
89.7(3)

100.1(3)

159.9(3)
86.0(3)
95.9(3)
89.1(3)

161.3(3)
88.7(3)

168.8(3)
75.5(3)
87.7(3)
84.7(3)
74.0(2)

101.8(4)
99.3(3)
90.0(3)
97.2(3)
88.8(3)
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O(16)-W(3)-0(18)
O(17)-W(3)-0(27)
0(6)-W(3)-0(27)
O(16)-W(3)-0(27)
O(18)-W(3)-0(27)
O(17)-W(3)-0(23)
0(6)-W(3)-0(23)
O(16)-W(3)-0(23)
O(18)-W(3)-0(23)
0Q27)-W(3)-0(23)
O(19)-W(4)-0(20)
0O(19)-W(4)-0(7)
0(20)-W(4)-0(7)
O(19)-W(4)-0(18)
0(20)-W(4)-0(18)
O(7)-W(4)-0(18)
0O(19)-W(4)-0(28)
0(20)-W(4)-0(28)
O(7)-W(4)-0(28)
O(18)-W(4)-0(28)
0(19)-W(4)-0(23)
0(20)-W(4)-0(23)
O(7)-W(4)-0(23)
O(18)-W(4)-0(23)
0(28)-W(4)-0(23)
0(9)-W(5)-0(2)
0(9)-W(5)-0(20)
0(2)-W(5)-0(20)
0(9)-W(5)-0(10)
0(2)-W(5)-0(10)
0(20)-W(5)-0(10)
0(9)-W(5)-0(29)
0(2)-W(5)-0(29)
0(20)-W(5)-0(29)
O(10)-W(5)-0(29)
0(9)-W(5)-0(21)
0(2)-W(5)-0(21)
0(20)-W(5)-0(21)
0(10)-W(5)-0(21)
0(29)-W(5)-0(21)
0(9)-W(5)-W(6)
0(2)-W(5)-W(6)
0(20)-W(5)-W(6)
O(10)-W(5)-W(6)
0(29)-W(5)-W(6)
O(21)-W(5)-W(6)
O(11)-W(6)-0(3)
O(11)-W(6)-0(10)
0(3)-W(6)-0(10)
O(11)-W(6)-0(12)
0(3)-W(6)-0(12)
O(10)-W(6)-0(12)
O(11)-W(6)-0(24)
0(3)-W(6)-0(24)

163.3(3)
94.7(3)
163.2(3)
90.9(3)
85.5(3)
166.8(3)
88.5(3)
88.8(3)
74.5(3)
74.77(3)
102.8(3)
101.7(3)
88.7(3)
97.0(3)
160.2(3)
87.4(3)
96.2(3)
90.5(3)
161.9(3)
87.3(3)
168.1(3)
86.5(3)
85.8(3)
74.0(3)
76.0(2)
103.3(3)
100.3(3)
95.0(3)
96.7(3)
91.4(3)
159.9(3)
90.8(3)
165.3(3)
86.7(3)
82.4(3)
161.5(3)
92.8(3)
87.1(3)
73.5(3)
72.7(2)
130.7(3)
84.4(2)
127.85(19)
34.03(19)
83.07(18)
41.09(18)
102.5(3)
98.5(3)
95.0(3)
98.7(3)
92.3(3)
159.3(3)
91.0(3)
166.4(3)
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O(10)-W(6)-O(24)
O(12)-W(6)-0(24)
O(11)-W(6)-O(21)
0(3)-W(6)-0(21)
O(10)-W(6)-0(21)
0(12)-W(6)-0(21)
0(24)-W(6)-0(21)
O(11)-W(6)-W(5)
0(3)-W(6)-W(5)
O(10)-W(6)-W(5)
O(12)-W(6)-W(5)
0(24)-W(6)-W(5)
O(21)-W(6)-W(5)
O(13)-W(7)-0(12)
O(13)-W(7)-0(4)
O(12)-W(7)-0(4)
O(13)-W(7)-0(25)
O(12)-W(7)-0(25)
O(4)-W(7)-0(25)
O(13)-W(7)-O(14)
O(12)-W(7)-O(14)
O(4)-W(7)-0(14)
0(25)-W(7)-O(14)
O(13)-W(7)-0(22)
O(12)-W(7)-0(22)
O@)-W(7)-0(22)
0(25)-W(7)-0(22)
O(14)-W(7)-0(22)
O(34)-W(8)-0O(30)
O(34)-W(8)-0(31)
0(30)-W(8)-0(31)
O(34)-W(8)-0(26)
0(30)-W(8)-0(26)
O(31)-W(8)-0(26)
O(34)-W(8)-0(25)
0(30)-W(8)-0(25)
O(31)-W(8)-0(25)
0(26)-W(8)-0(25)
O(34)-W(8)-0(22)
0(30)-W(8)-0(22)
O(31)-W(8)-0(22)
0(26)-W(8)-0(22)
0(25)-W(8)-0(22)
0(35)-W(9)-0(32)
0(35)-W(9)-O(27)
0(32)-W(9)-0(27)
0(35)-W(9)-0(31)
0(32)-W(9)-0(31)
0O(27)-W(9)-0(31)
O(35)-W(9)-0(28)
0(32)-W(9)-0(28)
O(27)-W(9)-O(28)
O(31)-W(9)-0(28)
0(35)-W(9)-0(23)

83.9(3)
84.4(3)
162.9(3)
93.6(3)
74.2(2)
86.1(3)
73.0(3)
133.2(2)
87.2(2)
34.7(2)
126.9(2)
84.25(19)
41.06(16)
101.3(3)
101.2(3)
90.6(3)
96.9(3)
91.7(3)
160.9(3)
96.2(3)
162.5(3)
85.0(3)
87.1(3)
168.1(3)
88.4(3)
85.5(3)
75.6(3)
74.4(3)
102.2(3)
100.6(3)
87.3(3)
96.8(3)
161.0(3)
88.9(3)
94.7(3)
90.4(3)
164.7(3)
88.4(3)
165.7(3)
87.5(3)
90.2(3)
73.9(2)
74.6(3)
101.8(3)
99.0(3)
158.7(3)
99.2(3)
86.4(3)
86.3(3)
97.7(3)
90.0(3)
91.2(3)
163.0(3)
169.1(3)
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0(32)-W(9)-0(23)
0(27)-W(9)-0(23)
0(31)-W(9)-0(23)
0(28)-W(9)-0(23)
0(33)-W(10)-0(24)
O(33)-W(10)-0(29)
0(24)-W(10)-0(29)
0(33)-W(10)-0(32)
0(24)-W(10)-0(32)
0(29)-W(10)-0(32)
0(33)-W(10)-0O(30)
0(24)-W(10)-0(30)
0(29)-W(10)-0(30)
0(32)-W(10)-0(30)
0(33)-W(10)-0(21)
0(24)-W(10)-0(21)
0(29)-W(10)-0(21)
0(32)-W(10)-0(21)
0(30)-W(10)-0(21)
O(4)-Zn(1)-O(7)#4
O(4)-Zn(1)-0O(8)
O(7)#4-Zn(1)-0(8)
O(4)-Zn(1)-0(5)
O(7)#4-Zn(1)-0(5)
O(8)-Zn(1)-0(5)
O(4)-Zn(1)-O8)#4
O(7)#4-Zn(1)-0@®)#4
O(8)-Zn(1)-O(8)#4
O(5)-Zn(1)-O(8)#4
O(4)-Zn(1)-O(6)#4
O(7)#4-Zn(1)-0(6)#4
O(8)-Zn(1)-O(6)#4
O(5)-Zn(D)-O(6)#4
O®)#4-Zn(1)-0(6)#4
O@)-Zn(1)-W(1)#4
O(7)#4-Zn(1)-W(1)#4
O(8)-Zn(1)-W(1)#4
O(5)-Zn(1)-W(1)#4
O(8)#4-Zn(1)-W(1)#4
O(6)#4-Zn(1)-W(1)#4
0(21)-Zn(2)-0(23)
0(21)-Zn(2)-O(8)
0(23)-Zn(2)-0(8)
0(21)-Zn(2)-0(22)
0(23)-Zn(2)-0(22)
O(8)-Zn(2)-0(22)
0(8)-Zn(3)-0(2)
0(8)-Zn(3)-0(3)
0(2)-Zn(3)-0(3)
0(8)-Zn(3)-0(1)
0(2)-Zn(3)-0(1)
0(3)-Zn(3)-0(1)
O(8)-Zn(3)-0(6)#4
0(2)-Zn(3)-O(6)#4

86.1(3)
73.8(3)
88.6(2)
74.6(2)
100.7(3)
100.3(3)
96.1(3)
98.7(3)
159.2(3)
87.5(3)
99.1(3)
88.7(3)
158.8(3)
81.1(3)
173.3(3)
75.6(3)
74.7(2)
85.7(3)
86.6(2)
98.5(11)
94.2(9)
163.4(13)
90.8(10)
96.1(9)
94.4(10)
167.1(13)
92.2(9)
76.8(8)
80.8(9)
96.7(10)
86.6(9)
81.3(8)
171.6(13)
91.1(9)
131.5(8)
130.0(8)
37.8(5)
87.5(7)
39.0(5)
84.7(7)
107.5(3)
108.8(3)
112.9(3)
107.8(3)
105.8(3)
113.8(3)
94.0(3)
95.3(3)
92.2(3)
173.1(3)
92.83(3)
85.3(3)
78.5(3)
171.1(3)
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0(3)-Zn(3)-0(6)#4 93.4(3)

O(1)-Zn(3)-O(6)#4 94.6(3)
O(8)-Zn(3)-0O(5)#4 77.2(3)
0(2)-Zn(3)-0(5)#4 90.5(3)
0O(3)-Zn(3)-0O(5)#4 172.2(3)
O(1)-Zn(3)-0(5)#4 101.9(3)
O(6)#4-Zn(3)-0O(5)#4 83.1(3)
O(8)-Zn(3)-W(HH#4 38.5(2)
O)-Zn(3)-W(1)#4 87.1(3)
O3)-Zn(3)-W(1)#4 133.4(2)
O(1)-Zn(3)-W(1)#4 141.2(2)
O6)#4-Zn(3)-W(H#4 84.0(3)
O5)#4-Zn(3)-W(1)i#4 39.4(2)
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CHAPTER X

SUMMARY

Part I of this dissertation has focused on fitting protein aggregation kinetic data
relevant to neurodegenerative disease using an “Ockham’s razor” model and mechanistic
approach, namely the Finke-Watzky (F-W) 2-step nucleation and autocatalytic growth
model. First, a review was provided of the various models that have been used to fit
protein aggregation kinetic data with a focus on curve-fitting the existing data. Then, 41
various representative kinetic aggregation curves from the literature of amyloid-f, a-
synuclein, polyglutamine, and prion proteins were fit using the F-W model to give, for
the first time, qu'cintitative nucleation and growth rate constants for these 41 aggregation
data sets related to the above noted neurological disorders. From these curve fits we were
able to gather information on different factors, such as glutamine/asparagines rich regions
in prion proteins, that lead to testable hypotheses for strategies towards slowing or
possible stopping the protein aggregation underlying the neurodegenerative disorders. In
addition, we have compiled evidence that the lag-time observed in the kinetic curves does
not correspond to the nucleation rate, as previously widely believed in the literaturev.

Part I of this dissertation opens many potential avenues of future research. For
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example, useful possible future studies include: (i) testing to see if other aggregation
prone proteins are also well fit by the F-W model; and importantly, (ii) careful and
controlled experimental measurement of protein aggregation kinetic data to test
hypotheses of what factors influence nucleation over growth, or vice versa, in hopes of
elucidating therapeutic strategies against neurodegenerative disorders. In fact (ii) is
currently being pursued for yeast prion systems by a collaboration between the Finke and
Ross labs at Colorado State University and is a direct outgrowth of the research detailed
in this dissertation.

Part II focused on the investigation of dioxygenase catalysts beginning with a
brief overview of the definition and importance of dioxygenase systems plus an
introduction to two important synthetic dioxygenases. Then, the synthesis and
characterization of a new dioxygenase precatalyst V(3,6-DBSQ)(3,6-DBCat), was given.
Next, a full report on the dioxygenase activity was provided for three d° metal
precatalysts: [VO(3,5-DTBC)(3,5-DBSQ)]., V(3,6-DBSQ)(3,6-DBCat),, and [MoO(3,5-
DTBC),],. It was determined that both [VO(3,5-DTBC)(3,5-DBSQ)], and V(3,6-
DBSQ)(3,6-DBCat); give the same dioxygenase products in similar yields for the Hy(3,5-
DTBC) and H,(3,6-DTBC) substrates tested, while [MoO(3,5-DTBC),], gives a majority
of the less desirable autoxidation product, benzoquinone. Overall this suggests that the
presence of a d° vanadium bound to a semiquinone ligand is important for obtaining
intradiol and extradiol dixoygenase products. Finally, a reinvestigation of the
composition of a previously claimed polyoxometalate dioxygenase,
[WZnRuz(OH)(HzO)(ZnW9034)2]11' (1), was examined. Three independent samples from

two different laboratories of 1 are consistent with “1” actually being the parent
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polyoxometalate [WZn3(H20)2(ZnW9034)2]12' (2) with < 0.2 equivalents of Ru present
either as partially incorporated or as a Ru™ impurity. In addition, a simple mixture of 2
plus 0.13 equiv of Ru added as [Ru(DMSO)4Cl;] is a ca. 2-fold faster catalyst for the
conversion of adamantane to 1-adamantanol and 2-adamantanone as compared to “1”,
casting considerable doubt on the Nature paper from others claiming that “1” is the first,
all-inorganic, Ru-polyoxometalate-based dioxygenase catalyst.

Part IT also leads to possible further research using the [VO(3,5-DTBC)(3,5-
DBSQ)], and V(3,6-DBSQ)(3,6-DBCat), dioxygenase precatalysts . Interesting future
studies include: (i) extending the list of dioxygenase substrates that [VO(3,5-DTBC)(3,5-
DBSQ)J, and V(3,6-DBSQ)(3,6-DBCat); may serve as precatalysts for by testing
substrates such as: 3,5-di-methylcatechol, 3,6-dimethylcatechol, and various chloro-
substituted catechols; and (ii) determining the mechanism by which [VO(3,5-DTBC)(3,5-
DBSQ)J, and V(3,6-DBSQ)(3,6-DBCat), convert H»(3,6-DTBC) into the observed

intradiol and extradiol dioxygenase products.
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APPENDIX A

GENERAL STATEMENT ON “JOURNALS-FORMAT” THESES

(Written by Professor Richard G. Finke)

The Graduate School at Colorado State University allows, and the Finke Group in
particular encourages, so-called journals-format theses. Journals-format theses, such as
the present one, consist of a student written and lightly edited literature background
section, chapters corresponding (in the limiting, ideal case) to final-form papers either
accepted or at least submitted for publication, a summary or conclusions chapter, and
short bridge or transition sections between the chapters as needed to make the thesis
cohesive and understandable to the reader. The “bridge” sections and summary are
crucial so that the thesis fulfills the requirement that the thesis be an entity (an official
requirement of most Graduate Schools). All chapters (manuscripts) in a journals-format
thesis must of course be written initially by the student, with subsequent (ideally light)
editing by the Professor, the student’s committee, and even the student’s colleagues
where appropriate and productive.

The advantages for doing a journals-format thesis are several-fold and
compelling. Specifically, some of the major advantages are: the level of science (i.e., of

refereed, accepted publications) is at the highest level; the student and Professor must
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interact closely and vigorously (i.e., to bring both the science and the writing to their
highest level), hence the student is getting the best education possible and is being at least
exposed to (if not held to) the highest standards; the needed clean-up or control
experiments that invariably come up have all been identified and completed before the
student leaves; there are no further time demands once the student has left the University
(since all publication are at least submitted; it is terribly inefficient to try to complete
either writing or often specialized experiments once the student has left); and the
American tax payers, who ultimately pay the bill for the research, are getting their
money’s worth since all the research is published and thus widely disseminated in the
highest form, as refereed science. Professorial experience teaches that a student who has
achieved a journals-format thesis has indeed received a better education and has leérned
critical thinking and clear writing skills that will serve them well for a lifetime.

Experience also teaches, however, that much more than light editing is often
needed in at least some student theses; it follows, then, that considerable professorial
writing and editing might be needed for at least the initial chapters of most journals-
format thesis. Indeed, a journals-format thesis is not recommended (and may not even be
possible) for less strong students. Hence, the issue arises of exactly how much of the
science and the writing, in the final (or submittable) chapters, is due to the student vs. the
Professor and whether or not this level of contribution constitutes that acceptable of a
new Ph.D. and independent investigator.

To deal with this issue, several recommendations are made; the recommendations
below have been discussed with the committee signing Aimee M. Morris’s dissertation.

(Ms. Morris’s dissertation is the fifteenth such thesis form the Finke group following Dr.
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C. Garr’s, Dr. Y. Lin’s, Dr. M. Pohl’s, Dr. J. Sirovatka’s, Dr. J. Aiken’s, Dr. R. Suto’s,
Dr. J. Widegren’s, Dr. K. Doll’s, Dr. C.-X. Yin’s, and Dr. L. Ott’s dissertations, and Ms.

K. Weddle’s, Mr. W. White’s, Mr. C. Hagen’s, and Mr. C. Graham’s Masters theses.)

Recommendations

The recommendations are:

(i) That the present pages be enclosed in the thesis until such a time as it is no
longer needed (i.e., when the policies and procedures for journals-format theses become
routine);

(ii) That for each chapter it is detailed, and to the satisfaction of the committee
and the advisor, who made what contributions, both of intellectual substance and writing.
[Substantial contributions of other students or Professors should of course be
acknowledged. In the case of disagreements, the various dfafts (i.e., as their electronic
files) can be examined by the committee (in light of a knowledge of who wrote which
draft) to easily determine who contributed what. In possible borderline or controversial
cases it may even be advisable to keep all (electronic) drafts of the papers as a record];

(iii) That it be specifically stated whether or not all the experimental work is the
Ph.D. candidate’s [as is usually the case, although the increasing (desirable) collaboration
among scientists worldwide makes this a non-trivial point].

(iv) Furthermore, it is recommended that allowances be made for the expectation
that a greater degree of involvement of the prqfessorial advisor is likely in a journals-
format thesis than in a traditional thesis. [That this is reasonable follows from the fact

that some Professors write 100% of all their papers; this, unfortunately, robs the student
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of the valuable experience of participating in the science and the end product as practiced
at the highest levels. (It also creates an unmanageable writing burden for Professors
involved in all but the narrowest of research areas or for Professors involved in more than
one competitive research area)];

(v) Notwithstanding (iv), there needs to be ideally no more than ca. 40%
Professorial writing contribution in a given early chapter in the thesis, and there should
be a clear evolution in the thesis of a decreasing professorial involvement to, say, a 10-
20% direct contribution in the last chapter or two.

(vi) As a further aid towards separating out the candidate’s and the professorial
(and other) contributions, it is recommended that the Introductory (usually literature
background) chapter(s) and at least the final chapter be lightly edited only, so that
authentic examples of the student’s contributions are documented in an unambiguous

form.
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APPENDIX B

RESEARCH PROPOSAL

Synthesis, Characterization, and Mechanical and Biocompatibility Testing of
Biologically Relevant Metal-Doped Nanocrystalline Hydroxyapatite for Improved

Bone Regeneration Materials

Abstract and Specific Aims

The need for better bone regeneration materials is escalating with continuing
advances in healthcaré along with a growing elderly population. Current implants are
focused on bone replacement, but have limited lifespans. Recent research has been
directed toward the development of bone regeneration materials that assist in promoting
new bone growth in needed areas. Hydroxyapatite (Ca;o(PO4)s(OH),, HA) has been the
focus of many bone regeneration materials due to its high composition in human bone
(~65%) and excellent biocompatibility properties. However, pure HA displays higher

than desired dissolution rates, as well as poor mechanical properties that limit its use to
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non-loadbearing applications. It has been suggested that doping HA with different metal
ions could increase both the mechanical and biocompatibility properties of HA. Previous
studies have focused on the use of monovalent, divalent, some trivalent, and tetravalent
Ti and Zr doped HA. Higher valency metal dopants have been suggested to improve the
mechanical properties of HA, but in some cases the biocompatibility is reduced. It was
also previously suggested that HA doped with trivalent metal dopants of size < Ca**
would produce superior bone regeneration materials.

Herein the following hypotheses are proposed to be tested: (i) that HA doped with
2.5 wt% of each of the following metals: V**, V¥, V**, Mn**, Mn**, Mo®*, Mo**, Mo™",
and Mo®*, can be synthesized with metal incorporation into the HA lattice; (ii) that the
metal doped HA will be nontoxic to cells and will stimulate the growth of new
osteoblasts, making it a safe and desirable bone regeneration material; and (iii) that
trivalent or higher valency metal-doped and sintered HA will provide better bone
regeneration materials in terms of mechanical properties, as evidenced by Vicker’s

hardness and uniaxial compression tests, as well as in terms of their biocompatibility.

Background and Significance

With the continuing advances in healthcare and the average life expectancy of
humans continually lengthening, there becomes a high demand for bone replacement
materials with lifetimes greater than that of the patient.! Presently, autografts and
allografts, which are bones obtained from another anatomic site of the same patient and
those obtained from another subject, respectively, are the gold standards for bone repair

and substitution.”> However, autografts can cause trauma at the donation site and are in
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limited supply.>*>*° Allografts are also problematic due to the high cost, limited supply,
possible immune rejection, and possible pathogen transmission.>>***> Therefore, there is a
need to develop synthetic alternatives for bone replacement and repair to improve the
quality of human life.

The use of both bioinert (i.e., materials that do not stimulate bone formation or
bond directly to bone such as inert metal implants) and bioactive (i.e., materials that
stimulate bone formation and directly bond to bone such as calcium carbonates) synthetic
implants has increased dramatically in the past 25 years.>® The most common bone
replacements occur in the hip’ and knee joints and are often a result of Osteoporosis,
where bone resorption occurs faster than new bone can be produced causing a reduction
in bone density and eventually fracture.' Most currently used prostheses are composed of
bioinert materials that often have a limited lifespan of <25 years and also tend to degrade
healthy bone to which they are attached due to frictional forces.! In addition, all
currently used orthopedic implants lack three critical properties: (i) the ability to self-
repair, (ii) the ability to maintain a blood supply, and (iii) the ability to modify their
structure in response to environmental factors.'® Due to these missing properties, current
research has focused on exploring bone regeneration instead of bone replacement
materials.” It has been suggested that the best regeneration materials will attempt to
mimic both the physical structure and composition of bone.>®*

' In the body, bone has four main functions. It provides structural support, protects
and stores healing cells, maintains ion homeostasis, and repairs damage caused by
locomotion or trauma.”'® The multifunctional macroporous and microporous networks

that comprise bone have proven to be hard to mimic synthetically. According to Ben-
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Nissan, “many have tried to mimic the unique qualities of bone, however nature has
proved to be nearly impossible to adequately copy or emulate.”' The actual structure of
bone is complex and estimated to be (Ca, Mg, Na),o(PO4, CO3, HPO4)s(OH, Cl, F), with
65 wt% of the composition being hydroxyapatite (HA, Ca;o(PO4)s(OH),).>"" HA is
osteoconductive, meaning that its surface can serve as a scaffold or template to guide the

) 12
formation of new bone*!"

(a highly desirable property for a bone regeneration
material). HA is also a bioresorbable material that degrades over time as it is replaced by
newly formed bone tissue.® In addition, HA is light-weight, resistant to microbial attack
and pH changes, and importantly, is able to directly bond with existing bone.® Therefore,
HA has drawn considerable attention as a possible bone regeneration
compound, 261 L1314

However, the often too stiff and brittle mechanical properties of HA limit the load
bearing capabilities unless combined with other supports such as metal plates.*® In
addition, HA is highly soluble in the body. This causes problems with durability, tissue
integration, and longevity due to faster than desired dissolution.'' It is well known that
the complex composition of bone and the presence of trace elements play an important
role in the overall performance.>'"'> Hence, researchers have been interested in doping
HA with metal ions other than Ca*" in hopes of improving both the mechanical and
biocompatibility properties.'>!617:18.19:2021.22.23.24

Researchers have mainly focused on the use of main group monovalent dopants
such as Na* and K*,'"'® as well as many divalent dopants including Zn**, Mg**, Cu** and

Fe?* 9181920 1p an interesting study by Webster and co-workers, the trivalent metals Y,

La*", In**, and Bi** were doped into the HA lattice.*! The main finding in this study was
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that both the Y**- and In**- doped HA increased osteoblast adhesion by 50 and 56%,
respectively, while the other metal dopants’ osteoblast adhesion was not statistically
different than that of undoped HA.?' Overall, this study suggested that trivalent metal
dopants of smaller size than Ca>" encourage osteoblast adhesion and hence, may provide
better biocompatible materials for bone regeneration. In addition, another study
suggested that Cr’*-doped HA was a better dopant than divalent Ni**, Co**, and Cu®" due
to its ability to retain metal-OH groups on the important reactive surface of the doped
HA." Interestingly, the only metal dopants tested with oxidation states higher than
trivalent are Ti*" and Zr**, which have both been shown to improve the mechanical
properties but decrease biocompatibility in comparison to undoped HA 2%

The amount of dopant used in HA has varied greatly from 1.0 wt%° to 40 wt%.>
However, in studies using both 1.0 and 2.5 wt% dopant, it has been shown that the 2.5
wt% dopant further improved the mechanical properties of HA, while not disrupting the
biocompatibility.’ Use of 40 wt% Zr*" increased the mechanical properties of the HA,
but, unfortunately, also greatly decreased the biocompatibility properties.® It has also
been demonstrated that 5 and 10 wt% dopant increased the mechanical properties while
maintaining the biocompatibility,”* but the majority of studies involving metal-doped
HA have found desirable results in terms of both the mechanical and biocompatibility
properties using approximately 2.5 wt% dopant.'>'%!72024

In addition to variations in the amount of dopant used, the relative size of the
doped HA in these materials is also varied. Some studies focus on the fornﬁation of

micron sized metal-doped HA, while others have made nanocrystalline doped HA. The

advantage to making nanosized HA is that it mimics the structural and dimensional
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characteristics of bone.>**® In addition, the large surface area of nano-HA can lead to
better densification and hence, improvements in the mechanical properties over larger
micron-HA.® Therefore, the trend in using HA as a bone regeneration material has
shifted toward the use of nanometer-sized HA.>%%°

Herein, the aims are to synthesize and characterize HA doped with 2.5 wt% of
each of the following: v v v Mn*t, M, Mo* * Mo*", Mo**, and Mo®”". The
goal of the synthesis is to incorporate the metal dopants into the HA lattice. Dopant
incorporation and homogeneity will be tested by powder X-ray diffraction (XRD),
elemental analysis, and high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM). In addition, the morphology and size of the doped HA
will be probed using transmission electron microscopy (TEM). The oxidation state of the
incorporated metal will then be analyzed using X-ray photoelectron spectroscopy (XPS)
in order to determine if the original oxidation state is retained. Synthesis and
characterization of these materials are necessary in order to test the hypothesis presented
herein that HA doped with metals that are (i) trivalent or higher valency, (ii) naturally
occurring in the body, and (iii) of size < Ca**, will be superior bone regeneration
materials in terms of their mechanical and biocompatibility properties. Biocompatibility
properties will be tested using osteoblast adhesion and growth studies in order to
determine the cytotoxicity and osteoconductivity of the proposed metal doped HA.
Finally, the mechanical properties of the proposed materials will be tested using Vicker’s

hardness and uniaxial compression measurements.
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Research Design and Methods
Synthesis of metal-doped hydroxyapatite

Finding the correct experimental conditions could prove challenging, but previous
studies have provided a solid background to begin the synthesis of metal-doped HA. 1
propose using the sol-gel synthesis method over the commonly employed precipitation or
hydrothermal methods.” Synthesis via sol-gel allows for relatively short reaction times
on the order of a couple of hours at relatively low reaction temperatures of 80-85 °C in

water,zo’26

as compared to 24-hour reactions in aprotic solvents for common precipitation
syntheses,”’ or the required high temperature (> 500K) and pressure (= 100 MPa)
required for hydrothermal techniques.'" In addition, the sol-gel method allows for
improved homogeneity***® along with the formation of nanomaterials that resemble the
dimension of HA observed in bone (30-50 nm loné, 20-25 nm wide, and 1.5-4 nm
thick).>?

The water-based sol-gel synthesis proposed herein is modified from the work of
Kalita and Bhatt for Mg®*- and Zn**-doped nanocrystalline HA,*® Scheme 1. That is, the
literature synthesis will be followed with the exception of adding the manganese,
molybdenum, and vanadium ion dopants as the commercially available oxide and
chloride salts (Mn;03, MnO,, MoCls;, MoO,, MoCls, MoOs, V,03, VO,, or V,05) in the
amount of 2.5 wt% prior to sintering, as was done previously.”® It has also been noted
that maintaining the pH at neutral or basic conditions is necessary to avoid the formation
of other calcium phosphate phases.”® Thus, the pH will be checked prior to the HA aging

step and if necessary adjusted to physiological pH 7.4 using NH4OH or HNOs. The

metal-doped HA will then be calcined under nitrogen to prevent the formation of metal
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oxide side products, other calcium carbonate phases, or redox reactions of the metals* at

the previously found optimal temperature of 500 °C to form nanocrystalline doped-

HA 20,26

Scheme 1. Proposed synthesis of metal-doped HA.

3. Stir at 50 °C for 4 min
O 4. Age (no stirring) 50 °C for 2 hrs
I 5. Heat to 85 °C to dry

/\O/ P\O/\

1. Grind with mortar and pestle

2. Add 2.5 wt% dopant:
Mn,O3, MnO,, MoCly
MoO,, MoCls, MoO3,
V,03, VO,, or V,04

3. Calcine by heating 15 °C/min to

500 °C

1. Dissolve in 1:8 molar water with stirring
t 2. Add Ca(NOs;), in 25 mL water solution dropwise

Calo(PO4)6(OH)2

Y
[Cay19.0Ma(PO)s(OH) 2. Xl

Listed below in Table 1 are the ionic radii of dopants that have been shown to be
incorporated into the lattice of HA along with the radii of the transition metals proposed
herein as dopants for HA. Based on the precedent that 0.55 A Fe*" is incorporated into
the crystal lattice of HA,'®** it seems plausible that Mn**, Mn*", V** and V** should also
be incorporated into the HA lattice based on sizes” of 0.58, 0.53, 0.58, and 0.54 A,
respectively. In addition, based on the previous evidence for Co** incorporation,'’ size*
similarities of 0.65 A Mo*" and 0.64 A V** suggest that these metals can be incorporated
in the HA lattice. Examination of the size?® of Fe*" and evidence for Fe** incorporation'®
suggests that both Mo®" and Mo®* will be incorporated, Table 1. Finally evidence for the

incorporation'® of Ni*™ at 0.69 A% suggests, at least based on size arguments, that Mo’
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also at 0.69 A, can be incorporated into the HA lattice. Therefore, based on size
similarity and precedence, it appears that all of the metal dopants suggested represent
viable metals for investigation. Furthermore, the fact that higher valence Ti*" and zZr*
2223

have been used in conjunction with HA to increase the mechanical properties

provides further support for the proposed tetra-, penta-, and hexavalent metal dopants

suggested.

Table 1. Ionic radii®’ of previously examined'>'®'7181920.21223 t A qopants along with
radii®® of the metals proposed herein for doping HA.

Previously Examined Proposed Herein
Main TIonic  Transition Ionic  Transition Ionic Metal Ionic Metal Tonic
Group  radius Metal radius Metal radius | Dopants radius Dopants radius
Dopant  (A)*® Dopant (A)*  Dopant (A)? (A)? (A)*
Ca™ 1.00 Ag 115 zt** 072 | Mn** 058 Vo 0.64
K 138  Co* 065 Bi' 1.03 | Mn* 053 V¥ 0.58
Mg 072 Cu* 073 Cr* 062 | Mo** 069 VT 0.54
Na* 102 Fe* 061  Fe* 0.55 | Mo*" 0.65
Si* unk®  Ni¥ 069 In* 0.80 | Mo 0.61
Ti** 061  Sr* 118  La** 1.03 | Mo® 0.59
Zn* 074 Y 0.90

® The ionic radii values are based on experimental crystal structure determinations, supplemented by
empirical relations, and theoretical calculations. In addition, in each case the ionic radius reported is for a

coordination number of 6.
® The ionic radius of Si?* is unknown (unk). However, the reported value for Si*" is 0.40 A and suggests

that the ionic radius of Si*" is larger than 0.40 A.

Characterization of the Metal-Doped HA Materials

In order to determine if the above proposed metals do indeed become
incorporated into the HA crystal lattice, elemental analysis via inductively coupled
plasma spectrometry (ICP) and powder XRD will be employed. The ICP results will
give the bulk composition of the material made after sintering®® and allow for the amount
of dopant incorporated to be calculated vs. the amount added, as was done previously for
Ni**, Cu**, Co?*, and Cr*" doped HA." ICP is being proposed instead of the previously

used energy dispersive X-ray spectroscopy (EDS)* as better detection limits can
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achieved with ICP. Interestingly, many of the previous studies do not analyze the bulk
sample content, but assume that all of the dopant added is incorporated.15’17’18’2"22’23

In addition to ICP, powder XRD will allow for the determination of the relative
crystallinity of the metal-doped HA, as well as confirm whether or not the metal is
incorporated by an observable change in the unit cell constants.'*?'** Shown below in
Figure 1 is the previously reported XRD pattern of pure HA, as well as 1.0 wt% Mg**
and Zn** doped HA.?® These XRD patterns illustrate what is expected for the XRD
patterns of the proposed metal-doped HAs. That is, little to no change will be observed

in the XRD pattern from the undoped to doped HA, but the unit cell constants should be

different by a statistically significant amount.

ic'{l MgO doped HAp calcined at 500 ¢

X

N

] Zn0 doped HAp calcined at 500 C

i Pure HAp calcined powder at 500 C
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Figure 1. XRD patterns of pure HA, Zn** doped HA, and Mg** HA. Note that the XRD
pattern does not change with the dopants added in 1.0 wt%. Figure modified from
reference 20.

Unfortunately the unit cell parameters were not reported for the Mg?** and Zn**

doped samples shown in Figure 1. However, the unit cell constants of Fe** doped HA
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and pure HA have been reported®* and are shown in Table 2. Table 2 illustrates that

statistically different unit cell parameters are obtained with pure vs. doped HA samples.

Table 2. The a and c unit cell constants and volume measurements for pure HA and 2
atomic% Fe’* doped HA.**

Pure HA Fe’' doped HA
a (A) 9.3948(4) 9.4138(5)
c (A) 6.8906(4) 6.8896(5)
Volume (A*)  526.8 528.8

In addition to ICP and powder XRD, high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM, also commonly known as Z-contrast
imaging) will be used to probe the homogeneity of the metal-doped HA materials.
Probing the homogeneity is important since the synthesis proposed herein adds the
dopants after the sol-gel process, but before annealing, and could lead to localized doping
especially on the surface. This localized doping may not be observed with XRD
measurements, but HAADF-STEM is sensitive to composition and allows for small,
heavy particles to be readily visible within a matrix or support.>' In fact, iodine and
gadolinium added to a hydroxyapatite mixture were recently imaged and quantitated
using HAADF-STEM.* Hence, HAADF-STEM images should allow for the
homogeneity of the metal dopants to be examined as well as for microcompositions to be
determined.

The morphology of the metal-doped HA materials will also be characterized by
transmission electron microscopy (TEM) in order to determine how the size of the

nanocrystalline HA is affected by the addition of dopants. As shown in Figure 2 below,
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different metal dopants can cause changes to the size of the nanocrystalline HA.* The
undoped HA (Figure 2a) has an average particle size of 10-12 nm, while the Mg?** doped
HA (Figure 2b) is 2-5 nm and the Zn** doped HA particles are 10-20 nm.” Interestingly,
both Mg?* and Zn** are divalent and have very similar ionic radii of 0.72 and 0.74 A,
respectively,” yet the main group Mg** gives smaller particles while the transition metal
Zn*" gives larger particles than pure HA. Therefore, it cannot be predicted at this time
how the metal dopants proposed will affect the size of the particles in nanocrystalline

HA.

Figure 2. TEM images of (a) HA, (b) Mg** doped HA, and (c) Zn** doped HA
reproduced from reference 20.

Since different oxidation states of the same metal are being suggested herein as
dopants for HA, it will be important to determine the oxidation state of the metal dopants
after incorporation into the HA lattice. In other words, it needs to be shown that the
metal precursors retain the original oxidation state after incorporation. In order to test
this, X-ray photoelectron spectroscopy (XPS) will be used to probe the oxidation states of
the metals and to make sure that no redox reactions of the metal dopants have occurred
during the synthesis process. XPS has also been used in similar studies to study the

surface composition of metal-doped HA and it was shown that Cr’* was a better dopant
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than divalent Ni**, Cu®*, and Co*" due to its ability to maintain the surface composition of
pure HA." Maintaining the surface of HA is important because the surface controls
further growth and incorporation at implantation sites.>*®** Therefore, XPS will be used

to both probe the oxidation state and to determine the composition of the surface of HA.

Biocompatibility Testing

Once the metal dopant incorporation into HA has been established by the above
characterization techniques, it is important to screen the cytotoxicity of each of the metal-
doped HA materials. Biocompatibility testing is proposed before mechanical properties
testing in order to rule out materials that may not be good candidates as bone
regeneration materials in terms of their ability to incorporate into the tissue area without
causing harm. In order to test the biocompatibility, commonly used cell culture and

16,17,182123 __ . o 1 .
15.16,17.18.21. > will be run. In addition, to provide information about

adhesion experiments
possible toxic effects, these experiments will also show whether further bone growth is
induced in the metal-doped HA over pure HA. Specifically, I propose using an
immortalized modified human osteoblast cell line (OPC-1)** to conduct in vitro studies,
as has been done in other metal-doped HA studies.'>'¢!"!8
Use of an immortalized cell line is advantageous because the cells are consistent

and reproducible and thus, can be used for cross comparison studies.** However,
immortalized cell lines are used in in vitro studies and may not fully represent the effects
in vivo,” but should provide a good preliminary toxicity screening. Cytotoxicity studies

would be conducted by using staining to count the number of living healthy cells both

before and after introduction of the synthesized metal-doped HA against control groups
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that are not exposed to metal-doped HA. In addition, using scanning electron microscopy
(SEM) will allow for analysis of the morphology along with how well the cells anchor,
attach, and proliferate onto the surface of synthesized metal-doped HA.'>'®'"!# 1p
previous studies, biologically relevant metal-doped HA materials showed no toxicity to
the cells and were able to induce the same cell growth within experimental err;)r as pure
HA.">!'6!1718 Therefore, it is probable that the metal-doped HA materials proposed herein
will have similar biocompatibility properties. In addition, it is expected that the metal-
doped HAs proposed herein will have better biocompatibility properties than some of the
previously proposed dopants such as Ti**, Zr**, Bi**, Y**, La**, and In*', since the metals
proposed are naturally occurring in the human body, albeit in some cases in different

oxidation states.

Mechanical Properties Testing

15,16,17,18,20,22 < 7+ ..
q!516:17:1820.22 y7icker’s hardness and uniaxial

The commonly employe
compression tests will be used to determine the hardness and compressibility, and
therefore, the mechanical properties of the non-toxic metal-doped hydroxyapatite
materials proposed. Previously tested 1 wt% metal dopants such as Mg®" and Zn** have
improved both the hardness (Figure 3) and the compression of HA.*® In addition, the

hardness of the materials is maintained for at least five weeks under in vitro conditions,

Figure 3.
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Figure 3. The normalized hardness of pure HA, 1.0 wt% Mg”*" and 1.0 wt% Zn** doped
HA under simulated in vivo conditions over the course of 35 days. Reproduced from
reference 20.

In fact in all cases where the mechanical properties were tested for metal-doped
HA, the hardness and compression strength were greater than or equal to pure
HA.'>1617182022 Honce, it is expected that the metal-doped HAs proposed herein will be
able to improve, or at least maintain, the mechanical properties of HA.

Based on both the mechanical properties and biocompatibility tests proposed, it
will be interesting to look at which materials proposed will be the best candidates for
bone regeneration materials. In particular it will be of interest to look at which oxidation
state of the metals of V, Mo, and Mn will be preferred. In addition, this study will allow
us to test the hypothesis previously set forth®' that trivalent metal dopants of size < Ca**
will make preferred bone regeneration materials. Also of interest is to determine if the
ionic size of the metal dopants is important for incorporation into the lattice, although
size precedence suggests that all the metals proposed will be incorporated. This study
will hopefully provide viable material(s) for bone regeneration that have both the

biocompatibility and the mechanical properties desired. However, if an outstanding
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material is not found, the trends in size and oxidation state, or possible lack of trends
observed from this study, may lead to a new list of possible dopants to be tested in the

future.

Conclusions

This proposal will test the hypothesis that biologically relevant trivalent and
higher valency 2.5 wt% metal-doped nanocrystalline HA will provide better bone
regeneration materials in terms of their biocompatibility and mechanical properties. The
synthesis of these materials is suggested via a precedented sol-gel method. Once
prepared the metal incorporation and homogeneity into HA will be probed using
elemental analysis, XRD, and HAADF-STEM. In addition, the oxidation state of the
metals incorporated will be verified by XPS. Following verification of the metal
incorporation into HA, the biocompatibility properties of the newly synthesized materials
will be tested using in vitro cell adhesion and cell growth studies to determine whether or
not these proposed materials are cytotoxic and if they promote cell growth on the surface.
Finally, the hopefully improved mechanical properties of the proposed materials will be
tested using Vicker’s hardness and compressibility tests. Overall, the materials proposed
herein are hopeful alternatives for bone regeneration materials that utilize the positive
biocompatible properties, while improving the poor mechanical properties exhibited by

pure HA.
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Future Studies

Indeed, if any of the proposed metal-doped HA materials are demonstrated to be
superior over the known doped and undoped HAs, further testing will be warranted. This
testing will include examination of the in vivo biocompatibility of the material(s), along
with in-depth engineering analyses. One of the significant challenges for bone
regeneration materials is the ability to scale-up the material and be able to mold it into the
irregular shapes of bones.® This is no small or easy task and significant research and

effort will be needed in order to overcome the engineering challenges.
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