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ABSTRACT

This dissertation describes the preparation, characterization, and application of artificial
metalloenzymes for the selective functionalization of organic molecules. These catalysts
combine a catalytic metal complex and a protein scaffold, allowing one to exploit the reactivity
of the transition metal catalyst while taking advantage of the selectivity and evolvability of
proteins. The work described herein is specifically focused on the application of Pyrococcus
furiosus prolyl oligopeptidase as an enabling protein scaffold for the generation of exceptionally
robust and selective artificial metalloenzymes.

Chapter One introduces the concept of catalyst control of selectivity and the challenges
surrounding it, particularly in the context of C-H functionalization. Site-selective C-H-
functionalization, the process whereby a specific C-H bond is converted to a desired functional
group, remains a challenging problem for small molecule catalysis. An overview of methods to
achieve site-selective catalysis is described, encompassing strategies employing small-molecule
transition metal catalysis and enzyme catalysis. A third class of catalyst, artificial
metalloenzymes, is introduced as potentially combining the advantages of small molecule
catalysts (reactivity) with enzymes (evolvability/selectivity). The many methods that have been
employed to generate artificial metalloenzymes is then discussed in detail, with a particular focus
on challenges in the characterization of these catalysts.

Chapter Two describes the formation of a wide variety of artificial metalloenzymes
formed using serine hydrolase scaffolds. Electrophilic phosphonate-tethered metal catalysts have
been covalently bioconjugated to serine hydrolases, exploiting the native mechanism of this class
of enzymes. The synthetic procedures to generate such metal cofactors are described. A panel of

serine hydrolase scaffolds is explored using these catalysts. A number of the resulting artificial

Xiv



metalloenzymes have been applied successfully for C-H oxygenation, epoxidation, and
cyclopropanation, albeit with limited selectivity. Strategies to enhance these selectivities are also
elaborated in this chapter.

Chapter Three introduces the application of Pyrococcus furiosus prolyl oligopeptidase as
an ideal protein scaffold for artificial metalloenzyme formation. Methodology for the expression
of this scaffold has been optimized, and the stability of the scaffold has been investigated.
Methods for the routine characterization of artificial metalloenzymes using this scaffold are
described, including native activity assays, mass spectrometry, and LC/MS/MS. Finally, the
Pyrococcus furiosus prolyl oligopeptidase crystal structure has been solved and a detailed
description of its structural features is presented. A number of discoveries pertinent to the native
activity of the enzyme and its application as an artificial metalloenzyme scaffold are elaborated.

Chapter Four describes the formation of dirhodium artificial metalloenzymes using
Pyrococcus furiosus prolyl oligopeptidase. Enantioselective cyclopropanation has been catalyzed
with these systems and catalyst performance has been optimized through rational mutagenesis
and directed evolution. Biophysical studies into the origin of the observed selectivity were
conducted, with a hypothetical histidine-rhodium interactions at the center of investigation.
Finally, a detailed digestion LC/MS/MS study into artificial metalloenzyme self-modification
with diazo- substrates is described. This revealed that self-modification occurs during catalysis,
potentially impacting the selectivity of the catalyzed reaction. The methods described lay the

groundwork for future detailed studies.
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PREFACE
Each chapter of this dissertation is numbered independently. A given compound or
reference may have a different number in different chapters. All experimental details, references,
and notes for individual chapters are included at the end of each chapter. All NMR spectra for

select compounds in Chapter Two are included in Appendix One.
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CHAPTER ONE
AN INTRODUCTION TO SELECTIVE CATALYSIS AND ARTIFICIAL

METALLOENZYMES

1.1 THE IMPORTANCE OF SELECTIVITY IN CATALYSIS
Chemical catalysis is a fundamentally important branch of chemistry, providing

some of the most beautiful examples of creativity and complexity in chemical synthesis
and nature. At its essence, catalysis is nothing more than the minimization of kinetic
barriers between reactants and products in a chemical reaction. The mechanism of
catalysis can therefore be attributed to the reduction of activation energy of a given
transformation. By definition, all catalysts reduce free energy of activation by
stabilization of the transition state of a chemical transformation through entropic and
enthalpic means (Figure 1.1).! The chemical community has been tremendously
successful at discovering new ways to catalyze the transformation of reactive handles—
generally termed functional groups—to other desired chemical moieties. Reliable
reactivity has been established for a huge number of catalysts. In contrast, stereo-, regio-,
site-, and chemo-selectivity remain a particularly vexing challenge. Selectivity in catalysis
entails the energetic differentiation of different functional groups on a substrate, or, in the
case of asymmetric catalysis, the differentiation of the different faces of the same
functional group. The rewards for unlocking catalyst selectivity are immense.
Commonly, a substrate containing multiple functional groups (or sites) that exhibit
reactivity toward a given catalyst means that, in the presence of a non-selective catalyst,

one will ultimately obtain a complex mixture of products with differential extent of



conversion at the different available sites. Aside from the inherent loss of yield to side-
products, the scientist is then tasked with the tedious separation and isolation of
chemically-similar compounds, a source of major inefficiency in the process of chemical
synthesis. The development of catalysts that could cleanly and efficiently convert the
substrate to a given product of interest would obviate the need for difficult purification
and would result in inherently improved yields of the desired product. It is therefore of
great interest to scientists to develop methods to readily generate efficient catalysts with

high selectivities.
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Figure 1.1 A general free energy diagram illustrating the effect of a catalyst in reducing

the free energy of activation of a given transformation.



1.2 C-H FUNCTIONALIZATION CATALYSIS

The fundamental goal undertaken in this laboratory is the creation of selective
catalysts that improve the efficiency of chemical synthesis. As discussed above,
selectivity in catalysis enhances the efficiency of synthesis by enabling clean conversion
to desired products, obviating the tedium of purification of intermediates along a
synthetic route. However, this does not address another basic source of inefficiency in
chemical synthesis: the need for substrate pre-functionalization —that is, the prerequisite
that reactive handles be present on a given substrate. This has dominated the concept of
retrosynthesis —bond disconnections are made based on the reactive functional groups
available on a molecule.” Rarely is the ubiquitous C-H bond thought of as a viable
reactive handle, as these are relatively inert compared to the polarized bonds that typify
the handles used in retrosynthesis. However, the past 50 years has brought to light a
number of catalysts capable of activating and functionalizing C-H bonds.” The ability to
control the selectivity of these catalysts would hypothetically enable the selective
targeting of specific C-H bonds on a hydrocarbon skeleton, obviating the necessity for
substrate pre-functionalization (with polar carbon-halogen, carbon-chalcogen, or carbon-
main group bonds), thereby minimizing the number of steps and the amount of waste in a
given chemical synthesis. The combination of C-H functionalization catalysis with high
stereo/regio/site/chemo-selectivity could provide some of the most concise tools for the

precise conversion of simple building blocks to complex products.*



1.2.1 SELECTIVE CATALYSIS BY SYNTHETIC TRANSITION METAL
CATALYSTS

Catalysis mediated by transition metals has been a dominant force in the
development of important transformations in synthetic chemistry, including cross-
couplings’. olefin polymerizations®, olefin metathesis reactions’, and C-H bond
functionalizations®. An advantage of transition metal catalysis arises from the fact that
catalytic activity (selectivity/reactivity) depends on the structural parameters of the metal
complex itself. This enables ready perturbation of catalytic activity through the
modulation of catalyst structure, determining its orbital/electronic structure as well as
steric environment, both of which influence catalyst reactivity and selectivity. By
changing ligands directly coordinated to the metal (the primary coordination sphere) and
ligand functionality distal to the metal (the secondary coordination sphere), scientists can
optimize the complex for desired selectivity and reactivity.

As noted above, a multitude of synthetic homogeneous transition metal catalysts
have been developed for the activation and functionalization of C-H bonds. In chapter
two, the C-H oxidation chemistry of first-row metal-polydentate nitrogen complexes will
be described. In chapter four, C-H carbene insertion catalysts based on the dirhodium
tetracarboxylate framework will be detailed. Small molecule C-H functionalization
catalysts employ a variety of mechanisms to achieve activation and functionalization of
inert C-H bonds. For the C-H oxidation chemistry explored with first-row metal-
polydentate nitrogen complexes, this entails abstraction of a hydrogen atom by a highly
oxidative metal-oxo species, followed by rebound of the oxygen fragment to generate a

C-O bond.” In the case of dirhodium catalysis, the catalyst is capable of stabilizing high-



energy electrophilic carbenes, which can then insert into a variety of C-H bonds.'® The
diversity of metal-binding ligands that have been applied toward the optimization of both
of these catalyst classes cannot be understated.''"* Homogeneous transition metal
catalysts serve as excellent platforms for “coarse-tuning” of reactivity and
chemoselectivity, as the structures of these compounds are often predictable and well-
defined by a framework whose structural parameters are set by relatively stable molecular
forces (covalent/dative bonds). Trends in reactivity can often be evaluated through
modulation of this framework, and rational, predictable changes can be made to these
relatively simple structures. As such, systematic optimization of complexes has become a
norm in the organometallic community for development of new catalysts with novel
reactivity and chemoselectivity.

Achieving catalyst-defined stereo-, regio-, and site-selectivity has been a major driving
force in small-molecule catalysis. Unsurprisingly, small molecule catalysts have proven
to be amenable for enabling asymmetric transformations, as simple stereochemical
information can often be relayed readily from an asymmetric small molecule catalyst to
its substrate.'* Enantio-differentiation of substrate functional groups is well suited to
small molecule catalysts, as the substrate/catalyst interactions mediating
enantioselectivity occur on compatible length scales. A number of asymmetric metal
catalysts have been hugely successful in their application toward organic synthesis,
notably those introduced by Knowles,'> Noyori,'® Sharpless,'” and Jacobsen.'® In
contrast, achieving site/regio selectivity with a small molecule catalyst is significantly
more challenging, as selection of one specific site among functional groups with similar

reactivity requires more complex intermolecular interactions (steric and electronic) in



order to energetically differentiate these positions on a substrate. In some cases, such as
iridium-catalyzed aryl C-H borylation and silylation, site selectivity can be promoted
almost entirely by steric repulsion between the catalyst and the substituents on the arene
substrate, ultimately targeting the most accessible arene C-H bond available.'*?° This is
one of the simplest examples of catalyst-controlled site selectivity in C-H
functionalization. Other catalysts, like Davies’ recently reported site-selective dirhodium
C-H insertion employ deep ligand-defined cavities that can sterically differentiate alkyl
C-H bonds to enable site-selective reaction (Figure 1.2).%' Beyond steric control, Crabtree
was able to promote differentiation of the two benzylic sites on ibuprofen using hydrogen
bonding provided by a ligand-bound pendant carboxylate.”” These are examples of the
sort of higher-order catalyst-substrate interaction, termed “molecular recognition,” that
can be introduced to enable catalyst-controlled site-selectivity.” However, these and
many other instances also serve to highlight the fact that introduction of these properties
can be synthetically challenging.”* Therefore, the development of more general
approaches toward the optimization of catalyst selectivity stands as an appealing goal in

the field.



Figure 1.2 Figure borrowed from ref. 18. A “small” molecule synthetic catalyst capable

of defining a chiral pocket for site- and enantioselective C-H carbene insertion

1.2.2 SELECTIVE CATALYSIS BY ENZYMES

Enzymes have proven to be incredibly effective catalysts for the conversion of
their native substrates, often doing so with impressive rate enhancements and excellent
selectivity. Their power arises from their ability to three-dimensionally organize
substrate-catalyst interactions in order to reduce the activation energy of the catalyzed
transformation.”>° This capacity for molecular recognition is a product of the complex
three-dimensional structure of the enzyme, a parameter defined by its primary amino acid
sequence as well as its constituent cofactors. The three-dimensional structures of
enzymes are governed by weak intramolecular forces (hydrogen-bonding, hydrophobic
interactions, electrostatics) that ultimately govern the tertiary structure of the molecule.
Because this shape is predicated on the primary sequence of the polypeptide chain,
alterations to the primary sequence translate to alterations in the three-dimensional
structure, which ultimately describes the chemical properties of the molecule. These

chemical properties (functional groups, electrostatics, steric environment, etc.) are



provided by the subset of chemical entities available for enzyme biosynthesis (20
canonical amino acids, biogenic cofactors, bioavailable metals). When assessed in a
combinatorial fashion, the number of theoretical catalysts accessible through protein
biosynthesis is astronomical.”’

Among the vast array of natural enzymes, there are several notable C-H
functionalization catalysts that have garnered great attention from the chemical
community.” Of particular relevance to this work are those that employ metallocofactors
as reactive centers. Cytochrome p450s exemplify the exquisite efficiency and selectivity
of natural metalloenzyme catalysis, enabling the selective hydroxylation of aliphatic and
aromatic C-H bonds on a plethora of substrates.” Similarly, a number of metallo-
halogenases pose great promise in their capability to selectively halogenate aliphatic and
aromatic C-H bonds, a transformation of great synthetic utility.*® In both of these cases, a
variety of proteinogenic functional groups in the secondary coordination sphere around
the metal enable molecular recognition of the substrate, enabling the catalyst-controlled
differentiation of energetically similar C-H bonds.*®

A critical difference between small molecule catalysts and their enzymatic
counterparts is that the synthesis of an enzyme is carried out through the templated action
of ribosomal machinery. That is, structural information is encoded at the genetic level
into DNA and flows according to the central dogma of biology: DNA is transcribed to
RNA, which is then translated into a protein.’’ A scientist need only exploit the
transcriptional and translation translational machinery of a host organism (Escherichia
coli and Saccharomyces cerevisiae being a prime workhorses in protein engineering) in

order to synthesize (express) a protein of interest. The technology for the introduction and



expression of heterologous genes in host organisms has reached a point that standard
protocols can enable the ready biosynthesis and extraction of a wide variety of proteins in
E. coli hosts (with the caveat that expression levels, solubility of protein product, and
purification can be variable depending on the identity of the gene of interest.)

Perturbation of the protein structure is also facile since it entails the introduction
of mutations to the gene, a task that, with modern cloning techniques, has become
operationally simple to perform.*” Given the relatively simple task of synthesis and
structural diversification of proteins, one can appreciate a critical advantage in the
optimization of enzyme catalysts over their small-molecule counterparts: the ready
generation of libraries of similar yet structurally diverse catalysts. The parallel synthesis
of panels of subtly different proteins enables the rapid evaluation of these variants for
desired characteristics, like selectivity. In contrast, an analogous strategy for small
molecule catalysts can be quite challenging for a synthetic chemist, given the non-
generality of chemical synthesis, which holds true even for the introduction of subtle
molecular differences. Examples wherein “mutants” of small molecule catalysts have
been synthesized and evaluated in parallel generally rely on modular synthetic strategies
(i.e. peptide synthesis) echoing the modular action of the ribosome.****

Importantly, while “rational” mutagenesis can be performed by deliberate
introduction of specific mutations into the amino acid sequence of a protein, many
methods enable semi-rational® or random mutagenesis’® as well. Evaluation of libraries
of enzyme variants created through random or semi-random mutagenesis forms the basis
of “laboratory evolution” or “directed evolution.”™’ (Scheme 1.1) This method will be

explored in greater depth in chapter four. For now, it suffices to note that random



mutagenesis creates a diverse panel of structurally-related catalysts that can then be
evaluated for desired function (increase in selectivity, for example). Variants showing
improvements in desired function or “fitness” serve as the basis, or “parent,” for a further
round of mutagenesis and screening. This iterative approach enables the ready
optimization of desired catalyst traits without the need for mechanistic/structural insight

or guidance.’’

Scheme 1.1 The general procedure for directed evolution as applied in this laboratory

toward the optimization of selectivity

Transform
Ligation E. coli

mixture of mutant

enzyme genes 1. Array colonies in
96 well plates
Isolate 2. Express enzymes
DNA 3. Lyse cells
P1 1. Add substrates

Culture "hits" 3 and reagents

- sm |P2

from daughter i 2. Analyze reaction

plate time products (e.g. HPLC)
Py >>sm, P, sm—= Py + P, enzyme library

The directed evolution methodology described echoes the mechanisms at play in
the natural evolution of enzymes. However, as noted, the “survival” of a gene is
determined by the improvement observed by screening of function, which is often the
bottleneck in the protocol. In natural evolution, the criterion for selection of the “fittest”
variant is predicated on the survival of the organism under the selective pressures applied.
Laboratory evolution methods have been developed that link desired function to gene

survival, thereby obviating the need for tedious screening protocols.*® These present
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some of the most efficient biomolecular optimization protocols available to scientists,
although more work must be done to enhance the generality of these methods in their
application toward selective catalysis.

Enzymes are a powerful class of catalyst due to their exceptional selectivity and
turnover as well as their versatility toward optimization. Indeed, the efficiency of these
catalysts and the evolutionary algorithms that govern their adaptation for new function
make them enviable systems for synthetic chemists. Natural enzymes should not be
viewed as a panacea for all challenges in catalysis, however. They are limited by the pool
of chemical entities available for their biosynthesis, for example, which excludes
molecular features (metals/ligands/functional groups) present in many successful
synthetic catalysts. Furthermore, artifacts of their biological origins (such as the need for
aqueous or membrane-like chemical environments, poor adaptation to very high
temperatures, intolerance of highly reactive abiotic species) can pose challenges for their
practical implementation in a laboratory context. However, when enzymes are engineered

for the goals of synthetic chemists, their versatility can be profoundly enabling.
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1.3 THE HYBRID ARTIFICIAL METALLOENZYME

1.3.1 INTRODUCTION TO ARTIFICIAL METALLOENZYMES

1° coordination sphere
metal reactivity

M 2° coordination sphere:
substrate binding,
orientation, selectivity

Figure 1.3 A general overview of an ArM catalyst. The primary coordination sphere is
defined by the metal ligands. The green segment represents the protein scaffold, which

controls the secondary coordination sphere of metal M.

Clearly, both synthetic transition metal complexes and enzymes carry a number of
advantages and disadvantages in their implementation toward achieving novel selectivity
and reactivity in catalysis, particularly in the context of C-H functionalization. The focus
of this work centers on the bridge between these two powerful catalytic platforms:
artificial metalloenzymes, or ArMs. ArMs, by definition, are comprised of two
components: 1) a catalytic metal center (M), which serves as the locus of reactivity in
these hybrid catalysts, and 2) a protein component (protein scaffold), which defines the
parameters around this metal (Figure 1.3).” The creation of artificial metalloenzymes
therefore relies on methodology to bring the catalytic metal center and the protein

scaffold together. Three general methods are used to achieve this end: 1) the dative
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approach, whereby a metal ion is bound directly through the coordination of scaffold
residues, 2) the supramolecular approach, in which a metal complex (cofactor) is bound
through non-covalent interactions, and 3) the covalent approach, in which the metal
cofactor is covalently grafted to the protein scaffold. Often, combinations of these general
methods can be used to enforce the junction of the metal fragment and the protein
scaffold. These three methods carry certain advantages and disadvantages in their

implementation, which will be discussed in the following sections.

1.3.2 THE SYNTHESIS AND APPLICATION OF ARTIFICIAL

METALLOENZYMES

1.3.2.1 DATIVE ARTIFICIAL METALLOENZYMES

An intuitive approach to the generation of artificial metalloenzymes mirrors the
common preparation of small molecule transition metal catalysts, wherein a metal ion
(M) is combined with an appropriate stoichiometry of small molecule ligands (L).*’
Given that proteins themselves contain a diverse set of metal binding functionality (N, O,
or S donors), one may simply swap the small molecule ligands with a protein and,
provided that the proper three-dimensional coordination environment is present, the
protein scaffold will bind the metal. A variety of natural metalloenzymes exhibit this
form of direct metal binding, inspiring chemists to mimic the strategy to generate new
artificial metalloenzymes. The three principal methods employed for direct dative
binding of metals with protein scaffolds include: 1) Repurposing of natural
metalloproteins for binding of non-native metal ions, 2) Exploiting serendipitous metal
binding by non-metalloproteins, and 3) Designing metal binding sites into an protein

scaffold (Figure 1.4) Herein notable examples of each of these modes will be discussed.
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The advantages of this method generally arise from the operational simplicity of
the method, providing a rapid way of introducing the metal into the complex primary and
secondary coordination environment of the protein scaffold. However, because the
binding of the metal is predicated on direct coordination of proteinogenic ligands, some
limitations arise. The first limitation stems from the fact that the metal-binding
functionality must come from amino acids that can be ribosomally incorporated into a
polypeptide chain. This is comprised of the 20 canonical amino acids and a subset
unnatural amino acids (UAAs). Despite steadily growing in number, UAAs are limited in
terms of practical incorporation by ribosomal machinery (see below).*' The second
limitation stems from the fact that, because coordination of the metal necessitates the
scaffold to provide a binding context, mutagenesis strategies could destabilize these
interactions, limiting the flexibility of the dative platform for optimization. In spite of
this, a number of excellent examples of ArMs have been developed with this mode

formation.

Figure 1.4. Approaches to generate ArMs via metal binding.
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1.3.2.1.1 REPURPOSING NATURAL METALLOPROTEINS

Natural metalloproteins, by virtue of their evolved capacity for metal binding,
already contain the requisite coordination pocket to accommodate metal ions. Therefore,
to generate artificial metalloenzymes utilizing natural metalloprotein scaffolds, one need
only develop reliable methods for generating the “apo” (non-metalated) form of the
protein scaffold followed by its reconstitution with non-native metal ions. This has been
accomplished for a number of metalloproteins.

One of the first examples of this methodology was applied to carboxypeptidase A,
a zinc(IT) metalloenzyme with a His/His/Glu binding site.** Dialysis against the chelator
1,10-phenanthroline was used to remove the native metal, and subsequent metalation
with copper(Il) led to a redox-active artificial metalloenzyme that catalyzed oxidation of
ascorbic acid by 0,.** Another set of zinc(II) metalloenzymes, the ubiquitous carbonic
anhydrases, have also been used as ArM scaffolds. The His/His/His binding motif has
been reconstituted with manganese(Il) to generate redox-active ArMs capable of

catalyzing asymmetric alkene epoxidations.***

In addition, rhodium(I) has been
introduced into carbonic anhydrase to generate competent ArMs for the selective
hydrogenation of alkenes as well as the hydroformylation of styrene.**** The
reconstitution of carbonic anhydrase has also been demonstrated with cobalt(II),
copper(Il), and nickel(II), as well, though with no catalysis reported (Figure 1.5).**® The
di-zinc(II) metallo-f-lactamase from Stenotrophomonas maltophilia was also
demonstrated to be competent for the binding of two copper(Il) ions after mutagenesis of

Asp to His, which furnished two His/His/His binding sites, mimicking the active site

architecture of type IIT copper proteins.*’ Unlike carbonic anhydrase and
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carboxypeptidase A, metallo-f-lactamase can take up the non-native metal ion simply by
expression of the protein with an excess of Cu(SQO4). The resulting ArM proved to be a

competent catechol oxidase.*’

Figure 1.5. Overlay of His/His/His metal binding site in hCAII structures containing
Zn(I1) (gray), Co(II) (red), Cu(Il) (yellow), Ni(II) (blue), and Mn(II) (green) bearing

H,0/0; (Zn, Cu, and Co) and sulfate (Ni and Mn) ligands

Among the most impressive examples of natural metalloprotein repurposing are
those provided by ferritin. Ferritin is a massive 450 kDa cage-like spherical iron storage

protein built up from 24 individual subunits. “Demineralization” of ferritin is carried out
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by dialysis against thioglycolic acid.*® The Watanabe group demonstrated that
palladium(II) can be soaked into the apo-ferritin scaffold, generating a competent
Suzukiase for the cross-coupling of phenylboronic acid with 4-iodoaniline (Figure 1.6).*
Attempts were made at altering the observed coordination sites (confirmed by X-ray
crystallography) through mutagenesis, though this had little impact on the observed

.. 1
selectivity.”*

Later, the same group used this approach to introduce rhodium(I) into the
scaffold, which enabled the polymerization of phenylacetylene by the ArM (Figure 1.6).>
This is a remarkable example of selectivity in ArM catalysis, as the polyphenylacetylene
generated by this system showed lower average molecular weight and narrower
polydispersity relative to the small-molecule [Rh(nbd)Cl]; catalyzed reaction.*>

Iridium(III) has also been introduced into the apo-ferritin scaffold, though no catalysis

has yet been demonstrated.’
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Figure 1.6. A) Apo-recombinant horse liver ferritin with highlighted subunit in red. B)
Ferritin three-fold axis binding site occupied with Pd(II) (top, blue spheres) and Rh(I)
(bottom, purple spheres). C) Ferritin accumulation binding site with Pd(II) (top, blue

spheres) and Rh(I) (bottom, purple spheres)
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1.3.2.1.2 SERENDIPITOUS METAL BINDING BY NON-METALLOPROTEINS

Exploring the metal binding capacity of non-metalloproteins expands the pool of
viable protein scaffolds for dative ArM preparation. From an operational standpoint, this
is an appealing strategy because any soluble and isolable protein can be screened for its
capacity to bind metals and catalyze reactions of interest. Expectations for selectivity in
catalysis using this method must be tempered, however, since fortuitous interactions
govern not only the binding of the metal to the protein, but also the interface of the metal
with its substrate. In addition, non-selective metal binding can lead to the formation of
multiple active sites with different catalytic properties.

Serum albumins have attracted a great deal of attention as ArM scaffolds given
their relative stability and commercial availability. These proteins qualify as non-
metalloproteins, though it should be noted that their physiological role is in the transport
of a number of species in blood, including metal ions like zinc and copper.’* Serum
albumins have seen use in the binding of thodium(I) for application in the
hydroformylation of olefins and the hydrogenation of a,B-unsaturated aldehydes and
ketones.” However, no enantioselectivity could be observed using prochiral substrates
with these systems, a likely symptom of multiple bound rhodium centers per albumin
monomer.”®’

Albumins were also determined to be reasonable hosts for high-valent transition
metal oxo-complexes like OsO4. The resultant hybrids were employed for the
dihydroxylation of alkenes, but again no enantioselectivity was observed.”®
Serendipitious binding of OsO4 was also observed with the streptavidin protein scaffold.

This protein has seen great utility in the generation of supramolecular non-covalent
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anchoring ArMs (see below), but it has been proven to be competent at binding metal oxo
complexes at sites proximal to the native biotin-binding site.”® The streptavidin-OsOy
hybrid catalyzed moderately selective dihyrdoxylation of alkenes.”® A similar study
employed [VO]*" for the generation of an oxidase for the enantioselective sulfoxidation
of aryl thioethers. Importantly, the scaffold imparted a rate enhancement on the reaction
relative to the free vanadium catalyst, showing a secondary benefit of this ArM
platform.®

The phosphatase phytase has yielded a series of fascinating ArMs for the
enantioselective sulfoxidation of sulfides. Structural alignment of phytase and vanadium
chloroperoxidase revealed that both of these enzymes share remarkable similarities in
structure. By treating phytase with vanadate VO4>", Sheldon was able to demonstrate that
the anionic oxo-complex not only inhibited native phosphatase activity, but also
introduced chloroperoxidase activity into the phytase scaffold.®’ It was hypothesized that
vanadate binds the oxoanion site of the phosphatase, as VO,*~ and PO4> are chemically
similar. The same group showed that vanadate could bind numerous protein scaffolds to
generate enantioselective sulfoxidases, albeit with lower selectivity and efficiency
relative to the phytase/ VO4> ArM.®*® This work demonstrates the utility of leveraging
latent metal binding based on isostructural native substrate binding, as this can impart a
well-defined metal active site for selective catalysis.

Finally, an exciting new area of ArM catalysis is exploring heterogeneous
catalysis in the context of protein crystals. Ueno demonstrated that soaking hen egg white
lysozyme crystals with ruthenium(Il) complexes enabled the binding of the metal to

discrete positions on the protein surface (determined by X-ray crystallography).** Cross-
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linking the protein crystals with glutaraldehyde generated highly stable ArMs for the
reduction of a number of acetophenone derivatives. Moderate enantioselectivity was
observed with the system, and because the crystals were cross-linked, they were stable
enough to be recycled for 10 rounds of catalysis.®'
1.3.2.1.3 DESIGNING METAL BINDING SITES IN PROTEIN SCAFFOLDS

The previous two sections detail methods that utilize pre-existing, if latent,
binding sites for the generation of ArMs. Structural modeling and de novo protein design,
however, can be used to deliberately engineer metal binding sites into protein scaffolds.
This expands the range of potential dative scaffolds and allows the scientist to rationally
define the coordination chemistry and geometry of the site. Of course, this method
requires the existence of structural information to guide the design strategy. Furthermore,
metal binding is predicated on the ability of the protein scaffold to accommodate the
necessary mutations, which may not always be the case. Despite these limitations, the
design strategy has been used for the successful creation of a number of ArMs. In
addition, this comprises a fundamentally distinct strategy from the previous two
described, since the chemist is afforded the flexibility to not only choose the identity of
the protein scaffold, but also to determine the specific location of metal binding in the
context of the scaffold. This enables the judicious selection of binding site to leverage
attractive structural features such as “vacant space” for substrate binding.*

A straightforward example of this method and the advantages afforded by vacant
space was described by Reetz, who, by inspection of the structure of the thermostable
TIM-barrel protein tHisF, was able to introduce a Cu(II) binding site comprised of a

trigonally-arranged His/His/Asp triad (Figure 1.7 A). Enantioselective Diels-Alder
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cycloaddition between aza-chalcones and cyclopentadiene was achieved with this ArM. It
was hypothesized that the barrel shape of the scaffold furnished a well-defined active site
in which substrates could bind.®

Another approach has been directed toward the design of metal binding sites at
the interfaces of proteins. The Kuhlman group introduced His/His/His Zn(II) binding
sites into the Rab4 binding domain of rabenosyn to enable the Zn(Il)-directed assembly
of homodimers. This generated an ArM esterase for the hydrolysis of p-nitrophenyl
acetate (Figure 1.7 B).*” A similar Zn(I)-templating approach was used by Tezcan to
carry out the Zn(II)-dependent self-assembly of tetramers using cytochrome cbse; as a
monomeric building block.®® A second non-structural, catalytic Zn(Il) binding site was
introduced, which exhibited esterase activity. The resulting system was then optimized
for B-lactamase-like hydrolysis of ampicillin in vivo through saturation mutagenesis with
a survival-based selection (Figure 1.7 D).* This is one of the few examples in which
catalytic activity of an ArM has been optimized through selection-based directed

evolution.
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Figure 1.7. Locations of metal binding sites introduced into scaffold proteins. A) tHisF
scaffold with mutation sites in red. B) Rab4 Zn-directed homodimer crystal structure with
Zn(IT) represented with gray spheres. C) NMR structure of 3His-G4DFsc bound to two
Zn(II) ions (gray spheres). D) Crystal structure of Zng: 97 AB34 with structural Zn(1D)

sites on the vertical axis and catalytic Zn(II) sites on the horizontal axis.

In a departure from the trend of utilizing non-metalloenzyme scaffolds as hosts

for designed metal binding sites, Yi Lu demonstrated that, through the design of a
copper-binding site proximal to the heme-binding site of myoglobin, heme-copper
oxidase-like activity could be introduced into the enzyme.”""" Indeed, the resulting
enzyme exhibited heme copper oxidase-like O,-reduction activity. By introducing a
tyrosine residue proximal to the active site (mirroring the active site architecture of heme-
copper oxidase), the efficiency of the catalyzed O, reduction to H,O was significantly
improved, demonstrating the power of tuning the metal coordination spheres for
enhancement of ArM activity.’* In addition, this demonstrates another exciting prospect:
the ability to introduce natural metalloenzyme activity into scaffolds with desirable

characteristics, like high expression efficiency or improved stability.
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In the examples described, the rationale behind the chosen designs of binding
sites has relied on the close inspection of near-atomic resolution crystal- or NMR-
structures. However, a variety of computational methods have been developed to further
facilitate the task. RosettaMatch”® and RosettaDesign’* have been successfully applied
toward achieving this end. In addition, tools like STAMPS," 6 SUNS,”” and Urantein’®
have been developed for the search and identification of viable three-dimensional motifs,
which can be then used as supports to enforce metal binding. It should be noted that these
methods cannot be used predictively in the context of catalysis. They do, however, serve
as a basis for the identification of candidate scaffolds with optimal properties for metal
binding. Ward has recently produced an example wherein the STAMPS algorithm was
applied to the identification of facial triad motifs on a variety of scaffolds.”” The
computationally-generated list of candidates was then screened with a variety of metal
salts, ultimately yielding a CuSO4/6-phosphogluconolactonase combination that proved a
competent ArM peroxidase. This demonstrates that these tools are useful not only for the
engineering of new metal binding sites, but for enhancing the likelihood of
“serendipitous” metal binding by protein scaffolds.*

De novo design of metal-binding proteins has seen great progress, particularly in
systems comprised of a-helical bundles for the creation of metal binding sites.®' These
have traditionally been non-catalytic and comprised synthetic peptides, falling outside of
the paradigm of ArMs. However, recent examples of de novo design have been applied to
the creation of catalytic ArMs. Degrado was able to design and express a due ferri N-
oxidase (DFsc), which was applied for the two-electron oxidation of p-aminophenol.®

With further engineering, researchers were able to furnish catalysis of a relatively rare
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transformation in Nature, N-oxidation.* Using the p-aminobenzoate N-oxidase AurF as
inspiration, researchers in the group performed in silico design to mimic the di-iron
binding site of this enzyme. The final engineered enzyme proved a competent N-oxidase
for the hydroxylation of p-aminoanisole (Figure 1.7 C).** Pecoraro recently reported a de
novo designed three-helix bundle with a designed Zn(II)-binding site, which exhibited
carbonic anhydrase activity (hydration of CO; to carbonic acid). Remarkably, the
catalytic efficiency of this enzyme was only 1-3 orders of magnitude lower than carbonic
anhydrases I-II1.** These examples provide evidence that de novo and in silico design can
be tremendously successful in enabling the engineering of ArMs.

As mentioned earlier, one of the fundamental limitations of formation of ArMs
through dative binding stems from the restricted pool of amino acid functionality that can
be introduced into the main-chain of a protein polypeptide. The incorporation of
unnatural amino acids serves to address this limitation, as these can be synthetically
tailored with a variety of metal-binding functionalities and architectures. Early studies
furnished unnatural amino acids through semisynthetic methodology, which, while
incredibly important for establishing the viability of this method, is not practical for
optimization via genetic engineering as discussed. The development of codon
suppression methods for genetically encoding unnatural amino acids into proteins
rendered the incorporation process compatible with standard protein expression
technology, enabling ribosomal synthesis of UAA-containing proteins.*'® It should be
noted, however, that engineering the tRNA/tRNA synthetase (aaRS) pairs required by

these methods remains a challenging task.
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Schultz provided the first example of a metal-binding amino acid to be
incorporated into a protein through amber suppression.*® A tRNA/aaRS pair was
engineered to recognize and introduce bipyridyl alanine (BpyAla) into proteins,
furnishing the sidechain bipyridine, a ligand capable of binding a wide range of metals
(Figure 1.8 A).Y BpyAla was then successfully introduced near the DNA-binding site of
catabolite activator protein. Upon metalation with Cu(Il) and Fe(II), this ArM could
catalyze the site-specific cleavage of DNA in the presence of air and a mild reducing
agent.®” Genetic incorporation of BpyAla at the dimer interface of LmrR followed by
metalation with Cu(Il) produced an ArM for catalyzing enantioselective Friedel-Crafts
alkylation.*®

Besides BpyAla, a number of tRNA/aaRS pairs were developed for the
incorporation of unnatural tyrosine derivatives for the optimization of the ArM heme-
copper oygenases (HCOs) described earlier. Chemical variation of these tyrosine
derivatives (Figure 1.8 B-D) allowed tailoring of their redox properties to enable higher

8991 Qych an effort serves to demonstrate that

efficiency in the catalysis of O, reduction.
unnatural amino acids can be introduced to tune stereoelectronic properties in the primary

and secondary metal coordination spheres, introducing another layer of control for the

chemist.
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Figure 1.8 A set of metal-binding unnatural amino acids that have been ribosomally

incorporated into proteins for ArM catalysis. A) BpyAla, B-D) tyrosine derivatives for

HCO catalysis.

1.3.2.2 SUPRAMOLECULAR ARTIFICIAL METALLOENZYMES

The examples above rely on the protein scaffold to define (at least in part) the
primary coordination sphere of the catalytic metal center in ArMs. Such a constraint
limits the flexibility of this approach. Another class of ArMs utilizes supramolecular
interactions to bind metal cofactors without requisite dative coordination of the scaffold
to the metal (Figure 1.9). This provides chemists greater freedom to define the primary
ligand sphere about the metal rather than relying on proteinogenic functionality to
provide the main link between metal and scaffold. The supramolecular approach
represents a step toward the decoupling of catalytic roles between the metal center and
the protein scaffold, since the primary coordination sphere of the metal (defining
reactivity) can be synthetically tuned independent of the secondary coordination sphere

(defining selectivity) provided by the scaffold.
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Figure 1.9. ArM formation through supramolecular binding directly to cofactor (sections

1.3.2.2.1-1.3.2.2.3) and by non-covalent anchoring (1.3.2.2.4).

cofactor
Mt Meat binding

C T cofactor
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The first three portions of this section cover supramolecular cofactor binding that
relies primarily on the direct interaction of metal cofactors with the protein scaffold. This
approach is appealing in its simplicity, as often one interrogates ArM formation by
combination of a pre-formed complex and the target scaffold. Of course, the reality of
non-covalent supramolecular interactions is that they can be quite complex, so small
perturbations to the metal complex can profoundly impact its ability to be bound by the
protein. In addition, because the reactivity of the metal complex pre-defined by the
identity of its synthetic ligands, the free complex is a competent catalyst independent of
its host scaffold. Selective ArM catalysis therefore necessitates that the protein scaffold
possess high affinity for the metal cofactor. Otherwise, free cofactor may catalyze non-
selective background reactions, impacting the overall selectivity of the reaction.

The fourth portion of this section describes a strategy to circumvent low affinity

scaffold/cofactor interactions by appending a high affinity scaffold-anchoring group to
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the metal. For most cases this enables reliable attachment of the metal complex to its
target scaffold, but it obviously carries with it drawbacks in terms of the synthetic
complexity of anchoring group installation as well as the narrowed scope of potential

protein scaffolds.

1.3.2.2.1 EXPLOITING NATIVE COFACTOR BINDING

One class of supramolecular non-covalently bound complexes in ArMs exploits
native cofactor binding functionality in a manner analogous to that observed with the
repurposing of natural metalloenzymes for dative ArM formation. Heme proteins are the
obvious first choice as potential scaffolds using this method, as the binding of heme is
largely supramolecular and these proteins are ubiquitous in Nature, providing a variety of
starting scaffolds to choose from.”” Again, methodology must exist to replace their native
cofactor with a synthetic construct. Besides some cases of direct expression of apo-forms
of hemoproteins, heme-extraction and apo-protein reconstitution methods have long been
known for various heme proteins.””*

Myoglobin, one of the most studied proteins in biology, is particularly amenable
to extraction of its native Fe(PPIX) cofactor (hemin) and reconstitution with non-native
cofactors.”

The Watanabe group introduced a number of non-native Fe-porphyrins bearing artificial
substituents that were able to garner peroxidase activity with changes in substrate
selectivity.” Myoglobin has also been shown to be capable of hosting protoporphyrin IX
complexes containing metals besides iron. Hartwig recently demonstrated that myoglobin

could be successfully reconstituted with a whole panel of M(PPIX) complexes.

Substitution with iridium enabled ArM catalyzed C-H carbene insertion and
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cyclopropanation.’® Mutagenesis of this system was pursued to alter the
enantioselectivity of the cyclopropanation reaction.’® Myoglobin has also been
demonstrated to be a good host for planar aromatic heme-like complexes, like those
based on the salen/salophen architecture. Substitution of myoglobin with Mn(III) and
Cr(IIT) salen/salophen complexes yielded competent sulfoxidases for mildly
enantioselective sulfoxidation. Alterations to the substitution pattern on these cofactors
led to differential enantioselectivity, in one case inverting the selectivity of the
myoglobin ArM.”’

Cytochrome p450, a heme-dependent monooxygenase that has been extensively
explored by protein engineers, has recently been exploited as a scaffold for non-native
metal-substituted protoporphyrin IX.”® Previous work had shown that this enzyme could
be expressed containing non-native cofactors when co-expressed in the presence of the
heme-loading enzyme ChuA.” In a recent study, Hartwig introduced Ir(IIl)-substituted
protoporphyrin IX into the thermostable p450 CYP119 for the intra- and inter-molecular
insertion of carbenes into C-H bonds. This ArM was optimized through site-directed
mutagenesis to yield a highly efficient and enantioselective hybrid catalyst.”

Heme oxygenase has also been explored as an ArM scaffold. This is not explicitly
a metalloenzyme, as hemin serves as its substrate for oxidation. However, it has been
shown to bind Fe(IlI)-salophen derivatives. The resulting ArMs were able to interface
with native electron transfer partners to perform O, reduction to superoxide, suggesting

the exciting potential to employ native redox partners to enable non-native reactivity.'*
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1.3.2.2.2 SERENDIPITOUS COFACTOR BINDING

Similar to serendipitous metal binding, serendipitous cofactor binding of non-
metalloenzyme scaffolds can also be explored. Again, this expands the scope of viable
scaffolds beyond the realm of cofactor-dependent natural metalloenzymes. Imperfect
cofactor binding with these systems can be an impediment, leading to low selectivity
from poorly-bound free cofactor, multiple cofactor binding, and low cofactor rigidity
within the protein scaffold. Despite these issues, the added scaffold scope allows for the
evaluation of panels of different candidates to observe desired selectivity. Indeed,
multiple selective ArMs have been discovered in this way.

Xylanases are competent scaffolds for the incorporation of different iron
porphyrin derivatives.'”' These are appealing ArM scaffolds due to their deep substrate-
binding clefts and their wide availability from thermophilic genomes, enhancing their
utility as stable, selective environments for metal cofactors. Indeed, xylanase-
Fe(porphyrin) ArMs have been applied as peroxidases for the oxidation of electron-rich
arenes like guaiacol and o-dianisidine.'*® Importantly, the lifetime of the porphyrin
catalyst was extended relative to that of the free cofactor, demonstrating another potential
advantage of ArMs: catalyst protection. The sequestration of catalysts inside protein
scaffolds could reduce the likelihood of auto-inactivation through cofactor damage, a
known effect in oxidation catalysis.'” Fe(porphyrin)-xylanase ArMs have also been
applied thioaniosole sulfoxidation with some enantioselectivity.'* Finally,
enantioselective epoxidation has been achieved using Mn-porphyrin incorporated into

104,1
xylanase as well.'**'%
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Unsurprisingly, serum albumins, by virtue of their capacity for binding a variety
of substrates, have been demonstrated to be adequate hosts for various metalated
porphyrin derivatives.'” Gray reported a detailed study into the binding of Ga(III) and
Mn(III) corrole cofactors to human serum albumin (HSA), determining the approximate
location of the corrole within the scaffold.'”” In a follow-up study Fe- and Mn-
substituted corroles were found to be competent catalysts for the enantioselective
sulfoxidation of a variety of prochiral thioethers in the presence of H,O, or
iodosylbenzene.'® Particularly encouraging about these systems was the solution of a
hemin-bound HSA crystal structure, which enabled rational mutagenesis to alter the
identity of the axial ligand, echoing the strategies applied for the design of metal-binding
sites.'” Substitution of the HSA mutant with Fe(PPIX) generated an ArM peroxidase for
the one-electron oxidation of phenols,''® while Mn(PPIX) substitution produced an ArM

: . 111
superoxide dismutase.

Further exploration with heme-like Mn(salen) enabled sulfide
oxidation catalysis, though no enantioselectivity was observed with this system.''
Switching to Co(salen) enabled moderately enantioselective sulfoxidation.''® Finally, in a
departure from redox catalysis, Reetz introduced a Cu(Il)-phthalocyanine complex into a
variety of serum albumins for the enantioselective Diels-Alder cycloaddition of
azachalcones and cyclopentadiene.'"*

The hydrophobic interfacial cavity of the LmrR dimer has been explored by
Roelfes group as a viable supramolecular binding site for planar aromatic cofactors,
particularly those bearing bidentate aromatic nitrogen ligands.'"> A Cu(IT)-phenanthroline

complex was successfully introduced by this method and the subsequent hybrid could

catalyze the Friedel-Crafts alkylation of numerous indoles with high enantioselectivity.
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Importantly, perturbation of the binding site by removal of a critical tryptophan residue
resulted in the loss of enantioselectivity, suggesting the importance of this residue for the
binding of the cofactor.'"

NikA, a periplasmic nickel-binding protein from E. coli, has been explored as a
scaffold for supramolecular binding of metal cofactors because of its known propensity to
bind anion-bearing metal complexes like Fe(EDTA) through salt-bridging interactions.'"®
A number of Fe(II)-complexes bearing EDTA-like tetradentate cofactors have been
explored for binding to NikA. Importantly, these have successfully promoted the NaOCI-
driven sulfoxidation of a panel of aryl thioethers.''” While no enantioselectivity was
observed with this system, the ArM was able to promote substrate selectivity toward
shape-matched thioethers, an effect that was predicted through computational substrate

. 11
design.'"”

1.3.2.2.3 ENGINEERING COFACTOR BINDING

The cofactor binding strategies detailed so far have relied on the action of existing
natural cofactor-binding sites or chance affinity of scaffold proteins for metal cofactors.
However, it is possible to introduce cofactor-binding affinity into protein scaffolds
through engineering of the scaffold. Theoretically, it should be possible to accomplish
this through computational rational design, though to date, no such effort has been
accomplished. Rather, metal cofactor binding has been introduced in the context of
antibody engineering, which has been greatly successful in promoting high affinity
binding of a variety of substrates.

Antibodies have been successfully raised for binding catalytic metal complexes,

thus creating antibody ArMs.''® In 1989, a site-specific ArM peptidase was produced by
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raising antibodies against a trien-Co(III)-peptide hapten, illustrating the remarkable
power of this engineering method."" Schultz demonstrated the generation of an antibody
ArM for the binding of methylmesoporphyrin IX, which could catalyze the metalation of
Fe-protoporphyrin IV. The antibody was also found to bind Fe-mesoporphyrin to enable
ArM peroxidase activity. Further studies enabled the optimization of antibody-based
ArM peroxidases with a phage display affinity-based selection strategy, comprising one
of the few selection-based mutagenesis optimizations of an ArM."* Finally, antibodies
have been successfully raised against a number of other porphyrin derivatives, all

: . . 118,121,122
generating various ArM peroxidases.''*'*"

1.3.2.2.4 NON-COVALENT COFACTOR ANCHORING

The examples of cofactor binding shown above comprise instances in which the
cofactor ligand(s) (i.e. protoporphyrin IX, salen, salophen, trien, EDTA, etc.) is directly
bound through non-covalent interactions to the protein scaffold. Therefore, the affinity of
the protein scaffold for the cofactor depends on the identity of the ligand(s). This poses a
constraint: changes to the ligand(s) can ablate affinity of the protein scaffold for the
cofactor. Therefore, scientists have sought to engender cofactor binding independent of
the ligands in the primary coordination sphere of the metal. This has led to the
development of non-covalent cofactor “anchoring” methods, wherein the metal cofactor
is linked to a chemical motif with high affinity for the target scaffold. Such a strategy
grants flexibility in the determination of the metal ligand sphere, but constrains the
number of scaffolds that can be explored, as high-affinity for the anchoring group is a
prerequisite with this ArM formation strategy. Of course, in theory one may interrogate

cofactor binding to any scaffold, but in practice, chemists use this approach with a
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specific target scaffold in mind, given the synthetic complexity of introducing said
anchoring groups.

Whitesides reported one of the first instances of an ArM, formed using a
biotinylated Rh-bisphosphine complex and the protein avidin to form an enantioselective
olefin hydrogenase.'® Avidin displays extremely tight affinity for biotin, with a K4 ~10"
'2.107"°. The binding event is rapid and effectively irreversible. Furthermore, the biotin-
binding site in avidin leads to a defined chiral pocket in the structure. It was found that
the incorporation of biotin-linked chiral hydrogenation catalyst Rh-Pyrphos into avidin
could override the small molecule complex’s sense of enantioinduction, instead leading
to the opposite enantiomer of hydrogenation product.'** Ward showed that streptavidin, a
related biotin binding protein from Streptomyces avidinii, can be similarly employed as
an ArM scaffold with the advantage of greater expression efficiency.'” Research in the
Ward laboratory has proven the versatility of the biotin-linkage strategy, with Rh-
bisphosphine ArMs for hydrogenationlz(’, Ru-pianostool ArMs for transfer
hydrogenation'?’, Ru-Hoveyda-Grubbs ArMs for olefin metathesis'>*, and Pd-N-
heterocyclic carbene/Pd-phosphine ArMs for cross coupling (Figure 1.10).'* These
systems have consistently yielded ArMs with high selectivity, and the reliability of the
streptavidin system has enabled systematic investigations on the mechanistic role of the
scaffold and metal ligands during catalysis.'* In addition, scaffold-accelerated reactivity
has been observed with these systems, an often-hypothesized effect of incorporating
transition metal catalysts in the context of protein scaffolds."*” Beyond this, Ward has
recently demonstrated the genetic optimization of a Ru-streptavidin-based olefin

metathetase in vivo based on a fluorescence-based screening assay. This, again, presents
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B Of particular

one of the few ArM systems to be optimized by directed evolution.
relevance to this work are the numerous detailed crystallographic and computational
design studies that have been performed using the biotin/streptavidin system.'**'** All of
these examples serve as proof that the cofactor anchoring strategy can be immensely

successful and provides a general platform to explore a number of different catalytic

metal complexes in the context of an ArM.
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Figure 1.10 Different metal catalysts that have been appended to the biotin anchor.

Another anchoring system has stemmed from the Ward laboratory using carbonic
anhydrase as a protein scaffold. The Zn(II)-center in carbonic anhydrase displays
remarkable affinity for aryl-sulfonamide moieties, which have been demonstrated to be
quite efficacious inhibitors of these enzymes. Tethering Ir-pianostool and Ru-pianostool
complexes to arylsulfonamides provides a facile method to introduce these complexes
into the asymmetric environment of carbonic anhydrase, which enables enantioselective
transfer hydrogenation.'**'*> A recent report detailed the computational design of this
ArM to effect stronger cofactor affinity and impart enhanced enantioselectivity to the

catalyzed transfer hydrogenation reaction.'*® In addition, a Grubbs-Hoveyda-type catalyst
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could be appended to an aryl sulfonamide to achieve olefin metathesis with this
system."’

A number of other anchoring strategies have been explored to a lesser extent.
These all employ the same principle: 1) identify an effective anchoring group for the
target scaffold, and 2) attach the metal cofactor/ligand through an interstitial linker.
Given the high affinity of antibodies for their respective antigen, antibodies have been
explored for non-covalent cofactor anchoring. Estradiol-binding antibody 7A3 was used
as a scaffold for a variety of estradiol-linked Fe- and Mn- containing cofactors, which
generated ArM peroxidases and sulfoxidases.'**'* Further work using a neocarzinostatin
scaffold engineered for the binding of testosterone has shown that other Fe(IlI), Zn(II),
and Cu(II) cofactors could be linked to testosterone to generate ArMs based on this
scaffold."**'*! Tbuprofen, a known substrate for human serum albumin, was appended to
an Fe(II)-BPMEN-like catalyst to generate an HSA ArM for the sulfoxidation of aryl
thioesters.'** An interesting example employed a bipyridine-modified hemin cofactor for
anchoring to myoglobin. The resulting ArM was used for Diels-Alder cycloaddition.'*
Finally, a fatty acylated 2,2-dipyridylamine-Rh transfer hydrogenation cofactor was
introduced into B-lactoglobulin, generating an ArM transfer hydrogenase.'** A hallmark
of these systems is the low selectivity observed during catalysis. In many of these cases,
the non-covalent binding affinity is not very strong (micromolar Ky), increasing the
likelihood of background non-selective catalysis. In addition, despite the deliberate
anchor/scaffold pairing, many of these systems operate with only the assumption that the
cofactor is located in the predicted position, since no further characterization is provided.

Finally, it should be noted that many of these ArM cofactors employ relatively long
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linkers. Excessive linker length enables cofactor movement, which can have a profound
negative impact on selectivity, particularly when the scaffold has no necessary affinity
for the metal complex itself, as is the case when utilizing non-covalent cofactor anchoring

for ArM formation.'**

1.3.2.3 COVALENT ARTIFICIAL METALLOENZYMES

conditions
X + Y/CMcat _—

Scheme 1.2 A general scheme of the covalent formation of artificial metalloenzymes

The covalent grafting of metal cofactors presents a logical step in the progression
of ArM-formation strategies. For this approach, metal complexes must be linked to a
reactive group to promote formation of a covalent bond between the protein scaffold and
the cofactor. The reaction to generate this covalent linkage is termed “bioconugation.”
This method bears similarities to the non-covalent cofactor anchoring approach, since the
main link between the metal and scaffold is predicated not on the identity of the metal
complex, but rather on the anchoring group present. Therefore, this enables flexibility as
to the choice of catalytic metal complex. In addition, this method surpasses the scope of
supramolecular anchoring strategies with respect to scaffold choice. While some
bioconjugation methods do depend on scaffold-specific chemical properties, a number of
highly general bioconjugation methods have been developed, expanding the range of
potential scaffolds to virtually any protein that can be solubly expressed and isolated.'*
As previously noted, non-covalent linkage of metal cofactors suffers from the potential

for cofactor dissociation from its protein scaffold, increasing the potential for background
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non-selective catalysis by the free complex. With covalent methods, the metal cofactor is
irreversibly linked to the protein scaffold, effectively eliminating the possibility for such
a background to occur. Of course, while the versatility of covalent bioconjugation
strategies is exceptional, it should be noted that cofactor synthesis can present a major
challenge in its implementation, as reactive metal complexes must be compatible with
reactive anchoring groups and the anchoring groups themselves must be stable in the
presence of water and polar functionality. Despite this constraint, covalent bioconjugation
has been quite successful for ArM formation. Herein will be introduced examples of the
most common methods for covalent bioconjugation of metal cofactors to protein
scaffolds, ranging from narrow scaffold-specific native mechanism-based methods to

highly general protein engineering-based approaches.

1.3.2.3.1 HYDROLASE MECHANISM-BASED COVALENT BIOCONJUGATION
Covalent bioconjugation methods have been developed to exploit the known
mechanisms of cysteine and serine hydrolases. These enzymes feature nucleophilic
cysteine/serine residues at the core of their active sites. Nucleophilicity in these
sidechains is promoted by networks of activating residues (Ser-His-Asp/Glu for serine
hydrolases, Cys-His-(Asp) for cysteine hydrolases), thereby enforcing a well-defined
active site architecture.'**'*” These nucleophilic residues are known to form covalent
adducts with a variety of electrophilic irreversible inhibitors.'** One of the key
advantages of this approach stems from the fact that native enzymes can be used directly
for bioconjugation, obviating the need for protein engineering, a hallmark of other
covalent methods that will be described. The second advantage of this approach arises

from the fact that the nucleophilic residue sits within the active site of the enzyme, which
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is often somewhat buried in the protein scaffold. Judicious selection of active sites with
deep cavities allows for the thorough encapsulation of the metal cofactor, a desirable
feature to achieve control of the metal primary/secondary coordination spheres.'*
Finally, since these electrophilic compounds inhibit native enzyme activity, the ablation
of hydrolase activity can be used as a proxy for evaluating the success of the
bioconjugation reaction.

One of the first ArM scaffolds to be explored for covalent linkage of metal
cofactors was the enzyme papain.'*® This enzyme reacts with a-haloketone electrophiles,
maleimides, electrophilic phosphonates, and epoxides to generate irreversible covalent
adducts."”® An a-bromoketone-linked phosphite cofactor was successfully incorporated
into the papain scaffold enabling metalation with Rh[COD]" for the hydrogenation of
methyl 2-acetamidoacrylate."”! Despite the large cavity of papain, low enantioselectivity
was observed with this ArM, with size mismatch of the scaffold being cast as the
potential culprit."”' A maleimide-substituted manganese(III) salen complex bioconjugated
to papain was demonstrated to be a competent ArM for oxidation chemistry, albeit with

132 Maleimide bipyridine complexes were also successfully introduced

low selectivity.
into the papain scaffold, yielding low-efficiency and low-selectivity ArMs."**> More
efficient ArMs were generated for Diels-Alder cycloaddition using an a-chloroketone-
linked Ru(IIT)-phenanthroline complex in conjunction with papain.'** Papain
hydrogenases based on a number of different Ru-pianostool and Ru-Cp* complexes
tethered to maleimide fragments enabled the catalytic reduction of NAD" and NADP".">
Further efforts extended the reactivity of these papain hybrids to transfer hydrogenation,

albeit with no enantioselectivity.'**'>” Only by furnishing a peptide tail on an epoxide-
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linked Rh-Cp*/Ru-pianostool complex was enantioselectivity observed with these papain
ArM hydrogenases. The peptide fragment was introduced as a recognition element to
enforce cofactor orientation in the papain active site.'>® This illustrates the necessity to
introduce rigidity in ArMs in order to adequately observe selectivity.

In a similar vein, serine hydrolases have been demonstrated as competent ArM
scaffolds. ArMs based on serine-hydrolase mechanism-based bioconjugation will be the
focus of chapter two. These enzymes are covalently inhibited by electrophilic
phosphonates and appropriately substituted a-haloketones. One of the notable advantages
of the use of phosphonate inhibitors as covalent anchors in the bioconjugation to serine
hydrolases arises from the fact that these can leverage the oxyanion hole, a general
feature of this class of enzymes.'*® This motif provides a set of hydrogen bonds that
stabilize the tetrahedral intermediate generated during native ester/amide hydrolysis. In
the context of serine hydrolase ArMs, the oxyanion hole can stabilize the covalent
phosphonate adduct and rigidify the link between scaffold and cofactor. Cofactor rigidity
has been demonstrated to play a major role in promoting selectivity in ArM catalysis, so
this strategy offers a relatively simple framework to achieve this end.'**'>

Van Koten demonstrated the viability of employing serine hydrolases like lipase
and cutinase for the anchoring of a variety of palladium(II) and platinum(II) pincer

complexes (Figure 1.11 A).160’161

However, these artificial metalloproteins were not
demonstrated to be catalytic. More recently, a number of phosphonate-linked Ru-
Hoveyda-Grubbs metathesis complexes was appended to cutinase for ring-closing

162

metathesis (Figure 1.11 C). ™" Similarly, a phosphonate-linked Rh-N-heterocyclic carbene

catalyst was successfully introduced into lipases cutinase and CalB (Figure 1.11 B). This
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enabled the enantioselective hydrogenation of acetamidoacrylate and acetophenone, with
observed substrate selectivity in competition reactions.'® Chymotrypsin, which has been
demonstrated to be an effective platform for covalent inhibition with electrophilic
phosphates and phosphonates (as will be discussed in chapter two), has also been shown
to be alkylated by a-haloketones bearing recognition peptides for promoting specificity
toward the chymotrypsin S1 binding site. This strategy has been successfully applied in

covalently linking a Ru-Grubbs-Hoveyda catalyst to chymotrypsin.'®*
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Figure 1.11 Several electrophilic phosphonate-linked complexes synthesized for
bioconjugation to serine hydrolases. A) Pt/Pd pincer complexes B) NHC Rh

hydrogenation catalyst C) Hoveyda-Grubbs catalyst
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1.3.2.3.2 CYSTEINE-BASED COVALENT BIOCONJUGATION

The sulthydryl moiety of cysteine has proven to be an attractive functionality for
covalent bioconjugation due to its inherent nucleophilicity at physiological pH.'®
Cysteines are known to react readily with a number of electrophilic moieties such as a-
halocarbonyl compounds, thioesters, and maleimides. In addition, they can form covalent
adducts through disulfide exchange.'® Because cysteines can be introduced through
mutagenesis, one need only introduce a cysteine residue at the desired position on a
protein scaffold (or utilize a pre-existing cysteine) to enable bioconjugation at that site.
Of course, this comes with the prerequisite of removing competing nucleophiles (cysteine
or otherwise) from the scaffold, an engineering task that might be detrimental to the
stability of the protein. In spite of this drawback, cysteine bioconjugation has proven to
be a reliable, operationally simple method of covalently grafting metal cofactors to
protein scaffolds.

Some excellent examples of the power of the method and of the ability for ArMs
to promote exceptional selectivity are seen in the cysteine-ArM nucleases. Fe(EDTA) and
metal-phenanthroline complexes linked to a-haloketone anchors have been successfully
appended to DNA-binding proteins, enabling site-selective DNA cleavage in the presence
of an oxidant like H,O; or reductant/O, mixtures. These operate through the generation of
free hydroxyl radicals proximal to the site of the metal, promoting DNA cleavage in the
general region near this position. Notably, these methods are reliable enough to form a
part of the commercial biochemical toolbox.'**'” More specific oxidative cleavage of

DNA has been enabled through the use of maleimide-linked Mn-tetramethylpyridinium
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porphyrin complexes attached to the T4 DNA clamp protein.'®® This remarkable system
was able to achieve high site selectivity for AAA motifs on dual-stranded DNA.

ArMs synthesized by cysteine modification have also been successfully applied
for enantioselective catalysis. Distefano produced an early example wherein an
iodoacetamide-linked phenanthroline ligand was introduced site specifically to the
interior of the adipocyte lipid binding protein (ALBP). This was subsequently metalated
with copper(Il), generating an ArM that could successfully catalyze the enantioselective
hydrolysis of esters and amides.'®'"

Maleimide-substituted cofactors have been particularly useful for covalent linkage
to cysteines, since their relatively diminished reactivity makes them more compatible
with complex synthetic methodology. In Chapter 2, an example of a maleimide-linked
manganese(II) terpyridine cofactor will be discussed in its application to the
bioconjugation of nitrobindin and subsequent oxidation chemistry (Figure 1.12 A)."”' The
oxidative manifold has been explored with a number of other maleimide-linked
polydentate nitrogen cofactors in conjunction with a variety of protein scaffolds (Figure
1.12 B and C)."** Reetz showed the versatility of the thermostable TIM-barrel protein
tHisF as a scaffold for the generation of ArMs with a variety of maleimide-linked metal
complexes.'”? Hoveyda-Grubbs catalysts bearing maleimide functionality have also been
introduced into nitrobindin'” and FhuA,'”" signaling a trend toward the exploration of
barrel-shaped proteins as ArM scaffolds due to their “vacant space,” the unique chemical
environment that enables control of secondary coordination sphere around the metal. In
the case of FhuA, the metathease was applied toward ring-opening metathesis

polymerization, garnering a slight preference for cis-alkene content relative to the free

44



small-molecule catalyst.'”' More explorations into “vacant space” have employed a Rh-
Cp maleimide cofactor within nitrobindin for alkyne polymerization.]74 In an increase
toward meso-scale catalysis, chaperonin thermosome protein cage was linked to
TEDETA-maleimide ligand, which was metalated with CuBr; to generate an effective
atom-transfer radical polymerization ArM. Again, confining a polymerization catalyst

1. . . 174
within a protein cage generated narrower molecular weight.'’
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maleimide-linked oxidation ligands/catalysts

Figure 1.12 Maleimide-linked ligands/catalysts for oxidation catalysis. A) Terpyridine

71 B) maleimide tetradentate ligand'** and C) malemide salen'**

maleimide

The versatility of the cysteine modification method has enabled the exploration of
trends in ArM design. It should be noted that, in spite of the impressive variety of ArMs
that has been achieved using cysteine modification, there are few examples that have

truly demonstrated the power of ArMs to promote selectivity. This may be due to a
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number of issues. Problems with multiple-addition of cofactor have been known to
plague cysteine/electrophile bioconjugation, since other nucleophilic residues can

39151 Another

compete for the electrophilic anchor of the cofactor, as mentioned earlier.
issue that has been shown to adversely affect covalent ArM selectivity is the improper
positioning of the cofactor at sites that do not enable proper metal encapsulation or
sufficient substrate/scaffold interactions to promote selectivity.'*> The Roelfes group
presented a solution to poor cofactor encapsulation by anchoring an iodoacetamide-linked
Cu(II)-phenanthroline complex at the interface of the LmrR dimer. The resultant ArtM
proved to be exceptionally efficient in catalyzing the Diels-Alder cyclization between
azachalcones and cyclopentadiene and the hydration of azachalcones with high
enantioselectivity.

In other cases, low selectivity may result form poor cofactor localization within
the protein scaffold, which can arise from excessive linker flexibility or from poor
conformational restriction imposed by the protein scaffold. The latter highlights one of
the main drawbacks of covalent linkage for ArM formation —given that the only requisite
interaction for creation of these ArMs is the covalent bond formed between scaffold and
cofactor, secondary interactions that conformationally restrict the metal in
supramolecular/dative ArMs are not necessarily present with this method. To address this
issue, Lu adopted a dual-anchoring strategy to restrict the motion of a bis-methane-
thiosulfonate-subsituted Mn-salen complex.'> Using two appropriately positioned
cysteine residues inside the apo-myoglobin scaffold, bioconjugation of the cofactor was

enabled by disulfide exchange at both cysteines, pinning the cofactor in a restricted
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position and enabling higher enantioselectivity in thioanisole sulfoxidation than that

observed for singly-anchored counterparts.'*’

1.3.2.3.3 STRAIN-PROMOTED AZIDE/ALKYNE CYCLOADDITION
BIOCONJUGATION

Cysteine bioconjugation has enabled great diversity in the elaboration of ArMs.
The ability to control the site of cofactor anchoring through genetic incorporation of
cysteines has proven to be a valuable and flexible tool for chemists. On the other hand,
cross-reactivity of electrophilic cofactors with off-target nucleophiles necessitates the
genetic removal of these nucleophiles and precludes the use of cysteine bioconjugation in
complex media like cellular lysate. Both of these issues diminish the viability of cysteine
bioconjugation as a general platform for library-based evolutionary approaches.

The discovery of bioorthogonal reactions has enabled the potential to leverage
these reactions for the covalent bioconjugation of chemical species to biomolecules
without the sort of cross-reactivity described above.'”” Development of amber-codon
suppression for ribosomal incorporation of unnatural amino acids into proteins has
enabled the genetic introduction of p-azidophenylalanine, which bears an azide functional
handle.* This azide functionality can be employed for the strain-promoted azide/alkyne
cycloaddition (SPAAC) reaction, a bioorthogonal reaction. With this in mind, coworkers
in this laboratory were able to genetically incorporate an azidophenylalanine residue into
the tHisF scaffold, to which a variety of strained bicyclononyne (BCN)-substituted
cofactors could be readily bioconjugated. BCN-linked manganese(Il) and copper(II)
terpyridine complexes were introduced into the scaffold, along with a BCN-linked

dirhodium tetracarboxylate catalyst (Figure 1.13). The latter was demonstrated to
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successfully catalyze carbene insertion into Si-H bonds as well as cyclopropanation. This
early system did not demonstrate any selectivity in catalysis, an issue thought to arise
from incomplete encapsulation of the dirhodium cofactor within the tHisF scaffold. In
chapter four, a selective dirhodium BCN ArM will be described based on the Pfu prolyl
oligopeptidase protein scaffold, which exhibits more thorough encapsulation of the metal

to achieve control of ArM selectivity.'"

BCN-linked catalysts for SPAAC bioconjugation

Figure 1.13 BCN-linked cofactors for SPAAC bioconjugation A) Mn/Cu BCN-

terpyridine'*, B) Dirhodium BCN'*, and C) acridinium BCN'"’

1.3.3 THE CHARACTERIZATION OF ARTIFICIAL METALLOENZYMES
An important aspect in the development of ArMs is the proper characterization of
these hybrid catalysts. Often, ArM engineers fall into the trap of utilizing low-resolution

biochemical methodology to characterize these hybrid biocatalysts. However, due to the
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intricacies of ArM catalysis, proper ArM characterization requires high-resolution,
information-rich methods.

The examples of ArMs described above employ a number of different
characterization methods to confirm the formation of the metal/protein hybrid and, in
some cases, the fate of the catalyst during and after catalysis. For routine characterization
of covalent artificial metalloenzymes, mass spectrometric techniques have proven
indispensable. Intact protein MALDI and high-resolution ESI-MS enable the rapid
evaluation of predicted bioconjugation and extent of bioconjugation, parameters that are
critical for confirmation of the identity of the formed catalyst."”"'7*!”® Protein digestion
followed by LC/MS/MS enables further confirmation of the site of covalent attachment
of a metal cofactor as well as sites of protein modification that may occur during the
course of catalysis, as will be described in chapter four.'”"'"® Furthermore, ICP-MS/OES
is often employed to assess the stoichiometry of metal relative to protein scaffold.’’
UV/Vis, EPR, and Raman spectroscopies are regularly employed to probe the
coordination environment of the metal in ArMs, much as is seen in the characterization of
natural metalloenzyme sand small molecule metal complexes.*® NMR can also be applied
for the characterization of ArM systems, though its utility may be diminished by the high
molecular weight of ArMs and the potential paramagnetism of the catalytic metal. Efforts
toward NMR characterization of ArMs will be described in chapter two. Routine
characterization of the scaffold folds following ArM formation can be carried out by
analyzing native tryptophan fluorescence and circular dichroism spectra. These have
proven valuable for the assessment of compatibility of ArMs with conditions for

formation and catalytic reaction conditions."”’ In addition, Cotton effects in circular
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dichroism can be used to confirm the asymmetric environment of bound metal.

Finally,
X-ray crystallography stands as one of the most convincing methods for the confirmation
of ArM formation and for the confirmation of metal location and coordination
environment. This, of course, bears the caveat that metal complexes may be
conformationally flexible and may not be present at full occupancy, thereby complicating
characterization of the ArM by this method. That being said, even just a high-resolution

model of the scaffold protein itself can often provide an enormous degree of predictive

power in ArM design. This will be explored further in chapters two and four.

1.4 CONCLUSIONS

Artificial metalloenzymes have the potential to serve as a powerful platform for
the development of novel selective catalysts. However, their application must be
logical—that is, artificial metalloenzymes cannot be made through uncharacterized
random combinations of metal and protein. Chemical logic must be applied. Structural
aspects of metal encapsulation, structural stability, and catalyst robustness are all
necessary for the development of powerful artificial metalloenzyme platforms. In
addition, at the heart of an effective artificial metalloenzyme should lie a good catalyst,
with predictable properties and, above all else, interesting reactivity. Proper
characterization is needed to understand the mechanisms that underlie the function of
these complex hybrid catalysts. This dissertation attempts to introduce: 1) a powerful,
robust scaffold for artificial metalloenzymes (chapter three), 2) applications of these
artificial metalloenzymes toward the goal of site-selective catalysis (chapters two and
four), and 3) reproducible and reliable methods for the characterization of these hybrid

catalysts (chapters two, three, and four).
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The innovative catalysts that chemists have achieved through synthetic molecule
building can now be diversified, optimized, and expanded with help from the beautifully
complex molecular machinery of biology. Through these methods, we hope to achieve
some of the most concise and efficient molecular transformations yet, converting simple
organic molecules into highly complex and useful compounds with maximal efficiency
and minimal waste. Fundamentally, artificial metalloenzymes epitomize an incredible
future. As traditional fields of chemistry become more integrated with biological
methods, the creation of new arrangements of matter—novel molecules—is becoming
more advanced, more efficient, and more powerful than ever before.
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CHAPTER TWO

SERINE HYDROLASE MECHANISM-BASED ARTIFICIAL METALLOENZYMES

2.1 INTRODUCTION
2.1.1 SERINE HYDROLASES

As discussed in section 1.3.2.3.1, serine hydrolases constitute a viable class of
scaffold for the covalent bioconjugation of metal cofactors linked to electrophilic
anchoring groups.'” Serine hydrolases comprise ~1% of the human proteome, consisting
of approximately 200 individual protein species.”* The structural diversity of this protein
superfamily is sufficiently large to enable an enormous number of artificial
metalloenzyme (ArM) permutations. We sought to employ the unique reactivity of the
serine hydrolases to enable the rapid preparation and evaluation of a variety of novel
ArMs.

The unique reactivity of the serine hydrolases arises from their “catalytic triad,” a
network of serine-histidine-(aspartate/glutamate) that works through a proton relay

mechanism, nucleophilically activating this residue (Figure 2.1).’

His
- 0]
N-H---0
N>
o NP0
( Asp/Glu

Ser
Figure 2.1 The catalytic triad of serine hydrolases. The “proton relay” is responsible for

partially deprotonating serine, rendering it nucleophilic.
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The nucleophilic serine is necessary to carry out native amide/ester hydrolysis catalyzed
by these enzymes.’ This nucleophilic mechanism can be exploited by electrophilic

phosphates and phosphonates, which act as effective irreversible covalent inhibitors due
to their mimicry of the tetrahedral intermediate generated during amide/ester hydrolysis

(Figure 2.2).°
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Figure 2.2 A) The catalytic mechanism of serine hydrolases in ester hydrolysis. The

tetrahedral intermediate formed after nucleophilic attack of serine is stabilized by the
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oxyanion hole. B) The inhibition mechanism of serine hydrolases. Phosphates and

phosphonates mimic the tetrahedral intermediate formed during catalysis.

The mechanism of this inhibition reaction involves the nucleophilic substitution of the
phosphate/phosphonate ester to generate the serine-substituted covalent adduct shown.
This species is complementary to the site occupied by the tetrahedral intermediate during
native catalysis. The “oxyanion hole” of serine hydrolases provides a set of hydrogen
bonds for the stabilization of this covalent phosphate/phosphonate adduct.’®
2.1.2 PHOSPHATE AND PHOSPHONATE INHIBITORS

Owing to the utility of electrophilic phosphates/phosphonates as covalent
inhibitors, we pursued these molecules to create a set of covalent ArMs with serine
hydrolase target scaffolds. This strategy affords a number of advantages over other
bioconjugation methodologies. First, because the bioconjugation exploits the native
mechanism of enzymes, no protein engineering is required for the covalent linkage of
metal cofactors to these scaffolds. This enables the rapid evaluation of new scaffolds, as
one need only obtain the native form of the enzyme to achieve bioconjugation.
Furthermore, the anchoring of these cofactors proceeds selectively at the active site
serine, reducing complications arising from multiple addition, a known problem for other
bioconjugation methods.” This selectivity for the active site serine also confers the
advantage of guiding the metal cofactor into the active site, often characterized by a cleft
or cavity. Such a topology is desirable for the design of ArMs, as this alters the secondary

coordination sphere about the metal. Finally, as a minor point, the complementarity of
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phosphate/phosphonate cofactors for the catalytic site of serine hydrolases could

potentially rigidify the cofactor anchor, a desirable feature in the design of ArMs.*
2.2 RESULTS AND DISCUSSION

2.2.1 ARTIFICIAL METALLOENZYME OXYGENATION CATALYSIS

C-H oxygenation is a highly important reaction in C-H functionalization.” We
chose this as a desirable starting point in the design of new ArMs due to the strong
precedent for enzymatic C-H oxygenation catalysis provided by cytochromes p450,'°
providing a clear framework for the compatibility of this reactivity with protein catalysts.
In addition, as will be discussed in further detail, a number of groups have generated
ArMs for oxygenation of alkenes (epoxidation) and sulfides (sulfoxidation), both of
which can proceed through similar mechanisms to those driving C-H oxygenation
catalysis.'""'?

2.2.1.1 TERPYRIDINE-BASED ARTIFICIAL METALLOENZYMES

One of the first types of ArM explored in the Lewis group centered around the
oxidative chemistry of first-row metal terpyridine complexes, with particular focus on the
reactivity of the first-row metals manganese and iron. Several systems have employed the
terpyridine ligand framework to enable oxidative chemistry, including water oxidation, "
epoxidation,'* and benzylic C-H oxygenation.'” Crabtree and Brudvig were able append
molecular recognition elements into small-molecule Mn(p-O)terpyridine to effect the
selective oxidation of alkenes and benzylic C-H bonds (Figure 2.3).'*'” This work served
as a guiding model for the explorations into manganese-terpyridine oxidations described
below since it confirmed the potential for secondary coordination sphere effects to

promote selective catalysis with these systems.
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Figure 2.3 The active catalyst in ref. 16 with the putative hydrogen bond-mediated

molecular recognition of substrate ibuprofen.

2.2.1.1.1 TERPYRIDINE PHOSPHATE ARTIFICIAL METALLOENZYMES

The first set of Mn-terpyridine-based ArMs explored were accessed on the basis
of their practicality of synthesis and their ready introduction into serine hydrolase
scaffolds, a number of which could be purchased in highly pure form from commercial
sources. These employed phosphate-conjugated terpyridine ligand 4. Their relatively
simple preparation enabled the rapid evaluation of conditions to promote ArM catalysis,
such as aqueous buffer choice, temperature, substrate/catalyst loading, and choice of
oxidant.

A general route for accessing electrophilic phosphate functionality was developed
through the use of electrophilic phosphate precursor 1, which is accessed through the
nucleophilic attack of p-nitrophenol on dichloroethylphosphate (Scheme 2.1). The
benzylic alcohol 3 was readily generated through the two-step alkylation and reduction of
terpyridine carboxylate precursor 2. Nucleophilic attack of the benzylic alcohol 3 on 1
enabled the generation of phosphate cofactor 4, which could then be metalated with a

Mn(1II) and Fe(Il) salts to generate the corresponding metal complexes 4-Mn and 4-Fe.
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One of the key advantages of using a p-nitrophenol leaving group with these electrophilic
phosphate cofactors stems from the bright yellow color of its conjugate base, p-
nitrophenolate. At basic pH, the extent of bioconjugation of the cofactor can be followed

by monitoring the increase in UV/Vis absorbance at 400 nm.

OH, o
O fes e, 0
O,N cI” el THF

RT 2 hours

1. TMSN,
MeOH/CHg

1. NaH
THF

RT2h 50°C 2 h MnCl,
_— >

2. NaBH, 2. o THF
MeOH P .l
reflux PNRBo OFEt mins
overnight THF

90% RT2h 77%
2 3 4

Scheme 2.1 Synthesis of 4 and metalation to yield 4-Mn

Using this method, cofactor 4 and its metalated derivatives 4-Mn and 4-Fe were
determined to be competent covalent inhibitors of serine hydrolases. The bulk of early
ArM work using this system was carried out with bovine a-chymotrypsin, a
commercially-available serine protease that is primarily used in the digestion of proteins
for proteomics applications. The UV/Vis trace of bioconjugation of chymotrypsin with 4
is shown in Figure 2.5. The conditions for bioconjugation with chymotrypsin (5%
MeCN/100 mM Tris HCI pH 8.0 with 5:1 cofactor:protein) proved to be quite general for
the bioconjugation of a number of other protein scaffolds (see below). In addition,

removal of excess 4 was simple, requiring one step of gel filtration followed by
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centrifugal membrane buffer exchange. The resulting chymotrypsin hybrids were simple

to characterize by high-resolution ESI-MS, as shown in Figure 2.4.
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Figure 2.4 ESI-MS raw spectrum with the charge envelope of chymotrypsin (red) and its

corresponding 4 hybrid (blue).

ESI-MS enabled the ready confirmation of extent of bioconjugation in the product

hybrids. The extent of metalation could not be evaluated, however, as the metal was

never observed in the mass adducts, in contrast to recent reports.]8 Therefore, alternative

characterization approaches were explored to confirm the metalation of chymotrypsin

hybrids. Initial attempts at characterization of the bound paramagnetic Mn(II) center by

electron paramagnetic resonance (EPR) spectroscopy failed due to operational
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inexperience with the method. A simpler approach was taken by employing UV/Vis
spectroscopy, which enabled the observation of new absorbance features upon in situ
metalation of chymotrypsin-4 hybrids with iron(II) or manganese(Il) (Figure 2.6). Indeed,
in situ metalation of the chymotrypsin-4 hybrid could be monitored by UV/Vis (Figure
2.6), and titration of metal salts into solutions of this hybrid enabled quantitative
confirmation that the terpyridine ligand was being saturated by stoichiometric or low

excesses of MnCl, and FeCl,.
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Figure 2.5 Monitoring the bioconjugation of chymotrypsin with 4 by release of p-

nitrophenol. 5:1 4:chymotrypsin in 5% MeCN/100 mM Tris pH 8.0.
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Figure 2.6 Observing metalation with chymotrypsin-4 by UV/Vis spectroscopy.

As a commercial lyophilized powder, chymotrypsin proved to be an operationally
convenient, robust, and inexpensive scaffold for the development of oxidative reactivity
in these ArM systems. Indeed, a number of optimizations were carried out with
chymotrypsin-4 metalated hybrids to enable ArM turnover in oxygenation catalysis.
Initial investigations of reactivity identified the peroxyacid Oxone (KHSOs) as a viable
terminal oxidant to enable Mn-terpyridine-catalyzed benzylic oxidation and epoxidation,
as was shown previously in the literature.'”'” Large degrees of uncatalyzed background
reaction were observed using Oxone, however, particularly in epoxidation. In addition,
this oxidant led to rapid precipitation of protein due to its high acidity, necessitating
relatively strong buffers to maintain pH for chymotrypsin stability. Shifting to peracetic
acid enabled benzylic oxidation and epoxidation with minimal background and with a far
less pronounced drop in medium pH. Phosphate buffer was found to promote higher

yields of oxidation products. With these optimized conditions, we used two main test

71



reactions to assess for selectivity: 1) C-H benzylic oxidation of ibuprofen, which bears
two benzylic sites for oxidation to assess site selectivity (Scheme 2.2 A), and 2)
epoxidation of 2,2-dimethyl-7-cyanobenzopyran, which is relatively bulky, potentially
facilitating relay of stereochemical information from the scaffold and affording enantio-

enriched epoxide products (Scheme 2.2 B).

Scheme 2.2 The two test reactions used to assess selectivity in terpyridine ArM-catalyzed
oxidations

A) Benzylic oxidation of ibuprofen

¢ o
/
/
OH
¥V = | o
o + N
100 mM Phosphate pH 7.0

10% ACN o ) »
4°C and 25°C site selectivity

B) Epoxidation of 2,2-dimethyl-7-cyanobenzopyran

A
N “
< o 100 mM Phosphate pH 7.0

10% ACN enantioselectivity
4°C and 25°C

With these optimized conditions and reactions in hand, the selectivity of oxidation
was assessed. Unfortunately, chymotrypsin-5 hybrids did not afford any notable
selectivity in the epoxidation or in benzylic C-H oxidation. Reducing the reaction

temperature to 4°C had little effect on improving the selectivity of the reactions.
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Furthermore, altering the terminal oxidant also had little effect on the observed
enantioselectivity or site selectivity, although yields were impacted significantly.

The lack of selectivity observed in the chymotrypsin-4 based systems described
proved to be puzzling. This was initially thought to be a symptom of poor cofactor
encapsulation within the chymotrypsin protein scaffold. Indeed, the active site of
chymotrypsin is relatively shallow and solvent exposed, as is common among
proteases.”’ With this in mind, we explored a number of other viable serine hydrolase
scaffolds for hosting the cofactor. Given the similar practicality of trypsin as a ubiquitous
commercially available enzyme, bioconjugations of this enzyme were carried out,
although ESI-MS characterization of the resulting hybrid was complicated by the
heterogeneity of trypsin sources. In addition, trypsin suffers from a similarly shallow
active site, decreasing its viability as an ArM scaffold. Esterases from pig liver and rabbit
liver exhibited desirable deep pockets and were commercially available. Both enzymes
were bioconjugated with 4-Mn, but neither ArM exhibited selectivity in epoxidation.
Finally, acetylcholinesterase from Electrophorus electricus, which has a very deep pocket
and is commercially available, was explored as a potential scaffold ArM scaffold for 4-
Mn. Bioconjugation was observed by UV/Vis, but confirmation of bioconjugation by
ESI-MS gave no signal. This is likely due to the high molecular weight of the enzyme,
which forms a complex tetramer comprised of two disulfide-linked dimers.?' Regardless,
no selectivity in benzylic C-H oxidation of ibuprofen or epoxidation of multiple alkene
derivatives was observed using this scaffold.

In a shift away from commercial scaffolds, we also looked to the PDB to identify

serine hydrolases with desirable structural features. Using a list of serine hydrolases
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provided from an activity-based protein profiling study by Cravatt,” a number of other
potential scaffolds were identified. The criteria applied for the identification of these
alternative scaffolds were driven by the availability of structural information to assess the
depth of the active site serine in the protein scaffold as well as a practical consideration—
had these scaffolds been expressed heterologously in E. coli? This led to the
identification of four candidate serine hydrolase scaffolds: Escherichia coli esterase
BioH.,* Rhodococcus sp. strain MBI cocaine esterase CocE,> Rhodococcus sp. strain H1
heroin esterase HerE,** and Pyrococcus furiosus prolyl oligopeptidase.” BioH was
successfully expressed, purified, and bioconjugated with 4-Mn (Figure 2.7). When
exposed to standard oxidative reaction conditions, however, rapid precipitation of the
BioH ArM was observed. Pyrococcus furiosus prolyl oligopeptidase (Pfu POP), in
contrast, was readily expressed in E. coli, purified, bioconjugated with 4-Mn and
successfully applied for benzylic C-H oxidation, epoxidation, and oxidative
dimethylation of a variety of substrates. Despite the lack of a crystal structure for this
enzyme, a homology model existed, which granted assurance that the active site serine of
Pfu POP sits at the base of a very deep binding pocket to guarantee cofactor
encapsulation.” In spite of these promising scaffold properties, oxidation catalysis with

the Pfu POP-5a hybrid failed to demonstrate any significant induction of selectivity.
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<«— BioH

Figure 2.7 BioH expression and purification. pell = pellet, sol = soluble, FT =

flowthrough,ladd = ladder, pur = pure NiNTA fraction and dilutions

A key deficiency in the terpyridine-phosphate system was identified and explored
as a potential culprit for this lack of selectivity. Gradual hydrolysis of the phosphate
moiety to release the ligand/metal fragment could promote low selectivity in catalysis, as
this free fragment could catalyze non-selective background oxidation reactions. Such a
flaw, known as “aging,” is known to occur with organophosphate inhibitors of serine

hydrolases (Scheme 2.3).%°
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Scheme 2.3 The process of “aging,” wherein one of the alkoxy groups on the phosphate

adduct is hydrolased from the enzyme-bound phosphate.

This mechanism was demonstrated to be potentially operative in enabling background
reaction. The supernatant of an organic solvent-precipitated solution of Pfu POP-4-Mn
was assessed for epoxidation activity under standard conditions to test for the reactivity
of free cofactor fragment 3-Mn. This showed some reactivity in epoxidation, though it
was significantly lower than the ArM control. Between this result and prior reports of
phosphate adduct lability, the terpyridine phosphate linkage was abandoned for more
robust cofactor/anchor linking strategies.

2.2.1.1.2 TERPYRIDINE PHOSPHONATE ARTIFICIAL METALLOENZYMES

In light of the lability issues observed with phosphate-linked terpyridine

cofactors, we sought to develop a cofactor with a more robust linkage between the
electrophilic phosphorus moiety and the ligand/metal complex. For this, a C-P bond
linkage was pursued, as has been demonstrated in the work of van Koten®’ and
Gebbink.*® van Koten confirmed the robustness of his C-P phosphonate lipase/pincer
hybrids over more than two weeks of incubation at room temperature.” These
observations were later recapitulated in this laboratory (Figure 2.11, see below). The first

effort focused on the generation of aryl phosphonate 10. This cofactor was an appealing
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choice to address the lack of selectivity observed with phosphate cofactor 4-Mn, since,
aside from introducing a non-labile C-P bond, it shortened the link between the
phosphonate center and the terpyridine moiety by two rotatable bonds. The hypothesis
was that this might constrain the cofactor into a rigid position within the host protein
scaffold, enabling enhanced selectivity.*

First, the hydroxyl terpyridine 6 was formed by the Hantzch-like pyridine
condensation of triketone 5. 6 was converted to terpyridine triflate 7 through treatment
with triflic anhydride in pyridine solvent. Reflux of triflate 7 in HBr/AcOH yielded the
aryl bromide 8, which bears a heteroaryl bromide handle for Pd-catalyzed Hirao coupling
to install the critical C-P bond in 9. Chlorination of the diethylphosphonate 9 proceeded
via treatment with POCI; to yield a dichlorinated intermediate, which was isolated as a
crude mixture. Base-mediated nucleophilic attack of the dichlorophosphonate with p-
nitrophenol yielded a highly unstable di-p-nitrophenolate phosphonate ester, which was
isolated as a crude mixture. Removal of base in vacuo and addition of dry EtOH in THF
gave partial solvolysis to yield the desired mono-ethyl mono-p-nitrophenyl phosphonate
ester 10. This product was used directly for bioconjugation/in situ metalation in Pfu POP
or could be carried on for metalation with MnCl, to make catalytic cofactor 10-Mn.

(Scheme 2.4)
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Scheme 2.4 The synthesis of cofactor 10 and metalated derivative 10-Mn
Bioconjugation of chymotrypsin with 10 required a larger excess (10 equivalents)
relative to that necessitated by 4 and its metalated derivatives (5 eq). This was thought to
arise due to the greater electrophilicity of this phosphorus center relative to that of
cofactor 4, given the direct link of the phosphorus atom to an electron-poor heterocycle
and the absence of the resonance-donating oxygen present in the corresponding
phosphate.’' This enhanced electrophilicity leads to competing hydrolysis of the cofactor
by the aqueous buffer medium. In spite of this limitation, full bioconjugation of
chymotrypsin with 10 was observed after 5 hours under standard conditions. Attempts at
chymotrypsin bioconjugation with metalated cofactor 10-Mn under identical conditions
showed that only ~40% bioconjugation could be achieved after 5 hours of bioconjugation
(ESI-MS), with all excess metalated cofactor undergoing hydrolysis in that time (based
on UV/Vis traces monitoring release of p-nitrophenol). The coordinated metal is thought
to enhance the electrophilicity of the phosphorus, leading to enhanced sensitivity toward

hydrolysis.
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The bioconjugation of Pfu POP with cofactors 10 and 10-Mn is significantly
more complicated due to the activity of this enzyme. Pfu POP, a hyperthermophilic
enzyme with an activity optimum temperature of 85°C, reacts significantly more slowly
than chymotrypsin at room temperature.*> After 5 hours of bioconjugation with 10
equivalents of 10 at room temperature, only 20% conversion to hybrid could be observed
by ESI-MS. Increasing the temperature of bioconjugation to 75°C led to 40%
bioconjugation in 5 hours, with clear buffer hydrolysis of all remaining cofactor. At
similarly elevated temperatures, 10-Mn yields <5% bioconjugation, indicating the
enhanced sensitivity of the metalated cofactor, likely due to induced electrophilicity by
the coordinated metal. This removed the possibility of using pre-metalated 10-Mn for
bioconjugation with Pfuu POP. Only by increasing the stoichiometry of the bioconjugation
to 50 equivalents of 10 and using elevated temperatures was full conversion to the
corresponding Pfu POP hybrid observed. This could then be used for in sifu metalation to
generate Pfu POP-10-Mn.

To overcome the challenges posed by the hydrolytic propensity of cofactors 10
and 10-Mn, we sought to extend the terpyridine-phosphonate linkage by one methylene,
which, while introducing a rotatable bond, enabled a more electron-rich phosphonate
center and a slightly simplified synthesis. Starting from the hydroxymethyl terpyridine
derivative 3, the alcohol could be converted to the corresponding bromomethyl moiety by
reflux in H,SO4/HBr to generate bromide 11. Arbuzov reaction of 11 with neat
triethylphosphite enabled conversion to diethyl phosphonate 12. Reaction of 12 with

POCl; at 70°C yielded a monochlorinated intermediate, which was isolated crude.
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Nucleophilic attack of p-nitrophenol in the presence of Et;N yielded the mono-

ethyl/mono-p-nitrophenyl phosphonate cofactor 13. (Scheme 2.5)
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Scheme 2.5 Synthesis of cofactor 13.

Indeed, once an interstitial methylene was introduced, terpyridine cofactor 13
showed significantly improved bioconjugation behavior, enabling near-complete
bioconjugation of Pfu POP with a 5:1 excess after overnight incubation at room
temperature or after only two hours at 75°C (confirmed by ESI-MS). This hybrid could
then be metalated in situ for the generation of Pfu POP-13-Mn or Pfu POP-13-Fe,
exhibiting similar absorbance behavior to that observed during in situ metalation with Pfu
POP-4 and Pfu POP-10.

With C-P terpyridine cofactors 10 and 13 in hand, catalysis of their corresponding
metalated hybrids could be explored with the assurance that cofactor hydrolysis was not
occurring during the course of oxidation catalysis. To date, catalysis has only been
explored with hybrids derived from heteroaryl phosphonate cofactor 10. Hybrids

chymotrypsin-10-Mn and Pfu POP-10-Mn were evaluated using the standard conditions
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developed for the epoxidation of benzopyran. Disappointingly, no enantioselectivity was
observed with either one of these systems, indicating that the selectivity challenges
within the terpyridine-manganese manifold arise from a more fundamental problem in
catalysis. It is likely that freely-diffusing reactive oxygen species (ROS) or other
unconstrained oxidizing species are generated during the course of reaction, allowing for

non-selective oxidation reactivity.

2.2.1.1.3 TERPYRIDINE MALEIMIDE ARTIFICIAL METALLOENZYMES
During the time at which the various C-P cofactors were developed, coworkers
were able to adapt the many advances in catalysis that were discovered with the
chymotrypsin-4 hybrids to another system employing a maleimide-equipped Mn-

terpyridine derivative 14 (Figure 2.8).

Figure 2.8 Maleimide conjugated Mn-terpyridine cofactor 14.

This system leveraged the cysteine-maleimide covalent bioconjugation strategy as
described in section 1.3.2.3.2. Using engineered variants of the protein scaffold apo-
nitrobindin from Arabidopsis thaliana and tHisF from Thermotoga maritima, we
introduced 14 at specific sites within the scaffolds with good efficiency. The sites of

bioconjugation were chosen for their ability to encapsulate the metal cofactor, utilizing
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the natural heme-binding pocket of nitrobindin (Figure 2.9) and the interior of the tHisF

B-barrel to encapsulate 14 to promote selective oxidation reactivity.

Figure 2.9 The structure of nitrobindin with a model of 14 bound in the heme-binding

pocket of the protein

This system vindicated the generality of the catalysis conditions developed using the
aforementioned chymotrypsin hybrids in that the various nitrobindin-14 ArMs
successfully catalyzed C-H benzylic oxidation, epoxidation, and oxidative demethylation
under identical conditions to those discussed earlier. Even with rational positioning of 14
to enhance cofactor enclosure, however, no significant selectivity in catalysis was
observed. This further corroborated the poor selectivity results obtained with terpyridine
phosphate/phosphonate cofactors.*”
2.2.1.1.4 TERPYRIDINE PHOSPHONATE ARMS: WAYS FORWARD

Despite the wealth of chemistry that has been developed with the ArMs described
above, we have as of yet been unable to achieve the goal of selectivity in catalysis. A
number of new directions are being pursued to leverage this highly versatile platform and

enable the desired selectivity. These revolve around two strategies: 1) examining other
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metals in the terpyridine ligand, and 2) supporting the terpyridine complexes with
proteinogenic ligands.

The first strategy seeks to address the limited breadth of the periodic table that has
been explored with this system. By focusing attention on manganese- and iron-catalyzed
oxidations, we have omitted other metals that may react through more predictable
oxidative mechanisms. Indeed, a number of catalytic terpyridine complexes have been
discovered with a multitude of transition metals. These are currently being evaluated
through metal screening efforts. It should be noted, however, that screening alternate
metals also necessitates the evaluation of alternative oxidants, buffers, and additives,
adding extra dimensions to the screening effort.

The second strategy seeks to change the primary coordination environment of the
metal to achieve desired selectivity/reactivity in catalysis. We have taken a mutagenesis
approach to this problem to leverage one of the key advantages of ArMs: the ability to
easily generate mutant libraries of different scaffolds. The Pfu POP scaffold was chosen
as a platform for this approach, since it exhibits high mutational tolerance due to its
stability and it has desirable metal encapsulation properties, enabling proper control of
the metal primary- and secondary-coordination spheres. The libraries being explored
were generated through a semi-rational mutagenesis strategy developed by coworkers in
the Lewis laboratory.** This approach, termed “combinatorial codon mutagenesis”
(CCM), bears some resemblance to site-directed mutagenesis in that specific codons can
be targeted for mutation. Multiple codons can be targeted for mutation simultaneously,
with random combinations of these mutations arising per product protein variant. We

selected a set of sites (D119, W142, F156, R158, F194, G213, W214, F399, Y401, F404,
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1406, M411, R476, Y501, 1514, V517, W518, R562, V563, and R600) that sit in or
adjacent to the active site of Pfu POP (and therefore proximal to the location of the metal
cofactor) for the introduction of metal-coordinating amino acids (Figure 2.10). The
degenerate codon SAN (IUPAC naming) was identified using CASTer” for the
introduction of metal-coordinating glutamic acid, aspartic acid, histidine, and asparagine
at these sites.

The CCM method is amenable to tailoring the number of mutations expected per
product protein polymer, as well. We introduced an average of one mutation/protein to
minimize the occurrence of competing ligation by the presence of multiple metal-
coordinating residues. This library has been successfully transformed into E. coli and will
be screened for the identification of metalated derivatives Pfu POP-13 that exhibit

selective catalysis.
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Figure 2.10 The Pfu POP residue positions pursued for CCM using the SAN library
method. SAN encodes glutamate, aspartate, histidine, and glutamine, the sidechains of

which bear O- and N-donors for metal coordination

These two screening approaches exemplify the method coined by Ward as
“chemo-genetic optimization,” which is a strategy uniquely enabled in ArM catalysis.*
That is, optimization is carried out through traditional chemical screening of
metals/conditions as well as through the genetic diversification of protein scaffolds.

2.2.1.2 TETRADENTATE PHOSPHONATE ARTIFICIAL METALLONZYMES

Based on the failure of terpyridine-based ArMs to yield any appreciable

selectivity in oxygenation catalysis, we also sought to extract selectivity by varying the
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chemical ligand framework around the metal. Tetradentate nitrogen complexes of iron
and manganese have been employed extensively in the field of small-molecule C-H
oxidation catalysis for the purpose of recapitulating the oxygenation activity of non-heme
oxygenases.”’ The Que® and White®® groups have introduced some highly active
complexes that enable the oxidation of unactivated aliphatic C-H bonds. Importantly,
some of these catalysts have been reported to exhibit altered selectivity upon
modification of the secondary coordination sphere*’, posing an appealing target for their
introduction into protein scaffolds.

The first tetradentate phosphonate cofactor explored utilized a phenylenediamine-
backbone. Fe(Il)-complexes with this architecture have been demonstrated as effective
aliphatic C-H oxidation catalysts, enabling the oxidation of cyclohexane to
cyclohexanone in the presence of hydrogen peroxide.*' In the context of generating
phosphonate ArMs, these were appealing catalysts because of the relative ease with
which they could be synthesized. 4-bromophenylenediamine was alkylated by
ethylchloroformate followed by reduction with lithium-aluminum hydride to yield the
N,N-dimethyl product 15. This compound was then dialkylated with 2-picolyl chloride in
the presence of sodium hydride to generate tetradentate bromide 16. After this, Hirao
coupling was performed with diethylphosphite to furnish the diethylphosphonate 17,
which could subsequently be monochlorinated with POCIl; to generate an intermediate
mono-phosphorochloridate. This was then treated with p-nitrophenol in the presence of
base to generate desired cofactor 18. This compound could be carried on to metalation
with FeCl, to generate intermediate 18-Fe, followed by treatment with AgSbF for salt

metathesis to form active catalyst 18-FeSbFg. (Scheme 2.6)
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Scheme 2.6 Synthesis of the tetradentate cofactor 18 and its metalated derivative 18-

FeSbFs.

Cofactors 18 and 18-FeSbFs were both applied in the bioconjugation to scaffold
Pfu POP. These exhibited excellent behavior in bioconjugation, readily yielding hybrids
Pfu POP-18 and Pfu POP-18-FeSbF¢ with high extent of bioconjugation despite the low
excess of cofactor employed (5:1 ratio). Indeed, these cofactors serve as evidence that the
electronics of the pendant arene in arylphosphonate cofactors determine the
electrophilicity of the phosphorus center and, in turn, their stability toward hydrolysis by
aqueous buffer.

In light of this enhanced stability, this cofactor was also employed to test the
stability of phosphonate hybrids in general. During a period of 12 days, a Pfu POP-18
hybrid was incubated at room temperature in buffers at pH 6.0, pH 7.0, and pH 8.0. The
stability of this hybrid was assessed by LC/ESI-MS, revealing that after 12 days, no

noticeable change could be observed in the extent of hybrid bioconjugation regardless of
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pH (Figure 2.11). This stands to highlight the stability of the C-P linkage between the

cofactor and its scaffold, corroborating the same result reported by van Koten.”
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Figure 2.11 Monitoring the degradation of hybrid Pfu POP-18 by ESI-MS (red

peak=hybrid, green peak=unreacted scaffold) over 12 days shows minimal degradation of

the hybrid mass at pH 8.0, as was seen for pH 6.0 and pH 7.0.

Despite the exciting prospect of catalysis with 18 and its corresponding metalated
derivatives, we have not yet observed turnover of this catalyst in limited trials of ArM
catalysis. Investigations into this catalyst are ongoing.

Another tetradentate nitrogen phosphonate ligand was designed based on results
that were obtained from the Ménage group. Using a similar framework as that explored
with NikA** and human serum albumin scaffolds® by this group, a new tetradentate

catalyst was pursued. First, a general phosphonate alkylation reagent 20 was pursued.
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The reaction of diethylphosphite with formaldehyde in the presence of Et;N yielded
hydroxymethylphosphonate 19. Treatment with triflic anhydride generated triflate 20,
which can be used as a general electrophile for the generation of a number of different
phosphonates. To generate the ligand fragment, reductive amination with
ethylenediamine and 2-picolylaldehyde yielded the tetradentate ligand 21.
Monomethylation was achieved by cyclization of 21 with formaldehyde to form an
imidazoline intermediate which was reduced with NaBH;CN in the presence of
trifluoroacetic acid to make monomethyl ligand 22. This was used for base-promoted
nucleophilic attack on triflate 20 to alkylate the secondary amine and generate
diethylphosphonate 23. This product proved sensitive toward activation through
chlorination procedures. Therefore, hydrolysis of 23 was carried out using NaOH to form
the phosphonic acid intermediate 24. High-temperature Steglich esterification of this
product with p-nitrophenol enabled formation of the product cofactor 25 (Scheme 2.7).

This product was exceptionally challenging to purify leading to great losses in yield.
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Scheme 2.7 The synthesis of cofactor 25.




To evaluate the oxidation reactivity of these cofactors under conditions amenable
to ArM catalysis, we screened a number of conditions with ligand 23 to narrow down the
efficacy of this catalyst for C-H oxidation. Ultimately, we found a set of conditions that
enabled the ligand-dependent turnover of in sifu generated 23-MnCl, for benzylic
oxidation of diphenylmethane to benzophenone in the presence of the Pfu POP scaffold,
albeit in relatively low yield (Scheme 2.8).
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Scheme 2.8 Reactivity of 23-MnCl, for catalysis of benzylic oxidation in the presence of
Pfu POP

These results suggest an exciting prospect for selective C-H oxidation catalysis
enabled by the tetradentate ligand framework provided by 34. Bioconjugation to Pfu POP
is expected to be facile with 36, as has been demonstrated for the aforementioned
systems. Work to evaluate metalated ArMs containing cofactors 26 and 36 is underway
and will hopefully yield interesting selectivity in oxidation catalysis.

2.2.1.3 ARTIFICIAL METALLOENZYME OXYGENATION CATALYSIS:
CONCLUSIONS
Much work remains to be done to extract the sort of selectivity that is expected

from ArMs in the oxygenation manifold. These face competition from p450 catalysts,
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which, as discussed earlier, present a number of beautifully compelling examples of site-
selective C-H oxygenation catalysis.' It should be noted, however, that creating ArMs to
achieve this end has the potential to expand on the scope of selectivity and reactivity that
can be achieved by current biocatalysts. The flexibility to choose new scaffolds while
retaining a common catalytic core should be appreciated as a major boon with the ArM
platform. This could enable the rapid selective transformation of different substrates
based on the natural substrate-binding propensity of the scaffold alone, as has been

demonstrated with ArM nucleases.**

2.2.2 ARTIFICIAL METALLOENZYME AZIDATION CATALYSIS

Finally, it should be noted that complexes exhibiting alternative reactivity have
been explored with the phosphonate anchoring method. An appealing target complex was
identified when Hartwig presented an example of aliphatic C-H azidation using the
simple pyridine bis-oxazoline ligand framework in conjunction with Fe(OAc),.** This
system exhibits ligand-dependent reactivity with hypervalent azidoiodinane to generate
an oxidizing species for the conversion of secondary and tertiary C-H bonds to C-N3
bonds. The prospects of Fe-pybox are particularly exciting because of the small
molecule’s inherent site-selectivity, its ability to differentiate C-H bonds with similar
reactivity.* Therefore, we embarked on an effort into isolating a phosphonate cofactor
bearing a pybox ligand. Chelidamic acid was brominated by heating this solid in the
presence of PBrs, which was followed by attack with 2-chloroethanamine to make the
diamide intermediate 26. Cyclization of this molecule was promoted by deprotonation of
the amide functionalities with NaH, generating p-bromo pybox 27. This species proved

amenable to Hirao coupling for the generation of diethylphosphonate 28. Attempts to
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chlorinate this system to furnish the activated p-nitrophenyl phosphonate have been

unsuccessful to date owing to the sensitivity of the oxazoline motif. Recent developments

in the methodology for high-temperature Steglich esterification (as seen in the conversion

of 23 to 25) are being explored to generate the desired cofactor 28. (Scheme 2.9)
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Scheme 2.9 Synthesis of phosphonate pybox 28

2.2.3 DIRHODIUM PHOSPHONATE ARTIFICIAL METALLOENZYMES

Beyond the oxidative manifold, we have also been greatly interested in the

carbene insertion chemistry of dirhodium tetracarboxylate complexes. These have seen
tremendous success in our laboratory in their application with Pfu POP, which has been
shown to be an amenable scaffold for enabling enantioselective carbene insertion into
alkenes, S-H, Si-H, N-H, and to a small extent, C-H bonds. These Pfu POP-based
systems rely on an alternative covalent bioconjugation strategy, utilizing a genetically-
encoded p-azidophenylalanine residue for the introduction of an azide bioorthogonal
“click” handle, which is exploited for bioconjugation with a strained bis-cyclononyne-
linked dirhodium cofactor (Figure 2.13).%® Details of this system will be described in

greater detail in chapter four.

In contrast to the above method, which requires protein engineering and synthetic

biology tools to achieve the requisite link between cofactor and scaffold, covalent

anchoring of phosphonate-based cofactors proceeds without such intervening
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complexities. As seen, the serine hydrolase Pfu POP can be expressed and covalently
modified in its native form using electrophilic phosphonate-based anchors. Therefore, we
sought to develop various phosphonate-linked dirhodium cofactors to achieve this end.
The first dirhodium phosphonate system explored employed a relatively simple
“monodentate” linkage to the dirhodium complex. That is, one equatorial carboxylate
moiety was responsible for connecting the phosphonate anchor to the dirhodium lantern
complex. This system was developed because of its relatively simple synthesis. Starting
from 2-(4-bromophenyl)acetic acid, the tert-butyl ester 29 was generated. Protection of
the carboxylate moiety is necessary, as Hirao coupling is incompatible with carboxylic
acids. Hirao coupling using diethyl phosphite furnished the diethylphoshonate 30.
Chlorination in thionyl chloride followed by attack with p-nitrophenol in the presence of
Et;N generated activated cofactor 31. Deprotection with trifluoroacetic acid yielded the
free carboxylic acid 32. This was followed by metalation with Rh(O,CCHj3)3(O,CCF3) in

the presence of K,COs to generate cofactor 33. (Scheme 2.10)
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Scheme 2.10 The synthesis of cofactor 33.
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Bioconjugations of 33 and Pfu POP have proven to be somewhat problematic,
however. On its surface, the behavior of this cofactor echoes the behavior of the various
polydentate nitrogen phosphonate cofactors, yielding enzyme-promoted release of p-
nitrophenolate, which can be monitored by UV/Vis. Attempts to characterize the
resulting hybrids by ESI-MS have been consistently hampered by poor ionization, even
after LC chromatographic separation to remove interfering small-molecule components.
This has proven detrimental to the validation of the identity of these ArMs. The presence
of the dirhodium fragment seems to be the main culprit for the poor MS results observed,
as bioconjugation with the non-metalated cofactor 32 yields strong ionization of the
hybrid in close agreement with its theoretical mass. Further investigations seemed to
reveal that higher temperatures in bioconjugation led to qualitatively inferior ESI-MS
ionization. In addition, the use of 50 mM MES at pH 6.0 was found to give consistently
superior ESI-MS data relative to buffers at pH 7.0 and 8.0. In addition, lower excesses of
dirhodium cofactor were found to yield better hybrid product ions. With this in mind,
bioconjugations using cofactor 33 and subsequent dirhodium phosphonate cofactors with
Pfu POP were all performed at room temperature with low excesses (5:1) of
cofactor:hybrid and at pH 6.0, requiring longer incubation times but leading to somewhat
more consistent bioconjugation data. Some trials revealed significant extent of
demetalation of the cofactor under room-temperature bioconjugation conditions, leading
to the hypothesis that the lability of equatorial carboxylate ligands on these dirhodium

complexes might be to blame for the heterogeneity of results. Indeed, lability of
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dirhodium carboxylates has been noted by Ball, particularly in the context of complex
media like the intracellular environment.*’

In light of the observed characterization issues with the Pfu POP-33 ArMs, we
also sought to uncover the role of another interfering effect, that of non-specific binding
of excess 33 to the POP scaffold after bioconjugation. This insidious effect was noted as
a potential source of ionization issues and was corroborated by the persistent struggle to

purify excess cofactor away from product hybrid after bioconjugation, as seen in Figure

2.12.
Pfu
33 POP

l < After 1 gel

| fitration

After 2 go!

fitrations/buffer
oxchange

Figure 2.12 HPLC traces revealing the persistence of cofactor 46 with hybrid Pfu POP-

46 after multiple rounds of purification.

Size-exclusion chromatography and membrane buffer exchange failed to effect
the full removal of excess cofactor, a major impediment to catalysis with this system, as
non-specifically bound cofactor can lead to non-selective reactions with this catalyst.

Indeed, non-specific binding of the cofactor was corroborated by observation of the
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HPLC chromatograms of cofactor 33 added to a solution of Pfu POP S477A, a scaffold
mutant lacking the requisite serine for bioconjugation. “Consumption” of the cofactor
was observed immediately upon combination of the protein and the cofactor (as
compared to a buffer-only control). This indicates that cofactor 33 was either non-
specifically bound to the protein, or that carboxylate ligand exchange was occurring
between the cofactor and protein-centered carboxylate sidechains.

To address the issues with Pfu POP-33 LC/ESI-MS characterization and
purification of these hybrids, we then pursued phosphonate cofactors with structural
similarity to the bis-cyclononyne-esp-based dirhodium cofactor (Figure 2.13), which

consistently produces excellent hybrid ESI-MS signal.

Figure 2.13 RhBCN, a click cofactor with an esp-chelating ligand architecture for

dirhodium binding

We hypothesized that the esp ligand framework contributes greater stability against
carboxylate ligand exchange, as Du Bois had hypothesized in the development of the esp
ligand.* Two esp dirhodium phosphonate cofactors were pursued.

The first of these complexes was generated through a novel esp synthetic
pathway. tert-butyl isobutyrate was deprotonated with LDA and added slowly to a
solution of 1,3,5-tris-(bromomethyl)benzene to yield the dialklyated product 34. This

was converted to diethylphosphonate via Arbuzov reaction by refluxing in neat triethyl
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phosphite. The crude phosphonate was monochlorinated with SOCI,, and this was
substituted by nucleophilic addition of p-nitrophenol in the presence of Et;N, yielding
cofactor 35. Deprotection with trifluoroacetic acid yielded esp product 36. Metalation
could be carried out directly by heating the ligand in the presence of Rhy(O,CCH3)a,

generating the desired product dirhodium cofactor 37. (Scheme 2.11)
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Scheme 2.11 The synthesis of esp-Rh; cofactor 37.

A more complex synthetic sequence was carried out to generate cofactor 43,
which is structurally similar to 37 but contains a longer propyl linker. Starting from a
phenol esp ligand®, the carboxylate arms were esterified by the action of TMS-CHNj to
generate diester 38. This compound was then carried on to the triflate 39 by reaction with
triflic anhydride in pyridine. Suzuki coupling with the in sifu generated boronate ester of
allyl ethyl N, N-dimethylaminophosphinate®’ generated propyl-linked phosphoramidate 40
in excellent yield. Hydrolysis of 40 with NaOH generated dicarboxylate 41. In contrast to
the previously described methods, the intermediate phosphorochloridate was produced by

treating the phosphoramidate with dry HCI, leading to protonation and substitution with
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chloride. p-nitrophenol was added through base-promoted nucleophilic attack to generate

the activated phosphonate cofactor 42. Deprotonation of the carboxylate arms of 42 with

NaH followed by addition of Rh(O,CCH3)3(O,CCF3) yielded dirhodium cofactor 4.

(Scheme 2.12)
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Scheme 2.12 The synthesis of extended-linker Rh,-esp cofactor 43

In spite of the exciting prospects of these cofactors, we encountered similarly

vexing issues in the characterization of the corresponding Pfu POP hybrids, mainly with

regard to removal of excess cofactor. Again, non-specific binding was suspected to be the

source of these problems. Despite purification issues, Pfu POP-43 was successfully
applied toward the cyclopropanation of styrene and methyl 2-diazo-2-(4-

methoxyphenyl)acetate. This hybrid induced a small degree of enantioselectivity in

cyclopropanation (16% e.e.) in spite of the presence of some free/non-specifically bound

cofactor, signaling promising potential once an adequate solution to these purification

issues is achieved.
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2.2.4 ALTERNATE ARCHAEAL PROLYL OLIGOPEPTIDASE FAMILY
SCAFFOLDS

A critical advantage of the mechanism-based covalent inhibition of serine
hydrolases arises from their ability to be utilized as scaffolds without the prerequisite of
protein engineering. This can be highly enabling for the evaluation of new scaffolds for
ArMs, as one need only obtain a wild-type serine hydrolase (commercially or through
expression/isolation) to evaluate its utility as a potential scaffold. Indeed, this fact
enabled the rapid evaluation of a panel of viable serine hydrolase scaffolds described
above. In addition, since the nucleophilic serine often sits in a well-defined, deep active
site, this approach effectively guides metal cofactors into environments likely to
influence the secondary coordination sphere of the metal. Pfu POP, a demonstrably
effective hydrolase ArM scaffold, was chosen for this reason.

Drawing from the success of Pyrococcus furiosus prolyl oligopeptidase as a
scaffold for ArMs, we sought to explore the structural diversity provided by related
homologues of this enzyme. Given that all homologues of this enzyme are serine
hydrolases, they represent viable candidates as scaffolds for ArMs generated with any of
the cofactors noted above. This structural diversity could be leveraged to rapidly evaluate
panels of scaffolds that bore the same general architecture of Pfu POP (guaranteeing
metal encapsulation) but sufficient differences to induce novel selectivity. The strategy

described is summarized in Scheme 2.13.
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Scheme 2.13 A summary of the methods used to generate the library of thermophilic

POP homologues explored
An initial protein BLAST" search of the Pfis POP gene was conducted within the

phylum euryarchaeota. This was chosen to ensure that the homologues were drawn from

extremophilic source organisms, as enzymes from these organisms tend to exhibit high
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stability. Structural stability is a desirable feature in ArM scaffolds, as they need to be
robust toward non-native catalytic conditions and must be tolerant of mutational loads to
facilitate genetic optimization.”' From this initial BLAST search was discovered 254
candidate scaffold sequences. Methods to cull this pool of homologous scaffolds were
explored, as 254 species presented an intractably large set of sequences for cloning and
expression. To select scaffolds with the highest potential for successful induction of
selectivity, we looked to categorize them by the size of their internal cavity. Constriction
of the internal cavity of the enzymes is desirable, as this could lead to the conformational
restriction of the metal cofactor within the scaffold context. Of course, measuring the
internal cavity of the enzymes necessitated homology modeling, as most of these
constructs have not yet been structurally characterized. Using the homology-modeling
server Phyre2™, a set of homology models was generated based on the primary sequences
of the identified enzymes. The internal cavity volume of the homology models was
measured using CaverAnalyst,” and the resulting volumes were tabulated and binned
(Figure 2.14). With this list, a subset of the genes with the lowest identified volumes was
cloned from the genomic DNA of the source organisms (ordered from Japan Collection

of Microorganisms).
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Figure 2.14 The cavity volumes obtained through Phyre2 homology modeling.

Most of the cloning performed on this gene set was performed by coworkers and
will not be discussed in further detail. Three POP-homologues from the genome of
archaeon Pyrococcus abyssii were successfully cloned in this work. This set includes Pab
prolyl oligopeptidase (PAB0762), Pab acyl-peptide hydrolase (PAB1300), and Pab
peptidase S9 (PAB1418). These genes were cloned from genomic DNA and introduced
into pET28a. Due to the high rare codon content of these genes, Rosetta2(DE3) E. coli
cells were used as host organisms, as these are supplemented with 7 tRNA synthetases
for more efficient expression of rare-codon-rich genes. In expression tests, only Pab POP
(Figure 2.15 A) and Pab peptidase S9 (Figure B) were successfully expressed and
purified as full soluble constructs. Some optimization of inducer concentration was

required to achieve adequate expression of Pab peptidase S9. Pab acyl-peptide hydrolase
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was expressed as a truncated insoluble construct likely due to expression initiated at an
alternative downstream Met start codon. The well-behaved Pab POP and Pab peptidase
S9 were both purified by NiNTA and isolated as soluble enzymes, albeit with somewhat
low yields.

Figure 2.15 Expression SDS-PAGE for alternate POP-family thermophilic scaffolds

A) Pab POP and Pab acyl-peptide hydrolase expression

B) Pab POP S9 peptidase expression tests with variable inducer loading
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Bioconjugation was successfully carried out with these scaffolds and cofactor 46,
as confirmed by UV/Vis monitoring of release of p-nitrophenolate. Comparison of the
selectivity observed in the cyclopropanation reactions catalyzed by these ArMs was
performed. Minimal selectivity was observed with hybrids of 46 and the Pab variants, but
this could be ascribed to the difficulty of removing the excess contaminating cofactor.
Selectivity notwithstanding, the successful expression and bioconjugation of these
alternative scaffolds in their native form attests to the generality of hybrid formation with
phosphonate-type inhibitors without the prerequisite for complex protein engineering.
2.3 CONCLUSIONS

The large variety of electrophilic phosphonate cofactors described herein speaks
to the generality of this anchoring chemistry for the bioconjugation of a number of
different metal catalysts. Of course, the synthesis of such cofactors has proven to be
exceptionally challenging in some cases, which can detract from the overall simplicity of
the method. With well-developed syntheses, however, this method can afford highly
efficient routes to ArM formation.

In addition, these phosphonate cofactors deliver on the promise to enable
bioconjugations to native serine hydrolases without the prerequisite of protein
engineering, rapidly affording diverse sets of ArMs that would otherwise be difficult to
achieve using alternative engineering-based covalent approaches. Bioconjugation may be
complicated, of course, by sensitivity of the anchor to the conditions applied. Care must
be made to optimize bioconjugation conditions to minimize anchor hydrolysis, which is
an inevitable concern with this method. Furthermore, compatibility of the phosphonate

with its linked metal complex should be ensured, as this can lead to complications in
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bioconjugation. Pathologies like excessive electrophilicity of the phosphonate (as seen
with terpyridyl phosphonate 10) as well as challenging removal of non-specifically bound
cofactor (as seen with the dirhodium phosphonate cofactors 25, 37, and 43) can be a
major source of problems with phosphonate cofactors. In spite of these issues, a number
of excellent examples of ArM formation with phosphonate cofactors have been
demonstrated.

Finally, the multitude of scaffolds that have been explored with these phosphonate
illustrates the utility of exploiting this bioconjugation methodology to rapidly screen a
great number of different ArM protein scaffolds. The number of readily achievable
scaffold/metal permutations poses great promise in the exploration of novel ArM

selectivity.

2.4 EXPERIMENTAL
Materials
Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without further purification. Benzene, dimethylformamide (DMF), acetonitrile (CH;CN),
tetrahydrofuran (THF), and methylene chloride (CH,Cl,) were obtained from a
PureSolv MD solvent purification system by Innovative Technology (solvent
deoxygenated by N2 sparge and dried over alumina). Acetonitrile (CH3CN) was
purchased from Fisher Chemical, HPLC grade. Deuterated solvents were obtained from
Cambridge Isotope labs. Silicycle silica gel plates (250 mm, 60 F254) were used for
analytical TLC, and preparative chromatography was performed using SiliCycle

SiliaFlash silica gel (230-400 mesh). E. coli Rosetta2(DE3) cells were purchased from
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Novagen. Nco I and Not I restriction enzymes, T4 DNA ligase, Taq DNA polymerase
and Phusion HF polymerase (Cat# 530S) were purchased from New England Biolabs
(Ipswitch, MA). Luria broth (LB) and agar media were purchased from Research
Products International (Mt. Prospect, IL). Qiagen DNA extraction kit (Cat# 28706) and
plasmid isolation kit (Cat# 27106) were purchased from QIAGEN Inc. (Valencia, CA)
and used according to the manufacturer’s instructions. DNA purification kit (Zymo, Cat#
D4004) was purchased from Zymo research (Irvine, CA) and used as recommended. All
genes were confirmed by sequencing at the University of Chicago Comprehensive
Cancer Center DNA Sequencing & Genotyping Facility (900 E. 57th Street, Room
1230H, Chicago, IL 60637). Electroporation was carried out on a Bio-Rad MicroPulser
using method Ec2. 5 mL HisTrap NiNTA columns and 5 mL HiTrap Desalting columns
were purchased from GE Healthcare Life Sciences (Pittsburgh, PA). Amicon® 30 kD
spin filters for centrifugal concentration were purchased from EMD Millipore (Billerica,

MA) and used at 4,000 g at 4 °C.

General Methods

Unless otherwise specified, all reactions were prepared in flame or oven-dried glassware
under an inert N2 atmosphere using either syringe or cannula techniques. TLC plates
were visualized using 254 nm ultraviolet light. Flash column chromatography was carried
out using Silicycle 230-400 mesh silica gel. Reverse phase chromatography was carried
out using a Biotage Isolera One. Protein chromatography was performed using a GE
Healthcare Life Sciences AKTA FPLC system. 1H and 31P NMR spectra were recorded

at 500 MHz and 202 MHz, respectively, on a Bruker DMX-500 or DRX-500
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spectrometer, and chemical shifts are reported relative to residual solvent peaks.
Chemical shifts are reported in ppm and coupling constants are reported in Hz. High
resolution ESI mass spectra were obtained using an Agilent Technologies 6224 TOF

LC/MS. Low resolution ESI mass spectra were obtained using Agilent 6130 LC-MS.

Experimental Procedures

Ethyl bis(4-nitrophenyl) phosphate (1): A 250 mL round bottom flask with a stir bar
and septum was charged with 4-nitrophenol (1.948 g, 14.0 mmol) and NaH (0.980 g, 24.5
mmol) (60% suspension in mineral oil), evacuated and purged 3 times with N». The flask
was placed in an ice bath and 50 mL dry THF was added to dissolve the solids. The
reaction mixture was warmed to room temperature and stirred for 1 hour. Ethyl
dichlorophosphate (0.831 mL, 7.0 mmol) was added dropwise. Upon full addition, the
reaction mixture was stirred for 2 hours at room temperature. Filtered reaction mixture
through celite and concentrated the filtrate to obtain a crystalline solid. Recrystallized
from 50% EtOAc/Hexanes to obtain white crystals. 79% yield. (2.01 g, 5.46 mmol)

'H NMR (500 MHz, CDC13) & 8.28 (dt, J=9.0, 0.7 Hz, 4H), 7.40 (dt, /= 9.0 Hz, 1.0 Hz,
4H), 4.10 (dq, J=7.0 Hz, 9.0 Hz, 4H), 1.41 (dt, J=17.0, 1.0 Hz, 4H).

3'P NMR (CDCl3) & 12.35

[2,2':6',2""-terpyridin]-4'-ylmethanol (3): A 50 mL round bottom flask with a stir bar

and rubber septum was charged with 500 mg (1.803 mmol) 2,2":6',2"-terpyridine-4'-

carboxylic acid 2, evacuated and purged 3 times with N,. The solid was dissolved in 14
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mL dry benzene and 4 mL dry MeOH. A solution of (trimethylsilyl)diazomethane (2.0 M
in hexanes) (1.082 mL, 2.164 mmol) was added dropwise to the reaction mixture. The
reaction mixture was stirred at room temperature for 1 hour, after which volatiles were
removed in vacuo. The crude 2,2":6',2"-terpyridine-4'-carboxylic acid methyl ester was
redissolved in 10 mL dry MeOH and cooled to 0°C in an ice bath. Sodium borohydride
(566.5 mg, 14.98 mmol) was carefully added to the stirring mixture. Upon full addition,
the reaction flask was fitted with a reflux condenser and the reaction mixture was
refluxed overnight. The reaction was cooled to room temperature and carefully quenched
with 1 M HCI (10 mL). The reaction mixture was transferred to a separatory funnel and
neutralized with saturated sodium bicarbonate. The aqueous phase was extracted with
CH,Cl, (3 x 50 mL) and ethyl acetate (3 x 50 mL). The organic layers were combined,
dried with Na,SO4, and concentrated to afford 3 as a white/pink solid in 90% yield. (427
mg, 1.61 mmol). ESI-MS calculated for C;¢H4N;0 [M+H]'=264.11, found 264.1.

'H NMR (500 MHz; CDCI3): 8 8.71 (d, J=4.7 Hz, 2H), 8.63 (d, J= 7.9 Hz, 2H), 8.47

(s, 2H), 7.87 (t, J = 7.7 Hz, 2H), 7.35 (dd, J = 7.0, 4.6 Hz, 2H), 4.92 (d, J = 6.4 Hz, 2H).

[2,2':6',2"-terpyridin]-4'-ylmethyl ethyl (4-nitrophenyl) phosphate (4): A 25 mL
round bottom flask with a stir bar and rubber septum was charged with 213.4 mg (0.811
mmol) [2,2":6',2"-terpyridin]-4'-ylmethanol 3. The flask was evacuated and purged 3
times with N». The solid was dissolved in 8 mL dry THF. To this solution was added
245.6 mg (6.14 mmol) NaH (60% suspension in mineral oil). The reaction was heated to
50°C and stirred for 2 hours. In that time, a separate 100 mL round bottom flask

containing a stirred solution of 896 mg (2.43 mmol) ethyl bis(4-nitrophenyl) phosphate 1
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in 40 mL dry THF was prepared and cooled to 0°C. The deprotonation mixture of 3 was
cooled to room temperature and transferred dropwise to the cooled stirred solution of 1
via cannula. After full addition, the reaction mixture was warmed to room temperature
and stirred for two additional hours. The mixture was concentrated, loaded onto silica,
and the product 4 was purified by silica flash chromatography (4% MeOH/CH,Cl,). 77%
yield. (278 mg, 0.624 mmol). ESI-MS calculated for C4H2,N4OP [M+H]=493.13,
found 493.1.

'"H NMR (500 MHz; CDCl;): & 8.70 (s, 2H), 8.60 (d, J = 8.0 Hz, 2H), 8.41 (s, 2H), 8.14
(d, /J=8.0 Hz, 2H), 7.87 (t, J= 7.5 Hz, 2H), 7.36 (d, J = 9.0 Hz, 4H), 5.39-5.30 (m, 2H),
4.34 (dt, J=14.5,7.2 Hz, 2H), 1.41 (t, J= 6.9 Hz, 3H).

3'P-NMR (202 MHz; CDCl3): & -7.12.

Manganese(II) chloride [2,2':6',2"-terpyridin]-4'-ylmethyl ethyl (4-nitrophenyl)
phosphate (4-Mn): Manganese chloride tetrahydrate (100.5 mg, 0.508 mmol) was
dissolved in 10 mL dry THF after sonication. This solution was added to a stirring
solution of 4 (50 mg, 0.102 mmol) dissolved in 2 mL dry THF in a 20 mL scintillation
vial. A fine yellow precipitate formed immediately upon addition. The yellow solid was
collected on a fine frit and washed with copious THF to afford 35.7 mg of the manganese

complex 4-Mn (0.062 mmol, 61% yield)

1,5-di(pyridin-2-yl)pentane-1,3,5-trione (5) was prepared according to literature

4
procedure.’
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[2,2':6',2"-terpyridin]-4'-o0l (6): Trione 5 (958.7 mg, 3.57 mmol) and ammonium
acetate (1.928 g, 25.0 mmol) were weighed into a 100 mL flask and dissolved in 25 mL
EtOH. The reaction flask was fitted with a reflux condenser and refluxed for 72 hours.
The reaction mixture was cooled to room temperature, concentrated to ~12.5 mL, cooled
to 0°C and the white precipitate was collected by filtration. The solid was washed with
Et,0. 90% yield. (800 mg, 3.21 mmol). ESI-MS calculated for C;sH;,N;O
[M+H]"=250.10, found 250.1.

'H NMR (500 MHz; CDCl;): & 8.72 (d, J = 4.0 Hz, 2H), 8.63 (d, J = 8.0 Hz, 2H), 8.40

(s, 2H), 7.90 (t, J = 8.1 Hz, 2H), 7.39 (t, J = 5.7 Hz, 2H).

[2,2':6',2"-terpyridin]-4'-yl trifluoromethanesulfonate (7): [2,2":6',2"-terpyridin]-4'-ol
6 (550 mg, 2.21 mmol) was weighed into a 25 mL round bottom flask equipped with a
stir bar and evacuated and purged 3 times with N,. The solid was dissolved in 2 mL
pyridine and cooled to 0°C in an ice bath. Triflic anhydride (0.370 mL, 2.21 mmol) was
added dropwise to the stirred mixture. After full addition, the reaction mixture was
warmed to room temperature and stirred for 12 hours. Ice was added to the reaction
mixture causing a white solid to precipitate out, which was filtered and washed with cold
H,0. 70% yield (590 mg, 1.55 mmol). ESI-MS calculated for C;6H;;F3N303S
[M+H]"=382.05, found 382.1.

'"H NMR (500 MHz; CDCl;): & 8.73 (d, J= 3.8 Hz, 2H), 8.63 (d, J = 7.9 Hz, 2H), 8.43

(s, 2H), 7.90 (t, J = 7.7 Hz, 2H), 7.40 (dd, J = 6.3, 4.8 Hz, 2H).
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[2,2':6',2"-terpyridin]-4'-yl bromide (8): [2,2":6',2"-terpyridin]-4'-yl
trifluoromethanesulfonate 7 (282.2 mg, 0.740 mmol) was weighed into a 25 mL round
bottom flask equipped with a stir bar. The solid was dissolved in 5 mL aqueous HBr
(48%) and 6.4 mL glacial acetic acid. The reaction flask was fitted with a reflux
condenser and the reaction was refluxed for 5 hours. The reaction mixture was then
cooled to room temperature and transferred to a separatory funnel. Neutralization with
saturated sodium bicarbonate yielded a white precipitate. The aqueous suspension was
extracted into CH,Cl, (3 x 100 mL), the organic fractions were combined, dried over
Na,SO4, and concentrated onto silica. The product was purified by silica flash
chromatography (10% EtOAc/Hexanes) to afford 8 as a brown/white solid. 97% yield.
(224.4 mg, 0.719 mmol) ESI-MS calculated for C;sH;;BrN; [M+H]'=312.01, found
312.0.

'H NMR (500 MHz; CDCl): & 8.72 (d, J=4.3 Hz, 2H), 8.67 (s, 2H), 8.60 (d, J=7.8

Hz, 2H), 7.89 (t, J = 7.6 Hz, 2H), 7.38 (1, J = 6.0 Hz, 2H).

Diethyl [2,2':6',2'"'-terpyridin]-4'-ylphosphonate (9): Into a dry 25 mL round bottom
flask under positive flow of N, was weighed Pd(PPh)4 (9.2 mg, 0.008 mmol), [2,2":6',2"-
terpyridin]-4'-yl bromide 8 (50 mg, 0.160 mmol). The reaction components were

dissolved in 0.5 mL dry toluene and 44.6 pL (0.320 mmol) triethylamine was added.

Diethyl phosphite (41.2 pL, 0.320 mmol) was added and the mixture was heated to

110°C and stirred for 12 hours. The reaction mixture was cooled to room temperature and

concentrated onto a celite pad. The crude mixture was then purified by reverse phase
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chromatography using a Biotage C-18 12 g SNAP cartridge. 53% yield. (31 mg, 0.085
mmol) ESI-MS calculated for C;9H,;N3;O3P [M+H]+=370.13, found 370.1.

'H NMR (500 MHz; CDCl;): & 8.85 (d, J=13.9 Hz, 2H), 8.73 (d, J= 4.1 Hz, 2H), 8.61
(d, /=79 Hz, 2H), 7.87 (t, J= 7.7 Hz, 2H), 7.36 (t,J = 6.0 Hz, 2H), 4.28-4.17 (m, 4H),
1.38 (t,J=7.1 Hz, 6H).

3'P NMR (202 MHz; CDCl3): & 15.36.

Ethyl (4-nitrophenyl) [2,2':6',2"'-terpyridin]-4'-ylphosphonate (10): Phosphonate 9
(68.3 mg, 0.185 mmol) was weighed into a 25 mL round bottom flask equipped with a
stir bar, fitted with a reflux condenser and a rubber septum. The setup was evacuated and
purged with 3 times with N». 2 mL POCIl; was added to the reaction flask and this was
refluxed for 24 hours. The reaction was cooled and excess POCIl; was thoroughly
removed in vacuo on a high vacuum line. 4-nitrophenol (257.2 mg, 1.849 mmol) was
added to the residue under positive flow of N,. 2 mL dry CH,ClI, was added to the
reaction mixture, which was subsequently cooled to 0°C in an ice bath and stirred for 5
minutes. Dry Et;N (258 pL, 1.849 mmol) was added dropwise to the stirred reaction
mixture. After full addition, the reaction mixture was stirred at room temperature for 1
hour. The reaction was then concentrated thoroughly to remove volatiles. The residue
was redissolved in 6 mL 1:1 EtOH/THF and stirred for 30 minutes. The crude mixture
was concentrated onto a celite pad and purified by reverse phase chromatography using a
Biotage C-18 12 g SNAP cartridge. 64% yield. (54.5 mg, 0.118 mmol). ESI-MS

calculated for Co3HyoN4OsP [M+H]+=463. 12, found 463.1.
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"H NMR (500 MHz; CDCLs): & 8.92 (d, J = 14.6 Hz, 2H), 8.74 (d, J = 4.4 Hz, 2H), 8.62
(d,J=17.9 Hz, 2H), 8.21 (d, J= 9.1 Hz, 2H), 7.89 (td, J= 7.7, 1.6 Hz, 2H), 7.44 (d, J =
8.6 Hz, 2H), 7.39 (dd, J= 6.9, 5.5 Hz, 2H), 4.26 (ddd, J= 8.3, 7.2, 2.6 Hz, 2H), 1.43 (t, J
=7.1 Hz, 3H).

3'P NMR (202 MHz; CDCI3): § 12.58.

Manganese(II) chloride ethyl (4-nitrophenyl) [2,2':6',2"'-terpyridin]-4'-
ylphosphonate (10-Mn): Manganese chloride tetrahydrate (87.2 mg, 0.441 mmol) was
dissolved in 4 mL dry THF after sonication. This solution was added to a stirring solution
of 10 (38.2 mg, 0.088 mmol) dissolved in 450 puL dry THF in a 20 mL scintillation vial.
A fine yellow precipitate formed immediately upon addition. The reddish solid was
collected on a fine frit and washed with copious THF to afford 35 mg of the manganese

complex 10-Mn (0.061 mmol, 70% yield). The product turns brown over time.

4'-(bromomethyl)-2,2':6',2""-terpyridine (11): [2,2":6',2"-terpyridin]-4'-ylmethanol 3
(531 mg, 2.01 mmol) was weighed into a 25 mL round bottom flask equipped with a stir
bar and reflux condenser. The solid was dissolved in 20 mL HBr and 800 pL H,SO4. The
reaction mixture was stirred at reflux overnight. The reaction mixture was then cooled to
room temperature and transferred to a separatory funnel. The mixture was neutralized
with saturated NaHCOj yielding a copious tan precipitate. The aqueous phase was
extracted with CH,Cl; (3 x 50 mL) and ethyl acetate (3 x 50 mL). The organic layers

were combined, dried over Na,SO4, and concentrated to yield 11 as a pink/gray solid in
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85% yield (556.9 mg, 1.71 mmol). ESI-MS calculated for C;¢H;3BrN; [M+H]'=326.03,
found 326.0.
'H NMR (500 MHz; CDCl;): & 8.73 (d, J=4.3 Hz, 2H), 8.63 (d, /= 7.9 Hz, 2H), 8.51

(s, 2H), 7.89 (t, J= 7.3 Hz, 2H), 7.37 (dd, J = 6.6, 5.2 Hz, 2H), 4.58 (s, 2H).

Diethyl ([2,2':6',2''-terpyridin]|-4'-ylmethyl)phosphonate (12): 4'-(bromomethyl)-
2,2":6',2"-terpyridine 11 (326.19 mg, 0.690 mmol) was weighed into a dry 25 mL round
bottom flask equipped with a stir bar and a rubber septum. The setup was evacuated and
purged with 3 times with N,. The solid was dissolved in 7 mL triethyl phosphite (40.8
mmol) and heated to 150°C for 5 hours. The reaction mixture was subsequently cooled to
room temperature and excess P(OEt); was thoroughly removed in vacuo to yield product
12 as a pink/white solid. 96% yield (253.5 mg, 0.661 mmol). ESI-MS calculated for
C20H23N;05P [M+H]'=384.15, found 384.2.

'"H NMR (500 MHz; CDCl;): & 8.70 (d, J = 4.5 Hz, 2H), 8.61 (d, J=7.9 Hz, 2H), 8.43
(s, 2H), 7.85 (t, J=17.7 Hz, 2H), 7.33 (dd, J = 6.4, 5.7 Hz, 2H), 4.10 (quintet, /= 7.1 Hz,
4H), 3.34 (d, /= 22.1 Hz, 2H), 1.29 (t, J= 7.0 Hz, 6H).

3'P NMR (202 MHz; CDCls): & 24.50.

Ethyl (4-nitrophenyl) (|2,2':6',2""-terpyridin]-4'-ylmethyl)phosphonate (13): Diethyl
([2,2"6',2"-terpyridin]-4'-ylmethyl)phosphonate 12 (253.5 mg, 0.661 mmol) was weighed
into a 25 mL round bottom flask equipped with a stir bar, reflux condenser and sealed
with a rubber septum. The setup was evacuated and purged with 3 times with N,. The

solid was suspended in 6.6 mL POCI; and heated to 70°C for 5 hours. The reaction
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mixture was cooled to room temperature and excess POCl; was removed in vacuo. 4-
nitrophenol (460 mg, 3.31 mmol) was added to the residue under positive flow of N,. The
solids were resuspended in 6.6 mL dry CH,Cl, and the reaction mixture was cooled to
0°C in an ice bath. Triethylamine (0.922 mL, 6.61 mmol) was added dropwise to the
stirred reaction mixture. After full addition, the reaction was stirred at room temperature
for 2 hours. The reaction mixture was concentrated to remove volatiles. The crude
residue was redissolved in CH,Cl, and concentrated onto a celite pad. This was purified
by reverse phase chromatography using a Biotage C-18 12 g SNAP cartridge. 87% yield.
(274 mg, 0.575 mmol) ESI-MS calculated for Co4H,N4OsP [M+H]"=477.13, found
477.1.

"H NMR (500 MHz; CDCl;): & 8.69 (d, J= 4.6 Hz, 2H), 8.61 (d, J = 8.0 Hz, 2H), 8.43
(s, 2H), 8.15 (t, /= 8.8 Hz, 2H), 7.87 (t, J = 7.6 Hz, 2H), 7.36 (d, J = 8.2 Hz, 4H), 4.29-
4.17 (m, 2H), 3.55 (d, J=22.3 Hz, 2H), 1.30 (t,J = 7.0 Hz, 3H).

3'PNMR (202 MHz; CDCl;): & 21.76.

Manganese (II) chloride 1-(2-(]2,2':6',2"'-terpyridin]-4'-yloxy)ethyl)-1H-pyrrole-2,5-

dione (14) was synthesized according to the procedure indicated in the literature.*

4-bromo-N1,N2-dimethylbenzene-1,2-diamine (15): A dry 50 mL Schlenk flask
equipped with a stir bar was charged with 4-bromobenzene-1,2-diamine (0.750 g, 4.009
mmol). The flask was evacuated and purged with 3 times with N,. The solid was
dissolved in 8 mL CH,Cl; and 0.989 mL (12.029 mmol) pyridine was added to the

solution. The reaction mixture was cooled in an ice bath and ethyl chloroformate was
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added dropwise to the reaction mixture. The reaction was stirred for 5 hours at room
temperature. The reaction was then washed with H,O (50 mL) and brine (50 mL) and the
organic layer was dried over MgSO,. This was concentrated to afford a white solid. The
residue was redissolved in 15 mL dry Et,O and the solution transferred to a dry Schlenk
flask containing a stir bar. LiAlH4 (700 mg, 18.44 mmol) was added slowly to the
reaction mixture and the reaction was stirred overnight at room temperature. 800 uL H,O
was slowly added to quench the reaction, followed by 800 puL 15% NaOH, followed by
2.4 mL H,O. The mixture was stirred for one hour, producing a chunky white precipitate.
The resultant mixture was filtered and the filtrate was concentrated to yield 15 as a brown
oil in 88% yield. (758.8 mg, 3.53 mmol). ESI-MS calculated for CsH;,BrN,
[M+H]"=215.02, found 215.0

'H NMR (500 MHz; CDCl3): & 7.21 (d, J=7.6 Hz, 1H), 7.02 (s, 1H), 6.98 (d, J=17.6

Hz, 1H), 3.43 (s, 1H), 3.43 (s, 1H), 2.97 (s, 3H), 2.90 (s, 3H).

4-bromo-N',N*-dimethyl-N',N*-bis(pyridin-2-ylmethyl)benzene-1,2-diamine (16): 4-
bromo-N1,N2-dimethylbenzene-1,2-diamine 15 (400 mg, 1.860 mmol) was weighed into
a 50 mL Schlenk flask containing a stir bar and fitted with a rubber septum. The solid
was dissolved in 4 mL DMF and the solution was cooled to 0°C in an ice bath. NaH
(60% suspension in mineral oil) (446 mg, 11.17 mmol) was added slowly to the mixture.
After full addition, the mixture was stirred at 0°C for 15 minutes. 2-
(chloromethyl)pyridine (915 mg, 5.58 mmol) was added to the reaction mixture as a
solution in 1:1 DMF:Et;N. The reaction was gradually warmed to room temperature and

stirred for 48 hours. The reaction mixture was then poured into 60 mL 1 M NaOH and the
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aqueous phase was extracted with CH,Cl; (3 x 50 mL). The organic layers were
combined and dried over Na,SO4. The organic fractions were concentrated onto silica
and purified by silica flash chromatography (1% Et;N/EtOAc) yielded product 16 as a
red oil in 93% yield. (688 mg, 1.73 mmol). ESI-MS calculated for Cy0H,,BrN4
[M+H]"=397.10, found 397.1

'H NMR (500 MHz; CDCl;): & 8.56 (dd, J=10.1, 4.6 Hz, 2H), 7.58 (dt, J=15.9, 7.8
Hz, 2H), 7.19 (q, J = 6.3 Hz, 2H), 7.11 (dd, J=11.4, 8.0 Hz, 2H), 7.06 (dd, J=4.3, 2.3

Hz, 2H), 6.83 (d, J= 9.1 Hz, 1H), 4.66 (s, 2H), 4.59 (s, 2H), 2.82 (s, 3H), 2.80 (s, 3H).

Diethyl (3,4-bis(methyl(pyridin-2-ylmethyl)amino)phenyl)phosphonate (17): Into a
dry 50 mL Schlenk flask under positive flow of N, was weighed Pd(OAc), (2.6 mg,
0.014 mmol), 1,1'-bis(diphenylphosphino)ferrocene (12.7 mg, 0.023 mmol), 16 (200 mg,
0.504 mmol), and potassium acetate (4.5 mg, 0.046 mmol). The reaction components
were dissolved in 5 mL dry THF and 77 pL (0.549 mmol) triethylamine was added. The
mixture was heated to 68°C and stirred for 15 minutes. Diethyl phosphite (59 uL, 0.458
mmol) was added dropwise to the pre-equilibrated mixture and the reaction was stirred
overnight. The reaction mixture was cooled to room temperature and concentrated onto a
silica. The crude mixture was then purified by silica flash chromatography (1%
MeOH/1% Et;:N/98% CH,Cl, to afford 17 as a reddish/brown oil. 91% yield. (209.1 mg,
0.460 mmol). ESI-MS calculated for C,4H3,N4O3P [M+H]+=455 .22, found 455.2.

'H NMR (500 MHz; CDCl;): & 8.52 (dd, J=9.2, 4.6 Hz, 2H), 7.48 (dtd, J=18.6, 7.7,

1.5 Hz, 2H), 7.38 (ddd, J=12.7, 8.2, 1.5 Hz, 2H), 7.32 (dd, J = 14.2, 1.4 Hz, 1H), 7.12
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(dt, J=10.7, 5.6 Hz, 1H), 7.01 (dd, J = 16.9, 7.9 Hz, 2H), 6.97 (dd, J = 8.2, 4.8 Hz, 1H),
4.74 (s, 2H), 4.53 (s, 2H), 4.10-3.98 (m, 4H), 2.89 (s, 3H), 2.80 (s, 3H).

3'P.NMR (202 MHz; CDCI3): § 20.45.

Ethyl (4-nitrophenyl) (3,4-bis(methyl(pyridin-2-
ylmethyl)amino)phenyl)phosphonate (18): Diethyl (3,4-bis(methyl(pyridin-2-
ylmethyl)amino)phenyl)phosphonate 17 (100 mg, 0.220 mmol) was weighed into a 25
mL round bottom flask equipped with a stir bar, reflux condenser and sealed with a
rubber septum. The setup was evacuated and purged with 3 times with N,. The solid was
suspended in 4 mL (42.9 mmol) POCIl; and heated to 70°C for 18 hours. The reaction
mixture was cooled to room temperature and excess POCl; was removed in vacuo. 4-
nitrophenol (76.5 mg, 0.550 mmol) was added to the residue under positive flow of No.
The solids were resuspended in 8 mL dry CH,Cl, and the reaction mixture was cooled to
0°C in an ice bath. Triethylamine (153 pL, 1.10 mmol) was added dropwise to the stirred
reaction mixture. After full addition, the reaction was stirred at room temperature for 2
hours. 2 mL EtOH was added to the mixture and it was stirred for an additional 2 hours.
The reaction mixture was concentrated to remove volatiles. The crude residue was
redissolved in CH,Cl, and concentrated onto silica. The product was purified on silica
(100% CH,Cl, = 2% MeOH/CH,Cl, 2 10% MeOH/CH,Cl,) 56% yield. (65.4 mg, 0.119
mmol) ESI-MS calculated for C,sH3;NsOsP [M+H]+=548.21, found 548.2.

'H NMR (500 MHz; CDCI3): 8 8.55 (d, J=4.5 Hz, 1H), 8.51 (d, J=4.5 Hz, 1H), 8.17
(s, 1H), 8.15 (s, 1H), 7.60 (d, J= 0.7 Hz, 1H), 7.52 (d, /= 0.5 Hz, 1H), 7.43 (dd, J =

12.6, 8.9 Hz, 1H), 7.36 (d, J = 14.8 Hz, 1H), 7.28 (d, J = 8.9 Hz, 2H), 7.20 (d, J=23.0
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Hz, 2H), 7.07 (d, J=7.1 Hz, 1H), 7.02 (d, /= 7.2 Hz, 1H), 6.98 (dd, /= 8.2, 5.2 Hz, 1H),
4.86 (s, 2H), 4.58 (s, 2H), 4.27-4.19 (m, 2H), 2.93 (s, 3H), 2.81 (s, 3H), 1.36 (t, J=7.1
Hz, 3H).

3'P NMR (202 MHz; CDCl3): & 17.58.

Iron (IT) chloride ethyl (4-nitrophenyl) (3,4-bis(methyl(pyridin-2-
ylmethyl)amino)phenyl)phosphonate (18-Fe): Under N, atmosphere, ethyl (4-
nitrophenyl) (3,4-bis(methyl(pyridin-2-ylmethyl)amino)phenyl)phosphonate 18 (36.7 mg,
0.067 mmol) was weighed into a 5 mL conical vial containing a spin vane. The solid was
dissolved in 0.395 mL dry CH3CN and 8.5 mg (0.067 mmol) FeCl, was added to the
reaction mixture. The mixture was stirred for 24 hours and 3 mL dry Et,O was added,
generating copious yellow precipitate. The suspension was filtered on a fine frit to yield a
fine yellow powder. This solid was washed with copious Et,O and collected. 93% yield.

(42 mg 0.062 mmol).

Iron (IT) hexafluoroantimonate ethyl (4-nitrophenyl) (3,4-bis(methyl(pyridin-2-
ylmethyl)amino)phenyl)phosphonate (18-FeSbF): Complex 18-Fe (42 mg, 0.062
mmol) was weighed into a foil-wrapped 5 mL conical vial containing a spin vane. The
solid was suspended in 780 puL dry CH3CN and AgSbFs (42.8 mg, 0.125 mmol) was
added to the suspension yielding an immediate gray precipitate. The reaction mixture was
stirred at room temperature for 24 hours and filtered through celite and washed with
CH;CN. The filtrate was blue/violet. This was concentrated and redissolved in CH3CN.

The solution was filtered through a 0.22 um PTFE syringe filter and concentrated again.
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This was repeated twice more. 18-FeSbF¢ was obtained as a dark blue solid. 86% yield.

(57.3 mg, 0.495 mmol)

Diethyl (hydroxymethyl)phosphonate (19): 1.50 g (50 mmol) paraformaldehyde was
weighed into a 25 mL round bottom flask equipped with a stir bar and a reflux condenser.
Diethyl phosphite (6.44 mL, 50 mmol) and triethylamine (0.697 mL, 5 mmol) was added
to the mixture and the reaction was heated to 130°C for 4 hours. The reaction mixture
was cooled to room temperature and excess Ets;N was removed in vacuo. The crude
product was distilled by Kiigelrohr at 0.05 mmHg, 125°C to yield product 19 as clear,
colorless oil. 59% yield. (4.951 g, 29.4 mmol). ESI-MS calculated for CsH;404P
[M+H]"=169.06, found 169.1.

'H NMR (500 MHz; CDCl): & 4.17 (dtt, J=10.9, 7.2, 3.7 Hz, 4H), 3.90 (d, J = 6.1 Hz,
2H), 1.34 (t,J="7.1 Hz, 6H).

3'P NMR (202 MHz; CDCI3): § 24.10.

(Diethoxyphosphoryl)methyl trifluoromethanesulfonate (20): A dry 100 mL Schlenk
flask equipped with a stir bar was charged with 2.00 g (11.896 mmol) diethyl
(hydroxymethyl)phosphonate 19 and 1.663 mL (14.275 mmol) 2,6-lutidine. The reagents
were dissolved in 20 mL dry CH,Cl, and the reaction mixture was cooled to -78°C in a
dry ice/acetone bath. Freshly distilled trifluoromethanesulfonic anhydride (2.302 mL,
13.680 mmol) was added to the reaction dropwise, resulting in an immediate red/orange
color. The reaction was gradually warmed to 0°C over 3 hours. A brown precipitate was

formed over that time. The reaction mixture was filtered and the solid was washed with
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Et,0. The filtrate was washed with 1 M HCI (3 x 20 mL), dried over MgSQOs, and
concentrated to yield product 20 as an orange oil. 87% yield. (3.1197 g, 10.4 mmol). The
product should be stored at low temperature to prevent decomposition. ESI-MS
calculated for CsH3F306PS [M+H]+=301 .01, found 301.0.

'H NMR (500 MHz; CDCls): & 4.61 (d, J= 8.8 Hz, 2H), 4.28-4.22 (m, 4H), 1.39 (t, J =
7.1 Hz, 6H).

3'P.NMR (202 MHz; CDCI3): § 12.22.

N',N*-bis(pyridin-2-ylmethyl)ethane-1,2-diamine (21): A 100 mL round bottom flask
equipped with a stir bar and a reflux condenser was charged with 1,2-ethylenediamine
(669 uL, 10.0 mmol) and 5 mL dry MeOH. 2-pyridinecarboxaldehyde (1.902 mL, 20.0
mmol) was added to the solution and the mixture was refluxed for 1 hour. The reaction
was cooled to room temperature and placed in an ice bath. NaBH,4 (2.017 g, 53.3 mmol)
was added slowly in small portions to control the resulting exotherm. The reaction
mixture was then heated to reflux overnight. The reaction was cooled back to room
temperature and 1M HCI was added in order to quench excess NaBH4. The mixture was
then concentrated to remove excess MeOH. The resulting aqueous solution was
transferred to a separatory funnel and neutralized with saturated NaHCOs. The aqueous
layer was extracted with CH,Cl, (3 x 100 mL), dried over Na,SOj, and concentrated to
yield product 21 as a brown/orange oil. 95% yield. (2.3193 g, 9.54 mmol). ESI-MS
calculated for C4H;oN4 [M+H]'=243.16, found 243.2.

'H NMR (500 MHz; CDCl;): & 8.54 (d, J = 4.5 Hz, 2H), 7.63 (td, J= 7.6, 1.3 Hz, 2H),

7.32(d, J=17.7 Hz, 2H), 7.15 (t, J = 6.1 Hz, 2H), 3.93 (s, 4H), 2.84 (s, 4H).
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N'-methyl-N',N*-bis(pyridin-2-ylmethyl)ethane-1,2-diamine (22): 2.00 g (8.254
mmol) 21 was weighed into a 50 mL round bottom flask equipped with a stir bar and a
rubber septum. The oil was dissolved in 42 mL MeOH and formaldehyde (37% in H,0)
(16.304 mL, 201 mmol) was added to the solution. The mixture was stirred at room
temperature for 12 hours. The reaction mixture was concentrated under high vacuum to
remove excess formaldehyde. The crude imidazolidine intermediate was redissolved in
42 mL MeOH. 622 mg (9.904 mmol) NaBH3;CN was added to the reaction mixture and
CF;COOH (1.263 mL, 16.507 mmol) was added dropwise, producing a mild exotherm.
The reaction was stirred for 12 hours at room temperature, after which 70 mL 4 M NaOH
was added to quench excess NaBH3;CN. The mixture was stirred for another hour at room
temperature and then concentrated to remove volatiles. The resulting aqueous solution
was extracted with CH,Cl, (3 x 50 mL). The organic fractions were dried over Na;SO4
and concentrated onto silica. The crude product was purified by silica flash
chromatography (2% MeOH/1% Et;N/CH,Cl,). 39% yield. 834.3 mg, 3.26 mmol. ESI-
MS calculated for C;sHa N4 [M+H]'=257.18, found 257.2.

'H NMR (500 MHz; CDCl;): & 8.53 (t, J = 4.6 Hz, 2H), 7.64 (qd, J= 7.6, 1.3 Hz, 3H),
7.46 (d,J=7.7 Hz, 1H), 7.40 (d, J= 7.8 Hz, 1H), 7.31 (d, J= 7.8 Hz, 1H), 7.15 (t,J =
6.0 Hz, 2H), 7.15 (t, J= 6.0 Hz, 2H), 3.90 (s, 2H), 3.68 (s, 2H), 3.66 (s, 2H), 2.64 (s, 2H),

2.27 (s, 3H).

Diethyl (((2-(methyl(pyridin-2-ylmethyl)amino)ethyl)(pyridin-2-

ylmethyl)amino)methyl)phosphonate (23): A 50 mL Schlenk flask containing a stir bar
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was charged with 400 mg (1.560 mmol) 22 and K,COs3 (862.6 mg, 6.241 mmol). After
evacuation and purging 3 times with N,, 7.5 mL dry CH3CN was added to the reagents,
followed by the dropwise addition of (diethoxyphosphoryl)methyl
trifluoromethanesulfonate 20 (468.4 mg, 1.560 mmol) as a solution in 7.5 mL CH;3;CN.
The reaction mixture was stirred at room temperature overnight, after which it was
concentrated, redissolved in 50 mL CH,Cl,, and washed with 1 M HCI (50 mL). The
aqueous layer was neutralized with NaHCO3 and extracted with CH,Cl, (4 x 50 mL). The
organic layers were combined, dried over Na,SOj, and concentrated. Product 23 was
obtained as a brown/yellow oil. 96% yield. (608 mg, 1.50 mmol) ESI-MS calculated for
C20H3:N4O3P [M+H]"=407.22, found 407.2.

'H NMR (500 MHz; CDCl;): & 8.53 (t, J = 4.4 Hz, 2H), 7.64 (qd, J= 8.4, 1.5 Hz, 2H),
7.54 (d,J=7.8 Hz, 1H), 7.41 (d, /= 7.8 Hz, 1H), 7.18-7.15 (m, 2H), 4.13 (quintet, J =
7.2 Hz, 4H), 3.98 (s, 2H), 3.67 (s, 2H), 3.08 (d, /= 10.2 Hz, 2H), 2.91 (t, J = 6.9 Hz, 2H),
2.65 (t,J=6.9 Hz, 2H), 2.26 (s, 3H).

3'P NMR (202 MHz; CDCI3): § 25.43.

Ethyl hydrogen (((2-(methyl(pyridin-2-ylmethyl)amino)ethyl)(pyridin-2-
ylmethyl)amino)methyl)phosphonate (24): 23 (608 mg, 1.497 mmol) was weighed into
a 25 mL round bottom flask equipped with a stir bar and a reflux condenser. 5.98 g
(149.7 mmol) NaOH was added and the mixture was dissolved in 5 mL H,O and heated
to reflux overnight. The reaction was then concentrated to remove H,O and the white

solid was thoroughly extracted with CH,Cl, and filtered. The filtrate was concentrated to
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yield the sodium salt of 24 as a yellow waxy oil. 100% yield. 560 mg, 1.494 mmol, ESI-

MS calculated for CgHosN4O5P [M+H]+=379.19, found 379.2.

Ethyl (4-nitrophenyl) (((2-(methyl(pyridin-2-ylmethyl)amino)ethyl)(pyridin-2-
ylmethyl)amino)methyl)phosphonate (25): Phosphonate 24 (558 mg, 1.394 mmol) was
weighed into a 25 mL round bottom flask equipped with a stir bar and reflux condenser.
To this was added DMAP (85 mg, 0.697 mmol) and 4-nitrophenol (233 mg, 1.672
mmol). The reagents were dissolved in 6 mL dry toluene and 4 mL dry CH,Cl, and the
reaction mixture was heated to 65°C for 24 hours. After cooling to room temperature, the
reaction was concentrated onto a celite pad and purified by reverse phase
chromatography using a Biotage C-18 12 g SNAP cartridge. 10% yield. (70 mg, 0.139
mmol). ESI-MS calculated for C,4H3;NsOsP [M+H]+=500.21, found 500.2.

'H NMR (500 MHz; CDCl;): & 8.70 (d, J=4.8 Hz, 1H), 8.54 (d, J= 4.3 Hz, 1H), 8.18
(d, /=9.0 Hz, 2H), 7.93 (t,J= 7.3 Hz, 1H), 7.77 (td, J= 7.6, 1.2 Hz, 1H), 7.65 (d, J =
7.8 Hz, 1H), 7.48 (d, /= 7.8 Hz, 1H), 7.45 (t, J= 6.4 Hz, 1H), 7.33 (dd, J= 7.5, 5.3 Hz,
1H), 7.30 (d, J= 8.8 Hz, 2H), 4.51 (s, 2H), 4.21 (s, 2H), 4.21-4.13 (m, 2H), 3.54 (s, 2H),
3.37 (s, 2H), 2.90 (s, 3H), 1.25 (t, J = 7.0 Hz, 3H).

3'P NMR (202 MHz; CDCI3): § 21.28.

4-bromo-N2,Nﬁ-bis(Z-chloroethyl)pyridine-2,6-dicarb0xamide (26): Br; (688 uL,
13.42 mmol) was added to an N-purged 100 mL round bottom flask equipped with a stir
bar and a rubber septum. This was dissolved in 5 mL dry hexanes and stirred

vigourously. PBr3; (1.543 mL, 16.3 mmol) was added dropwise to the solution, resulting

124



in the rapid formation of a yellow solid. After full addition, the mixture was stirred for 1
hour at room temperature. The solid PBrs was then washed and decanted with copious
hexanes to remove residual Br,. The solid was then dried in vacuo for 1 hour on a high
vacuum line. Chelidamic acid monohydrate (1.00 g, 4.972 mmol) was added to this and
the solids were mixed to homogeneity. The solid mixture was then heated to 90°C,
producing a melt, which was stirred for an additional 5 hours. The reaction mixture was
cooled to room temperature and 3 mL dry CHCIl; was added to the mixture. This was
stirred for 30 minutes. The suspension was filtered and the remaining solid was washed
with dry CHCls. The filtrate was concentrated leaving a crystalline acyl bromide
derivative of chelidamic acid. In a separate 25 mL round bottom flask equipped with a
stir bar and a rubber septum, 2-chloroethylamine hydrochloride (634.4 mg, 5.47 mmol)
was dissolved in 12.5 mL CHCl; and 5 mL Et;N. This solution was cooled to 0°C. The
acyl bromide was dissolved in 12.5 mL CHCI; and the solution was added dropwise to
the 2-chloroethylamine solution. The reaction mixture was then warmed to room
temperature and stirred for 5 hours. After 5 hours, volatiles were removed in vacuo and
the crude mixture was purified by silica flash chromatography (60% EtOAc/Hexanes) to
afford 26 as a white solid. 54% yield. (990 mg, 2.68 mmol). ESI-MS calculated for
C11H3BrC1LN;0, [M+H]'=367.96, found 368.0.

'H NMR (500 MHz; CDCl;): & 8.55 (s, 2H), 8.08 (s, 2H), 3.90 (q, J= 5.7 Hz, 4H), 3.79

(t,J=5.5 Hz, 4H).

2,2'-(4-bromopyridine-2,6-diyl)bis(4,5-dihydrooxazole) (27): 4-bromo-N*,N°-bis(2-

chloroethyl)pyridine-2,6-dicarboxamide 26 (90 mg, 0.244 mmol) and sodium hydride
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(60% suspension in mineral oil) (39 mg, 0.976 mmol) were added to a dry 50 mL round
bottom flask equipped with a stir bar and rubber septum. The flask was evacuated and
purged 3 times with N,. The solids were suspended in 10 mL THF and stirred overnight.
The mixture was then filtered on celite and the filtrate was concentrated, affording 27 as a
pure white powder. 76% yield. (55 mg, 0.185 mmol). ESI-MS calculated for
C11H11BrN;O, [M+H]"=296.00, found 296.0.

'H NMR (500 MHz; CDCls): & 8.34 (s, 2H), 4.54 (t, J=9.7 Hz, 4H), 4.13 (t, J=9.7 Hz,

4H).

Diethyl (2,6-bis(4,5-dihydrooxazol-2-yl)pyridin-4-yl)phosphonate (28): A dry 50 mL
Schlenk flask equipped with a stir bar under positive flow of N, was charged with pybox
27 (355 mg, 1.199 mmol), Pd(OAc), (6.73 mg, 0.030 mmol), 1,1'-
bis(diphenylphosphino)ferrocene (33.2 mg, 0.060 mmol), and potassium acetate (11.8
mg, 0.120 mmol). The reaction components were dissolved in 2.5 mL dry THF and 201
pL triethylamine was added. The mixture was heated to 68°C and stirred for 15 minutes.
Diethyl phosphite (154.4 pL, 1.199 mmol) was added dropwise to the pre-equilibrated
mixture and the reaction was stirred overnight. The reaction mixture was cooled to room
temperature and concentrated onto silica. The crude mixture was purified by silica flash
chromatography (0.5% Et;N/2% MeOH/CH,Cl,) to afford 28 as a white solid. 83% yield.
(350.6 mg, 0.992 mmol). ESI-MS calculated for C;sH,;N3;OsP [M+H]+=354.12, found
354.1.

'H NMR (500 MHz; CDCl3): & 8.50 (d, J = 13.3 Hz, 2H), 4.55 (t, J=9.7 Hz, 2H), 4.26-

4.19 (m, 4H), 4.15 (t, J = 9.6 Hz, 4H), 1.35 (t, J = 7.6 Hz, 6H).
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S'PNMR (202 MHz; CDCl;): § 12.56.

tert-butyl 2-(4-bromophenyl)acetate (29): To a 50 mL Schlenk flask under positive
flow of N, and equipped with a stir bar was added 4-bromophenylacetic acid (500 mg,
2.33 mmol), 4-dimethylaminopyridine (227 mg, 1.86 mmol) and tert-butanol (667 pL,
6.975 mmol). The reagents were dissolved in 2.33 mL dry CH,Cl, and the mixture was
cooled to 0°C in an ice bath. Dicyclohexylcarbodiimide (528.7 mg, 2.56 mmol) was
added portionwise to the mixture and the reaction was stirred at room temperature
overnight. The reaction mixture was concentrated and the crude product was purified by
silica gel chromatography (5% EtOAc/Hexanes) to afford 29 as a clear colorless oil. 63%
yield. (403.7 mg, 1.489 mmol). ESI-MS calculated for C1,H;sBrO, [M+H]'=270.03,
found 270.1.

'H NMR (500 MHz; CDCly): & 7.44 (d, J= 6.7 Hz, 2H), 7.14 (d, J = 6.9 Hz, 2H), 3.47

(s, 2H), 1.43 (s, 9H).

tert-butyl 2-(4-(diethoxyphosphoryl)phenyl)acetate (30): fert-butyl 2-(4-
bromophenyl)acetate 29 (403.7 mg, 1.49 mmol), Pd(OAc), (7.6 mg, 0.034 mmol), 1,1'-
bis(diphenylphosphino)ferrocene (37.5 mg, 0.068 mmol), and potassium acetate (13.2
mg, 0.135 mmol) were added to a dry 50 mL Schlenk flask equipped with a stir bar under
positive flow of N,. The reaction components were dissolved in 4 mL dry THF and 226.5
pL (1.624 mmol) triethylamine was added. The mixture was heated to 68°C and stirred
for 15 minutes. Diethyl phosphite (174 uL, 1.353 mmol) was added dropwise to the pre-

equilibrated mixture and the reaction was stirred overnight. The reaction mixture was
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cooled to room temperature and concentrated onto silica. The crude mixture was purified
by silica flash chromatography (50% EtOAc/Hexanes) to afford 30 as a white solid. 46%
yield. (225 mg, 0.685 mmol). ESI-MS calculated for C1sHc0sP [M+H]'=329.15, found
329.2.

'H NMR (500 MHz; CDCl3): & 7.77 (dd, J=13.1, 7.8 Hz, 2H), 7.37 (dd, J = 7.6, 3.7 Hz,
2H), 4.20-4.03 (m, 4H), 3.58 (s, 2H), 1.44 (s, 9H), 1.32 (t, J = 7.0 Hz, 6H).

S'P.NMR (202 MHz; CDCI3): & 18.89.

tert-butyl 2-(4-(ethoxy(4-nitrophenoxy)phosphoryl)phenyl)acetate (31): tert-butyl 2-
(4-(diethoxyphosphoryl)phenyl)acetate 30 (100 mg, 0.305 mmol) was added to a 50 mL
round bottom flask equipped with a stir bar, a reflux condenser, and a rubber septum. The
setup was evacuated and purged 3 times with N,. The ester was dissolved in 6 mL SOCl,
and a few drops of dry DMF were added to the solution. The reaction mixture was heated
to reflux for 5 hours. The reaction was cooled to room temperature and excess SOCI, was
removed in vacuo affording a crude solid. 4-nitrophenol (106 mg, 0.762 mmol) was
added to the solid and the mixture was resuspended in 4 mL CH,Cl,. The reaction
mixture was cooled to 0°C in an ice bath and dry triethylamine (212uL, 1.52 mmol) was
added dropwise to the stirring suspension. The reaction was warmed to room temperature
and stirred for 2 hours. Volatiles were removed in vacuo and the crude product was
redissolved in CH,Cl, and concentrated onto silica. Purification by silica flash
chromatography (30% EtOAc/Hexanes) afforded product 31 as an off-white solid in 35%
yield. (45.5 mg, 0.108 mmol). ESI-MS calculated for C0H,sNO-P [M+H]'=422.14,

found 422.1.
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"H-NMR (500 MHz; CDCL3): & 8.20 (d, J=9.1 Hz, 2H), 7.85 (dd, J = 13.7, 8.1 Hz, 2H),
7.44 (dd, J=7.9, 4.2 Hz, 2H), 7.36 (d, J = 8.7 Hz, 2H), 4.38-4.25 (m, 2H), 3.62 (s, 2H),
1.57 (s, 9H), 1.41 (t, J= 7.1 Hz, 3H).

S'P.NMR (202 MHz; CDCls): & 16.12 (s, 1P).

2-(4-(ethoxy(4-nitrophenoxy)phosphoryl)phenyl)acetic acid (32): tert-butyl 2-(4-
(ethoxy(4-nitrophenoxy)phosphoryl)phenyl)acetate 31 (45.5 mg, 0.108 mmol) was
weighed into a 5 mL conical vial equipped with a spin vane. The compound was
dissolved in 2.5 mL dry CH,Cl,. Trifluoroacetic acid (377 pL, 4.859 mmol) was added to
the mixture and the reaction was stirred at room temperature for 5 hours. Concentration
to remove volatiles afforded product 32 as yellow solid in quantitative yield. (39.4 mg,
0.108 mmol). ESI-MS calculated for C;cH;7NO,P [M+H]+=366.07, found 366.1.

'H NMR (500 MHz; CDCl;): & 8.21 (d, J=9.0 Hz, 2H), 7.88 (dd, J = 13.6, 8.0 Hz, 2H),
7.48 (dd, J=17.9, 4.2 Hz, 2H), 7.35 (d, J=9.0 Hz, 2H), 4.37-4.28 (m, 2H), 3.76 (s, 2H),
1.41 (t,J=17.1 Hz, 3H).

3'P NMR (202 MHz; CDCls): & 15.70.

Dirhodium triacetate 2-(4-(ethoxy(4-nitrophenoxy)phosphoryl)phenyl)acetate (33):
A 25 mL Schlenk flask equipped with a stir bar was charged with 17.44 mg (0.048 mmol)
carboxylic acid 32, 27.6 mg (0.048 mmol) Rhy(OCCH3)3(OCCF3), and 13.2 mg (0.095
mmol) anhydrous K,COs. The flask was evacuated and purged with N 3 times and the
solids were suspended in 2.74 mL dry THF. The reaction mixture was then heated to

50°C for 3 hours. The mixture was then cooled to room temperature and concentrated
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onto silica. Purification by silica flash chromatography (30% —> 40% MeCN/CH,Cl,)
afforded product 33 as a bright purple solid. 25% yield. (9.2 mg, 0.012 mmol). ESI-MS
calculated for C,oH>7NO14PRh, [M+H3O]+=765.93, found 766.1.

'H NMR (500 MHz; CD;CN): & 8.22 (d, J=9.1 Hz, 2H), 7.78 (dd, J = 13.5, 8.1 Hz,
2H), 7.41 (d, J=9.1 Hz, 2H), 7.24 (dd, /= 8.2, 4.1 Hz, 2H), 4.26 (quintet, J = 7.4 Hz,
2H), 3.48 (s, 2H), 1.80 (s, 3H), 1.75 (s, 6H), 1.34 (t, J = 7.0 Hz, 3H).

3'P NMR (202 MHz; CD;CN): & 15.48.

di-tert-butyl 3,3'-(5-(bromomethyl)-1,3-phenylene)bis(2,2-dimethylpropanoate) (34):
A solution of LDA (2.0 M in THF) (2.982 mL, 5.605 mmol) was added to a dry 50 mL
Schlenk flask equipped with a stir bar and cooled to -78°C in a dry ice/acetone bath. tert-
butyl isobutyrate (1.010 g, 7.007 mmol) was added dropwise as a solution in 3.5 mL
THF. The mixture was gradually warmed to room temperature and stirred for 1.5 hours to
allow full deprotonation. In a separate 50 mL Schlenk flask equipped with a stir bar,
1,3,5-tri(bromomethyl)benzene (1.00 g, 2.803 mmol) was dissolved in 5 mL dry THF.
The deprotonation mixture was cannulated dropwise into the vigorously stirred 1,3,5-
tri(bromomethyl)benzene solution. After full addition, the reaction mixture was stirred at
room temperature for 16 hours. The reaction was quenched with H>O and extracted into
CH:Cl, (3 x 50 mL). The organic fractions were combined, dried over Na;SO4, and
concentrated onto silica. Purification by silica flash chromatography (2%
EtOAc/Hexanes) afforded 34 as a pale yellow oil. 32% yield. (430 mg, 0.889 mmol).

ESI-MS calculated for C,sH40BrO4 [M+H]'=483.21, found 483.2.
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"H NMR (500 MHz; CDCls): § 7.03 (s, 2H), 6.88 (s, 1H), 4.41 (s, 2H), 2.78 (s, 4H), 1.55

(s, 9H), 1.44 (s, 18H), 1.11 (s, 12H).

di-tert-butyl 3,3'-(5-((ethoxy(4-nitrophenoxy)phosphoryl)methyl)-1,3-
phenylene)bis(2,2-dimethylpropanoate) (35): di-tert-butyl 3,3'-(5-(bromomethyl)-1,3-
phenylene)bis(2,2-dimethylpropanoate) 34 (550 mg, 1.137 mmol) was weighed into a 25
mL round bottom flask equipped with a stir bar and a reflux condenser. Triethyl
phosphite (5 mL) was added and the mixture was refluxed for 12 hours. The reaction was
then cooled to room temperature and excess P(OEt); was removed in vacuo. The residue
was then redissolved in SOCI, (5 mL) along with a few drops of dry DMF. The mixture
was refluxed overnight, after which the reaction was cooled and excess thionyl chloride
was removed in vacuo. 4-nitrophenol (316 mg, 2.274 mmol) was added to the residue and
the components were suspended in 5 mL THF (dry). The reaction mixture was cooled to
0°C and dry triethylamine (0.793 mL, 5.688 mmol) was added dropwise. The reaction
was stirred at room temperature for 2 hours. After removal of volatiles in vacuo, the
crude mixture was loaded onto silica and purified by silica flash chromatography (1:4
EtOAc/Hexanes = 1:1 EtOAc/Hexanes). 59% yield. (425 mg, 0.671 mmol). ESI-MS
calculated for C33H49NOoP [M+H]+=634.31, found 634.3.

'H NMR (500 MHz; CDCl;): & 8.18 (d, J=9.1 Hz, 2H), 7.21 (d, J = 8.7 Hz, 2H), 6.98
(s, 2H), 6.90 (s, 1H), 4.18-4.10 (m, 2H), 3.30 (d, /= 21.7 Hz, 2H), 2.78 (s, 4H), 1.46 (s,
18H), 1.27 (t, J=7.1 Hz, 3H), 1.09 (s, 12H).

3'P NMR (202 MHz; CDCls): & 24.13.
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3,3'-(5-((ethoxy(4-nitrophenoxy)phosphoryl)methyl)-1,3-phenylene)bis(2,2-
dimethylpropanoic acid) (36): di-tert-butyl 3,3'-(5-((ethoxy(4-
nitrophenoxy)phosphoryl)methyl)-1,3-phenylene)bis(2,2-dimethylpropanoate) 35 (102.4
mg, 0.161 mmol) was weighed into a 20 mL scintillation vial loaded with a stir bar. The
compound was dissolved in 4 mL dry CH,Cl,. Trifluoroacetic acid (0.556 mL, 7.259
mmol) was added to the solution and the reaction was stirred for 2 hours. 5 mL toluene
was then added and the mixture was concentrated in vacuo to afford a waxy yellow solid
in quantitative yield (83 mg, 0.161 mmol). ESI-MS calculated for C,sH33NOgP

[M+H]'=522.19, found 522.2.

Dirhodium diacetate 3,3'-(5-((ethoxy(4-nitrophenoxy)phosphoryl)methyl)-1,3-
phenylene)bis(2,2-dimethylpropanoate) (37): 3,3'-(5-((ethoxy(4-
nitrophenoxy)phosphoryl)methyl)-1,3-phenylene)bis(2,2-dimethylpropanoic acid) 36 (75
mg, 0.144 mmol) and Rh,(OCCHj3)4 (12.7 mg, 0.029 mmol, 0.2 eq) were weighed into a 5
mL conical vial containing a spin vane. 0.5 mL dichloroethane was added to the mixture
and the vial was tightly sealed. The reaction was heated to 125°C for 15 minutes, after
which it was cooled to room temperature and an additional 12.7 mg portion of
Rh,(OCCH3),4 was added to the mixture. This was repeated 5 times until a full equivalent
of Rh,(OCCH3)4 was added. The reaction was stirred at 125°C for an additional 30
minutes, after which it was cooled to room temperature and concentrated onto a celite
pad. The mixture was purified by reverse phase chromatography using a Biotage 12 g
SNAP C-18 cartridge. The product 37 was isolated as a purple solid. 28% yield. (34 mg,

0.514 mmol). ESI-MS calculated for C,90H39NO4PRh, [M+H;0 ]+=862.02, found 862.1.
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"H NMR (500 MHz; CDsCN): § 8.23 (d, J=9.1 Hz, 2H), 7.29 (d, J = 8.8 Hz, 2H), 6.83
(s, 2H), 6.79 (s, 1H), 4.22-4.15 (m, 2H), 3.35 (d, J = 21.6 Hz, 2H), 2.58 (s, 4H), 1.80 (s,
6H), 1.28 (t, J= 7.1 Hz, 3H), 0.93 (s, 12H).

3'P NMR (202 MHz; CD;CN): & 24.50.

Dimethyl 3,3'-(5-hydroxy-1,3-phenylene)bis(2,2-dimethylpropanoate) (38): A 20 mL
scintillation vial loaded with a stir bar was charged with 150 mg (0.510 mmol) 3,3'-(5-
hydroxy-1,3-phenylene)bis(2,2-dimethylpropanoic acid)* and 2 mL 1:7 MeOH/benzene.
To the stirred solution was added a 2.0 M solution of TMS-diazomethane in hexanes
(1.02 mmol) and the reaction was stirred at room temperature for 15 minutes. The
compound was concentrated and passed through a pad of silica eluting with 2:3
EtOAc:Hexanes. Diester 38 was obtained as a clear oil in quantitative yield (164 mg,

0.510 mmol). ESI-MS calculated for C,3H705 [M+H]+=323.19, found 323.2.

Dimethyl 3,3'-(5-(((trifluoromethyl)sulfonyl)oxy)-1,3-phenylene)bis(2,2-
dimethylpropanoate) (39): Phenol 38 (199 mg, 0.617 mmol) was weighed into a 25 mL
round bottom flask equipped with a stir bar and a rubber septum. The flask was evacuated
and purged 3 times with N,. The phenol was dissolved in 3 mL dry CH,Cl,, after which
dry pyridine (0.099 mL, 1.23 mmol) was added. The reaction mixture was cooled to 0°C
and trifluoromethanesulfonic anhydride (0.155 mL, 0.926 mmol) was added dropwise.
The reaction was warmed to room temperature and stirred for 5 hours. 10 mL H,O was
added to quench the reaction, and the aqueous layer was extracted with CH,Cl, (3 x 30

mL). The organic layers were combined, dried over Na,SO4, and concentrated to yield 39
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as a white crystalline solid. Quantitative yield. (280 mg, 0.617 mmol). ESI-MS calculated

for C1oHa6F30-S [M+H]=455.14, found 455.2.

Dimethyl 3,3'-(5-(3-((dimethylamino)(ethoxy)phosphoryl)propyl)-1,3-
phenylene)bis(2,2-dimethylpropanoate) (40): Ethyl P-allyl-N,N-
dimethylphosphonamidate® (78 mg, 0.440 mmol) was weighed into a 25 mL round
bottom flask equipped with a stir bar, a reflux condenser, and a rubber septum. The flask
was evacuated and purged 3 times with N, The compound was dissolved in 1 mL dry
THF and a 0.5 M solution of 9-BBN (1.76 mL, 0.880 mmol) was added. The mixture was
refluxed for 3 hours, after which it was cooled to room temperature and 2 mL dry THF
was added, along with 200 mg (0.440 mmol) triflate 39, 32.3 mg (0.040 mmol)
Pd(dppf)Cl,.CH,Cl,, and 328.82 mg (1.32 mmol) CsCOs. This yielded a violet solution.
0.5 mL Nj-sparged H,O was added to the mixture and it was heated to reflux for 12
hours. It was then cooled to room temperature and concentrated onto silica. The crude
mixture was purified by silica flash chromatography (100% EtOAc = 100% CH,Cl, -
2% MeOH/CH,Cl,). 218.2 mg 40 obtained as a red oil. 100% yield. ESI-MS calculated
for CosH4sNOgP [M+H]=484.28, found 484.3.

"H NMR (500 MHz; CDCl3): & 6.75 (s, 2H), 6.67 (s, 1H), 4.02 (ddt, J=14.3, 10.3, 7.1
Hz, 2H), 3.89-3.80 (m, 2H), 3.66 (s, 4H), 2.64 (d, J = 8.9 Hz, 6H), 2.63-2.54 (m, 2H),
1.27 (t, J=17.0 Hz, 3H), 1.15 (s, 12H).

3'P NMR (202 MHz; CDCl;): & 36.61.
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3,3'-(5-(3-((dimethylamino)(ethoxy)phosphoryl)propyl)-1,3-phenylene)bis(2,2-
dimethylpropanoic acid) (41): Into a 50 mL round bottom flask equipped with a stir bar
and reflux condenser was weighed 308.1 mg (0.637 mmol) diester 40. This compound
was dissolved in 10 mL MeOH and 7 mL 1 M NaOH. The solution was heated to reflux
for 2 hours. After this it was cooled to room temperature, transferred to a separatory
funnel and diluted with 50 mL H,O. The aqueous layer was washed with CH,Cl, (2 x 20
mL) and then acidified to pH 3.0, causing precipitation of product. This was extracted
into CH»Cl; (3 x 50 mL). The organic layers were combined, dried over Na,SO4, and
concentrated to yield 41 as a red oil that solidified into a yellow solid. 88% yield. (230
mg, 0.561 mmol). ESI-MS calculated for C,3H39NOgP [M+H]+=456.25, found 456.3.

'H NMR (500 MHz; CDCl;): & 6.92 (s, 2H), 6.80 (s, 1H), 4.06-4.00 (m, 1H), 3.95-3.88
(m, 1H), 2.79 (dq, J = 21.1, 10.1 Hz, 2H), 2.70-2.61 (m, 6H), 2.17 (s, 4H), 1.99 (dq, J =
15.1, 7.5 Hz, 2H), 1.65-1.50 (m, 2H), 1.30 (t, /= 7.1 Hz, 3H), 1.21 (d, /= 10.0 Hz, 12H).

3'P NMR (202 MHz; CDCls): & 39.27.

3,3'-(5-(3-(ethoxy(4-nitrophenoxy)phosphoryl)propyl)-1,3-phenylene)bis(2,2-
dimethylpropanoic acid) (42): Phosphoramidate 41 (110 mg, 0.241 mmol) was
dissolved in 2 mL dry benzene in a 20 mL scintillation vial containing a small stir bar. To
this solution was added 0.302 mL (1.21 mmol) 4.0 M HCI in dioxanes. The reaction
mixture was stirred for 2 hours, producing a crystalline precipitate. This was filtered off
through a glass wool plug and the filtrate was concentrated to remove benzene and excess
HCI. 4-nitrophenol (33.5 mg, 0.241 mmol) was added to the residue and the reagents

were suspended in 2 mL dry benzene and cooled to 0°C. 33.6 uL (0.241 mmol) dry Et;:N
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was added to the reaction and this was stirred for 2 hours at room temperature. The
reaction mixture was then concentrated, redissolved in CH,Cl,, and concentrated onto a
celite pad. The crude mixture was purified by reverse phase chromatography using a
Biotage 12 g SNAP C-18 cartridge to afford 42 in 80% yield. (105 mg, 0.193 mmol).

ESI-MS calculated for C,7H37NOoP [M+H]+=5 50.22, found 550.2.

Dirhodium diacetate 3,3'-(5-(3-(ethoxy(4-nitrophenoxy)phosphoryl)propyl)-1,3-
phenylene)bis(2,2-dimethylpropanoate) (43): Diacid 42 (20.2 mg, 0.037 mmol) and
NaH (60% in mineral oil) (14.6 mg, 0.365 mmol) were weighed into a 5 mL conical vial
equipped with a spin vane. The components were suspended in 2 mL dry THF and stirred
at 50°C for 1 hour. cis-Rh(OCCH3),(OCCF5),**(20.2 mg, 0.037 mmol) was added to the
mixture generating a brilliant green solution. The reaction mixture was stirred at 50°C for
an additional 10 hours, after which the reaction was cooled to room temperature and
filtered. The filtrate was concentrated onto celite and the crude product was purified by
reverse phase chromatography using a Biotage 12 g SNAP C-18 cartridge to afford 43 as
a purple solid. 44% yield. (14.3 mg, 0.016 mmol). ESI-MS calculated for
C31H43NO4PRh, [M+H;0]'=890.05, found 890.1.

'H NMR (500 MHz; CD;CN): & 8.30 (d, J=9.0 Hz, 2H), 7.28 (d, /= 9.0 Hz, 2H), 7.14
(s, 1H), 6.78 (s, 1H), 6.73 (s, 1H), 3.54 (dt, J = 14.0, 7.0 Hz, 3H), 3.42-3.24 (m, 2H),
2.99-2.87 (m, 2H), 2.84-2.61 (m, 4H), 1.87-1.75 (m, 6H), 1.37-1.22 (m, 12H), 1.18-1.03
(m, 3H).

3'P NMR (202 MHz; CD;CN): & 53.14.
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Expression of native Pfu POP

Chemically-competent Rosetta2(DE3) (Novagen) cells were transformed with plasmid
pJS3 obtained from Prof. Harold Schreier (UMBC)™. Transformants were allowed to
recover in SOC medium (37°C, 1 hour) and the mixture was spread onto agar plates
containing ampicillin and chloramphenicol (6.25 g LB powder mix, 4 g agar, 250 ml DDI
water, 100 ug/g ampicillin + 25 ug/g chloramphenicol) and the plates were incubated at
37°C for 16 hours. Colonies containing the pJS3 plasmid were obtained and inoculated
into 5 mL primary cultures containing 100 ug/g ampicillin + 25 ug/g chloramphenicol in
LB media. These were incubated overnight at 37°C with 250 rpm shaking. The following
day, the primary cultures were used to inoculate 1 L of LB media containing 100 ug/g
ampicillin + 25 ug/g chloramphenicol). These were incubated at 37°C with 250 rpm
shaking for ~5 hours until reaching an ODgpp=1.0. Overexpression of Pfu POP was
induced by addition of 1 mM isopropylthiogalactoside. The expression cultures were
incubated at 37°C with 250 rpm shaking for an additional 18 hours. Cells were harvested
by centrifugation at 3000 rpm for 10 minutes. They were resuspended in 100 mL 20 mM
sodium phosphate buffer pH 6.5 and lysed by sonication. The cell lysate was clarified at
15000 rpm for 1 hour. Clarified lysate was applied to a 3 x 5 mL HiTrap QFF anion
exchange columns (GE Healthcare Life Sciences) pre-equilibrated with 20 mM sodium
phosphate buffer pH 6.5. The protein was purified using a gradient of 0-500 mM NaCl in
20 mM sodium phosphate buffer pH 6.5. Fraction purity was confirmed by SDS-PAGE.
Pure fractions were combined and concentrated using Amicon® 30 kD spin filters. Pure

Pfu POP was buffer exchanged into H,O, snap frozen with liquid N, and stored at -20°C.
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Standard bioconjugation protocol for serine hydrolases with phosphonate cofactors
585 uL of 60 uM serine hydrolase in either 100 mM MES pH 6.0, 100 mM NaPi pH 7.0,
or 100 mM NaPi pH 8.0 was mixed with 15 pL. 24 mM phosphonate cofactor solution in
MeCN in a 1.5 mL microcentrifuge tube. Reactions were carried out at 25°C, 37°C, or
75°C in dry baths shaking at 600 rpm. Extent of bioconjugation was monitored by
LC/ESI-MS (applicable for all conditions) or by release of p-nitrophenol (applicable only
at pH >7.2). Upon completion of the bioconjugation reaction, hybrids were applied to a 5
mL HiTrap Desalting column pre-equilibrated with buffer. The hybrids were fractionated
in 1 mL portions. Fractions were evaluated for protein content by Bradford assay. Hybrid
fractions were combined and centrifuged with Amicon 10 kD or Amicon 30 kD spin
membrane filters in order to concentrate the samples. Hybrids were buffer exchanged for
at least three cycles into water and evaluated for adequate removal of cofactor. Then they

were aliquotted, snap frozen, and stored at -20°C.

MS Characterization of POP and hybrids

For ESI-TOF MS analysis, a sample of protein was desalted with centrifugal filters to a
mixture of water: acetonitrile: glacial acetic acid (49.5: 49.5: 1, v/v). The final protein
concentration was 50 uM. Acquisition of the spectra was perfomed by flow injection
analysis with fragmenter set at 100V-200V. For LC/ESI-Q-TOF and low-resolution
LC/MS analysis, 10 pL samples of 60 uM protein in HO or 100 mM NaPi pH 7.0 were
injected onto the Aeris WIDEPORE column using a standard gradient from 10%

ACN/90% H,0 + 0.1% formic acid to 90% ACN/10% H,O + 0.1% formic acid over 15
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minutes. Raw ESI spectra were deconvoluted using the Agilent Chemstation LC/MSD

data deconvolution module or Agilent MassHunter.

Standard bioconversion protocol for terpyridine variants

A solution of terpyridine hybrid (500 puL, 100 uM in H,O), 500 uL. NaPi buffer

(200 mM, pH 7.0 with 10% MeCN), and 12.5 pL substrate (80 mM stock in MeCN) were
added to a 1.5 mL microcentrifuge tube, and incubated at 4°C for 15 min. 5 puL of
peracetic acid aqueous solution (1 M) was added to the mixture. The resulting solution
was shaken at 4°C overnight. The final concentrations were: 1 mM substrate, 2.5 mM
AcOOH, and 50 uM hybrid. The reaction was quenched by adding 350 mL CH,Cl, and
25 uL 12 mM benzoic acid internal standard in MeCN. The pH was adjusted to pH 2 for
carboxylic acid substrates. The closed vials were agitated using a vortexer for 10 seconds
and centrifuged at 15,000 rpm for 3 min. The organic layer was isolated. Reverse phase
HPLC analysis was conducted on 10 uL sample using an Agilent Eclipse C-18 column
with a standard linear gradient method from 10% MeCN/90% H,O(+ 0.1% TFA) to 90%
MeCN/10% H,O(+ 0.1% TFA) over 15 minutes. Chiral HPLC was conducted with a Lux

Cellulose column using an isocratic method (10% iPrOH/Hexanes for 20 minutes).

Cloning and expression protocol for Pab mutants

Genomic DNA from Pyrococcus abyssii was obtained from Prof. Patrick Forterre at the
Institut Pasteur, France and cloned into pET28a plasmid vector using Ncol and Notl
restriction sites. The gene was cloned upstream of a C-terminal hexa-histidine tag for Ni-

NTA affinity chromatography. The PCR conditions were as follows: Phusion HF buffer
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1x, 0.2 mM dNTPs each, 0.5 uM forward primer, 0.5 uM reverse primer, 0.02 U/uLL

Phusion polymerase and 0.5 ng/mL template DNA. Nucleotide sequences for the primers

are summarized:

PABO0762 prolyl GTCATACCATGGATGGAAGACCCCTACATATGG
endopeptidase
forward
PABO0762 prolyl TAATATGCGGCCGCAAGGTGCAGGAGAACG
endopeptidase
reverse
PAB1418 S9 ATTAATCCATGGTTGATGCAATTAATATTTGGTGATACCGT
peptidase forward TAT
PAB1418 peptida TAAGATGCGGCCGCCTTGTTCTCACCCTTAAGTA
se reverse
PAB1300 acyl- | ATTAATCCATGGGTGATGAAGAAGATTAGTGAAAAAGACA
peptide hydrolase TTGA
forward
PAB1300 acyl- TATTAAGCGGCCGCTCTTCCCTTCAGCCA
peptide hydrolase

reverse

Table 2.1 Primers used for cloning Pab genes.

The thermal cycler was programmed as follows:

1. 98°C-60 seconds
2. 95°C-20 seconds
3. 54°C-45 seconds
4. 72°C-120 seconds
5. 72°C-10 minutes
25 repeat cycles from #2 to #4

Table 2.2 Program used for standard cloning of Pab genes from genomic DNA.

PCR amplified fragments and plasmid vector pET28a were restriction digested with Ncol

and Notl enzymes in recommended buffer at 37 °C for 2 hours. Digested DNA was

cleaned by agarose gel extraction using a Qiagen (Valencia, CA) gel extraction kit before

ligation. Ligations were set-up with a molar ratio of 1:3 (plasmid: insert) in 10 pL
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reaction mix. A typical ligase reaction mix had 3 ng/mL digested plasmid vector, 9
ng/mL of the insert, 1 pLL 10X ligase buffer and 1 U/mL ligase. The reaction mixture was
incubated at 16 °C overnight, cleaned using DNA purification kits and transformed into
Rosetta2(DE3) cells. Cells were spread on LB kanamycin/chloramphenicol plates (6.25 g
LB powder mix, 4 g agar, 250 ml DDI water, 50 ug/g kanamycin + 25 ug/g
chloramphenicol) before recovering in SOC medium for 1 hour at 37 °C. Plates were
incubated at 37 °C overnight; individual colonies that appeared next day were tested for
gene fragments by colony PCR. Clones that showed amplification for desired fragments
were inoculated on LB broth having 0.05 mg/mL kanamycin/chloramphenicol and grown
overnight at 37 °C, 250 rpm. Recombinant plasmids from these primary cultures were
isolated using a MiniPrep kit from Qiagen (Valencia, CA) and given for sequencing.
Plasmid sequencing was done at the UChicago sequencing facility and T7 forward and

T7 reverse primers were used for sequencing reactions.

Colonies containing the Pab-pET28a genes were used to inoculate 5 mL primary cultures
containing 50 ug/g kanamycin + 25 ug/g chloramphenicol in LB media were incubated
overnight at 37°C with 250 rpm shaking. The following day, the primary cultures were
used to inoculate 1 L of LB media containing 50 ug/g kanamycin + 25 ug/g
chloramphenicol). These were incubated at 37°C with 250 rpm shaking for ~5 hours until
reaching an ODgpp=1.0. Overexpression of Pab variants was induced by addition of 1
mM isopropylthiogalactoside. The expression cultures were incubated at 37°C with 250
rpm shaking for an additional 18 hours. Cells were harvested by centrifugation at 3000

rpm for 10 minutes. They were resuspended in 100 mL 20 mM sodium phosphate buffer
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pH 7.4/50 mM imidazole/50 mM NaCl and lysed by sonication. The cell lysate was
clarified at 15000 rpm for 1 hour. Clarified lysate was applied to a 3 x 5 mL HisTrap
NiNTA columns (GE Healthcare Life Sciences) pre-equilibrated with 20 mM sodium
phosphate buffer pH 6.5. The protein was purified using a gradient of 0-500 mM
imidazole in 20 mM sodium phosphate buffer pH 6.5/50 mM NaCl. Fraction purity was
confirmed by SDS-PAGE. Pure fractions were combined and concentrated using
Amicon® 30 kD spin filters. Pure Pab variants were buffer exchanged into H,O, snap

frozen with liquid N, and stored at -20°C.
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CHAPTER THREE
PYROCOCCUS FURIOSUS PROLYL OLIGOPEPTIDASE: METHODS AND

STRUCTURE

3.1 INTRODUCTION

The encapsulation of metal cofactors within a protein scaffold is an important
feature in the design of artificial metalloenzymes, as this defines the secondary
coordination sphere about the metal, ideally enabling controlled alteration of this
environment." Such secondary coordination sphere control is desirable to impart
selectivity on the metal catalyst at the core of the artificial metalloenzyme. As such,
judicious selection of an ArM scaffold should be employed to engender encapsulation of
the metal and, in turn, desired selectivity in ArM catalysis.

Prolyl oligopeptidase fits the description of an optimal ArM scaffold. Prolyl
oligopeptidase (POP; EC 3.4.21.26) is a serine peptidase that catalyzes the hydrolysis of
the C-terminal peptide bond of proline residues in short (<30 amino acid) peptides.™
POP is found in all three domains of life and is widely distributed throughout a variety of
tissue types, making its specific physiological role in different organisms a heavily
investigated topic.” The architecture of POP makes it an appealing scaffold for the
formation of ArMs. The two-domain protein is comprised of a canonical o/B-hydrolase
domain capped by a B-propeller domain.” The active site serine of POP sits at the base of
the central cavity enclosed by the B-propeller domain. In chapter two, we postulated that
anchoring phosphonate cofactors to the active site serine could fully encapsulate the

metal. This same logic was applied in chapter four, wherein a p-azidophenylalanine
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residue was introduced at the location of the active site serine to enable the enclosure of a
large bis-cyclononyne-linked (BCN) dirhodium catalyst.®

We obtained the gene for Pyrococcus furiosus POP (Pfu POP) to test it as a serine
hydrolase scaffold for the generation of ArMs using phosphonate-based cofactors
(chapter two). This particular homologue was chosen due to its reported robustness to
high temperatures and its facile heterologous expression in E. coli.® In addition, despite
the lack of a crystal structure for this enzyme at the time, researchers had built an
adequate homology model, forming the basis for initial studies in rational design of Pfu

POP ArMs (Chapter Four).”
3.2 RESULTS AND DISCUSSION

3.2.1 PYROCOCCUS FURIOSUS PROLYL OLIGOPEPTIDASE: AN ARM

SCAFFOLD

3.2.1.1 EXPRESSION

As described in chapter two, selection criteria for selecting novel serine hydrolase
scaffolds included not only a deep binding pocket to encapsulate the metal cofactor, but
also efficiency of gene expression in Escherichia coli. Expression of this gene had
already been reported in E. coli BL21(pLysS)DE3 cells. This gene® was obtained from
Prof. Harold Schreier at UMBC as a bacterial stab in this bacterial host. The gene itself
was contained in a pET11d plasmid, with inducible expression under the control of the
lac operon. Initial attempts at expressing this construct in the original host
BL21(pLysS)DE3 cells were successful, with IPTG-induced overexpression of the

soluble construct of the expected molecular weight, as evidenced by SDS-PAGE.
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Enzyme purification was accomplished by a combination of two rounds of heat treatment

at 85 °C followed by anion exchange on mild anion exchange Q resin.’

Figure 3.1 Anion exchange fractions from 1 L Pfu POP expression in BL21(pLysS)DE3.

Heat treatment effectively removed the vast majority of endogenous E. coli proteins,
while anion exchange enabled isolation of pure protein fractions. Pure anion exchange
fractions can be seen in Figure 3.1. High-speed centrifugal membrane concentration of
these fractions proceeded without discernable precipitation of the protein, a testament to
its high stability even at high, aggregation-prone concentrations. The ultimate yield of

Pfit POP with this expression host proved to be disappointingly low, however, with ~10
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mg/L isolated. Such low expression enabled preliminary bioconjugation/ArM
bioconversion studies, but was unsustainable for long-term investigations or screening of
catalysis conditions.

The low yield of Pfu POP could not be blamed on losses due to insoluble protein
expression or problems in isolation, as SDS-PAGE revealed that most of the protein was
expressed in soluble form and that little protein loss occurred during isolation/purification
steps. Rather, the problem was deemed to be likely a symptom of rare codon abundance
in the gene, a common problem in the expression of archaeal genes.'® To address this, we
transformed the Pfu POP plasmid into engineered E. coli strain BL21 Rosetta2(DE3)
(Novagen), which encodes seven extra tRNAs for rare codon translation. With this new

host, the yield of Pfu POP increased to ~30 mg/L, a 3-fold improvement. (Figure 3.2).
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Figure 3.2 SDS-PAGE anion exchange fractions from 1 L expression of Pfu POP in

Rosetta2(DE3) cells show improvement in overall expression yield.
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This proved to be sufficient to sustainably generate protein for formation of ArMs with
mechanism-based cofactors. Even greater expression yields were necessitated for the
introduction of unnatural amino acids (UAAs) into the Pfu POP scaffold, a strategy that
was used in the creation of SPAAC Pfu POP/dirhodium ArMs (chapter four). Since
amber codon suppression relies on the co-expression of tRNA/tRNA synthetase pairs
along with the introduction of exogenous amino acids, expression yields of proteins
containing unnatural amino acids tend to be markedly lower than their native parents."’
Therefore, we sought an alternative strategy to enhance expression yields.

Codon optimization is a strategy to convert rare codons to degenerate equivalents
that are more optimal for expression in heterologous hosts. '> The original Pfi POP gene
was converted to a codon-optimized form by GenScript, after which it was cloned into a
pET28a vector and transformed into BL21(DE3)Gold cells. This also introduced a C-
terminal hexahistidine tag for NiNTA affinity chromatography, greatly facilitating the
expression of the Pfu POP gene. With this improved gene construct, regular native Pfu
POP expression yields of ~150 mg/L could be obtained, while expression yields of Pfu
POP containing UAAs were ~100mg/L. In addition, purification was simplified to a
single step of NINTA affinity chromatography, enabling rapid processing and isolation of
pure protein (Figure 3.3). This significantly enhanced the practicality of this scaffold in

its use as a general scaffold for ArMs.
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Figure 3.3 SDS-PAGE of Pfu POP expression of codon-optimized gene in
BL21(DE3)Gold. Purification was carried out through NiNTA affinity chromatography

to yield ~150 mg/L.

3.2.1.2 STABILITY

An important aspect of ArM design revolves around the practicality of the protein
scaffold utilized in ArM formation. Given the ubiquity of prolyl oligopeptidases in every
domain of life, the number of viable source organisms for this gene is massive.'>'* The
first crystal structure of POP was solved with crystals of heterologously-expressed POP
from Sus scrofa, the common pig."” In spite of available structural data for this construct,
we opted for POP from the hyperthermophilic archaecon Pyrococcus furiosus. Aside from
practical concerns of expression, this POP variant had been proven to be exceptionally

stable to high temperatures. No melting temperatures have been reported for this enzyme,
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as Pfu POP can tolerate temperatures above 100°C. This exceptional robustness was an
attractive feature of this scaffold for the creation of ArMs, as this confers a number of
advantages. From a practical standpoint, scaffold stability enables a greater diversity of
conditions to be explored for catalysis, enhancing the flexibility of this platform to
accommodate chemical conditions that might not be endured by more sensitive protein
scaffolds. Such parameters might include high temperatures, high organic co-solvent
content, as well as resistance to proteolysis. Aside from these practical concerns, the high
stability of the protein scaffold enables a greater degree of tolerance for mutational loads.
This is important in the course of scaffold optimization by mutagenesis, since the protein
must be folded and soluble in order to constitute an effective ArM scaffold.'® Without
this stability, scaffold mutagenesis becomes significantly more constrained.

The robustness of Pfit POP to high temperature has been reported previously. '’
The optimum temperature of this enzyme in native peptide hydrolysis is 85-95°C."” The
temperature stability of this enzyme has been demonstrated with activity-based assays.
Biophysical characterization of Pfu POP stability has not yet been demonstrated,
however. In light of this, we sought to corroborate the reported stability studies by
detailed measurement of the circular dichroism signal of this enzyme as a function of
temperature. Even at 98°C (the maximum temperature allowed by the instrument), there

was no change in the CD spectrum of Pfu POP, indicating its imperviousness to high

temperatures. (Figure 3.4)
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Figure 3.4 CD spectra of Pfu POP acquired at increasing temperatures from 50°C-98°C.

Conditions: 10 uM Pfu POP in 100 mM NaPi pH 7.4.

A similar CD study was conducted to determine the stability of Pfu POP toward
increasing concentrations of organic co-solvent. Samples of Pfu POP were incubated for
5 minutes in medium containing the appropriate loading of cosolvent, after which the CD
signal was measured. Solvent tolerance was measured against two common organic co-
solvents used in our laboratory: tetrahydrofuran and acetonitrile (Figure 3.5).
Remarkably, the scaffold proved resistant to 40% loading of both of these co-solvents,
with clear denaturation starting at 50% solvent loading, finally leading to full

denaturation of the sample at 60% solvent loading. This affirms the remarkable
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robustness of Pfu POP, which may be a boon to future investigations where substrate

solubility or purification might necessitate more hydrophobic media.

Figure 3.5 CD titration curves with increasing concentrations of organic cosolvent.

Conditions:

5 uM Pfu POP in (100-x)% 100 mM sodium phosphate buffer pH 7.4/x% organic solvent

WT Pfu POP ACN tolerance

CD (mdeg) 222 nm

@ e T

% vol ACN

WT Pfu POP THF tolerance

CD (mdeg) 222 nm

.
% vol THF

In a testament to the mutational tolerance of this enzyme, we investigated the
temperature stability of a mutant Pfu POP-ZA4-HFF, which contains eight mutations
(G99H, E104A, F146A, K199A, D202A, L328H, S477Z, and G594F) relative to the

wild-type parent (the rationale for these mutations is discussed in chapter four).
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Remarkably, in spite of these mutations, the temperature robustness of this scaffold is
indistinguishable from that observed with wild-type Pfu POP. This demonstrated that not
only is high mutational load tolerated, but there is in fact room for even more mutagenic
diversification using POP-ZA4-HFF as a starting point.

In spite of the importance of structural stability in ArMs, there are times when one
must unfold the protein scaffold, either for characterization purposes or for enabling
bioconjugations of large cofactors (this necessitates the ability to refold the protein and
for bioconjugation to be dependent on inherent residue reactivity). Denaturation of Pfu
POP can be carried out by precipitation with organic solvent (see above), low pH,'® and
through the introduction of even small quantities of denaturing detergents like sodium
dodecylsulfate (SDS). This was apparent from CD spectra and ablated native activity of

the enzyme upon exposure to SDS (Figure 3.6).
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Figure 3.6 Characterization of effect of SDS on Pfu POP by CD and native activity
A) CD spectra of Pfu POP indicating a significant structural perturbation induced by

exposure to SDS.
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B) Pfu POP native peptidase activity in the presence and absence of SDS. Rate of Z-gly-
pro-p-nitroanilide amide hydrolysis is monitored by release of p-nitroaniline.

Measurements were taken at three temperatures
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3.2.1.3 ROUTINE CHARACTERIZATION OF PFU POP ARTIFICIAL
METALLOENZYMES
A key concern in the development of artificial metalloenzymes is their adequate
characterization, which is often a deficiency in ArM literature. Pfu POP has proven to be

a robust platform for detailed characterization of these highly complex hybrid catalysts.

3.2.1.3.1 NATIVE ACTIVITY

As shown above, a proxy for proper folding of Pfu POP is its ability to catalyze
its native peptide hydrolysis reactions. Native activity can also be assayed for the
evaluation of bioconjugation with mechanism-based inhibitor cofactors, like the
phosphonates discussed in Chapter Two. Reliable chromogenic and fluorogenic assays
have been developed for this purpose using the short substrate peptide Z-Gly-Pro-p-
nitroaniline and Z-Gly-Pro-2-naphthylamine (Scheme 3.1).'”'” These methods have been
employed by a number of coworkers in the search for alternative mechanism-based
cofactors. The preference in this work has been for robust physical characterization by

mass spectrometry.
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Scheme 3.1 Monitoring of Pfu POP native activity can be readily performed with
chromogenic or fluorogenic substrates Z-gly-pro-p-nitroaniline (top) and Z-gly-pro-2-

naphthylamine (bottom)

3.2.1.3.2 INTACT ELECTROSRAY IONIZATION MASS SPECTROMETRY
Mass spectrometry is one of the most important tools for the routine

characterization of covalent ArMs, as this enables rapid confirmation of extent of
bioconjugation and other modifications based on the observed shift in mass of the hybrid
relative to its parent scaffold. With advances in modern mass spectrometry, it is possible
to acquire high-resolution mass data for the characterization of proteins and covalent
modifications thereof. While MALDI has seen extensive application for small
biomolecule characterization (up to ~25 kDa), its utility for species of higher molecular
weight is somewhat limited, as the resolution of determined MALDI masses tends to

20.21 . . .
%21 In contrast, electrospray ionization mass

deteriorate in higher mass ranges.
spectrometry (ESI-MS) is extremely powerful for the observation of covalent

modifications, as its resolution is maintained in high mass ranges.*
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After significant optimization efforts, we have developed methods for the routine
characterization of Pfu POP by ESI-MS, enabling high-resolution characterization of
perturbations in the scaffold mass due to mutation and covalent modification. Reliable
characterization of Pfu POP ArMs can be carried out via direct injection of these species
into ESI-MS instruments, which requires a significant effort to remove contaminating
components from the ArM sample, as these can contribute to poor ionization of the
analyte. A more general method was developed employing liquid chromatography/ESI-
MS (LC/ESI-MS) to enable rapid analysis of ArM mixtures without the need for
purification of the samples. Indeed, this has become the standard to confirm the identity
of ArMs derived from Pfu POP. A critical advantage of this method arises from the
ability to simultaneously assess both the extent of ArM bioconjugation and the purity of
the sample (importantly, to identify residual cofactor that may interfere with downstream
catalysis).

This methodology has enabled the identification of unexpected behavior of the
scaffold itself. A notable degradation of mass spectral quality was observed when Pfu
POP and variants thereof were retained in solution for extended periods of time, either at
4°C or room temperature. This was perplexing, as native activity was retained with this
enzyme indefinitely, indicating that the mass spectral issues were not a result of
denaturation or aggregation. A long-term investigation of the fate of a wild-type Pfu POP
sample incubated at room temperature for three weeks showed the gradual drop in protein
mass to a species ~410 Da lower than the calculated native mass (Figure 3.7). In addition,
this gradual drop proceeded in increments of ~-140 Da. This was determined to arise due

gradual deterioration of the C-terminal hexahistidine tag, which was further corroborated
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by the analysis of aged samples by protein digestion (see below). Of course, such

degradation could be prevented through the proper frozen storage of the protein scaffold.
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Figure 3.7 Gradual decomposition of the hexahistidine tag of Pfu POP incubated at 60
uM concentration at 25°C over three weeks. Raw ESI-MS spectra are on the left.
Deconvoluted spectra are on the right, indicating conversion to a product ~410 Da shorter

than the initial scaffold.

The careful and routine analysis of Pfu POP and its corresponding ArMs by intact
electrospray ionization mass spectrometry have thus been proven to enable the
understanding of subtle chemical effects that would otherwise be overlooked by
traditional biochemical methods. Therefore, the protocols developed herein provides a

robust framework for the routine yet detailed characterization of Pfu POP ArMs.
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3.2.1.3.3 PROTEIN DIGESTION AND LC/MS/MS

While the mass spectrometric characterization of intact protein samples enables
the evaluation of changes to the protein scaffold in a global sense, it does not provide
information about the localization of changes to the protein scaffold. In order to locate
changes at the primary sequence level, alternate methods must be explored. A ubiquitous
methodology in the field of proteomics relies on enzymatic or chemical digestion of
proteins followed by their analysis by LC/MS/MS.> This can provide a wealth of
primary sequence level information about the analyzed proteins. Of greatest interest in its
application to ArMs is the ability of digest-LC/MS/MS methodology to identify the
residue-specific location of covalent modifications arising either from bioconjugation or
ArM self-modification during catalysis. Drawing from the extensive studies into protein
post-translational modification (PTM), we sought to leverage digestion/LC/MS/MS
methodology to extract sequence-level information of covalent modification of ArMs.
The methods described herein form the basis for a detailed study of scaffold modification
during ArM catalysis, which will be described in chapter four.

Owing to the exceptional stability of Pfu POP, the development of reliable
methods to digest this enzyme was quite challenging. Initial attempts at traditional
protein digestion using trypsin all failed, even under the denaturing conditions tolerated
by trypsin.* In light of this, we sought alternative proteases for digestion of Pfit POP.
High-temperature digestion with thermostable protease thermolysin failed to yield

appreciable digestion (Figure 3.8).

162



thermolysin (various concs.)

50 mM Tris pH 8.0
0.5 mM CaCla
POP-WT 95°C
10 uM

» fragments (N-terminal Leu, Phe, Val. lle, Ala, Met)

Figure 3.8 Attempted proteolysis of Pfu POP with thermolysin.

Pfit POP digestion under highly acidic conditions (pH 1.0) with the acid-tolerant protease

pepsin yielded ready digestion of Pfu POP, owing to the acid-promoted denaturation of

this enzyme (Figure 3.9)
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pepsin (various concs.)

» fragments (C-terminal Phe, Leu, Tyr, Trp)

40 mM HCI
pH 1.0
POP-WT 37°C
10 uM
POP WT - + + + +
pepsin (eq.) 0.1 - 0.01 0.05 0.1
3h 6h 19h  3h 6h 19h  3h 6h 19h  3h 6h 19h 3h 6h 19h
[ )

Figure 3.9 Proteolysis of Pfu POP with pepsin proceeds efficiently at al concentrations

tested.

Unfortunately, pepsin suffers from low specificity, targeting different cleavage sites with
even subtle changes in the pH of the medium. This was evidenced by poorly reproducible
LC/MS chromatograms of the product peptides. In the search for alternative digestion
methods reliant on low pH (to ensure denaturation of Pfu POP), we identified cyanogen
bromide (CNBr), which is a chemical protein digestion reagent with high specificity for
methionine residues. The digestion reaction proceeds as shown in Scheme 3.2. CNBr
provided highly reproducible digestion of Pfu POP and mutants thereof, as evidenced by

LC/MS chromatograms of product peptide mixtures (Figure 3.10)
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Scheme 3.2 CNBr reaction with proteins at methionines yielding homoserine lactone on

N-terminal segment and free amine on C-terminal segment.
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Figure 3.10 Reproducibility of CNBr digestion as demonstrated by chromatograms of

three different Pfu POP mutants Pfu POP, Pfu POP S477Z, and Pfu POP-A4-S477Z

To demonstrate the utility of this methodology in the identification of sequence-
local changes to the Pfu POP scaffold, we compared the digest chromatograms of wild-

type Pfu POP and Pfu POP S477A, an inactive variant lacking the active site S477. A
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major change in the retention time was observed for the peptide fragment containing
position 477, a remarkable shift given the subtlety of the mutation, which only consists of
the deletion of a hydroxyl group. (Figure 3.11). The ability to separate species with such
chemical similarity presents an alternative method for the evaluation of extent of
bioconjugation, wherein species are only differentiated by the presence of a covalent
modification. Comparison of the peak areas corresponding to modified and unmodified

fragments could yield higher-resolution information about the extent of bioconjugation.
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1.00E+02 447-494 *S477

POP-S477A

8.00E+01 fresh

IS

—

O 6.00E+01

o

c

°

Q 4.00E+01

(&)

—

0.00E+00

2.00E+01 /\
P, f
- —— - ,_/\/\/—“J/\— \’\/\-——J
41 42 43 a4 4 46 48 49 5

50

-2.00E+01

retention time (min)

Figure 3.11 LC/Q-TOF-MS chromatogram indicting the ability to resolve two 47-
residue-long peptides differing by one hydroxyl group. Peaks correspond to residues 447-

494 of Pfu POP (brown) and residues 447-494 of Pfu POP S477A (gray)
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Using this CNBr digestion protocol, more sequence-specific information was
obtained concerning the aforementioned hexahistidine tag degradation observed with Pfu
POP. By comparing the digest chromatograms of freshly-prepared samples of wild-type
Pfu POP and Pfu POP S477A with 10 day-aged samples, we were able to identify several
products with masses corresponding to C-terminal peptides with the loss of one, two, or

three histidine residues. (Figure 3.12)
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Figure 3.12 LC/Q-TOF-MS chromatogram of CNBr digests of freshly prepared Pfu POP
versus Pfu POP aged for 10 days at room temperature. This corroborated the gradual

degradation of the Pfu POP C-terminal hexahistidine tag by incremental loss of histidine

segments.

The high-accuracy of the observed masses proved unequivocally that degradation

of the histidine tag was occurring. In addition, given that the same degradation products
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were observed with both Pfu POP and Pfu POP S477A, we concluded that the
degradation was due to chemical hydrolysis, not hydrolysis owing to off-target hydrolase
activity of the enzyme. In spite of the excellent reproducibility observed with CNBr
digestion of Pfu POP and its mutants, it should be noted that the product peptides formed
are relatively large, as is highlighted in Figure 3.13. For example, a 215 residue-long
fragment, long enough to be considered a protein of its own, is generated by CNBr

digestion of Pfu POP.
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Figure 3.13 The primary sequence of Pfu POP with methionine positions highlighted.
This residue is relatively rare, making CNBr digestion alone a suboptimal digestion

method for detailed MS/MS studies.
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Large fragment sizes impede efforts to obtained residue-level MS/MS information on
POP modification. MS/MS methodology relies on the bombardment of relatively short
(>2000 Da) peptides to acquire residue-level fragmentation data.”” Longer fragments are
not amenable to this methodology. For this reason, we sought to generate shorter digest
peptide fragments. Luckily, tryptic digestion of Pfu POP CNBr peptide digest mixtures
generated adequately short peptides with high reproducibility (Figure 3.14). In chapter
four, the application of this method to acquire high-resolution information about scaffold

modification will be discussed.
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Figure 3.14 LC/MS chromatograms of two separate Pfu POP samples indicating the high

reproducibility of CNBt/trypsin double digestion.

3.2.2 PYROCOCCUS FURIOSUS PROLYL OLIGOPEPTIDASE

3.2.2.1 X-RAY CRYSTALLOGRAPHY
One of the main deficiencies of the initial selection of Pfu POP as an ArM
scaffold was the lack of a crystal structure of this enzyme. This was prohibitive for

making well-informed rational mutations and prevented the rationalization of mutations
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that arose through random mutagenesis (as discussed in chapter four). For this reason,
once Pfu POP became a standardized ArM scaffold in this laboratory, its structural
characterization became a top priority. After a comprehensive screening effort, the native
Pfu POP (i.e. not containing a C-terminal hexahistine tag) of Pfu POP and its mutant Pfu
POP S477C were crystallized under similar conditions, yielding high quality X-ray
diffraction with resolutions of 1.9 A and 2.2 A, respectively.

Solving these structures posed a major challenge due to the poor quality of the
molecular replacement solutions obtained with a variety of homologous search models
(PDB: 1QFS, 1E8M, 2YRT). As expected, molecular replacement succeeded for the
adequate placement of the hydrolase domain of the enzyme, which is the most conserved
segment of POP-family enzymes. Poor placement of the f domain was observed,
however. Our collaborator Dr. Narayanasami Sukumar determined that the initial
struggles with model building and refinement were due to crystallographic
polymorphism. Reprocessing the crystallographic data in an alternate P1 spacegroup and
application of non-crystallographic symmetry-averaged maps yielded higher electron
density corresponding to the B domain, enabling rebuilding of this segment of the model.
Iterative rounds of model building and refinement were applied, while iterative build
OMIT maps”® were used for the removal of model bias from the ED map. The final

refinement statistics for the native Pfu POP crystal structure are shown in Table 3.1.
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Metric Percentile Ranks Value
Rfree I W 0.247
Clashscore I I -l
Ramachandran outliers I 0
Sidechain outliers I | T 1.7%
RSRZ outliers I 1.0%
Worse Better
0 Percentile relative to all X-ray structures
[ Percentile relative to X-ray structures of similar resolution
Property Value Source
Space group P1211 Depositor
Cell constants 55.53A  176.76A  57.90A .
Depositor
a, b, c,a, 5,7 90.00°  106.03°  90.00°
tion -
% Data completeness 99.5 (47.09-1.90) Depositor
(in resolution range) 93.1 (47.09-1.90) EDS
Rinerge 0.17 Depositor
Rasym (Not available) Depositor
<I/o(l)>" 2.03 (at 1.90A) Xtriage
Refinement program PHENIX (1.10_2155: 777) Depositor
R R 0.193 ., 0.247 Depositor
» Hifree 0.193 , 0.247 DCC
Rfree test set 2002 reflections (2.40%) DCC
Wilson B-factor (A?) 229 Xtriage
Anisotropy 0.299 Xtriage
Bulk solvent ke (e/A?), Byy(A?) 0.40 , 50.6 EDS
L-test for twinning? <|L| > =044, < L? > = 0.27 Xtriage
Estimated twinning fraction 0.086 for'1,-k,h Xtriage
F,,F. correlation 0.94 EDS
Total number of atoms 21236 wwPDB-VP
Average B, all atoms (A?) 34.0 wwPDB-VP

Table 3.1 Crystal structure collection and refinement statistics.

171




3.2.2.1.1 OVERALL STRUCTURE

Like other POPs, Pfu POP features a two-domain architecture, with an o/3-
hydrolase domain capped by a 7-blade B-propeller domain. The N-terminus of the
enzyme (residues 1-47) consists of an alpha-helical segment that is wrapped around the
large C-terminal hydrolase domain (residues 367-616). The intermediate segment
(residues 48-366) comprises the B B -barrel domain. Like its mesophilic homologues, the
first and seventh blade of the propeller domain are joined by hydrophobic interactions
between the blade surfaces. This stands in contrast to the “Velcro” of hydrogen bonds or
disulfides implicated in the stabilization of many [ -barrels proteins. The hydrolase and 3
-barrel domains are joined covalently through a hinge region comprised of residues 47-50
and residues 361-367.

Pfu POP is significantly more compact than its mesophilic homologues, at 71,889
Da versus the average of ~80,000 Da observed for mesophiles. Compactness in structure
has often been implicated as a mechanism for thermostabilization in hyperthermophilic
enzymes.”’ BLAST alignment of Pfiu POP with its porcine homologue reveals that it
achieves its relative compactness by abridging its N-terminal region and by
systematically shortening and omitting loops and P -strands relative to its porcine
homologue. Comparing the two enzymes reveals that Pfu POP is significantly smaller in
both volume and cross-section than its porcine homologue.” (Figure 3.15) The compact
internal volume of Pfu POP is an appealing feature in its application as an ArM scaffold,

as this may help in conformational restriction of enclosed cofactors.
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Porcine POP Pfu POP

Figure 3.15 The side-by-side comparison of structural deletions (in orange) of porcine

POP (1QFS) versus Pfu POP. These deletions are mostly clustered in loop regions.

3.2.2.1.2 OPEN STRUCTURE
Mammalian POPs (Sus scrofa and Homo sapiens) have been crystallized

exclusively in a closed conformation,”*’

while various bacterial POPs (Myxococcus
xanthus, Sphingomonas capsulata, and Aeromonas punctata) have been captured in both
closed and open conformations.””' The archaeal Pyrococcus furiosus POP reveals an
open structure, with the two individual chains in the unit cell exhibiting slightly different
interdomain angles. Interestingly, the interdomain angle of this species is lower than that
observed in its bacterial homologues. Small differences in sidechain torsion angles and
loop positions can be observed between the two protein chains as well. Li and coworkers

have previously crystallized Aeromonas punctata POP in varying degrees of

openness,” 'indicating that this is not a unique phenomenon with these enzymes. This
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open/closed conformational heterogeneity gives a glimpse into the span of conformations
available to Pfu POP. Concurrent changes to the active site on the enzyme opening and
closing can be extrapolated based on the cystallized homologues of Pfu POP. Altogether,
however, the implications of interdomain opening and closing are not entirely positive in
the context of ArM formations with the Pfu POP scaffold, as this suggests that cofactor
enclosure might not be as simple as expected.
3.2.2.1.3 ACTIVE SITE

Much of the active site of Pfu POP retains features common to prolyl
oligopeptidases. The hydrophobic proline-binding site, comprising Trp518, Phe404, and
Tyr522, is effectively superimposable with that of other POPs. Likewise, the active-site
serine Ser477 is predictably positioned on the nucleophile elbow, a common feature
among serine hydrolases. Loop-(560-564), containing the catalytic Asp560, shows a
greater degree of conformational freedom based on its B-factors. Crucially, this loop also
contains Arg562, which is conserved across all POPs plays an important role in substrate
binding. In closed structures, Arg562 forms a salt bridge with the f-domain-localized
Aspl19, stabilizing it in an optimal position to hydrogen bond with substrate.’> Upon
opening, Arg562 has been demonstrated to rotate to ion pair with Asp560, occupying the

vacant position of the highly mobile catalytic His592.*'-

. In agreement with this model,
Arg562 shows high side-chain B-factors and is held in two distinct rotamer positions on
either chain. Asp119, which resides on the flexible loop-(115-121), is also characterized
by high temperature factors and holds two distinct positions on either chain.

As with all previously characterized POPs, the catalytic His592 resides on a

highly flexible loop (residues 590-596), as is determined by its relatively high B-factor.
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In existing POP family crystal structures, the histidine loop tends to be ordered and well-
resolved in the electron density when the enzyme is in its closed conformation.*®*%*** In
contrast, this loop has been consistently omitted in open structures due to its high
disorder.*>** The structure of Pfit POP offers a rare view of the position of the catalytic
histidine, which, despite its high temperature factor, can be seen retracted away from its

presumed position in the closed, catalytically competent conformation (Figure 3.16).

Coupling of interdomain angle with His-loop position has been postulated previously.**

Figure 3.16 Alignment of the hydrolase domains of Pfu POP and porcine POP show the
His-loop of Pfu POP (green) significantly retracted away from S477 (red spheres) as

compared to the His-loop of porcine POP (cyan).
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An interesting structural feature of Pfu POP is the loop connecting the B-strands
of blade 3. This loop corresponds to the position of “loop A”, or the hydrophilic loop, as
it has been referred to in the porcine model (Figure 3.17).>*** This loop is significantly
shorter in Pfu POP (residues 157-170) than in previously characterized homologues. It
also 1s decidedly more rigid, with three prolines (P163, P168, P169) restricting its
conformational flexibility (as determined by its low observed B-factor). Two sequential
prolines (P168 and P169) lock the loop in a position projected away from the hydrolase
domain and folded up against the B-domain. This position is further reinforced by a
stabilizing salt bridge between the tip of the loop (Asp164) and the -domain (Argl72).
In contrast, other homologues show this loop closely latched to the hydrolase domain (in

28,29,31
7" Based on

closed structures) or highly disordered in bulk solvent (open structures).
the temperature factors observed on both chains of the enzyme, it is unlikely that this

loop undergoes major conformational changes during interdomain opening or closing,

suggesting a different role for this loop relative to that of its mesophilic cousins.
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Figure 3.17 Alignment of Pfu POP with porcine POP (1QFS) reveals major differences
in the position of loop A. Pfu POP loop A (residues 157-170, green) is much shorter and
remains wrapped onto the f-domain. Porcine POP loop A (cyan) is significantly longer

and comes into contact with the hydrolase domain.

Aligning the B-domain of Pfu POP with Ap or porcine POP reveals that this loop
projects the side chain of Argl58 into the position typically occupied by 4p POP K173 or
porcine K172. In these structures, the cationic side chain provides a salt bridge to the
conserved Asp561. Asp561 sits between two functionally important residues (Asp560
and Arg562, discussed above) and is likely an important component of the extensive
hydrogen bond network that promotes optimal active site geometry (Figure 3.18)." In

contrast to the proline-loop position of Argl58, Ap and porcine Lys172(173) resides on a
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connecting loop between blades 2 and 3, a segment that is not conserved in Pfu POP.

Spatial conservation of charged residues has been reported previously.*®

Figure 3.18 An overlay of Argl58 of Pfu POP (green) with Lys172 of porcine POP

(cyan) as it relates to the salt bridge formed with Asp561 (pink).

While knowledge of residue positions with POP will greatly aid in mutagenesis
efforts, it uncertain how the fine details of the native Pfu POP active site will impact ArM
design. It should be noted, however, that POP family enzymes that have been crystallized
with mechanism-based inhibitors have generally been found to be closed in structure,
with the active site histidine forming a hydrogen bond with the serine/phosphonate. This
might signal an encouraging effect—the use of phosphonate-linked cofactors may in fact

force the enzyme to adopt a closed conformation, driving encapsulation of the metal.
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Efforts to solve the structure of ArMs containing such cofactors are underway, and the
apo structure described here will greatly facilitate solution of those structures.
3.2.2.1.4 HALIDE BINDING

Prolyl oligopeptidase has long been known to exhibit marked sensitivity to ionic
strength.”” Increasing salt concentrations up to 2.0 M has been shown to increase the
specificity constant of the enzyme. Harris et al. demonstrated that Pfu POP shows a
similar ionic strength dependence to that observed in the porcine ortholog, with the
hypothesis that this arose through explicit halide binding events proximal to the enzyme
active site."” In our labotory, high concentrations of NaBr were also shown to encourage
greater enantioselectivity in cyclopropanations catalyzed by Pfu POP dirhodium ArMs,
as discussed in chapter four.

Corroborating the observed effects of halide and putative halide binding, the
active site of Pfu POP contains two clearly bound chloride ions in this crystal structure
(Figure 3.19) It is unclear what functional role these chlorides play in the active site,
though from their relative B-factors they appear to be well-bound, forming part of an
extended hydrogen bond network in the active site. Argd76 and Arg600 appear to both be
engaged in salt bridging of these chlorides. Such a structured active site might help
explain why NaBr enhances selectivity of the Pfu POP-dirhodium catalyzed
cyclopropanation, as cofactor rigidifaction may be occurring due to engagement of the

adjacent Arg476 in a stable salt bridge.
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Figure 3.19 Chlorides (orange) bound near the active site of Pfu POP

3.2.2.2 AUTOPROTEOLYTIC ACTIVITY
It is important to note that the crystal structure of Pfu POP contains an
indeterminate proline-containing peptide loosely bound to the active site (Figure 3.20).
We are not certain of the identity of this peptide, though it is not unreasonable to expect
that some degree of autoproteolysis/chemical hydrolysis could occur under the
crystallization conditions. The current assignment of a free proline is based on the best fit
for the density observed, though further studies will need to be carried out to definitively

establish the identity of this substrate.
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Figure 3.20 Bound Pro-Pro peptide (magenta) in the active site of Pfu POP.

Harwood and coworkers first hypothesized the autoproteolysis of Pfu POP in
1997.%* To confirm this effect, we investigated the autoproteolytic activity of Pfit POP
under incubation at room temperature and 95°C. With overnight incubation of the
enzyme at pH 9.0 significant conversion to a slightly protein species could be observed
by SDS PAGE (Figure 3.21). HR-ESI-MS analysis indicated that protein cleavage
occurred predominantly at three sites: Asn77, Asn524, and Pro502. The two asparagine
sites could be ascribed to thermal hydrolysis, given that these occurred with both wild
type Pfu POP and the catalytically inactivated S477A mutant. Thermal hydrolysis of

polypeptides at the C-terminus of asparagine residues is well documented.”’ Given the
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observed specificity of the thermal hydrolysis, which occurs at a temperature within the
physiological norm of Pyrococcus furiosus, it is tempting to ascribe a functional role to
these “weak points” in the polypeptide chain.’**° This question remains to be
investigated. More importantly, peptide hydrolysis can be observed at the C-terminus of
P502, the products of which are only detected in the presence of the catalytically
competent wild type POP. This provides evidence that autoproteolysis of Pfu POP indeed
does occur. This is highly surprising, particularly given the relatively buried position of
P502. It is unclear whether enzymatic cleavage at this site is an inter- or intra-molecular

event.

WT WT WTH6 WTH6 S477A S477A
oh 24h Off  24h 4. Oh 24h
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Figure 3.21 SDS-PAGE of different POP variants before and after incubation at 95°C for

24 hours. Clear development of a shorter protein product is observed.
Prolonged room temperature incubation (18 weeks) of wild type and S477A Pfu

POP also results in protein cleavage, though the products are different from those

observed at high temperature. Chemical lysis of the C-terminal hexahistidine tag is a
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prominent feature, with dominant cleavage at His621 and His622. Non-enzymatic
cleavage at His541 can be observed as well, resulting in a fragment that, in the presence
of catalytically-competent wild type POP, is further cleaved on the C-terminus of Val543.
This off-target enzymatic hydrolysis is unexpected but not unprecedented for POPs.

The observations made here suggest numerous pathways for main-chain cleavage
of Pfu POP, a fact that may influence the dynamic and structural nature of the enzyme,
impacting its properties as an ArM scaffold. It should be noted that these cleavage events
apply only under relatively forcing conditions (prolonged room temperature and high
temperature incubation) and only to a small extent. The majority of the protein species

remain intact, speaking to the remarkable robustness of Pfu POP.

3.2.2.3 MOLECULAR DYNAMICS: MECHANISM OF
THERMOSTABILIZATION

A primary mechanism for thermostabilization by hyperthermophilic enzymes is
through ion pairing. Typically, the contribution of ion pairs to the thermodynamic
stability of and enzyme is marginally, since the energetic gain of the electrostatic ionic
interaction is readily offset by the penalty of desolvation of charged residues.*' This
tradeoff holds true at ambient temperatures. At higher temperatures, however,
desolvation is less energetically costly.” Thermostable enzymes tend to feature large
networks of ion pairs, as ion pair networking lowers the overall entropic cost of
constraining residues to ion pairing.** In light of this, we pursued a molecular dynamics-
based study of the dynamic networking of ion pairs in Pfu POP as it compares to its

mesophilic porcine homologue. The crystal structures of Pfu POP and porcine POP
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(PDB: 1QFS) were simulated for 100 ns at 298 K. Using the methods described by
Papaleo® , we conducted a thorough analysis of the dynamic ion pair networks
maintained by Pfu POP and porcine POP (Figure 3.22). By this metric, it was clear that
the degree of ion pairing and the extent of ion pair networking was significantly greater
in the smaller Pfu POP. Pfu POP retained 0.146 ion pairs/residue in contrast to porcine
POP, which retained only 0.086 ion pairs/residue. In addition, the largest maintained ion
pair network was comprised of 7 ion pairs in Pfu POP in contrast to 4 ion pairs in porcine
POP (Table 3.2). These results corroborated the findings of similar studies comparing

thermophilic and mesophilic enzymes.”'

Figure 3.22 Ion pairs maintained over 50% of the 100 ns MD simulation period.
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S. scrofa P. furiosus
# of residues 710 616
# of ion pairs 61 90
IPs per residue 0.086 0.146
Largest network | 4 residues 7 residues

Table 3.2 A comparison of ion pairing parameters determined by analysis of protein
structure networks** and the number of ion pairs maintained over 50% of the time during
a 100 ns MD simulation.

Other mechanisms of thermostabilization have also been investigated. The proline
content of Pfu POP is also significantly higher than that of its porcine homologue,
another feature of hyperthermostabilization.” Furthermore, as mentioned, we have also
noted increased compactness and lower flexible loop content of Pfu POP, which seems to
be a common feature among hyperthermostable enzymes.” Finally, we are looking to
quantitate the extent of hydrophobic networking in Pfu POP, as large hydrophobic

networks are often implicated in the thermostabilization of enzymes.*’

3.3 CONCLUSIONS
Pyrococcus furiosus prolyl oligopeptidase has been demonstrated to be an

exceptionally convenient host scaffold for the formation of artificial metalloenzymes
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through a variety of methods. Its ability to enclose large metal cofactors, its high stability,
and its ease-of-use in the laboratory make it an ideal platform for the study of artificial
metalloenzyme catalysis. The work described in this chapter serves as a primer to
illustrate the many aspects of its utility as a protein scaffold, as well as a guide for its
standard use in the development of artificial metalloenzymes. This scaffold is amenable
to a number of methods for routine characterization of ArMs

In addition, Pfu POP has finally been structurally characterized in its native form
at 1.9 A resolution. Aside from its fundamental utility in elucidating the enzymology of
POPs, this crystal structure serves as a map to guide future rational design efforts as well

as a reference for the rationalization of new observed effects in Pfu POP ArM catalysis.

3.4 EXPERIMENTAL
Materials
Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without further purification. Luria broth (LB; Cat# L24040), rich medium (2YT; Cat#
X15600) and Agar (Cat# A20020) were purchased from Research Products International,
Corp (Mt. Prospect, IL). Amicon® Ultra-15 Centrifugal Filter Units with Ultracel-30
membrane (Cat# UFC903024) were purchased from EMD Millipore (Billerica, MA) and
used according to manufacturer’s recommendations. 24-well crystallization trays and
coverslips for protein crystallization were purchased from Hampton Research (Aliso
Viejo, CA). High resolution ESI mass spectra were obtained using an Agilent
Technologies 6224 TOF LC/MS and an Agilent Technologies 6540 Q-TOF MS-MS.

Low resolution ESI mass spectra were obtained using an Agilent Technologies 6130 LC-
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MS. LC/MS experiments were performed using an Aeris 3.6 um WIDEPORE C4 200 A
LC Column 150 x 4.6 mm. LC-MS/MS experiments were performed with an Easy-nL.C
1000 ultra-high pressure LC system (ThermoFisher) using a PepMap RSLC C18 column
(column: 75 um x 15 ¢m; 3 pm, 100 A) coupled to a Q Exactive HF Orbitrap and Easy-
Spray Nanosource (ThermoFisher). Circular dichroism (CD) spectra were obtained on a

JASCO J-1500 CD Spectrometer.

Experimental Procedures

Expression of POP

Anion exchange (native Pfu POP): Chemically-competent Rosetta2(DE3) (Novagen)
cells were transformed with plasmid pJS3 obtained from Prof. Harold Schreier (UMBC)’.
Transformants were allowed to recover in SOC medium (37°C, 1 hour) and the mixture
was spread onto agar plates containing ampicillin and chloramphenicol (6.25 g LB
powder mix, 4 g agar, 250 ml DDI water, 100 ug/g ampicillin + 25 ug/g
chloramphenicol) and the plates were incubated at 37°C for 16 hours. Colonies
containing the pJS3 plasmid were obtained and inoculated into 5 mL primary cultures
containing 100 ug/g ampicillin + 25 ug/g chloramphenicol in LB media. These were
incubated overnight at 37°C with 250 rpm shaking. The following day, the primary
cultures were used to inoculate 1 L of LB media containing 100 ug/g ampicillin + 25 ug/g
chloramphenicol). These were incubated at 37°C with 250 rpm shaking for ~5 hours until
reaching an ODgpp~1.0. Overexpression of Pfu POP was induced by addition of 1 mM
isopropylthiogalactoside. The expression cultures were incubated at 37°C with 250 rpm

shaking for an additional 18 hours. Cells were harvested by centrifugation at 3000 rpm
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for 10 minutes. They were resuspended in 100 mL 20 mM sodium phosphate buffer pH
6.5 and lysed by sonication. The cell lysate was clarified at 15000 rpm for 1 hour.
Clarified lysate was applied to a 3 x 5 mL HiTrap QFF anion exchange columns pre-
equilibrated with 20 mM sodium phosphate buffer pH 6.5. The protein was purified using
a gradient of 0-500 mM NaCl in 20 mM sodium phosphate buffer pH 6.5. Fraction purity
was confirmed by SDS-PAGE. Pure fractions were combined and concentrated using
Amicon® 30 kD spin filters. Pure Pfu POP was buffer exchanged into H,O at least three

times, snap frozen with liquid N, and stored at -20°C.

NiNTA chromatography (C-terminal His-tag codon-optimized Pfu POP): Codon-
optimized pET28a-POP was transformed into electrocompetent £. coli BL21 (DE3).
Transformed cells were allowed to recover in SOC medium (37 °C, 1 hour), then plated
onto LB kanamycin agar plates (6.25 g LB powder mix, 4 g agar, 250 mL DDI water,
0.05 mg/mL kanamycin) and incubated at 37 °C for 18 h. Several colonies appeared on
overnight-incubated plates; a single colony from this plate was inoculated in 5 mL 2YT
medium containing 0.05 mg/mL kanamycin. 5 mL primary cultures containing 50 ug/mL
kanamycin in LB media were incubated overnight at 37°C with 250 rpm shaking. The
following day, the primary cultures were used to inoculate 1 L of LB media containing 50
ug/mL kanamycin. These were incubated at 37°C with 250 rpm shaking for ~5 hours
until reaching an ODgpp=1.0. Overexpression of Pab variants was induced by addition of
1 mM isopropylthiogalactoside. The expression cultures were incubated at 37°C with 250
rpm shaking for an additional 18 hours. Cells were harvested by centrifugation at 3000

rpm for 10 minutes. They were resuspended in 100 mL 20 mM sodium phosphate buffer
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pH 7.4/50 mM imidazole/50 mM NaCl and lysed by sonication. The cell lysate was
clarified at 15000 rpm for 1 hour. Clarified lysate was applied to a 3 x 5 mL HisTrap
NiNTA columns (GE Healthcare Life Sciences) pre-equilibrated with 20 mM sodium
phosphate buffer pH 7.4/50 mM imidazole/50 mM NaCl. The protein was purified using
step elution from 20 mM sodium phosphate buffer pH 7.4/500 mM imidazole/50 mM
NacCl.. Fraction purity was confirmed by SDS-PAGE. Pure fractions were combined and
concentrated using Amicon® 30 kD spin filters. Pure Pfu POP variants were buffer

exchanged into H,O at least three times, snap frozen with liquid N», and stored at -20°C.

Circular Dichroism (CD) stability profiles

CD spectra were acquired using a 10 mm pathlength quartz cuvette. All spectra were
acquired at 25°C. Protein concentration was fixed at 10 uM (determined by Asgp) in 100
mM sodium phosphate buffer pH 7.0. Temperature stability profiles were acquired at 10
uM protein concentration in 100 mM sodium phosphate buffer pH 7.0. CD curves were
acquired at 10°C intervals from 50°C to 100°C, with a heating gradient of 2°C/min.
Acquisition was commenced after samples were equilibrated for 2 minutes at each
temperature step. Solvent/detergent stability assays were performed by pre-incubation of
10 uM protein samples prepared at 5 minutes under the trial conditions probed. Full CD

sweep spectra were acquired

Standard native peptidase activity assays

Activity assays were adapted from protocols described by Harwood'” and Polgar*.

Reactions were conducted on 2000 uL scale. 1 uL of 20 uM Pfu POP in 20 mM NaPi pH
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7.4 was added to 1799 uL buffer (20 mM NaPi pH 7.4 as a standard). The reactions were
allowed to thermally equilibrate (if temperature dependence was being probed.) The
reaction was initiated by the addition of 200 uL 5 mM Z-Gly-Pro-pNA or 5 mM Z-Gly-
Pro-Nap. The reactions were monitored by UV/Vis at 410 nm (in the case of Z-Gly-Pro-
pNA) or with fluorescence excitation at 340 nm and detection at 410 nm (in the case of
Z-Gly-Pro-2-naphthylamine). The final concentrations were 10 nM Pfu POP, 500 uM

substrate, 10% v/v MeOH.

MS Characterization of POP and hybrids

For ESI-TOF MS analysis, a sample of protein was desalted with centrifugal filters to a
mixture of water: acetonitrile: glacial acetic acid (49.5: 49.5: 1, v/v). The final protein
concentration was 50 uM. Acquisition of the spectra was perfomed by flow injection
analysis with fragmenter set at 100V-200V. For LC/ESI-Q-TOF and low-resolution
LC/MS analysis, 10 uL samples of 60 uM protein in H,O or 100 mM NaPi pH 7.0 were
injected onto the Aeris WIDEPORE column using a standard gradient from 10%
ACN/90% H,0 + 0.1% formic acid to 90% ACN/10% H»O + 0.1% formic acid over 15
minutes. Raw ESI spectra were deconvoluted using the Agilent Chemstation LC/MSD

data deconvolution module or Agilent MassHunter.

Digestion protocols
CNBr digestions were performed according to a modified literature procedure*’: 100 uL
of 60 uM protein sample in 100 mM NaPi pH 7.0 was treated with 37.7 uL. 1 N HCl and

4.8 uL. 1 mM neurotensin standard. Then, the samples were wrapped in aluminum foil, at
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which point 7.5 pL. 5.0 M CNBr in acetonitrile was added to the mixture. These samples
were incubated with 250 rpm shaking for 16 hours (fully wrapped in aluminum foil).
Once the digestions were completed, they were concentrated on a Speedvac at 55°C to
remove solvent and excess CNBr. The residues were then resuspended in 150 pL H,O.
These were analyzed by LC/Q-TOF MS using an Aeris WIDEPORE C8 peptide/protein
column. The mobile phase consisted of: Solvent A: [H,O + 0.1% formic acid] and
Solvent B: [MeCN + 0.1% formic acid]. 20 uL of sample were analyzed using a linear

gradient from 3% B to 70% B over 84 minutes.

Crystallization

Crystals of native (non-His-tagged) wild-type and S477C Pyrococcus furiosus prolyl
oligopeptidase were grown at 20°C using the hanging-drop vapor-diffusion technique. A
highly purified (>95%, determined by SDS-PAGE) protein solution of 8§ mg/mL
(determined by Asgp) in H,O was used. Crystallization drops contained 1 uL protein
solution with 1 uL of well solution containing 30% PEG 8K and 100 mM Tris pH 9.0.
Diffraction quality crystals were obtained after 4 months of incubation. Crystals were
harvested and cryoprotected in a solution of 15% glycerol in well solution. These were

then flash frozen in liquid nitrogen and mounted for data collection.

Crystal Data Collection and Refinement
Crystallographic data were collected on NE-CAT 24 ID-C and ID-E beamlines at the
Advanced Photon Source at Argonne National Laboratory. The diffraction data were

obtained at 100 K using a wavelength of 0.979 A and an ADSC QUANTUM 315
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detector. The data were indexed, integrated and scaled in HKL.2000 to 2.20 A resolution
for the Pfu POP S477C mutant and to 1.90 A resolution for wild-type Pfiu POP. Crystal
polymorphism was observed, requiring reprocessing in P1 space group with larger cell
dimension in order to achieve adequate refinement. Myxococcus xanthus prolyl
oligopeptidase™ (PDB ID: 2BKL) provided a viable molecular replacement solution in
PHASER-MR™, yielding an initial set of phases. Phenix.refine*’ was employed for
refinement. Strong NCS restraints were used initially in refinement, with gradual
loosening of these restraints as Ryee decreased. Rounds of refinement and model building
in COOT* were pursued until Rgee and Ryox converged and Ramachandran/Clashscore
parameters had acceptable scores. Refinement statistics for this solution can be found in

Table 3.3.

Molecular Dynamics and Ion Pair Networks

Molecular dynamics simulations were performed using the Pfu POP S477C model
determined by X-ray crystallography as well as the porcine POP model (PDB: 1QFS).
NAMD simulation input files were generated using CHARMM-GUI. °' The models were
first solvated and equilibrated for 10,000 steps, followed by a 100 ns production
simulation. The persistence of ion pairing interactions in both models was compared

using methodology outlined by Papaleo et al.**
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CHAPTER FOUR
DIRHODIUM PYROCOCCUS FURIOSUS PROLYL OLIGOPEPTIDASE

ARTIFICIAL METALLOENZYMES

4.1 INTRODUCTION

Members of the Lewis group recently developed a general method for the creation
of artificial metalloenzymes using strain-promoted azide—alkyne cycloaddition (SPAAC)
of bicyclo[6.1.0]nonyne (BCN)-substituted cofactors.' Through the genetic introduction
of a p-azidophenylalanine (Z) using amber-codon suppression,” they were able site-
specifically introduce this bioorthogonal handle. Owing to the bioorthogonality of this
approach, biococonjugation could be achieved site-specifically without the need to
remove competing functional groups from the protein scaffold, a key deficiency with
approaches employing cysteines as nucleophilic reactive handles.’

Using this approach, they introduced the BCN-substituted esp-dirhodium catalyst
RhBCN (Figure 4.1) into various Z mutants of tHisF. Dirhodium tertracarboxylate
catalysts like RhBCN are attractive targets for enhancing selectivity, as they can catalyze
alkene cyclopropanation and carbene insertion into C-H, N-H, O-H, Si-H, and S-H
bonds. The use of tHisF as an ArM scaffold for this cofactor proved useful for the
development of catalytic methodology for dirhodium ArM catalysis. No selectivity was
observed with hybrids based on this tHisF scaffold, however, indicating a failure of the
scaffold to induce selectivity in the catalyzed reactions (cyclopropanation and Si-H
insertion). Poor encapsulation of the metal in the tHisF scaffold was hypothesized to be

culprit for lack of selectivity.! Pyrococcus furiosus prolyl oligopeptidase posed a
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promising alternative scaffold for the RhBCN cofactor, with the appropriate size and
shape to potentially result in metal enclosure (chapter three). As such, we initiated an
engineering effort to incorporate RhBCN into the Pfu POP scaffold. This yielded a

number of interesting ArMs for asymmetric cyclopropanation.”

Figure 4.1 RhBCN cofactor used in ref. 1 and in the investigations described.

4.2 RESULTS AND DISCUSSION
4.2.1 ENGINEERING PFU POP Z FOR BIOCONJUGATION

The utility of Pfu POP as a potential scaffold to encapsulate the RhnBCN cofactor
was recognized soon after the first expression tests of this enzyme were conducted in the
laboratory (chapter three). A model of this cofactor inside of the Pfu POP homology
model suggested ideal placement of the dirhodium fragment in the central cavity
provided by the p-domain (Figure 4.2).” The anchoring position of the cofactor was
selected at the active site serine (S477) of Pfu POP. According to the model, this serine
occupied a central position in the active site of the enzyme. Furthermore, S477 forms part
of a conserved consensus motif in all POPs: GXSXG. ° In the absence of experimental
structural data, this motif allowed us to position the anchoring p-azidophenylalanine (Z)
with confidence that it would lie at the bottom of the central active site cavity of the

scaffold. (Figure 4.2)
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Figure 4.2 Cross-section of the Pfu POP homology model with RhBCN (orange)
anchored at Z477 (hydrolase domain, green) and contained within the central cavity

defined by the B-domain (purple)

With this in mind, an amber stop codon (UAG) was introduced at position 477 of
the Pfu POP primary sequence. The protein was properly expressed with p-
azidophenylalanine when co-expressed with pPEVOL-pAzF (encoding the tRNA/tRNA
synthetase pair for p-azidophenylalanine incorporation) (Figure 4.3 A).” This species is
denoted Pfu POP-Z. In a curious side note, when expression of Pfu POP Z variants
areinduced in the absence of pEVOL induction, truncated Pfu POP A(477-624) is
produced in soluble form (Figure 4.3 B). Indeed, this truncation product is consistently
observed with expression of Z mutants of Pfu POP, as the pPEVOL-pAzF system is not

perfectly efficient in amber codon suppression. In addition, the truncation product is
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persistent despite heat treatment and NiNTA affinity chromatography, a remarkable fact
given the lack of a C-terminal hexahistidine tag.

Figure 4.3 A) Pfu POP-Z mutant expression of different variants. A contaminant
truncated fragment is persistent after NINTA chromatography, however. B) Pfu POP
A(477-624) expression. The truncated species is tolerant of heat treatment, particularly in
the presence of full-length Pfu POP species, making it difficult to remove from samples
of Pfu POP Z mutants.

A)

B)

200



Initial attempts at bioconjugation of Pfu POP-Z with RhBCN were found to be
unsuccessful. It should be noted that at the time of these experiments, reliable ESI-MS
characterization had not yet been developed for characterization of the product hybrid. In
light of these bioconjugation issues, we inspected the homology model of Pfu POP and
hypothesized that restriction of the central pore of the enzyme was preventing
introduction of the RhBCN cofactor. To solve this, four alanine mutations (A4: E104,
F146, K199 and D202) were introduced, removing the bulky residues that were deemed
to be blocking entry of the cofactor. Ready bioconjugation to the Pfu POP-ZA, scaffold
was observed by MALDI, and, after more reliable methodology had been developed,
ESI-MS. In later bioconjugation trials using ESI-MS for validation, it was found that Pfu
POP-Z was readily bioconjugated with RhBCN, indicating that these alanine mutations
were not necessary for bioconjugation. At the time, however, Pfu POP-ZA4-RhBCN was
carried on as the platform for investigations into its reactivity and selectivity.

As discussed in Chapter Two, the removal of excess cofactor from the
bioconjugation mixtures was found to be operationally non-trivial. In order to effectively
separate the hybrid from the cofactor, coworkers employed an azide-functionalized
sepharose resin to scavenge excess cofactor after bioconjugation. In this way, a full ArtM
formation and purification strategy was developed for Pfu POP Z mutants.®

Several important details about SPAAC bioconjugation to Pfu POP Z mutants
were discovered owing to the excellent reliability of low-resolution and high-resolution
LC/ESI-MS characterization of these systems. Incomplete bioconjugation was
consistently observed regardless of the identity of the Z scaffold or BCN cofactor. In

addition, increasing cofactor stoichiometry had no effect in improving bioconjugation
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efficiency. Through the systematic mass spectrometry effort described, it was found that
reduction of the p-azidophenylalanine residue to p-aminophenylalanine (AmF) was the
culprit in limiting bioconjugation efficiency. This was corroborated by high-resolution
ESI-MS, which could resolve the Pfu POP-Z-A, scaffold mass from that of Pfu POP-
AmF-A,4. CNBr digestion followed by LC/Q-TOF-MS of Pfu POP-Z-A4 scaffold further
corroborated this result, as the product AmF477-containing peptide could be

chromatographically separated from the Z477-containing product peptide (Figure 4.4).

447-494 *Z4T77

447-494 *AMF477
\ w==pOP-WT

==POP-Z (W)

447-494 *S477

TCCion count

retention time (mins)

Figure 4.4 LC/Q-TOF-MS chromatogram indicating resolution of CNBr digest fragment
447-494 containing S477 (wtPfu POP, blue), AmF477 (Pfu POP-Z, red) and Z477 (Pfu

POP-Z, red)

The cause of Z reduction is still unknown, though photoreduction’ and chemical
reduction (primarily by sulfhydryl compounds)'® have been reported to be quite facile for

such aryl azides. To address this issue, coworkers in the laboratory are exploring p-
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methylazidophenylalanine incorporation into Pfu POP, as tRNA/tRNA synthetase pairs
have already been developed for this azide-containing residue, which promises to be
more stable toward reduction."’

Bioconjugation reactions were also analyzed at different time points to shed light
on the aforementioned bioconjugation problems and the role of the A4 aperture mutations
on the rate of the SPAAC reaction. A significant difference in the bioconjugation rates of
Pfu POP-Z and Pfu POP-Z-A4 was expected. Bioconjugation reactions were conducted
using equimolar Pfu POP-Z-(A4) and RhBCN and quenched with a large excess (100 eq.)
of the truncated strained alkyne BCN-OH at designated time points (Table 4.1). The
mixtures were analyzed by ESI-MS, and the ratio of RhBCN- and BCN-OH-conjugated
POP was evaluated as a proxy for extent of bioconjugation. This experiment consistently
showed that the SPAAC bioconjugation reaction was extremely rapid, regardless of the
presence or absence of aperture mutations. After only 5 seconds, complete
bioconjugation of azide-containing scaffold could be observed for both Pfu POP-Z and

Pfit POP-Z-A,. (Table 4.1)
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N H N
0 RHCRR oH oL Rh
/o o o X o H % o

00—
o 100 eq.
N+ Rh Rh —— Popz TN __tvea - POP-Z
\0 50 mM Tris pH 7.4 . 50 mM Tris pH 7.4

20% ACN 20% ACN
4°Cc

+
POP-Z 4°c -N
1eq. 1eq. Ny cl 7/

OH

POP-Z POP-Z-BCN-OH

e Pfiu POP-Z- | PfuPOP-Z- | PfuPOP-Z-As— | Pfi POP-Z-A4-
RhBCN BCNOH RhBCN BCNOH
%bioconj %bioconj %bioconj %bioconj
5s 56% 1% 45% 0%
30s 54% 0% 47% 0%
60 s 54% 0% 50% 0%
120 s 58% 0% 51% 0%

Table 4.1 LC/ESI-MS bioconjugation values obtained at different timepoints for the
bioconjugation/quenching experiment shown. Bioconjugation extent was measured as a

fraction of total protein (including AmF477 incompetent scaffold)

4.2.2 SELECTIVE CATALYSIS WITH PFU POP DIRHODIUM SPAAC ARMS
With the Pfu POP-Z-A4-RhBCN hybrid successfully synthesized, we interrogated

this system for catalytic activity and selectivity in the insertion of carbenes into alkenes
(cyclopropanation). Using a naive set of standard conditions, this system was found to
give 11% e.e. and 19% yield in the cyclopropanation of styrene with methyl 2-diazo-2-
(4-methoxyphenyl)acetate (Table 4.2). Optimizing reaction conditions, in part based on
the known halide-binding effects on Pfu POP (chapter three), led to improved
enantioselectivity and yield for this reaction (38% e.e. and 25% yield, respectively). This

served as the starting point for two branches of optimization through mutagenesis:
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rational design and directed evolution. These will be discussed in detail along with

mechanistic studies that arose from interesting effects in the mutants obtained.

4.2.3 ARM OPTIMIZATION THROUGH RATIONAL DESIGN

As discussed in chapter one, an important feature of ArM catalysis is the capacity
for catalyst design and optimization through mutagenesis. By applying a number of
rational semi-combinatorial mutagenesis strategies to Pfu POP-Z-A4-RhBCN, we were
able to significantly enhance the selectivity of the catalyzed cyclopropanation reaction, a
vindication for the Pfu POP scaffold and its application in ArM catalysis.*

Starting with the optimized conditions for Pfu POP-Z-A4-RhBCN-catalyzed
cyclopropanation, members of the Lewis group sought to strategically introduce
mutations into the scaffold to enhance the observed selectivity. As has been mentioned
multiple times in this dissertation and in ArM literature, restricting cofactor movement
within protein scaffolds has been shown to afford enhanced selectivity in ArM-catalyzed
reactions.”'? Cofactor flexibility was a reasonable pathology to address, as the RHBCN
cofactor contains a relatively long linker with multiple rotatable bonds. To effect cofactor
restraint, two strategies were carried out. The first relied on the known propensity of
dirhodium catalysts to be axially coordinated by dative donors."® It was hypothesized that
axial coordination by a histidine imidazole sidechain (a known ligand for dirhodium
catalysts)' could restrict the movement of the dirhodium cofactor within the Pfi POP
scaffold. Individual histidine mutations were systematically introduced in the vicinity of
the putative position of the dirhodium center within the protein scaffold (as determined
by inspection of the homology model). The resulting set of variants-Pfu POP-ZA4-

(G99H, P139H, 1141H, 1197H, T209H, E218H, V219H, Y251H, E283H and L328H) was
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assessed for its ability to yield mutants with altered and enhanced enantioselectivity in
cyclopropanation. Mutant Pfu POP-ZA4-1L.328H yielded a substantial improvement in

enantioselectivity to 85% e.e., with a concurrent increase in yield to 61%.

In order to qualitatively assess whether this improvement was due to axial
coordination of the histidine sidechain, position 328 was mutated to cysteine and
methionine, the sidechains of which are also metal coordinating ligands. These exhibited
slightly lower yields and enantioselectivities relative to L328H, but they were both
improved when compared to the parent Pfu POP-Z-A4. This provided some evidence that
axial coordination could play a role in ArM enantioselectivity. In addition, the
corresponding phenylalanine mutant hybrid Pfu POP-Z-A4-L328F-RhBCN showed
decreased selectivity and yield, indicating that coordinating residues are preferred at this
position. Further investigations to physically characterize the axial coordination of

histidine, methionine, and cysteine at position 328 in these hybrids are discussed below.
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@h
N2 O OMe OH
mom ~ POP-Z-A,-X-RhBCN { B OMe
+ > +
MeO o] [ j 50 mM PIPES pH 7.4 O COOMe MeO™ F o

1.75 M NaBr . .
10% THF cyclopropanation product O-H insertion product

40C, overnight

Entry Pfu POP-Z-A, Conditions Conv. (%) e.e. (%) cyclopropanation/O-H
Mutant insertion
1 L328 (WT) TRIS, 0.1M NaCl 19 11 0.6
2 L328 (WT) TRIS, 0.1M NaBr 23 18 0.6
3 L328 (WT) TRIS, 1.75M NaBr 29 38 0.7
4 L328 (WT) PIPES, 1.75M NaBr 25 38 0.6
5 F328 PIPES, 1.75M NaBr 14 23 0.5
6 C328 PIPES, 1.75M NaBr 24 47 0.5
7 M328 PIPES, 1.75M NaBr 33 68 0.7
8 H328 PIPES, 1.75 M NaBr 61 85 1.6
9 H328-F64 PIPES, 1.75 M NaBr 36 67 0.9
10 H328-F97 PIPES, 1.75 M NaBr 43 82 1.3
11 H328-F99 PIPES, 1.75 M NaBr 55 89 2.1
12 H328-F594 PIPES, 1.75 M NaBr 50 80 1.3
13 H328-F99-F97 PIPES, 1.75 M NaBr 73 91 2.3
14 H328-F99-F594 PIPES, 1.75 M NaBr 74 92 2.4
15 n/a, RhEsp-OAc PIPES, 1.75 M NaBr 12 0 0.4

Table 4.2 Results of rational design effort. All reactions conducted using 4 mM styrene
and 20 mM diazo. Conversion and enantioselectivity determined by HPLC relative to

internal standard.
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With Pfu POP-ZA4-1L328H in hand, members of the Lewis group attempted to
further restrain cofactor movement in the cavity of the scaffold by introducing a variety
of phenylalanine mutations projecting towed the putative position of the cofactor (as
predicted by the homology model of Pfu POP.) With this in mind, mutants Pfu POP-ZAs-
L328H-(S64F, L97F, G99F and G594F) were systematically assessed for enhancement of
enantioselectivity and yield. The double phenylalanine mutant scaffold Pfu POP-ZA4-
L328H- G99F-G594F (HFF) was found to exhibit the strongest improvement in
selectivity and yield, with 92% e.e. and 74% yield. Whether the enhanced selectivity
arises from the hypothesized steric crowding of the cofactor within the Pfu POP scaffold
cavity remains an open question. The selective ArM catalyst Pfu POP-ZA4,-HFF-RhBCN
was shown to accept a variety of styrene and diazo substrates for cyclopropanation, all
with moderate to good enantioselectivity. These substrates contain both electron donating
and withdrawing groups, speaking to the generality of the catalyst reactivity.

Arguably the most compelling aspect of this rational ArM mutagenesis study
arose from the fact that, during the lineage of mutagenesis, a trend of increasing
cyclopropanation product yield was observed concurrently with improvements in
enantioselectivity. This fact was met simultaneously with the observation that the
efficiency of cyclopropanation relative to the competing carbene insertion reaction into
the O-H bond of water also increased (Table 4.2) . These two trends suggest that over the
course of the rational mutagenesis lineage, the complementarity between the substrates
and the Pfu POP ArMs was enhanced. This was corroborated by an observed rate
enhancement in cyclopropanation. The significance of the observed increase in

substrate/catalyst complementarity cannot be understated: such an effect suggests that
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reaction specificity of the formed dirhodium-carbene intermediate can be modulated to

preferentially select styrene substrates over the plentiful water in the medium.

4.2.3.1 BIOPHYSICAL VALIDATION OF ARM STABILITY

As discussed in chapter three, one of the main advantages of the use of Pfu POP
as a scaffold arises from the exceptional mutational tolerance that such a stable scaffold
confers. The effect of the dirhodium cofactor RhRBCN on the stability of the scaffold was
also investigated. The thermal stability of hybrid Pfu POP-ZA4-HFF-RhBCN was
assessed by observation of the circular dichroism signal over increasing temperatures in a
manner similar to that reported in section 3. (Figure 4.5) With this, it was evident that the
presence of the covalently-appended cofactor had little effect on the scaffold
thermostability, with no significant change in the temperature-dependent CD curve. This

stands as further testament to the remarkable robustness of Pfu POP as an ArM scaffold.
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Figure 4.5 Temperature-dependent CD curves of Pfu POP-ZA4-HFF-RhBCN indicating

that scaffold stability is not impacted by these mutations nor the presence of bound

cofactor

4.2.3.2 VALIDATION OF AXIAL LIGATION

After the identification of the beneficial mutation L328H, we sought to confirm

the presence of axial coordination (Figure 4.6) by three methods of physical

characterization: UV/Visible spectroscopy, resonance Raman spectroscopy, and protein

NMR spectroscopy. These methods will be discussed below:
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Figure 4.6 Putative axial coordination of histidine to bound RhBCN in Pfu POP-ZAs-

HFF-RhBCN built in Pymol.

4.2.3.2.1 UV/VISIBLE SPECTROSCOPY

UV/Visible spectroscopy has been extensively employed for the identification of
axial ligation of dirhodium complexes, as absorbance profile of these molecules is quite
sensitive to the identity of its axial ligands."> Axial coordination of dative oxygen donors
like tetrahydrofuran gives the complexes brilliant blue colors, while dative nitrogen
donors like acetonitrile tend to yield purple complexes.'® The observed coordination-
dependent absorbance shifts arise from the diagnostic Rh—Rh n*—c* transition of
dirhodium tetracarboxylate complexes.'’

In order to assess the effect of axial coordination by histidine, cysteine, or

methionine at position 328, a differential absorbance UV/Vis strategy was taken. This is
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due to the fact that, while sufficient to give color to concentrated ArM samples, the molar
absorptivity associated with the Rh—Rh n*—c* is quite weak, and therefore this suffers
from competitive absorbance of scaffold. Therefore, scaffold absorbance must be
simultaneously subtracted from the corresponding dirhodium hybrid, a method that has
been applied for assessing the binding of dirhodium tetracarboxylate complexes to serum
albumins.'® Applying this method with samples of Pfit POP-ZA4-RhBCN, Pfit POP-ZA4-
H328-RhBCN, Pfu POP-ZA4-L328C-RhBCN, and Pfu POP-ZA4-L328M-RhBCN, we
were able to successfully observe the chromophore due to the bound dirhodium cofactor
(Figure 4.7). No significant shift in the absorbance spectrum of these species was
observed, however. Though disappointing, this result did not conclusively rule out the
expected axial ligation, as the change in absorbance might be subtle. Furthermore, it does
not preclude the possibility that axial coordination occurs during the course of catalyst

turnover.
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Figure 4.7 Difference UV/Vis spectra of 27 uM samples of hybrids Pfu POP-ZA4-
RhBCN, Pfu POP-ZA4-H328-RhBCN, and Pfu POP-ZA4-M328-RhBCN in 50 mM

PIPES pH 7.4 + 1.75 M NaBr

4.2.3.2.2 RAMAN SPECTROSCOPY
Resonance Raman spectroscopy was also explored to probe dirhodium axial
ligation in collaboration with the Berry group at UW-Madison. Resonance Raman has
been successfully applied to probe the frequency of the Rh-Rh stretching mode in
dirhodium tetracarboxylate complexes.'® This vibrational mode is known to be sensitive
to axial ligation, perhaps granting a diagnostic handle for characterization in the context
of Pfu POP-RhBCN ArMs."? In addition, the resonance signal due to dirhodium would

not suffer from the same scaffold background that plagued the UV/Vis measurements.
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Initial attempts at the acquisition of adequate Raman spectra have been unsuccessful,

potentially due to operational inexperience with aqueous protein samples.

4.2.3.2.3 PROTEIN NMR SPECTROSCOPY

Protein NMR was also attempted for the biophysical characterization of axial
dirhodium histidine coordination in the Pfu POP-ZA4-L328H-RhBCN hybrid. Protein
NMR studies have been previously been applied to probe perturbations in the chemical
environment of metal-binding histidine residues in natural metalloenzymes. Hartwig
demonstrated that the replacement of the active site Zn(Il) of human carbonic anhydrase
IT (hCAII) with Rh(I) led to a significant shift in the resonances associated with the
aromatic histidine sidechains that form the His/His/His motif responsible for metal
binding in hCAII*, echoing a similar study observing the metalation of apo-hCAII with
Zn(11).*! In 2D-HSQC and 2D-HMBC experiments, histidine sidechains reside in the
aromatic region separate from the peptide backbone resonances used for solving protein
NMR structures. This greatly simplifies the spectrum and enables the identification of
diagnostic shifts in histidine sidechain resonances.

The structure of the NMR experiment conducted on Pfu POP-ZA4-L328H was
planned as follows: double labeled °"N-"*C-labelled Pfis POP-ZA4and its histidine mutant
Pfu POP-ZA4-1L.328H would first be analyzed by 2D-HSQC and 2D-HMQC in order to
enable identification of the aromatic resonances arising from H328 by simple comparison
of the two spectra. Once this residue was identified, the two scaffolds would be
bioconjugated with RhBCN, and the resulting hybrids would be analyzed again by NMR.
If axial ligation of the dirhodium complex were occurring, a shift in the resonance

corresponding to H328 would be observed.
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Optimization of expression conditions for double-labeled Pfu POP-ZA4 and Pfu
POP-ZA4-H328 was conducted, as maximal yields were desired due to the high cost of
13C-labeled glucose and '*N-labeled ammonium chloride. (Figure 4.8) This proved to be
fruitful, as relatively high yields of protein were observed despite the requisite co-
induction of pPEVOL, a competitor for the sparse nutrients in the minimal labeling media.
Once adequate quantities of the two labeled variants were obtained, the protein was taken
to the Center for Structural Biology NMR Facility at UIC with guidance from Dr. Ben
Ramirez. Owing to the large size of Pfu POP, a 900 MHz NMR instrument was used to
acquire 2D HSQC and 2D HMQC spectra. TROSY was also applied, which has
precedent in NMR studies with Homo sapiens POP.** In a further step to sharpen the
NMR spectra acquired with this method, we conducted experiments at 50°C to counteract
slow tumbling rates with this system. Spectra acquired with these methods enabled the
identification of some aromatic nitrogen resonances, but not all expected histidine
resonances were observed. This posed a major problem, as it made it impossible to
confidently assign H328 sidechain resonances, a crucial result for the success of this

experiment.
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Figure 4.8 Optimization of minimal media expression conditions for double-labeling of

Pfu POP Z variants for NMR

Further complicating the execution of the experiment was the noted inconsistency
of the amide backbone region between Pfu POP-ZA4 and Pfu POP-ZA4-H328. While the
cause of this inconsistency is unknown, there is reason to suspect interference from two
contaminating species that may have been present in each of the samples to differing
extent. The first of these is the truncated Pfu POP A(477-624), which, as noted, is a
persistent contaminant in all Z mutants of Pfu POP. The second contaminant may arise
from reduction of p-azidophenylalanine to p-aminophenylalanine. While scaffold
reduction is not expected to yield greatly perturbed 2D NMR spectra, it does pose another
complication for the second segment of this experiment. That is, bioconjugation of the

double-labeled Pfu POP-ZA4 and Pfu POP-ZA4-H328 hybrids would inherently result a
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heterogeneous mixture of hybrid and aniline-containing scaffold, thereby introducing
uncertainty in the correct assignment of histidine resonances.

These issues have impeded progress toward the goal of this experiment.
Currently, coworkers are generating a Pfu POP AHis scaffold to remove the signal
interference due to histidines besides H328, the histidine of interest. In addition, as
mentioned, we are developing standard methodology for the incorporation of p-
methylazidophenylalanine, which poses an opportunity to eliminate complications arising
from azide reduction. Purification methods to remove interference by truncated Pfu POP
A(477-624) are also being pursued.

4.2.4 ARM OPTIMIZATION THROUGH DIRECTED EVOLUTION

In a separate effort from the rational design approach described, several members
of the Lewis group recently demonstrated an ArM optimization strategy employing
iterative rounds of random mutagenesis in the directed evolution of Pfu POP-Z-A4-
RhBCN. As discussed in chapter one, directed evolution presents another major
advantage of ArM catalysts over traditional small molecule catalysts, as the selectivity of
an ArM can be optimized iteratively and agnostically. That is, by applying semi-random
or random mutagenesis to generate libraries of ArM scaffolds, one can obtain
enhancements in desired properties without the prerequisite for structural or mechanistic
knowledge. Directed evolution has seen more limited use in the context of ArM

optimization than rational design approaches, but multiple notable examples exist.”* **
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Scheme 4.1 The directed evolution strategy developed by coworkers for the optimization
of Pfu POP RhBCN ArMs.

Members of the Lewis group developed an efficient protocol for the optimization
of ArMs by directed evolution (Scheme 4.1). With this procedure, coworkers in the
laboratory performed the iterative optimization of Pfu POP ArM cyclopropanases starting
from the platform variant Pfu POP-Z-A4-RhBCN. In just three rounds of random
mutagenesis using 96-576 variants per library round, they identified a competent ArM

cyclopropanase that exhibited 94% e.e. in cyclopropanation (Table 4.3).
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Entry Variant Mutations!™ ee 3 (%) S{}Veo lﬁlcf;

1 0-ZA, E104A/F146A/K199A/D202A 80:20 25
2 1-NAGS K16IN/V166A/S301G/T308S 84:16 33
3 2-NSIA S84N/G99S/K3301/V335A 89:11 37
4 3-VRVH 1221V/Q228R/A265V/Y326H 97:3 47
5 4-GSH S301G/G99S/Y326H 95:5 27

Table 4.3 Reactions conducted using 24 mM styrene, 4.8 mM diazo, and 1 mol% ArM
[b] Mutations indicated in addition to those from previous generation. [c] ee and yield of
cyclopropane determined by analysis of UPLC chromatograms for crude reaction

mixtures relative to internal standards.

This impressive result arose from four mutations per round. The painstaking
deconvolution of these mutations revealed a minimal set of beneficial mutations: S301G,
G99S, and Y326H. Two of these mutations bear striking resemblance to the beneficial
mutations obtained through rational design: G99F and L328H. Indeed, rationalization of
these mutations seems feasible: position 99 seems to play an important role in directly
imparting selectivity to the dirhodium catalyst. Y326H positions a histidine in a similar

site to that identified by rational mutagenesis, H328, suggesting that a similar axial
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coordination mechanism might be at play in imparting selectivity to the ArM. This newly
identified histidine site is being investigated for its potential role as an axial ligand to the
dirhodium catalyst, as was done for H328. In contrast to these mutations, the role of
S301G is not quite as simple to rationalize, as this site is distal to the catalyst. As such,
the identification of this mutation stands as testament to the power of random
mutagenesis to uncover beneficial mutations in positions that would not be identified
through rational design approaches.
4.2.4.1 DECREASING SELECTIVITY: PROBING SCAFFOLD MODIFICATION
In the rational design study discussed above, unintentional increases in yield, rate,
and reaction specificity were uncovered along with the intended improvements in
enantioselectivity. Similarly, along the lineage of directed evolution mutants, which were
screened exclusively for increases in enantioselectivity, parallel improvements were
uncovered. Significant deterioration of enantioselectivity was observed as the
cyclopropanation reaction time was extended, particularly in the case of the parent

variant Pfu POP-Z-A4-RhBCN (termed 0-ZA4 in the lineage nomenclature) (Figure 4.9).
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Figure 4.9 Yields of ArM-catalyzed cyclopropanation consistently increase during the
course of the reaction, while enantioselectivity can be seen to deteriorate over time. The

extent of loss of enantioselectivity is itself decreased along the evolved lineage.

These decreases in enantioselectivity themselves seemed to decrease along the
evolved lineage. Given that the decreases in selectivity occur as a function of reaction
time, the source of this effect was hypothesized to likely arise from changes to the
catalyst as reaction time progresses. Scaffold modification by reactive carbene insertion
was hypothesized as a likely cause of loss of catalyst selectivity. Preliminary mass
spectrometry results to observe the ArM after catalysis revealed mass adducts
corresponding to the predicted carbene insertion. A more systematic study was needed in
order to confirm 1) the occurrence of scaffold modification, 2) the site(s) of scaffold

modification, and 3) the effect that scaffold modification has on selectivity.
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A thorough mass spectrometry effort was undertaken to confirm the occurrence
of scaffold modification and to pinpoint its location on the Pfu POP scaffold. ArM-
catalyzed cyclopropanations were prepared using three ArMs in the directed evolution
lineage: 0-ZA4 (parent), 1-NAGS, and 3-VRVH. In order to evaluate scaffold
modification over time, high-resolution intact ESI-MS was employed. A method for the
rapid “quenching” and purification of the ArM was needed to achieve accurate
measurement of scaffold modification at specific timepoints. A rapid centrifugal gel-
filtration method was developed toward this end. Intact HR-ESI-MS revealed a
qualitatively similar rate and extent of scaffold carbene insertion for all ArM variants.
Interestingly, controls containing the corresponding variant scaffolds (no dirhodium)
showed some carbene modification as well, but to much lower extent.

The same timepoint purification protocol was employed for the evaluation of
modified ArM samples by protein digestion. Purified timepoint samples of ArM were
treated with CNBr (as described in chapter three) and the product peptide mixtures were
analyzed by LC/Q-TOF-MS. We identified consistent time-dependent modification of the
digest peptide corresponding to residues 174-183 of all three ArMs studied. Importantly,
the rate and extent of modification appeared to be similar for all three variants. Again,
minor modification could be observed when only the scaffolds themselves were

employed. (Figure 4.10)
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Figure 4.10 Increase in modified CNBr fragment 174-183 over the course of the
cyclopropanation reaction. Scaffold-only controls exhibited much lower extents of
modification than their respective ArMs. All variants exhibited similar extents and rates
of modification. Pfu POP S477A was used in conjunction with free RhBCN to control for

modification by free cofactor.

As discussed in chapter three, CNBr digestion of Pfu POP does not result in
sufficiently small peptide fragments to enable confident coverage of the full protein
sequence, nor does in enable MS/MS sequencing methodology to be applied for
identifying the specific residues being modified during the course of cyclopropanation
catalysis. For this reason, we applied a secondary tryptic digestion step to further cleave
the CNBr peptide mixtures. With this approach, reproducible and complete digestion of
Pfu POP ArM variants could be achieved. The product peptide mixtures obtained from
two-step CNBr/trypsin digestion were analyzed by LC/MS/MS using an Q Exactive

Orbitrap mass spectrometer courtesy of collaborators in the Moellering group at the
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University of Chicago. This enabled sequencing of the 174-176 CNBr/tryptic fragment to
confirm modification on W175 (Figure 4.11 A). In addition, we were able to identify a
second major site of modification on W142, which had been missed in the analysis of
CNBr digestion mixtures alone (Figure 4.11 B). The relative abundance of modified
peptides was evaluated by comparison of the normalized abundance of parent unmodified
peptides in cyclopropanation samples relative to their controls (Figure 4.11 C). This
revealed significantly greater extent of modification of W142 versus W175. W142 sits in
a position proximal to the putative location of the dirhodium cofactor, so modification at
this site can be rationalized as an intramolecular effect driven by proximity to the
catalyst. The rationale behind W175 modification is less clear. This site resides on the
surface of Pfu POP, so its modification would seem to necessitate an intermolecular

mechanism. This could explain the lower efficiency of modification at this site.
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Figure 4.11 MS/MS results of CNBr/tryptic digestion of hybrid variants before (control)
and after catalysis of cyclopropanation

A) LC/MS/MS chromatograms corresponding to the unmodified (top) and modified
(middle) 174-176 (FWK) fragments of hybrid variant 1-NAGS. The MS2 spectrum

(bottom) shows product —y and —b fragments confirming modification on W175
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B) LC/MS/MS chromatograms corresponding to the unmodified (top) and modified
(middle) 130-148 (KTGEVIEEIKPSIWNITALKD) fragments of hybrid variant 1-

NAGS. The MS2 spectrum (bottom) shows product —y and —b fragments confirming

modification on W142.
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C) Relative abundances of unmodified fragments before (control) and after catalysis of

cyclopropanation reaction (reaction).
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The two identified sites of scaffold modification (W142 and W175) were mutated
to alanine in the Pfu POP-Z-A,4 (0-ZA4) scaffold to evaluate their effect on the drop in

selectivity over time. Neither 0-ZA4-W142A nor 0-ZA4-W175A showed any change with
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respect to the observed decrease in enantioselectivity. That is, modification at these sites
did not seem to be the cause for the loss of catalyst selectivity.

In light of this result, we have not yet been able to identify the cause of drop in
selectivity. One hypothesis implicates changes in the reaction medium as
cyclopropanation proceeds over time. Heterogeneity of the reaction mixture increases as
more of the cyclopropane product is generated, an unsurprising fact given the
hydrophobicity of the product and the high ionic strength of the aqueous reaction
medium. It has been noted that hydrophobic organic molecules can form colloidal
aggregates under such conditions, which can lead to the partial or complete denaturation
of proteins exposed to them.? Partial denaturation of the ArM scaffold could easily
explain the observed drop in enantioselectivity, as the dirhodium catalyst can still react in
a non-selective environment. Further investigations using non-denaturing detergents like
Triton X-100 (a known solution to small-molecule aggregation) are being carried out to

test this hypothesis.*®

4.3 CONCLUSIONS
The work described in this chapter attests to the power of Pfu POP in providing a
readily-optimized scaffold for selective ArM catalysis. While it is unclear whether Pfu
POP encapsulates the dirhodium catalyst in the manner we have hypothesized, the
scaffold has shown its utility in promoting selectivity on the otherwise symmetric
dirhodium core of RhBCN. Furthermore, the selectivity of these ArMs can unequivocally
be enhanced by mutagenesis. There is still much work to be done in order to fully

uncover the mechanisms at play in granting selectivity to the ArMs optimized through
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rational mutagenesis and directed evolution. The methods described herein serve as a

basis to enable elucidation into the functioning of these highly complex catalysts.

4.4 EXPERIMENTAL

General Materials

Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without further purification. Deuterated compounds were obtained from Cambridge
Isotope Labs. Labquake™ Tube Shaker/Rotators was purchased from Thermo Scientific
(Catalog# 4002110Q). pEVOL-pAzF was a gift from Peter Schultz (Addgene plasmid #
31186) of the Scripps Research Institute, CAS1. E. coli DH5a and BL21 (DE3) cells
were purchased from Invitrogen (Carlsbad, CA). Luria broth (LB; Cat# 1.24040), rich
medium (2YT; Cat# X15600) and Agar (Cat# A20020) were purchased from Research
Products International, Corp (Mt. Prospect, IL). Amicon® Ultra-15 Centrifugal Filter
Units with Ultracel-30 membrane (Cat# UFC903024) were purchased from EMD
Millipore (Billerica, MA) and used according to manufacturer’s recommendations. 0.5
mL Zeba® centrifugal desalting columns were purchased from ThermoFisher Scientific.
5 mL HisTrap NiNTA columns were purchased from GE Healthcare Life Sciences

(Pittsburgh, PA).

General Experimental

Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without further purification. Yields were determined by HPLC with 1,2,4-

trimethoxybenzene or 1,3-benzodioxole as the internal standard and reported as the
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average of three trials from the same batch of ArM set up in parallel. High resolution ESI
mass spectra were obtained using an Agilent Technologies 6224 TOF LC/MS and an
Agilent Technologies 6540 Q-TOF MS-MS. Low resolution ESI mass spectra were
obtained using an Agilent Technologies 6130 LC-MS. LC-MS/MS experiments were
performed with an Easy-nLC 1000 ultra-high pressure LC system (ThermoFisher) using a
PepMap RSLC C18 column (column: 75 pum x 15 cm; 3 um, 100 A) coupled to a Q
Exactive HF Orbitrap and Easy-Spray Nanosource (ThermoFisher). LC/MS experiments
were performed using an Aeris 3.6 um WIDEPORE C4 200 A LC Column 150 x 4.6
mm. Amicon® Ultra-15 Centrifugal Filter Units with Ultracel-30 membrane (50 mL
volume, 30 kDa cutoff) were used to concentrate or wash protein solutions. Protein
concentrations were measured using the Pierce® BCA Protein Assay Kit and protein
stocks were then stored at -80 °C until use. Circular dichroism (CD) spectra were
obtained on a JASCO J-1500 CD Spectrometer. UV/Visible spectroscopy was conducted

using a dual beam Cary 5000 UV/NIS/NIR Spectrophotometer.

Experimental Procedures

Standard Pfu POP Z-mutant expression protocol

The selected mutant was inoculated in 5 mL 2YT medium with 50 pg/mL kanamycin and
20 pg/mL chloramphenicol. The culture was incubated overnight at 37 °C with constant
shaking at 250 rpm. On the following day, 5 mL of the overnight cultures was used to
inoculate 1 L of fresh 2YT media 50 pg/mL kanamycin and 20 pg/mL chloramphenicol
in a 2.8L Fernbach flask. The culture was incubated at 37 °C, 250 rpm, and protein

expression was induced by adding ImM IPTG, 2mM 4-Azido-l-phenylalanine and 1%
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(w/v) l-arabinose when ODgoo=1.0. The expression cultures were incubated at 37°C with
250 rpm shaking for an additional 18 hours. Cells were harvested by centrifugation at
3000 rpm for 10 minutes. They were resuspended in 100 mL 20 mM sodium phosphate
buffer pH 7.4/50 mM imidazole/50 mM NaCl and lysed by sonication. The cell lysate
was clarified at 15000 rpm for 1 hour. Clarified lysate was applied to a 3 x 5 mL HisTrap
NiNTA columns (GE Healthcare Life Sciences) pre-equilibrated with 20 mM sodium
phosphate buffer pH 6.5. The protein was purified using a gradient of 0-500 mM
imidazole in 20 mM sodium phosphate buffer pH 6.5/50 mM NaCl. Fraction purity was
confirmed by SDS-PAGE. Pure fractions were combined and concentrated using
Amicon® 30 kD spin filters. Pure Pfu POP variants were buffer exchanged into H,O,

snap frozen with liquid N, and stored at -20°C.

Standard bioconjugation protocol

To set up bioconjugation, a solution of the POP mutant (480 uL, 75 uM in 50 mM Tris-
Cl buffer, pH 7.4) and a solution of cofactor RhBCN (120 pL, 0.75 mM in ACN, 0.594
mg/mL) were added to a 1.5 mL microcentrifuge tube and shaken at 750 rpm at 4 °C
overnight. The final concentrations were: 60 uM POP, 150 uM RhBCN, 20 vol%
acetonitrile/Tris buffer. The resulting solution was treated with 100 puL azide agarose
resin, and rotated on the Labquake™ Tube Shaker/Rotator in a 4 °C cold cabinet for 24
hours to remove excess cofactor. The suspension was then centrifuged at 5000 rpm for 3
minutes and the supernatant was transferred to a new microcentrifuge tube. The resin was
washed twice with 600 pL of 50 mM Tris-Cl buffer and centrifuged at 5000 rpm for 3

min. These supernatants were combined with the first supernatant and buffer exchanged
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to proper buffers for use in biocatalysis or characterization. ESI-MS was used to
characterize the bioconjugates. The total protein concentration was calculated based on
its absorbance at 280 nm (A280) and the calculated extinction coefficient for the protein
(109,210 M-1cm-1 from ExPASy), which is consistent with concentrations measured by
Pierce® BCA Protein Assay Kit; the cofactor absorbance at 280 nm is negligible relative
to POP in aqueous solution under the concentrations used. the efficiency of dirhodium
incorporation was calculated based on the ratio of the high resolution ESI-MS peak
intensity of the ArM and scaffold (IArM/(IArM+Iscaffold)); the effective ArM
concentration was calculated by multiplying the total protein concentration by the
efficiency of dirhodium incorporation ([ArM]=[Total protein]*(IArM/(IArM+Iscaffold)).
The effective ArM loading was adjusted to 1 mol% with respect to the dirhodium

cofactor in bioconversions.

Standard bioconversion protocol

To set up biocatalysis, solutions of aryldiazoacetate (25 puL, 96 mM, in THF), styrene (25
uL, 485 mM, in THF), and POP-ZA4-X-1 solution (500 pL, the effective ArM
concentration adjusted to 48 uM with respect to the dirhodium cofactor according to the
aforementioned method) were added to a 1.5 mL microcentrifuge tube. The final
concentrations of the reagents were: 22 mM olefin, 4.4 mM aryldiazoacetate, 44 uM
POP- ZA4-X-1. The resulting mixture was left shaking at 750 rpm at 4 °C overnight (or
for various time points, vide infra). The reaction was quenched by adding 20 pL 1,2.4-
trimethoxybenzene solution or 1,3-benzodioxole solution (30 mM, in 90/10

hexanes/isopropanol) and 600 uL ethyl acetate. The mixture was vortexed and
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centrifuged (15,000 x g, 3 min). The top organic layer was collected and the bottom
aqueous layer was extracted with 600 pL ethyl acetate twice. The organic extracts were
combined, evaporated and redissolved in 200 uL 90/10 hexanes/isopropanol, and

analyzed on NP-HPLC to determine conversions and enantioselectivities.

MS Characterization of POP and hybrids

For ESI-TOF MS analysis, a sample of protein was desalted with centrifugal filters to a
mixture of water: acetonitrile: glacial acetic acid (49.5: 49.5: 1, v/v). The final protein
concentration was 50 uM. Acquisition of the spectra was perfomed by flow injection
analysis with fragmenter set at 100V-200V. For LC/ESI-Q-TOF and low-resolution
LC/MS analysis, 10 uL samples of 60 uM protein in H,O or 100 mM NaPi pH 7.0 were
injected onto the Aeris WIDEPORE column using a standard gradient from 10%
ACN/90% H,0 + 0.1% formic acid to 90% ACN/10% H»O + 0.1% formic acid over 15
minutes. Raw ESI spectra were deconvoluted using the Agilent Chemstation LC/MSD

data deconvolution module or Agilent MassHunter.

Circular Dichroism (CD) stability profiles

CD spectra were acquired using a 10 mm pathlength quartz cuvette. All spectra were
acquired at 25°C. Protein concentration was fixed at 10 uM (determined by Asgp) in 100
mM sodium phosphate buffer pH 7.0. Temperature stability profiles were acquired at 10
uM protein concentration in 100 mM sodium phosphate buffer pH 7.0. CD curves were

acquired at 10°C intervals from 50°C to 100°C, with a heating gradient of 2°C/min.
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Acquisition was commenced after samples were equilibrated for 2 minutes at each

temperature step.

UV/Vis protocol

Samples of POP-ZA,4, POP-ZA4-H328, and POP-ZA4-M328 were expressed according to
the protocol described. The scaffolds were prepared for bioconjugation (75 pM in 50 mM
Tris-HCI buffer, pH 7.4) and split into 2 x 480 uL portions. One portion was treated with
RhBCN solution (120 pL, 0.75 mM in MeCN, 0.594 mg/mL) while the second was
treated with pure MeCN. The reactions were purified according to the standard
bioconjugation procedure. Each hybrid and its corresponding control scaffold was buffer
exchanged into 50 mM PIPES pH 7.4 + 1.75 mM NaBr and adjusted to 27 uM
concentration based on Ajgp. The samples were loaded into parallel cuvettes on a dual
beam Cary 5000 UV/NIS/NIR Spectrophotometer and their UV/Vis spectra were
recorded from 280 nm to 650 nm. The control scaffold sample absorbance was actively

subtracted from that of the hybrid sample to yield simplified difference spectra.

Expression of BC-"N-labeled POP and preparation of protein NMR samples
Inoculated 2.5 mL primary cultures of Pfu POP-Z variants in LB (0.50 mg/mL
kanamycin, 0.20 mg/mL chloramphenicol). Incubated at 37°C overnight. Prepared M9

minimal media using the following recipe:
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1. M9 salts (10x):
a. 60 g Na,HPO,
5 g NaCl
1 L H,O
Adjust pH to 7.4 with NaOH
f. Autoclave

o a0

6. 1M CaCly:
a. 11.098 g CaCl,
b. 100 mL H,O
c. Autoclave

2. PNH4CI stock (10x):
a. 5g " "NH,CI
b. 500 mL H,O
c. Autoclave

7. 1 mg/mL biotin:
a. 10 mg biotin
b. 10 mL H,O
c. Sterile filter through 0.22
micron filter

3. Trace elements solution (100x):
5 g EDTA

800 mL H,O

Adjust to pH 7.5
0.83 g FeCl3*6H,0
84 mg ZnCl,

13 mg CuCl,*2H,0
10 mg CoCl,*6H,0
10 mg H3BO3

1.6 mg MnCl,*4H,0
Dilute to 1 L

k. Autoclave

T ERme a0 o

8. 1 mg/mL thiamine:
a. 10 mg thiamine
b. 10 mL H,O
c. Sterile filter through 0.22
micron filter
d. Wrap with foil (light
sensitive)

9. 771.7 mL autoclaved H,O

4. 20% U-"C glucose solution:
a. 3 gU-"C glucose
b. Dilute to 15 mL with H,O
c. Sterile filter through 0.22
micron filter

5. 1 M MgSOq:
a. 12.0366 g MgSO,4
b. 100 mL H,O
c. Autoclave

10. Assemble ingredients in biosafety
cabinet:

a. 100 mL M9 salts (10x)

b. 100 mL ""NH,CI stock (10x)

c. 10 mL Trace elements
solution (100x)

d. 15 mL 20% U-"C glucose
solution

e. 1mL 1M MgSO,

f. 0.3 mL 1 M CaCl, (Will
precipitate. Swirl to return
into solution)

g. 1 mL biotin (1 mg/mL)

h. 1 mL thiamine (1 mg/mL)

i. 771.7 mL autoclaved H,O

Table 4.4 Minimal media recipe for isotope labeling of Pfu POP.
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Antibiotic was added to the expression media (0.50 mg/mL kanamycin, 0.20 mg/mL
chloramphenicol) and the cultures were split into 4 x 250 mL portions and inoculated with
primary cultures. The expression cultures were incubated at 37°C with 250 rpm continuous
stirring. After 10 hours, the OD=1.0 and protein expression was induced by adding 1mM IPTG,
2mM 4-Azido-1-phenylalanine and 1% (w/v) l-arabinose. The cultures were incubated for 28
hours. Cells were harvested by centrifugation at 3000 rpm for 10 minutes. They were
resuspended in 25 mL 20 mM sodium phosphate buffer pH 7.4/50 mM imidazole/50 mM NaCl
and lysed by sonication. The cell lysate was clarified at 15000 rpm for 1 hour. Clarified lysate
was applied to a 3 x 5 mL HisTrap NiNTA columns (GE Healthcare Life Sciences) pre-
equilibrated with 20 mM sodium phosphate buffer pH 6.5. The protein was purified using a
gradient of 0-500 mM imidazole in 20 mM sodium phosphate buffer pH 6.5/50 mM NacCl.
Fraction purity was confirmed by SDS-PAGE. Pure fractions were combined and concentrated
using Amicon® 30 kD spin filters. Pure *C-">N Pfit POP-Z variants were buffer exchanged into
20 mM NaPi pH 6.0 and concentrated to >1 mM concentration and transferred to NMR tubes.
These were taken to the Center for Structural Biology NMR Facility at UIC for 2D-NMR

experiments.

Scaffold modification and LC-MS/MS characterization

Biocatalysis reactions were conducted as described above. Solutions of methyl 4-
methoxyphenyldiazoacetate (25 pL, 96 mM in THF) and styrene (25 pL, 485 mM in THF) were
added to 480 pL solutions of ArM adjusted to 48 uM loading of dirhodium-conjugated ArM and
incubated at 4°C with 600 rpm stirring for 4 hours. Control reactions containing bare scaffold

(no conjugated metal) were prepared in an identical fashion with equal total protein loading
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relative to the corresponding metalloenzyme-catalyzed reactions. Controls were also prepared
containing no diazo or styrene (THF). 150 uL aliquots of the reaction mixtures were pulled at
designated timepoints and loaded onto 0.5 mL 40K Zeba Spin Desalting columns (Thermo
Fisher) pre-equilibrated with 50 mM Tris buffer pH 7.4. These were spun at 1500 g for 2

minutes. The eluent was then collected. Intact protein ESI-MS was collected with this fraction.

CNBr digestions were performed according to a modified literature procedure®’: 100 pL of 60
uM protein sample in 100 mM NaPi pH 7.0 was treated with 37.7 uL 1 N HCI and 4.8 L. 1 mM
neurotensin standard. Then, the samples were wrapped in aluminum foil, at which point 7.5 L
5.0 M CNBr in acetonitrile was added to the mixture. These samples were incubated with 250
rpm shaking for 16 hours (fully wrapped in aluminum foil). Once the digestions were completed,
they were concentrated on a Speedvac at 55°C to remove solvent and excess CNBr. The residues
were then resuspended in 150 uL H,O. These were analyzed by LC/Q-TOF MS using an Aeris
WIDEPORE C8 peptide/protein column. The mobile phase consisted of: Solvent A: [H,O +
0.1% formic acid] and Solvent B: [MeCN + 0.1% formic acid]. 20 uL of sample were analyzed

using a linear gradient from 3% B to 70% B over 84 minutes.

LC-MS/MS sample preparation, mass spectrometry and proteomic data analysis

Owing to the thermal stability of POP variants, a two-step digestion procedure was employed
prior to LC-MS/MS analyses. First, POP protein was cleaved at methionine residues with
cyanogen bromide treatment as described above. Each CNBr digest (18 pL) was diluted into
trypsin digest buffer (1 M Urea, 50 mM NH4COsH, 1 mM CaCl,, pH 7.8) and digested with 1 pg

modified bovine trypsin (1:100 enzyme/protein ratio; Promega) at 30°C overnight. It should be
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noted that the POP enzyme variants used here do not contain cysteine, so reduction and
alkylation steps were omitted. Digestion was stopped by acidification to pH 2-3 with formic acid,
and peptides were then desalted on P10 ZipTips (Millipore), lyophilized and resuspended in

0.1% TFA-containing mass spectrometry grade water (Sigma).

LC-MS/MS experiments were performed with an Easy-nLL.C 1000 ultra-high pressure LC system
(ThermoFisher) using a PepMap RSLC C18 column (column: 75 pm x 15 ¢m; 3 um, 100 A)
coupled to a Q Exactive HF Orbitrap and Easy-Spray Nanosource (ThermoFisher). CNBr-trypsin
digested peptides (500 ng) were injected onto the column in buffer A (0.1% TFA water) and
separated using the following linear gradient of buffer B (80% acetonitrile with 0.1% TFA) at
300 nL/min: 0-40% buffer B over 30 minutes, 40-90% buffer B over 5 minutes, 90-90% buffer B
over 10 minutes, and re-stabilized to 0% buffer B over Sminutes. MS/MS spectra were collected
from 0 to 45 minutes using a data-dependent, top-10 ion setting. Data acquisition for differential
modification searches were performed with the following settings: Full MS scans were acquired
at a resolution of 120,000, scan range of 150-1600 m/z, maximum IT of 50 ms, AGC target of
le6, and data type in profile mode. Sequencing was performed by HCD fragmentation with a
resolution of 15,000, AGC target of 1e5, maximum IT of 30 ms, and data type in centroid mode.
Isolation window for precursor ions was set to 1.5 m/z with an underfill ratio of 0.5%. Peptides
with charge state >5 or undefined were excluded and dynamic exclusion for all others was set to
5.0 seconds. Furthermore, S-lens RF level was set to 60 with a spray voltage value of 2.60kV.
Modified-peptide searches were enabled using a lower collision energy (NCE = 18), and runs

used to quantify unmodified peptides used NCE = 26.
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MS?2 files were generated and searched using the ProLuCID algorithm in the Integrated
Proteomics Pipeline (IP2) software platform. Custom search databases were created using each
POP variant protein sequence, and a concatenated decoy database was included for false
discovery rate estimations. Basic searches were performed with the following search parameters:
HCD fragmentation method; monoisotopic precursor ions; precursor mass range 150-6000 and
initial fragment tolerance at 600 p.p.m.; C-terminal enzyme cleavage specificity at lysine and
arginine residues with 2 missed cleavage sites permitted; primary scoring type by XCorr and
secondary by Zscore; minimum peptide length of 3 (as known peptides of this length were
present after double digestion) with a candidate peptide threshold of 500. A minimum of one
peptide per protein and half-tryptic peptide specificity were required. Starting statistics were
performed with a Amass cutoff = 15 p.p.m. with modstat, and trypstat settings. False-discovery
rates were set initially to 1%, however actual FDRs across all runs and searches was 0, and
Amass of precursor ions was below 5 p.p.m.. Differential modification searches to identify
carbene-modified residues were performed with the settings above and allowing for up to two
total differential modification sites per peptide, including oxidized methionines (+15.9949), and
methyl 2-(4-methoxyphenyl)acetate-modified residues (+178.063). Differential modification
searches were performed by parallel searches of each residue individually (i.e. one search of W
for 178.063 adducts, one search of F for 178.063 adducts etc.). Residue localization on larger
peptides was accomplished by manual inspection of fragment spectra for characteristic fragment
ions as well as overall spectral match statistics (Xcorr and DeltCN). The modified FWK peptide
was first observed by Q-TOF analysis and was too short for detection by standard ProLuCID
searches. Therefore, this peptide and its modified variant were validated by manual inspection

and assignment of chromatograms and mass spectra. Relative modification levels were
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calculated by comparing the extracted ion intensity area for the unmodified peptide of interest
between control and reaction scaffolds; these ratios were further normalized for potential
fluctuation between runs by normalizing to extracted ion intensity area ratios of high abundance

peptides observed in all runs.
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APPENDIX I

SELECT NMR SPECTRA FOR COMPOUNDS FROM CHAPTER TWO

Figure Al.1. "H NMR spectrum of 13.
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Figure A1.2.*'P NMR spectrum of 13.
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Figure A1.3. "H NMR spectrum of 18.
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Figure Al1.4.*'P NMR spectrum of 18.
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Figure A1.5. "H NMR spectrum of 25.

13

246




Figure A1.6. >'P NMR spectrum of 25.
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Figure A1.7. "H NMR spectrum of 33.
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Figure A1.8. *'P NMR spectrum of 33.
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Figure A1.9. "H NMR spectrum of 37.

vE6'0— pos
£92°L
Lz
262 1—
862'1——
L <
252 I3
0gETE——— - = 1}
£L5E— N
)
z
\rl\
\ .
= _ 5
o0 =
a-0
4
N
,0 \0
R/¥
O/.,n\n,v
\ﬁo,Rlo»/

N o
€629 == ¥
1289 0
€82 21— _ o
[t Ly
£228— . 5
[be'8— o

b

ppm 9

250



Figure A1.10. *'P NMR spectrum of 37.
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