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Abstract

Synthesis, Characterization, and Stoichiometric and Catalytic Reactivity of Metalloproteins
Binding Noble Metals in Place of Native Metals

By
Hanna Martel Key
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor John Hartwig, Chair

Catalysis by enzymes and transition metal complexes enables the modern synthetic
strategies used to prepare bulk and fine chemicals. However, despite their exquisite selectivity and
potential for evolution, metalloenzymes are rarely used in synthetic chemistry, in part due to the
limited scope of reactions catalyzed by natural metalloenzymes. To expand the scope of substrates
and the range of transformations with which metalloenzymes react, two distinct approaches have
been followed. One approach designs promiscuous enzymes by directed evolution. An advantage
of this method is that it exploits native, selective substrate binding sites. An alternative strategy
creates artificial enzymes by affixing an abiological transition metal complex within a protein
scaffold by cysteine bioconjugation or biotin-labeling. Although this method has been used
successfully to impart abiological activity onto enzymes, a significant drawback is that the native
binding pocket of the protein scaffold is occupied by the bulky metal complex that is introduced,
excluding the substrate from its natural binding site.

At the intersection of these two approaches lies a third strategy that is rarely followed: the
simple substitution of the native metal of a natural enzyme with an abiological metal. This strategy
has the potential to create enzymes containing any metal of interest, while retaining the natural,
evolvable substrate-binding site of the protein scaffold. = We have sought new and superior
approaches to the preparation, characterization, and application of diverse catalysts of this class,
formed from both proteins that bind metals using organic cofactors and proteins that bind metals
directly using amino acid side chains.

Despite challenges confronting their preparation, characterization, and application, our studies
have revealed that diverse members of this class of artificial metalloenzymes can indeed be
prepared efficiently and characterized as comprehensively as one would characterize natural
enzymes and small molecule metal complexes. Moreover, the stoichiometric and catalytic
reactivity of the noble metal sites within these proteins can be controlled by mutagenesis of the
native substrate-binding site surrounding the abiological metal. With these studies as a foundation,
we and others can now seek the creation of nearly limitless combinations of noble metals and
protein scaffolds that can catalyze reactions with activities and selectivities not possible for either
enzyme or transition metal catalysts alone.
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Chapter . Artificial Metalloproteins and Metalloenzymes

Overview and Motivation

From the simple proton to complex proteins, diverse molecules function as catalysts that
enable modern approaches to synthetic organic chemistry.! Chemists have been long inspired by
natural enzymes that effect transformations under mild conditions with rates and selectivities that
are rarely mimicked by synthetic catalysts (Fig. 1).> Nonetheless, in certain respects, catalysts
created by synthetic chemists have surpassed those created by nature. By employing molecules,
particularly transition metal complexes not found in living systems, catalysts for transformations
unknown in nature have been discovered and developed for synthetic processes.'
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Figure 1. Biosynthesis of steroids, such as cortisol, from cholesterol by sequential oxidation
reactions catalyzed by discrete cytochrome P450 enzymes.

The transition metals are a powerful platform from which to create catalysts for otherwise
unachievable reactions, and both synthetic chemists and nature have incorporated transition
metals into catalysts.'” The reactivity and activity of natural metalloenzymes and synthetic metal
catalysts are modulated by the electronic properties of the donor atom(s) binding the metal and
the particular steric environment that the ligand or protein creates around the metal.
Consequently, iterative modification of the molecular structure of the catalyst can lead to
catalysts with improved functions (Figure 1).* In nature, evolution is the natural process by
which this occurs over time. However, evolution of enzymes can also be accomplished in the
laboratory to create variants of natural enzymes with new properties.” In specialized cases, the
property of interest (eg. antibiotic resistance) can be evolved using life- and death-based
selection, but more commonly, laboratory evolution requires a separate assay to determine
whether the targeted properties (such as activity or selectivity) have been achieved, from which
the most promising variants are manually identified and subjected to further variation.**® Thus,
the overall workflow to optimize an enzyme by laboratory evolution is not unlike the process
typically used to optimize a synthetic catalyst, with cycles of structural modification ultimately
giving rise to the most suitable catalyst for a transformation of interest.’

Despite these similarities, both the process to optimize an enzyme and nature of the enzyme
structure offer considerable advantages for catalysis. Recent advances in molecular biology have
streamlined the process to generate enzyme variants by which the genes encoding hundreds,
thousands, or even millions of enzyme variants can be generated rapidly, and the library of
unique proteins encoded by those genes are synthesized by bacterial hosts in parallel and in a



single step.'” In contrast, the rapid preparation of libraries of organic ligands is difficult. The
synthesis of ligands with varied donor atoms and with varied steric and electronic properties can
rarely be accomplished by following a standard synthetic and purification protocol for all
members of the library. Moreover, the synthesis of a complex chiral ligand is usually several
steps, in sharp contrast to the recombinant expression of enzymes, which creates complex
catalysts in a single step process.

Gene
Library
/\ E coli
é Expressing
Gene
Library
Mutagenesis Laboratory Directed
Evolution
Isolation of
Gene from ap/d Assay
Best Variant (such as UV)
for Desired
Property

Figure 1. Graphical depiction of the strategy to create enzymes with new properties by
laboratory evolution.

In addition to the ease with which many enzymes are prepared, the structurally complexity of
enzymes is unparalleled in synthetic catalysts. The active site of an enzyme can surround the
substrate completely, creating strong interactions with the entirety of the substrate molecule that
enable favorable preorganization of the substrate and stabilization of the transition state.''
Consequently, enzymes catalyze many processes with rates and activities that have never been
accomplished with any other class of catalysts.'> While the potential exists to create organic
ligands of increasing complexity in order to enable comparable reaction outcomes in transition
metal catalysis, this potential is inherently limited by the aforementioned challenges to
synthesize libraries of such compounds.



Supramolecular Anchoring o @
+Limited protein scaffolds I7¥NH

Streptavidin

Covalent Modification-
Diverse Protein Scaffold

\ N TN | M
Diverse Proteins
Figure 3. Graphical depiction of two strategies to create artificial metalloenzymes by anchoring

pre-formed transition metal complexes within the pockets of proteins that do not typically
contain metals.

To combine the activity, selectivity, and evolutionary potential of enzymes with the diverse
reactivity of classic transition metal complexes, researchers have sought to create hybrid
catalysts in which an abiological metal or metal complex is affixed within a protein scaffold.'>'*
Most commonly, such “artificial metalloenzymes” have been created by anchoring transition
metal complexes within binding sites of natural proteins by covalent bioconjugation (e.g.
cysteine alkylation) or dative affinity-labeling strategies (e.g. biotinylation) (Fig. 3). While in
certain cases this strategy has been used to create enantioselective catalysts for abiological
transformations (such as Rh-catalyzed annulation and cyclopropanation)'>'® at the outset of our
studies, there were no examples of artificial metalloenzymes reacting with all three crucial
characteristics of natural enzymes: fast kinetics, high selectivity, and facile evolution. ''®
Moreover, no artificial metalloenzyme had been engineered to catalyze any transformation that
cannot already be accomplished with either a natural enzyme or a classic transition metal catalyst
alone.

To create artificial metalloenzymes with strong potential to address these limitations, we
hypothesized that suitable enzymes could be formed by replacing only the metal of a native
metal protein or enzyme for a new metal with a distinct reactivity profile (Fig. 4)."”*°  This
strategy confers several advantages. Most importantly, while incorporation of unnatural metal
complexes within the cavities of proteins creates enzymes with no defined site to bind the
substrate adjacent to the catalytic metal, metalloproteins reconstituted with abiological metal
centers retain their native, evolvable binding site for a substrate. Therefore, these enyzmes
should retain the potential to be evolved to generate variants displaying the desired levels of
selectivity and activity for particular substrates of interest.



N
Ho6 (4 Dipicolinic Acid _ Ho96 \ ML, H96
\Zn OH2 f» \MLnX

H119 H119 H119

Figure 4. Strategy to create artificial metalloenzymes by replacing the native metal of a natural
metalloenzyme with a different metal. This figure depicts the replacement of the zinc-site in
carbonic anhydrase with a new metal by first removing the native Zn followed by addition of a
new metal.

We have sought new and superior approaches to the preparation, characterization, and
application of diverse catalysts of this class, formed from both proteins that bind metals using
organic cofactors and proteins that bind metals directly using amino acid side chains. Though
each class of protein scaffold presents unique challenges and opportunities, our research has
revealed the possibility to exploit either in forming enzymes containing noble metals whose
reactivity is controlled by the protein scaffold.

1.1 The Evolution of Biocatalysis in Synthetic Chemistry

The advantages that enzymes offer in synthetic chemistry are substantial.'® Enzymes
catalyze organic transformations with exquisite levels of selectivity, including chemo-, regio-,
and stereoselectivity (both enantio- and diastereo-), as well as site-selectivity.”’ In addition,
enzymes are often specific for one substrate among a mixture of potential reactants.”’ Finally,
enzymes accomplish challenging transformations with high activity and under mild conditions,
making enzymes attractive for both industrial scale processes, where mild conditions create cost
savings,”* and late-stage functionalization of complex molecules, which cannot withstand harsh
reaction conditions. However, the immense potential of enzymes in synthesis is tempered by the
limited substrate scope with which natural enzymes react and the limited set of transformations
that can be catalyzed by natural enzymes.

Due to these limitations of natural enzymes, the application of enzymes in synthesis was
originally confined to 1) enzymes whose biological functions are of synthetic value or 2)
enzymes that are naturally promiscuous — that is those that react with a wide range of substrates
without the need for protein engineering.'” Even with these limitations, a range of enzymes have
been exploited in industrial chemistry. The formation and cleavage of ester and amide bonds,
the resolution of alcohols and epoxides, and the reductions of carbonyls and alkenes catalyzed by
natural enzymes have been routinely applied to the preparation of bulk chemicals and detergents
for decades, and in more limited cases, these classes of enzyme-catalyzed transformations were
also applied to the synthesis of fine chemicals and pharmaceuticals."
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differ in the class of enzyme used, the cost of the starting materials, and the number of
stereocenters introduced.
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Starting in the 1980’s, the emergence of structure-based protein engineering strategies
brought what is considered to be a new (second) wave of biocatalysis to synthetic chemistry.'
New tools meant that the structures of enzymes could be modified to create variants that would
react effectively with abiological substrates that reacted poorly with wild-type enzymes.
Synthetic routes to drugs (such as diltiazem and statins, Fig. 5),>* agrochemicals,” cosmetics
(such as myristyl myristate),”® and polymers (such as poly acrylamide)”’ were devised to include
enzyme catalysis. However, the application of enzymes was still limited by the low efficiency of
methods to design rationally, generate, and evaluate enzyme variants.

Most recently, the combination of newer molecular biology tools with superior
approaches in bioinformatics and computer modeling has defined a third wave of biocatalysis in
synthetic chemistry.'® Frances Arnold and Pim Stemmer, among others, advanced the strategy of
laboratory “directed evolution” of enzymes toward non-native properties.”** Originally, their
approach relied on cycles of iterative, random changes to the structure of enzymes (accomplished
by various means), followed by screening of the resulting, often vast, libraries for variants with
improved properties.’® The continual emergence of superior structural data and methods to
model enzymes has allowed the design of smaller, “smarter” libraries that net larger
improvements in properties per mutant evaluated.”’ More efficient methods to evolve properties
of interest into enzymes led to the creation of enzymes with higher suitability for organic



synthesis, including enzymes that are thermally stable (Fig. 6),” that operate in the presence of
high concentrations of organic solvent (Fig. 7),” and that react with substrates for which the
wild-type enzyme is completely inert.®
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Figure 6. Optimization of the activity of subtilisin E at elevated temperature by a series of
generations of directed evolution. The activity was optimized using a model reaction producing
para-nitrophenol, which can be detected easily by UV.
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Figure 7. Optimization of the activity of a lipase in the presence of acetonitrile (CAN). The
activity was optimized using a reaction producing para-nitrophenol.

In what could be considered a new, yet emerging era of biocatalysis, researchers seek to
address the lingering limitation of the scope of reactions that enzymes catalyze. In some cases,
directed evolution has been applied to seek enzymes that catalyze classes of reactions that are not
catalyzed by the wild type enzyme.”* In a few cases, enzymes for specific functions have been
created by de novo design.”> A third, more distinct approach, aims to create enzymes with new
functions by incorporating abiological metal cofactors within proteins to create what are referred
to as artificial metalloenzymes."'* Though nature uses only a limited set of metals within
natural metalloenzymes, chemists have created a vast number of reactions catalyzed by
complexes containing metals that are not known to be used by living systems."”> Compared to
creating new enzymatic functions by evolution alone, artificial metalloenzymes offer an
alternative strategy to access enzymes with predictable functions distinct from those created by
nature.

1.2 Engineering Reaction Promiscuity into Natural Metalloenzymes

Metalloenzymes- enzymes binding a metal, a metal cluster, or a metal organic cofactor- are
prevalent in nature.’” Metalloenzymes are uniquely suited for promiscuity, because transition



metals have been found to display a range of catalytic activities.! In fact, nature itself exploits
this phenomenon. By divergent evolution, among other evolutionary mechanisms, nature
recycles metal sites to create enzymes with diverse functions.”® For example, Fe-porphyrin (Fe-
PIX) binding enzymes catalyze a broad range of reactions, including C-H oxidation,’® C-H
halogenation,37 alcohol oxidation,*® sulfide oxidation,”” and ether** and amine*! dealkylation,
with the discrete protein structure controlling which substrates are accepted and which reaction
pathways are followed (Fig. 8). Although evolution is typically a slow process, strong
evolutionary pressure also has created metalloenzymes with new functions on a much shorter
time scale. Less than forty years after the initial applications of the herbicide atrazine,
researchers identified a new enzyme — atrazine chlorohydrolase- that cleaves C-Cl bonds to
begin the catabolism of the herbicide.” The enzyme differs by eight amino acids from the
previously characterized melamine hydrolase that cleaves C-N bonds.
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Figure 8. Reactivity of oxygen-species generated at the active sites of Fe-porphyrin containing
enzymes. Interception of the various reactive oxygen species by a substrate leads to different

reaction outcomes.

In other cases, metal sites within enzymes are sufficiently promiscuous that new reactions

can be achieved without any evolution of the protein scaffold.*
of carbonic anhydrase (CA) catalyzes the interconversion of CO, and bicarbonate,**

For example, while the zinc-site
this enzyme

also catalyzes other reactions, such as the hydrolysis of phenyl acetates, that can be monitored

conveniently by UV-Vis (Fig. 9).*
accomplished using this promiscuous reactivity rather than the native activity.*

Therefore, biochemical studies of CA are often
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Figure 9. The native and promiscuous functions of the Zn-site of carbonic anhydrase.

These and other examples of reaction promiscuity that occur or evolve naturally have
motivated research aimed at creating metalloenzymes with new functions by laboratory
evolution. The most notable examples of this research direction have created heme (iron
porphyrin, Fe-PIX) proteins with reaction promiscuity that is broader than that in known natural
enzymes.” Fe-PIX proteins catalyze oxidations reactions that proceed through an Fe-oxo
intermediate, which subsequently reacts with C-H bonds to form alcohols or adds to alkenes to
form epoxides.*® Pioneering work by Frances Arnold and coworkers showed that P450-BM3 (a
widely studied P450) can activate ethyl diazo acetate to form an Fe-carbene intermediate that is
structurally analogous to the native Fe-oxo intermediate. *’ They showed that this Fe-carbene can
react with styrenes to form cyclopropanes.*”*® Directed evolution produced mutants of P450-
BM3 that catalyze this abiological transformation with high enantio- and diastereoselectivity
(Fig. 10). Crucially, they found that modification of the amino acid that coordinates the Fe-
center in the axial positions attenuated significantly to the activity of the enzyme.****** From
this initial success, Arnold and others have shown that heme proteins, including both P450-BM3
and myoglobin, can be used as catalysts for other transformations, including the insertion of
carbenes into N-H>*' and S-H bonds,”® the intramolecular insertion of nitrenes into C-H
bonds,”** and the addition of nitrenes to styrenes™ and sulfides (Fig. 11-12).>°
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sulfonyl-nitrenes into C-H bonds in an intramolecular fashion, in analogy to the native function
of P450s that add oxygen to C-H bonds, forming alcohols.

Despite these remarkable accomplishments, the scope of transformations and range of
substrates with which Fe-porphyrin containing enzymes react is limited. Cyclopropanation
reactions occur only in the presence of terminal, activated alkenes.>® Carbene insertion reactions
proceed into weak S-H and N-H bonds, but not stronger O-H or C-H bonds.** Finally, nitrene
insertion reactions occur only in an intramolecular fashion with a limited set of sulfonyl azide
precursors, and the yields of the reactions are significantly limited by the poor chemoselectivity
of the Fe-porphyrin, which is an equally or more efficient catalyst for the reduction of
sulfonylazides to sulfonamides.*

These limitations encountered in the evolution of P450s toward new functionality exemplify
the broader challenges and limitation of relying on only laboratory evolution to create new
functions in existing enzymes. First, nature is inherently handicapped for catalysis, in that it
does not incorporate many of the late second and third row metals (such as Rh, Ir, Ru, Pd, Pt,
Au, and Ag) that offer modes of reactivity that are not accessible with other metals or by
organocatalytic approaches."”  While nature has indeed created enzymes to catalyze
exceptionally challenging transformations,'” to create by laboratory evolution an enzyme with a
function for which no natural enzyme has a related function is exceptionally challenging because
1) it not obvious from what enzyme such an evolution should begin and 2) the strategy of
directed evolution is predicated on achieving a measureable level of success from the start.
Therefore, unless the initial enzyme(s) to be evolved or the first round of variants created from
those enzymes display any activity, the system lacks a basis for directing further evolution.’

1.3 Synthesis and Application of Artificial Metalloenzymes Created by Dative or Covalent
Anchoring Strategies

To create enzymes containing abiological metals, one of two related strategies have been

followed most often (Fig. 13)." 1In both cases, an ancillary ligand of a typical organometallic
complex is modified with functionally that will allow it to be anchored within the cavity of a

10



protein. By one strategy, a dative affinity label (such as biotin) is used to modify the ancillary
ligand, enabling a supramolecular interaction between the metal complex and a complementary
protein (such as streptavidin).”’ Alternatively, the ancillary ligand can be modified with a
reactive group (such as a maleimide, an alpha-halo amide, or a strained alkyne®), such that the
metal complex can be covalently attached to a genetically encoded natural or unnatural amino
acid (such as cysteine or an amino acid containing an azide) by a classic organic reaction (Sx2,
conjugate addition, or cycloaddition)."

These strategies are advantageous because they offer the potential to place nearly any type of
transition metal complex within a protein. In addition, nearly any protein with a suitable pocket
to contain a metal complex can serve as a host. A significant disadvantage of this strategy is that
while the site at which the ancillary ligand is attached to the protein is well defined, the site at
which the metal lies relative to the protein may be unknown, hindering the potential to evolve the
resulting enzyme. Furthermore, if the cavity of the protein it too large, the metal freely rotate
among many conformations within the protein, resulting in an amorphous active site. On the
other hand, if the cavity it too small or too close to the surface, the metal site may not lie within
the sphere of influence of the protein at all. Finally, even if the metal site is fixed rigidly at one
site, an appropriate site adjacent to the metal to bind the substrate may not be present. Therefore,
despite the broad potential of this strategy, judicious selection of metal complexes and protein
hosts is still required in order to develop an effective catalyst. The research efforts to create
artificial metalloenzymes that overcome these challenges are summarized in the following
sections.

Supramolecular Anchoring
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Streptavidin

Covalent Modification-
Diverse Protein Scaffold

Diverse Proteins

Figure 13. Graphical depiction of two strategies to create artificial metalloenzymes by
anchoring pre-formed transition metal complexes within the pockets of proteins that do not
typically contain metals.

1.3.1 Dative Anchoring Approach to Artificial Metalloenzymes

Whitesides and coworkers created the first artificial metalloenzymes by incorporating
biotinylated rhodium complexes into streptavidin to create catalysts that hydrogenate activated
alkenes (Fig. 14).” Although the reactions they reported occurred with modest
enantioselectivity (~44%), this initial study nonetheless demonstrated the potential to create

11



active and selective enzymes by this approach. After a period of dormancy, this area of research
resurged in the past twenty years during which time a wide variety of metal complexes have been
introduced into a range of proteins.

Inspired by the early studies of Whitesides, Thomas Ward and coworkers contributed
significantly to the development of artificial metalloenzymes based on streptavidin.’”*® Their
studies have aimed to create both artificial streptavidins that catalyze a range of reactions and to
develop generalizable strategies that enhance the potential of streptavidin to function as an
evolvable host protein. Recently, they have also expanded the dative anchoring strategy to
include other proteins that have strong, specific dative interactions with particular molecules
(such as carbonic anhydrase and aryl sulfonamides).”’ Together, contributions of Ward and
others include streptavidins containing Rh, Ir, Pd, and Cu complexes that catalyze ester
hydrolysis, dihydroxylation, epoxidation, sulfoxidation, hydrogenation, transfer hydrogenation,
NAD+ reduction, and Diels Alder reactions.'**® Many of these reactions proceed with low to
moderate selectivity and low activity when compared to either enzymes or synthetic metal
complexes that function as catalysts for the same transformations.

h(nbd)(P*)OTf (0.2 mol %)
Protein (0.2 mol%) W
Y Catalyst Structure Below

entry Protein TON ee
1 None 475 <2%
2 Lysozyme 450 <1%
3 BSA 150 <5%
4 Carbonic Anhydrase 50 <10%
5 Avidin (excess) >500 44%
7 p HN—
N / H \(
P Rh “,
\\ P : NH
S H

Figure 14. Initial work by Whitesides to show that incorporation of a metal complex within a
protein by dative anchoring can create an enantioselective transition metal catalyst. In this
example, an enantioselective catalyst for hydrogenation of alkenes was created.

In fewer cases, artificial streptavidins have been created to catalyze reactions for which
natural enzymes are not known (abiological transformations). These examples, which are
particularly notable due to the limited possibility to evolve a natural enzyme for these functions,
include strepatividins for cross coupling,”* metathesis,” allylic substitution,® and annulation
reactions.'® A landmark report from Thomas Ward described the enantioselective annulation of
benzamides with acrylates using streptavidin containing a Rh(III) site as the catalyst (Fig. 15).'°
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This reaction occurred with up to 82% ee and 95% yield, with an observed rate enhancement of
Rh-enzyme catalysts in comparison to the Rh-cofactor in the absence of the protein.

0 . 0
[RhCp*betinCl,], (1.0 mol %)
N NHOP (R Streptavidin Variant (0.2 mol%) XN
b | MOPS/MeOH, rt, 72h | _ .
Substrate Yield ee
R = COEt 95% 12% o
R = COOBn 61% 48% ~Rn X\_,,, H HN\\//
AN ‘.
R = COOMe 64% 76% ee —cl Cl NH
S H
R = COOMe, 80% 78% ee
Napthalene

Figure 15. Enantioselective, Rh-catalyzed annulation reactions catalyzed within streptavidin.

Ward also reported enantioselective allylic alkylation reactions using streptavidin containing
a Rh-phosphine site.®® Though enantioselectivities of up to 90% were achieved in this case, the
allylic acetate substrates were also consumed by hydrolysis, and the ratios between the alkylated
and hydrolyzed products were not disclosed in the report. Other examples of abiological
reactions catalyzed by artificial streptavidins proceeded with low to moderate
enantioselectivities.’’

To improve the approach to designing artificial metalloenzymes created by dative anchoring,
Ward has investigated several strategies to optimize artificial metalloenzymes using the transfer
hydrogenation of ketones and imines as model systems. In one approach, through what Ward
coined “chemogenetic engineering,”®® his group optimized the outcome of a catalytic reaction
through combinatorial variation of the protein structure and metal cofactor (Fig. 16). In
particular, they focused on creating mutations at two sites in the protein scaffold, and combined
mutants of those site with metal complexes in which the linker between the biotin group and the
metal center differed in length. These studies divulged the important interplay between the
structure of the protein and the structure of the metal complex.
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[Ru(Arene*PioinyCl,], (1.0 mol %)
Streptavidin Variant (0.3 mol%)

MOPS/HCO,Na, 64 h

entry Protein Arene of Cofactor Conv (%) ee
1 S112Y Sav p-cymene 95% 90% (R)
2 S112D Sav p-cymene 0
3 S112K Sav p-cymene 50% 20% (S)
4 S112K Sav benzene 37% 55% (S)

Figure 16. Subset of results of chemogenetic engineering of Ru-streptavidins for transfer
hydrogenation reactions. These results show the effect of both the structure of the protein and
the structure of the cofactor on the outcome of the catalytic reaction.

Another advantageous strategy disclosed by Ward was to place a genetically encoded
histidine residue at an appropriate position to coordinate directly to the metal, rigidifying the
position of the metal site.”” Reactions catalyzed by mutants bearing this histidine residue
occurred with both higher activity and higher enantioselectivity compared to the same reactions
catalyzed by proteins lacking this histidine residue (Fig. 17).

Computational design has been applied to the optimization of artificial metalloenzymes.
In collaboration with Ward, David Baker and coworkers used computational modeling to
improve the affinity of carbonic anhydrase for metal complexes modified to contain sulfonamide
affinity tags.”” Their computational models identified mutants of carbonic anhydrase that bind
Ir-piano stool complexes with 50-fold higher affinity compared to the wild type protein.
Moreover, the mutants optimized by computation reacted with a four-fold improvement in TON
and a 20% improvement in enantioselectivity compared to the wild type protein. The results
obtained from these several strategies to design more effective artificial metalloenzymes suggest
there is some potential to improve this class of enzymes as catalysts for a wider range of
abiological transformations.

70,71
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[RhCp*bietinCl,], (2.0 mol %)

O Streptavidin Variant (0.7 mol%) A0
~o _N MOPS/MeOH, rt, 72h g ~o NH
entry Protein Conv (%) ee
1 WT 18% racemic
2 S112H 100% 55% ee (S)
3 K121H 100% 79% (R)
4 S112H, K121H  40% 9% (R)

Figure 17. A dual-anchoring approach reported by Ward to improve the enantioselectivity of
hydrogenation reactions catalyzed by Rh-streptavidins. In this case, a genetically encoded
histidine residue, which can coordinate directed to the Rh-site, led to a catalyst with substantially
improved enantioselectivity.

1.3.2 Covalent Anchoring Approach to Artificial Metalloenzymes

In addition to those created by dative anchoring, artificial metalloenzymes have been created
by the covalent attachment of the metal complex to the protein. Most examples of enzymes
created by this method react with low to moderate selectivities, likely because these enzymes
tend to be compromised by poor rigidity of the metal complex within the protein scaffold.”” To
reduce the flexibility of this class of enzymes, the aforementioned strategy of dual anchoring has
been used with some success. In one case, Yi Lu and coworkers showed that the
enantioselectivity of sulfoxidation reactions catalyzed by myoglobins (Myo) containing
manganese salens could be improved by bioconjugation of the salen complex to the protein at
two genetically encoded cysteine residues, rather than attaching the salen at a single site (Fig.
18).”* In this case, the rigidity of the metal center may also be enhanced though the coordination
of the axial histidine residue of the myoglobin protein directly to the manganese center.
Substitution reactions catalyzed by Mn-salen-Myo with a single anchoring point proceeded with
up to 12% ee, while those catalyzed by a Mn-salen-Myo with two anchors proceeded with 55%
ee. Subsequently, they showed that the enantioselectivity of the catalyst could be further tuned
by changing the positions of the pair of anchoring groups.” Ultimately, the best catalyst they
produced reacted with 61% ee and 16% yield.

In addition, a similar dual anchoring strategy to that initially described by Ward has also been
applied to enzymes created by covalent anchoring. Recently, Jared Lewis and coworkers applied
a bioconjugation strategy based on click chemistry developed in their group, to create
oligiopeptidases containing Rh(II) sites that catalyze the cyclopropanation of styrenes with
donor-acceptor carbenes (Fig. 19)." In this system, a genetically encoded histidine residue binds
to the metal center, fixing the position of the metal at a particular site relative to the protein. By
varying the site of this histidine, the authors were able to improve the enantioselectivity of the
transformation, reaching selectivities of up to 92% ee without further evolution or optimization
of the protein scaffold."
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entry variant rate (min-1) ee
1 Y103C 0.05 10%
2 Y103C, S108C 0.09 -15%
3 Y103C, L72C 0.39 51%
4 T39C, S108C 0.18 1%
5 T39C, L72C 0.68 66%
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Figure 18. A sulfoxidation reaction catalyzed by myoglobin containing a salen ligand anchored
to the porphyrin binding site of myoglobin at two sites.

N2
Rh(ll)- oligiopeptidase A, foOMe
OMe 1 mol% ‘.
/\ + (1 mol%) _
Ph

fe) 10% THF/ buffer

MeO Ph

entry variant Yield ee
1 WT 25% 38%

2 L328F 14% 23%

3 L328C 21% 47%

4 L328H 61% 85%

5 L328H, F99, F594 74% 92%

H o
o4 o x 0
| 0 Rh B
7 o X o

1

Figure 19. Cyclopropanation of styrenes with donor-acceptor carbenes catalyzed by a Rh(II)
site anchored within a oliopeptidase by a click reaction at a genetically encoded azide residue
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1.3.3 Outlook

To create highly active and selective artificial metalloenzymes by anchoring abiological
metal complexes within proteins remains a developing area of research. While certain
enantioselective catalysts for abiological reactions have been created, the levels of selectivity
that have been achieved still fall short of the exquisite selectivities observed in a catalysis by
natural enzymes. The cumulative studies of this class of artificial metalloenzymes have clearly
shown the advantage conferred by creating additional interactions directly between the catalytic
metal site and the protein. In the examples in which the highest enantioselectivity is achieved,
the second anchor is an amino acid from the protein coordinating directly to the abiological
metal site. This second anchor fixes and defines the site of the catalytic metal, allowing a
discrete reaction environment to be achieved and mutagenesis to be directed in the vicinity of the
metal site. The future will show whether this approach, likely followed in combination with
computational modeling, will lead to examples of artificial metalloenzymes that react in
abiological transformations with levels of selectivity more analogous to those of natural
enzymes.

An additional, perhaps greater, challenge will be to evolve such artificial metalloenzymes to
react with levels of activity resembling those of natural enzymes. While select examples of
enantioselective artificial metalloenzymes exist, no artificial metalloenzymes display kinetic
parameters resembling those of natural enzymes.'” The absence of a natural substrate binding
site adjacent to the metal in this class of artificial metalloenzymes compromises their potential to
bind and react with substrates. Although the potential exists to evolve these types of substrate
interactions into artificial metalloenzymes, multi-site directed evolution has rarely been applied
to artificial metalloenzymes,”*” and the efficiencies of selective artificial metalloenzymes (as
measured by Ky/k.,) are more than 10,000X lower than the median efficiencies of natural
enzymes involved in the synthesis of synthetic intermediate and secondary metabolites.'’

Challenges that may have precluded the optimization of reported systems by directed
evolution include the aforementioned amorphous structure of the active sites of these enzymes
and the inefficiency of the methods used to prepare particular artificial metalloenzymes.*
Therefore, to achieve an abiological reaction using an artificial metalloenzymes that is readily
evolved to react with selectivities and activities comparable to natural enzymes would mark a
genuine advancement in this field.

17



1.4 Synthesis and Applications of Artificial Metalloenzymes Created by Replacement of
Native Metals with New Metals

Many of the challenges associated with creating highly selective and active artificial
metalloenzymes by dative or covalent anchoring originate from the fundamental strategy by
which they are created. Incorporation of unnatural metal complexes within cavities of proteins
creates enzymes that lack a natural site adjacent to the metal to bind tightly a substrate. Without
such a site, these artificial enzymes have diminished potential to bind and interact with substrates
in a comparable manner to the interactions observed between natural enzymes and their native
substrates,'' and they may lack a suitable number of residues close to the metal site to optimize
the active site by directed evolution.”'

An alternative strategy to create artificial metalloenzymes that do contain natural sites to bind
substrates adjacent to a metal site would be to reconstitute native metalloenzymes with
abiological metals in place of the native metal. In this way, new reactivity can still be achieved
due to the introduction of an abiological metal, but the natural affinity of the enzyme structure to
bind a substrate can be retained. Consequently, such a system should have similar potential to
that of the natural enzymes to be optimized by directed evolution.

Polymetallic Sites Metal Organic Cofactors

HO. O HO OGMP

— Mn\'VIn Mn i
P _re’ :
RS S S SFe,S(Cys)y !

Figure 20. Examples of the structures of polymetallic sites and metal organic cofactors used in
natural metalloenzymes.

Natural metalloproteins incorporate metals in one of three main modes: 1) as single metal
sites coordinated to two or more amino acid side chains, 2) as polymetallic sites and metal
clusters, or 3) within metal-organic cofactors (such as porphyrins) that are incorporated inside a
protein (Fig. 20).” Of these three classes, the first and third, describing enzymes that contain
single metal sites, should be most suitable to create selective artificial metalloenzymes because
the presence of multiple metal sites will make it challenging to achieve a reaction in a single,
discrete environment.

One of the earliest reports using this strategy converted a Zn-peptidase into Cu-sulfoxidase
with low activity.” Subsequent work replaced zinc ions in thermolysin with W, Mo, and S sites
to create sulfoxidases that were slightly more active.”” Finally, vanadium oxide sites were
incorporated within a series of metalloproteins creating sulfoxidases that were also the first
enantioselective artificial metalloenzymes created by metal reconstitution. Phytases containing

18



vanadium catalyzed the oxidation of arylsulfides to sulfoxides with up to 66% ee (Fig. 21)."”
These early studies did not use mutagenesis or directed evolution to seek more active or selective
variants.

(')O

i ®

: S\ Vanadn:rznthytase . S\
entry mg Phytase VO (uM)  Temp(°C) conversion ee
1 0omg 10 25 10% 0%
2 12 mg 10 25 100% 56%
3 12 mg 10 4 100% 66%
4 0mg 0 25 10% 0%
5 1.7 mg 0 25 15% 25%

Figure 21. Enantioselective sulfoxidation reactions catalyzed by phytase substituted with a
vanadium oxide site.

In most of these early examples, the native metals of metalloenzymes were replaced by
alternative (typically first row metals) metals that are incorporated in other natural
metalloenzymes. Reconstitution using first row metals is advantageous because first row metals
form weaker bonds than second and third row metals, allowing the ions of these metals to
equilibrate rapidly among many potential binding sites until the ion reaches the site that is most
thermodynamically preferred.! Late second and third row transition metals, which typically form
stronger bonds, are more likely to become kinetically trapped at sites other than the native metal
binding site.' However, the creation of artificial metalloenzymes by the substitution of one first
row metal for another has a limited potential to create functions that are not already possible with
natural enzymes. For example, in the case of the aforementioned sulfoxidases, the activities of
the artificial enzymes were 10°-10* times lower than those of natural haloperoxidases that
catalyze the same oxidation reactions.'®

In fewer cases, the apo forms of natural metalloproteins have been reconstituted with metals
that are not present in natural enzymes. Watanabe and coworkers have published a series of
reports on the coordination of noble metals to ferritin, an Fe-transport protein cluster capable of
binding dozens of Fe ions to each cluster.”®” In one case, apo-ferritin has been shown to bind
approximately 58 Rh fragments and the resulting protein to catalyze size-selective
polymerization of phenyl acetylene.”” In these studies, X-ray crystallographic data support the
incorporation of the noble metals at the same sites at which Fe coordinates in the native protein
cluster. In another case, apo-carbonic anhydrase II (CA), a zinc-binding protein, was combined
with rhodium precursors to generate Rh-CA species that catalyze hydrogenation and
regioselective hydroformylation reactions (Fig. 22).*** Compared to ferritin, apo-carbonic
anhydrase is a simpler ligand because the natural protein binds a single metal center; however,
the binding location and coordination environment of the Rh-center in the species generated by
combining XX with apo-CA was not directed characterized in these studies. In fact, the
complete, solution-state characterization of the metal center of a discrete, artificial
organometallic protein had never been reported prior to the work described in Chapter 2 of this
thesis.
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Apo-Fr Rh(nbd)-apo-Fr

Figure 22. Reconstitution of apo-ferritin with Rh(nbd)-sites to create a catalyst for the
polymerization of phenyl acetylene. Figure adapted from the original report of Watanabe.™

In a special case, one can circumvent many challenges associated with the reconstitution of
apo-metalloproteins by choosing metalloproteins that bind metals as part of metal-organic
cofactors. If only the metal of a biological metal-organic cofactor is changed, the host protein
should retain a high affinity for the cofactor at its native binding site. This high affinity should
guide the unnatural metal to the same site within the protein that is occupied by the natural metal.
Although the number of known biological metal-organic cofactors is limited, those that are
known, nonetheless, provide access to diverse and useful catalytic activity. For example, metal-
porphyrins (M-PIX) are both biological cofactors and prevalent synthetic metal complexes.*’
Porphyrins containing abiological metals (Ru, Rh, Ir) catalyze a broader range of reactions than
those containing Fe, including the formation of C-X bonds (via X-H insertion of carbenes or C-H
insertion of nitrenes) and C-C bonds (via C-H insertion of carbenes), as well as cyclopropanes,
epoxides, and aziridines (via addition of nitrenes and carbenes to C=X bonds), among other
transformations that proceed through related mechanisms (Fig. 23).%™ Therefore, it one could
incorporate porphyrins containing these abiological metals into heme proteins, enzymes with
new functions could be created from heme proteins without disturbing the natural substrate
binding sites present in those proteins.
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Figure 23. Examples of reactions catalyzed by noble metal porphyrins for which natural
enzymes or their genetic variants are not known to be active catalysts.

Since the initial discovery of a method to generate the apo form of heme proteins from the
Fe-form (by denaturing, acidic extraction of the heme cofactor),*® numerous porphyrins
containing metals other than Fe have been incorporated in heme-protein scaffold, including those
of myoglobin, cytochrome P450-BM3, and cytochrome P450-CAM.*”' However, only a few
recent studies have applied artificially metallated heme proteins as catalysts in synthetic organic
chemistry. In these studies, the artificial heme proteins (containing Mn and Co) were only
evaluated in reactions that can also be accomplished with native Fe-PIX proteins, and the
variants containing Mn and Co in place of Fe were found to be less active than their Fe analogs
(Fig. 24).°>” In addition, no enantioselectivity was observed in the transformations. Thus,
artificially metallated heme proteins have never been used as catalysts for transformations
beyond those catalyzed by Fe-PIX proteins.
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Figure 24. The single example from the literature to use a heme protein binding a porphyrin
containing a metal other than Fe as a catalyst for an organic transformation. In this case, Mn and
Co myoglobins were found to be less active catalysts for the insertion of nitrenes into C-H bonds
than analogous (natural) Fe-containing myoglobins were found to be for the same reactions.

1.5 Challenges in Applying Reconstituted Metalloproteins in Catalysis

The synthesis of artificial metalloenzymes by formal reconstitution of the apo-forms of
natural metalloenzymes is a promising, but rarely studied approach. The existing literature is
sporadic; few systems have been studied in depth, improved upon over time, or grounded
strongly in prior work by others. Despite the advantages of this class of artificial
metalloenzymes previously discussed, the preparation and use of such enzymes confronts a
series of challenges that may have impeded prior studies. Most notably, the thermodynamic
driving force to bind the new metal selectively at same site as the native metal may be
insufficient to preclude non-specific binding between the metal and other sites on the protein
scaffold. Moreover, general, efficient methods to determine the site selectivity with which an
abiological metal binds to an apo-metalloprotein have not been established. Finally, the
fundamental reactivity of a metal complex directly ligating a protein may not be analogous to
that of any small metal complex studied previously.

To overcome these challenges and to create the foundation for further development of such
systems, it is essential to synthesize discrete organometallic proteins and to fully characterize the
number and binding site of metal fragments coordinated to the protein and the number and
identity of the amino acids bound to the metal. If well-characterized complexes can be generated,
the elementary and catalytic reactivity of protein-ligated metal centers can then be observed,
understood, and modulated to create the type of fundamental information that has fueled the
development of small-molecule organometallic catalysts. The development of practical and
efficient ways to synthesize these types of enzymes is also essential for efficient evolution of
these enzymes; effective laboratory evolution requires the preparation of, at minimum, hundreds
of variants of the wildtype enzyme.’
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Additional challenges confronting catalysis using artificial metalloenzymes are those
common to the broader field of biocatalysis. The range of useable reaction conditions is much
more limited in biocatalysis than in standard transition metal catalysis. Reactions must be
compatible with aqueous reaction conditions, and the reactions must occur at moderate
temperatures and within a narrow pH range. Moreover, all reagents must be compatible with the
wide range of reactive functionality (unprotected alcohols, amines, and phenols, sulfides,
electron rich heterocycles, and others) present in the protein scaffold. As one example, the use
of strong oxidants is challenging in the presence of proteins, due to both the consumption of the
oxidant by reactions with the amino acid side chains and the precipitation of the protein after its
structure reaches a heavily oxidized state. Beyond these considerable restrictions, substrates
must be sufficiently soluble in water to interact with the enzyme, but when dissolved, they
should not disrupt the the protein fold. Finally, reactions should occur under dilute reaction
conditions and with >100 TON (which is more TON than are reported for many emerging
transition metal catalysts), because proteins are generally unstable at high concentration or in the
presence of high concentrations of organic substrates. If strong analogy to natural enzyme
behavior is achieved, the hydrophobic effect can draw substrates present at low concentrations
into the enzyme active site, at which point the structure of the active site can provide rate
acceleration to enable challenging reactions under mild conditions." However, initial systems
are unlikely to display these favorable properties.

1.6 Conclusions and Objectives

The field of artificial metalloenzymes promises to combine the selectivity and evolutionary
potential of enzymes with the diverse modes of reactivity possible using synthetic transition
metal catalysts. Since its inception in the 1970s, research efforts in this area have increased, and
the possibility to conduct abiological reactions at unnatural metal sites within enzymes has been
demonstrated. However, presently these catalysts are used and behave with stronger analogy to
synthetic transition metal catalysts than to enzymes. In comparison to natural enzymes, artificial
metalloenzymes react with slow rates and modest selectivities.'>'” Moreover, multi-site directed
evolution has rarely been applied to artificial metalloenzymes due to challenges to create
artificial metalloenzymes that are both sufficiently understood to apply directed evolution and
that are sufficiently efficient to prepare.” Owing to these challenges, an artificial
metalloenzymes has yet to be created to catalyze a reaction with a level of selectivity that cannot
be accomplished with either a natural enzymes or a synthetic transition metal catalyst alone.

Based on the current literature in this field, we hypothesized that the alternative, rarely
followed approach to create artificial metalloenzymes- by reconstitution of natural
metalloenzymes with abiological metals- could create artificial enzymes with stronger structural
analogy to natural enzymes. With stronger structural analogy should come reactivity profiles
that are also more analogous to those of natural enzymes, including high activity and selectivity.

With limited examples of strategies to synthesize, characterize, and evolve artificial
metalloenzymes created by metal replacement, our initial objectives were to develop suitable and
generalizable methods to create, characterize, and evaluate the stoichiometric and catalytic
activity of such artificial metalloenzymes. In particular, we aimed to prepare these enzymes by a
strategy that is sufficiently sufficient for evolution.

In one case, using carbonic anhydrase as a model system,”* we sought new strategies to
introduce second- and third-row late transitions metals into proteins that bind metals directly
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using amino acid side chains. Upon achieving a successful synthesis of carbonic anhydrases
metallated with Rh- and Ir-sites, we sought to demonstrate that it is possible to characterize the
structure of a metal that is ligated to a protein in the solution state in a fashion analogous to the
way typical synthetic catalysts are characterized and understood. Finally, with suitable
characterization methods in hand, we aimed to evaluate the fundamental, stoichiometric
reactivity of the metal sites bound within the carbonic anhydrase matrix and to learn how this
reactivity can be controlled through modification of the protein scaffold. These studies form a
foundation from which to develop artificial metalloenzymes based on the same types of
mechanistic data that have fueled the development of typical, synthetic metal catalysts.

In a second case, with myoglobin as a model system,” we aimed to develop an efficient
process to form PIX-proteins containing metal porphyrins binding metals other than Fe. In
particular, we targeted a process that was mild enough to preserve the structure of the protein and
rapid enough to enable laboratory evolution of the resulting proteins. After developing a suitable
process, we applied it to create a combinatorial array of artificial metalloenzymes combining
different mutants of myoglobin with porphyrins containing different metals. This array was
applied to search for artificial myoglobins with catalytic activity that is not known for any
natural enzymes. Following the discovery of iridium-containing myoglobins that catalyze C-H
insertion reactions, we applied laboratory evolution to develop catalysts for enantioselective
variants of this and other transformations.

Subsequently, we applied the same methodology to create cytochrome P450s containing
abiological metals. Because P450s naturally function as catalysts for organic transformations,
we hypothesized that P450s containing abiological metal porphyrins could function as artificial
metalloenzymes with high structural and functional analogy to natural enzymes. Elucidation of
the kinetic parameters of these enzymes confirmed that their behavior strongly mirrored that of
natural enzymes. This allowed us to exploit these enzymes in challenging transformations, such
as intermolecular insertions of carbenes into a C-H bond and addition of carbenes to unactivated
and internal alkenes that we could not accomplish using enzymes formed from myoglobin.
Finally, we aimed to demonstrate the potential to control a range of selectivities using artificial
metalloenzymes, such as diastereoselectivity, chemoselectivity, site-selectivity, and substrates
selectivity, the latter three of which have not been shown previously with artificial
metalloenzymes.

Despite challenges confronting preparation, characterization, and application, our studies
have revealed that diverse artificial metalloenzymes created by the strategy of metal replacement
can indeed be prepared efficiently and characterized as comprehensively as one would
characterize natural enzymes and small molecule metal complexes. = Moreover, the
stoichiometric and catalytic reactivity of the noble metal sites within these proteins can be
controlled by mutagenesis of the native substrate-binding site surrounding the abiological metal.
With these studies as a foundation, we and others now can seek the creation of nearly limitless
combinations of noble metals and protein scaffolds that can catalyze reactions with activities and
selectivities not possible for either enzyme or transition metal catalysts alone.
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Chapter 2: Generation, Characterization, and Tunable Reactivity of
Organometallic Fragments Bound to a Protein Ligand

This chapter is modified from the following publication with permission of the university and all
coauthors: Key, HM. ; Clark, D. S. ; Hartwig, J.F. JACS 2015, 137, 8261-8268.

ABSTRACT: Organotransition metal complexes catalyze important synthetic transformations,
and the development of these systems has rested on the detailed understanding of the structures
and elementary reactions of discrete organometallic complexes bound to organic ligands. An
alternative strategy for the creation of new organometallic systems is to exploit the intricate and
highly structured ligands in natural metalloproteins. To understand the relationships between the
structure and reactivity of a protein-ligated organometallic site and those of a conventional
organometallic complex, discrete, well-characterized transition metal complexes containing
protein ligands need to be generated and their reactivity observed directly. We report the
preparation and characterization of discrete rhodium and iridium fragments bound site-specifically
in a k,-fashion to carbonic anhydrase as a ligand. With methods devised to determine the extent,
specificity, and mode of bonding of the organometallic fragment to the protein, we have observed
stoichiometric reactions occurring at an artificial organometallic protein. The preparation and
reactivity of these complexes demonstrate the potential to study a new genre of organometallic
complexes for which the rates and outcomes of organometallic reactions can be controlled by
genetic manipulations of the protein scaffold.

2.1 Introduction.

Transition metal complexes catalyze many important chemical reactions used to prepare
molecules ranging from small commodity chemicals to complex, medicinally important natural
products.’ Fundamental studies on the synthesis and reactivity of organometallic complexes have
created the framework on which new catalytic processes are developed. These studies have shown
that the ligands in these catalysts modulate reactivity and selectivity via the electronic properties
of the donor atom(s) and the particular steric environment that the ligand creates around the metal.
Consequently, the expanding utility of this class of catalyst is inseparable from the development
and iterative modification of organic ligands. While this strategy has produced innumerable active
and selective metal complexes for stoichiometric and catalytic transformations of interest, the
synthesis of complex ligands is inefficient, and active and selective complexes undergoing
desirable transformations and reacting with substrates of interest have yet to be identified.'

An alternative class of organometallic system to those containing ligands based on small
molecules could exploit the intricate and highly structured structures of natural metalloproteins.”
Unlike many organic ligands, diverse proteins that bind metals can be prepared conveniently in a
single step via recombinant expression, consistently purified in a single step by affinity
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chromatography, and rapidly derivatized by a variety of well-established mutagenesis techniques
and molecular evolution.” Due to these properties, protein-derived ligands could enable a strategy
to control organometallic and catalytic reactivity that complements that based on the more typical
selection of small organic ligands, including the efficient evolution of ligands providing targeted
activities and selectivities on a substrate specific basis.

Organometallic complexes containing abiotic metals directly coordinated to proteins are a
limited part of the growing field of artificial metalloenzymes.”® More frequently, artificial
metalloenzymes have been prepared by a strategy in which a known transition metal complex is
anchored within a protein scaffold in a covalent or supramolecular fashion.”'! This strategy is
distinguished by the fact that complete complexes of known catalytic activity are incorporated into
the system; however, in this case the native binding site of the protein must be sufficiently large to
accommodate an entire organometallic complex, and although the binding or attachment site of
anchoring group may be well-defined, the catalytic metal center does not necessarily fall within
the native binding pocket of the protein host. Thus, the application of apo-metalloproteins as
ancillary ligands for organometallic complexes is a complementary tactic in which the new metal
is positioned directly in the native binding pocket of the protein. In this way, the secondary
coordination sphere surrounding the new metal can be reasonably predicted provided that the
structure of the natural metalloenzymes is known.

Although the number of examples in which metal complexes ligate a protein as the primary
ancillary ligand and the resulting complex serves as a catalyst are limited, these reports
nevertheless validate that protein-derived ligands have the potential to impose selectivity in
catalytic reactions.'”'® In one case, apo-ferritin has been shown to bind approximately 58 Rh
fragments and the resulting protein to catalyze size-selective polymerization of phenyl acetylene.'*
In another case, apo-carbonic anhydrase II was reconstituted with manganese to create an
enantioselective artificial epoxidase.'” The same approach was then used to create carbonic
anhydrase analogs containing rhodium in place of zinc. The resulting protein is reported to catalyze
hydrogenation and regioselective hydroformylation reactions.'™'"” Compared to ferritin, apo-
carbonic anhydrase is a simpler ligand because the natural protein binds a single metal center;
however, the binding location and coordination environment of the Rh-center in the carbonic
anhydrase analog was not directed characterized in these studies.'™" In fact, the complete,
solution-state characterization of the metal center of a discrete, artificial organometallic protein
was not reported prior to our publication of the research described here.

To create the foundation for further development of organometallic proteins formed from
the direct ligation of abiological metals to the metal binding sites of apo-metalloproteins, it is
essential to synthesize discrete organometallic proteins and to fully characterize the number of
metal fragments bound to the protein, the site to which the protein is bound, and the number and
identity of the amino acids bound to the metal. If well-characterized complexes can be generated,
the elementary reactivity of protein-ligated metal centers can then be observed, understood, and
modulated to create the type of fundamental information that has fueled the development of small-
molecule organometallic catalysts. The synthesis and characterization of such an organometallic
protein confronts a number of challenges not encountered in traditional organometallic synthesis.
Preparing such complexes in high yield, determining which amino acid residues bind the metal,
and monitoring the reactions of small molecules at the site created within a large protein requires
the judicious combination of methods used to characterize both organometallic complexes and
proteins. Indeed, stoichiometric reactions of an abiological organometallic center bound to a
protein ligand have not been observed directly.
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My PhD studies revealed the efficient synthesis and characterization of a series of discrete,
well-defined organometallic complexes that ligate carbonic anhydrase through two of the three
histidines of the native Zn-binding site. Generalizable methods to determine the extent and location
of metal binding in a general fashion were developed, and, for the first time, the conversion of one
organometallic protein to a second organometallic protein by the simultaneous cleavage and
formation of metal-carbon bonds was observed directly using these methods. Furthermore, we
show that the structure of the protein surrounding the organometallic center controls the rates and
products of these reactions in a manner that would be challenging to achieve using small-molecule
ligands.

2.2 Synthesis of Discrete Organometallic Proteins

To generate protein-derived ancillary ligands suitable for coordinating organometallic
fragments in a defined manner, we followed a documented approach of removing native metals
from natural metalloproteins also followed by others (Fig. 1)."” The ligand substitution reaction of
the resulting apo protein with an organometallic fragment presents a series of challenges that are
not encountered when conducting analogous preparations of small organometallic complexes. In
particular, the separation of apo and metal-bound proteins and the separation of proteins in which
the metal is bound to different sites is impractical. Therefore, the generation of discrete artificial
organometallic proteins requires high-yielding and site-specific metallations. To develop such a
reaction, efficient methods are needed to identify the metal precursor, reaction conditions, and
protein mutants that form single complexes in high yield. X-ray crystallography, non-native mass
spectrometry, and metal analysis are the predominant methods used to characterize artificial
metalloenzymes,”'* but these methods, respectively, are too slow to evaluate the yields for
formation of potential organometallic proteins and reactions of them, release the metal due to
denaturation, and are silent concerning the binding site. Furthermore, x-ray crystallography cannot
be used to characterize metalloprotein species with that are unstable over time, such as the Rh-
proteins described in this study. Therefore, we sought alternative, solution state methods that
efficiently reveal the site-specificity of metal binding.

HN H94 HN H94 HN
H96 Hﬁ"‘j H(—QNE/ N \NT
N L H96— Y ML,

&NN\’Z"‘OHQ T AE;NN
HN>7/ ZnL, HN>?1 xL >7l

H119 H119 H119

Figure 1. Standard method used to remove the native Zn fragment from CA.

Initially, we explored methods to generate and characterize protein-ligated transition metal
complexes using a mutant of human carbonic anhydrase II. CA is an enzyme that binds zinc
through three histidines,” and these strongly coordinating imidazole units could mimic classic
polydentate ligands of organometallic complexes once Zn is removed to generate the apo-CA.*'
The mutant we studied (3*His-CA) lacks three surface histidine residues (Fig. 1, Table 1) that
could interfere with binding of the organometallic fragment to the original Zn binding site.'™"
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Mutant Sequence (Mutations from WT sequence are highlighted)

3*His SNAMARHWGYGKRNGPEFWHKDFPIAKGERQSPVDIDTHTAKYDPSLKPLSVSYDQATSLRILNNGH
AFNVEFDDSQDKAVLKGGPLDGTYRLIQFHFHWGSLDGQGSEHTVDKKKYAAELHLVHWNTKYGDEG
KAVQQPDGLAVLGIFLKVGSAKPGLOKVVDVLDSIKTKGKSADFTNFDPRGLLPESLDYWTYPGSLT
TPPLLECVIWIVLKEPISVSSEQVLKFRKLNFNGEGEPEELMVDNWRPAQPLKNRQIKASEFK

6*His SNAMSRRWGYGKRNGPEFWFKDFPIAKGERQSPVDIDTRTAKYDPSLKPLSVSYDQATSLRILNNGH
AFNVEFDDSQDKAVLKGGPLDGTYRLIQFHFHWGSLDGQGSEHTVDKKKYAAELHLVHWNTKYGDEG
KAVQQPDGLAVLGIFLKVGSAKPGLOKVVDVLDSIKTKGKSADFTNFDPRGLLPESLDYWTYPGSLT
TPPLLECVIWIVLKEPISVSSEQVLKFRKLNFNGEGEPEELMVDNWRPAQPLKNRQIKASFEFK

7*His SNAMSRRWGYGKRNGPEFWFKDFPIAKGERQSPVDIDTRTAKYDPSLKPLSVSYDQATSLRILNNGA
AFNVEFDDSQDKAVLKGGPLDGTYRLIQFHFHWGSLDGQGSEHTVDKKKYAAELHLVHWNTKYGDEG
KAVQQPDGLAVLGIFLKVGSAKPGLOKVVDVLDSIKTKGKSADFTNFDPRGLLPESLDYWTYPGSLT
TPPLLECVIWIVLKEPISVSSEQVLKFRKLNFNGEGEPEELMVDNWRPAQPLKNRQIKASEFK

Table 1. Amino acid sequences of surface histidine mutants of carbonic anhydrase used in this
study. Initial pre-methionine amino acids (red) are residual from TEV cleavage of N-terminal
6xHis Tag.

Recombinant carbonic anhydrase and its associated mutants were produced in E coli using
rich, auto-induction media, and purified using Ni-NTA affinity chromatography. Reported
methods to express carbonic anhydrase using IPTG induction and to purify the resulting protein
using DEAE sephacel anion exchange chromatography resulted in lower expression yields and
lower protein purity. The purified Zn-CA protein was characterized by SDS-PAGE and denaturing
LC-MS (Figure 2). Following purification, the polyhistidine tag was cleaved using a genetically
encoded TEV cleavage site. Following the affinity tag cleavage, Apo-CA was generated by
exposing Zn-CA to dipicolinic acid, followed by extensive dialysis to separate the chelator from
the apo-protein. A standard p-nitro phenylacetate assay was used to confirm the absence of
coordinated zinc in the CA active site.

T O | '

Cleaved 3*His

Tagged 3*His

|

20000 25000 30000 35000 40000

123 456 7 8 9 10 Deconvoluted Mass (Da)
Figure 2. Protein purity achieved by Ni-NTA chromatography (left, SDS-PAGE gel) and
conversion in TEV cleavage reaction (right, LC-TOF-MS) for 3*His-CA. Lanes 1, 10: MW
ladder. Lanes 2-7: 3*His-CA (Ni-NTA Elution).

Although the combination of Rh-precursors and apo-carbonic anhydrases has previously
reported,'"” the metallation protocol that was employed is not suitable for efficient evaluation of
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a wide range of metal precursors. Previously, apo-carbonic anhydrase was dialyzed against a buffer
solution that contained orders of magnitude excess rhodium compound. The elimination of excess
Rh-metal from the buffer and the de-coordination of Rh bound outside the Zn-site were achieved
by subsequent dialysis against Rh-free buffer. Beyond the impracticality of employing such a large
excess of precious metal complexes, this method is limited to metal precursors with high water
solubility and to those for which for site-selective de-coordination of ligated metal fragments is
possible.

To create an alternative, more practical and general method to form organometallic proteins
rapidly, we evaluated direct metalations involving the addition of nearly stoichiometric amounts
of an organic stock solution of the appropriate rhodium precursor to a buffered solution of Apo-
CA. These conditions should both serve as a practical strategy for the synthesis of a range of
artificial organometallic proteins and reduce the potential to coordinate more than one metal
fragment to each protein. Nonetheless, the success of this strategy was predicated on the
possibility to determine easily identify the site at which the metal fragment coordinates to the
protein.

To determine the selectivity of the noble metal fragments for coordination to the native Zn-
binding site of CA, rather than the protein surface, we exploited the known hydrolysis of 4-
nitrophenyl acetate catalyzed by cobalt-CA to produce 4-nitrophenol (Ama, = 405 nm) (Fig. 3).**>
Following the addition of a noble metal complex to the apo form of 3*His-CA (apo-3*His-CA),
CoCl, was added to convert the remaining Apo-CA to Co-CA. The amount of protein with noble
metal coordinated at the Zn-site would then correspond to the difference between the amount of
apo-CA at the start of the reaction and the amount of Co-CA determined by the hydrolysis assay.
This assay can be conducted with only 10 ug of protein in a 96-well format in five minutes,
allowing the rapid assessment of different metal precursors, reaction stoichiometries, organic so-
solvents, buffers, and other parameters. This method for assessing metal binding should be
applicable to many other metalloprotein scaffolds for which activity or metal binding can be
evaluated with a colorimetric assay.***’

N
CoCl \
N X eq. Metal Precursor + [N oCl, (excess) N—M]
I
N N ;
Apo-CA Apo-CA [M]-CA [M]-CA |

I

lCoCIZ (excess) NPA | Background
I( trol
rate contro NPA
N OH
Rate dependent on Co-CA formed

Ay
N— /[Co] NPA
N Maximum rate control N

. Ol
[M]-CA
Figure 3. Activity assay to assess the selectivity of metal-substitution at the CA active site. The
reaction rate for the hydrolysis of 4-nitro-phenylacetate (NPA), catalyzed by Co-CA, was used to
compare the amount of Apo-CA (reaction starting material) before and after the reaction. The
conversion (%) of the starting material was used to estimate the extent of metallation.

With this assay, we evaluated the binding of a series of 16-electron Rh(I) precursors for
which small-molecule organometallic chemistry has been established and ligand substitution is
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often facile.? The addition of 1 equivalent of [Rh(cod),]BF4 (cod=cyclooctadiene) to apo-3*His-
CA led to 45% Rh-occupancy of the native Zn-binding site (Fig. 4a, S1, S2).

Inductively coupled plasma optical emission spectroscopy (ICP-OES) revealed that an
average of 0.94 Rh were coordinated per CA; thus, about half of this rhodium complex binds to
the Zn-site and half binds to other sites on the protein. The addition of super-stoichiometric
[Rh(cod),]BF4 led to higher Rh-occupancy of the native zinc binding site, but resulted in
concomitant binding of the excess Rh elsewhere on the protein (Fig 4a, S1-S2).%° Together, these
methods revealed that [Rh(COD),|BF,4 undergoes ligand substitution with the Apo-CA ligand, but
that this reaction does not proceed with sufficient site specificity to form a discrete organometallic
protein. Therefore, we sought alternative conditions to achieve more selective ligand substitution
reactions that form Rh(bis-olefin)-CA complexes in high yield.

84 equiv. B2 equiv. 01 equiv.
e %100
g% 28 Figure 4. Preparation of organometallic
35 40 proteins from carbonic anhydrase a.
(] . . . . .
=2 Comparison of the specificity of active site
0 .
[Rh(cod),BF,  [Rh( MeCN (cod)]  Rh(nbd)2IBF, metallation of Rh(I) precursors upon the
addition of 1-4 equiv of Rh to Apo-3*His-CA
b - _ (67 uM) in 50 mM MES buffer, pH = 5.3.
3*His B7*His . . . .
100 Metallation of the active site was determined
%%’ 80 using the activity assay described in the text
ez % (Fig. 3). b. Comparison of the selectivity of
== 40 . .. .
<5 2 metallation for the addition of 1 equiv.
= 0 cationic and neutral rhodium source
[Rh(cod),]BF,] Rh(nbd),]BF, Rh(cod)(acac) Rh(CO),(acac)
1 equiv. 1 equiv. 1 equiv. 1 equiv.

Given this initial result, we analyzed the effect of the buffer and the surface amino acid
composition had a minor effect on the selectivity of this reaction, the ligands on rhodium did affect
significantly the ligand substitution reaction that binds the metal precursor to the Zn-site of the CA
(Fig. 4). The reaction of [Rh(cod)(MeCN),|BF,4 with apo-3*His-CA resulted in low occupancy of
the Zn-site, likely because this cationic precursor with a labile nitrile binds predominantly to the
protein surface. However, the reaction of 1 equivalent of [Rh(nbd),]BF4 with the same protein
resulted in 79% occupation of the Zn-site. In contrast to the low selectivity of metalation with the
previously reported [Rh(cod),]BF4 precursor, ligand substitution at the Zn-site with Rh(cod)(acac)
occurs with high selectivity. Metallation of apo-3*His-CA with 1 equiv Rh(cod)(acac) (acac =
acetylacetonate) 71% yield of CA containing Rh at the native Zn-site. Given this promising result
using a neutral Rh complex with dative ligands that do not readily dissociate, we employed
Rh(CO),(acac) as a Rh-precursor and achieved >90% yield of protein containing rhodium in the
original Zn-site (Fig. 2). ICP-OES revealed that addition of 1 equiv of either [Rh(nbd),]BF4 or
Rh(CO),(acac) to Apo-CA resulted in the formation of a Rh-CA containing a Rh : protein ratio of
approximately 1:1 (Fig. 5). Thus, a vast majority of these two rhodium complexes bind to the
original Zn site, with little bound elsewhere on the protein.
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Figure 5. Determination of the Rh : protein ratio of Rh-CA samples by ICP-OES following the
removal of unbound Rh. Bars are the average of three separate experiments. In all cases, the
standard deviation of the measured [Rh] was less than 15% of the average value.

Following this comparison of the selectivity of Rh-precursors for coordination to the Zn-
site, the resulting Rh-CA complexes were compared by UV-vis spectroscopy. The UV-vis spectrum
of the Rh-CA prepared from [Rh(nbd),|BF, contained an absorption band at 410 nm, which is
much different from the absorption of free [Rh(nbd),|BF, and distinguishable from the absorption
of the Rh-CA generated from [Rh(cod),]|BF, (Fig. 6).
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Figure 6. UV-vis spectra of Rh-substituted CA’s prepared from the addition of Rh-precursors to
Apo-3*His-CA. For comparison, the UV-vis spectra of the free metal complexes are also shown.
A. Rh(nbd)-CA from [Rh(nbd),|BF,. B. Rh(cod)-CA from [Rh(nbd),|BF,.

The inequivalent spectra for the proteins generated from [Rh(nbd),|BF4and [Rh(cod),|BF4
are likely due to slightly different diene ligands at the Rh-center. The UV-vis spectrum of the Rh-
CA protein generated from Rh(cod)(acac) matched that of the Rh-CA generated from
[Rh(cod),]BF4, consistent with generation of the same Rh(COD) fragment at the Zn-site with these
two precursors (Fig. 7). The UV-vis spectrum of the Rh-CA resulting from addition of
Rh(CO),(acac) is distinct from that of the other complexes (Fig. 7).
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Figure 7. UV-vis spectra of Rh-substituted CA’s prepared from the addition of Rh-precursors to
Apo-3*His-CA. For comparison, the UV-vis spectra of the free metal complexes are also shown.
Left: Rh(cod)-CA from [Rh(cod)acac]. Right: Comparison of UV spectra of Rh- and Ir-CA
complexes that were produced with the highest site selectivity.

Together, these operationally simple, and broadly applicable methods to conduct and
characterize ligand substitution reactions between apo-metalloproteins and noble metal complexes
enabled us to identify Rh-precursors that react with apo-CA site specifically in a high yield.

2.3 Characterization of the Protein-Metal Coordination Sphere.

To characterize the coordination sphere of these protein-ligated organometallic complexes
fully and to enable monitoring of the reactivity of these complexes with organic substrates, we
sought additional, direct, solution-state characterization of the protein-ligated metal center.
Because the metal is likely to be bound by histidines, we used "N NMR spectroscopy to evaluate
the identity and number of these amino acids bound to rhodium, much like one uses *'P NMR
spectroscopy to characterize phosphine-ligated metal complexes. Prior work has shown that °N-
'"H HSQC spectroscopy can distinguish Zn-CA from Apo-CA.*

A combination of ['H]-["’N]-HSQC NMR experiments revealed the coordination site of
the rhodium bound to the CA mutants. 1-Bond HSQC spectra of °N labeled CA required short
experiment times with only 0.2 mM protein. However, this method detects only nitrogen atoms for
which N-H proton exchanges are slower than the NMR time scale, and it does not detect the
histidine nitrogens bound to rhodium (because of the absence of a proton bound to this nitrogen).
2-Bond HSQC, which requires higher concentrations and longer experiment times, detects all
histidine nitrogen atoms with or without a bound proton. Thus, we used the 1-bond HSQC
experiment to monitor reactions, and the 2-bond HSQC experiment to fully characterize the
products.

The site at which the rhodium fragment binds was revealed by the differences in chemical
shifts between the "N-"H HSQC spectra of 3*His-Apo-CA and the analogous spectra of the
product from addition of the Rh-precursors to this protein. The 1-bond HSQC spectrum of Apo-
3*His-CA contains resonances for four of the nine histidine residues (Fig. 8).
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By comparing this spectrum to that of 3*His-Zn-CA, we determined that two of the four
observed signals correspond to histidines in the tri-His site that binds zinc, and two correspond to
histidines outside the tri-His site. Thus, if rhodium binds to the tri-His site, the chemical shift of
the two tri-His signals in Apo-3*His-CA should change upon addition of the rhodium complex,
while those of the two signals from histidines outside the tri-His site should not change. Indeed,
addition of 1 equiv of [Rh(nbd),|BF, to Apo-3*His-CA caused only the chemical shifts of the
signals corresponding to histidines in the tri-His site to change. A control experiment revealed that
the addition of 1 equiv. of [Rh(nbd),]|BF4 to Zn-CA did not affect the chemical shifts corresponding
to any of these histidine residues (Fig. 9) These results provide strong evidence that the Rh
fragment binds to the tri-His site of CA.
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Figure 9. Comparison of the ["N]-['H]-HSQC spectra of Zn-CA (left) and Zn-CA +
[Rh(COD),|BF, (right).

The two Rh-CA proteins generated by addition of [Rh(nbd),]BF4 and Rh(CO),(acac) to
Apo-3*His-CA were also distinguishable by 1-bond HSQC spectroscopy (Fig. 8). The addition of
1 equiv of Rh(CO)y(acac) to Apo-3*His-CA generated a Rh-3*His-CA protein with an "N-'H
HSQC spectrum that is distinct from that of the Rh -3*His-CA generated from [Rh(nbd),]|BF4, as
well as that of Apo-3*His-CA (Fig. 10). These data corroborate our conclusion from UV-vis
spectroscopy that these two Rh-precursors generate different Rh-CA proteins. Furthermore, the
ability to distinguish among different Rh-CA’s rapidly on solution-state samples using a protein
concentration of 0.2 mM makes this method directly applicable to the monitoring of catalytic
reactions in situ because catalysts are commonly used at this concentration or higher.
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Figure 10. Characterization of the product of the reaction of Apo-3*His-CA with Rh(CO);(acac)
by 1-bond [°N]-['"H] HSQC a. The 1-Bond ["’N]-['H] HSQC spectrum of Apo-3*His-CA (red)
and the spectra of the Rh-CA formed from the addition of Rh(CO)(acac) to 3*His-Apo-CA (blue).
b. The 1-Bond [°’N]-['H] HSQC spectra of Rh(CO),-3*His-CA (red) and Rh(CO),-H94A-3*His-
CA (blue).

The identity of the Rh-bound nitrogens and the coordination number of the Rh in the
organometallic protein was revealed by 2-bond [°N]-['H] HSQC spectroscopy. To reduce the total
number of histidine signals in the 2-bond HSQC spectrum, we acquired HSQC data with the
mutant 6*His-CA (that lacks six surface histidine residues) instead of with 3*His-CA that lacks
three (3*His-CA, Table 1). The 2-bond [°N]-['H] HSQC spectrum of the product from addition
of 1 equiv of [Rh(nbd),]BF, to Apo-6*His-CA contains '°’N NMR signals corresponding to the
four nitrogens in the two histidines bound to rhodium (Fig. 11). The "N NMR chemical shifts
corresponding to two of the nitrogens lie near the region in which Zn-bound nitrogens resonate in
the "°N spectrum of Zn-CA, and the signals corresponding to the other two nitrogen atoms lie in
the region in which unligated histidines resonate. The spectrum of the product from addition of
Rh(CO),(acac) to Apo-6*His also contained signals corresponding to two metallated nitrogens
(Fig. S3). From these data, we conclude that in both Rh-CAs the rhodium is bound by two histidine
CA ligand.
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Figure 11. Comparison of the 2-Bond [’N]-['H] HSQC spectra of Apo-6*His-CA (red) and the
Rh-CA formed from the addition of [Rh(nbd),|BFs to 6*His-Apo-CA (blue). As a result of
metallation, the signals from the histidine residues of the tri-His site in Apo-6*His-CA are different
from those in the Rh-CA (highlighted).

To determine which two His residues ligate Rh, we prepared Rh-CA complexes from the
three mutants 3*His-H94A-CA, 3*His-H96A-CA, and 3*His-H119A-CA, each of which lacks one
His-residue in the metal-binding site. The UV-vis spectra of the proteins formed from adding
[Rh(nbd),]BF4 or Rh(CO),(acac) to the three mutants are similar to each other and to those
obtained from the Apo-3*His protein (Fig. 12).
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Figure 12. UV-vis spectra of the products from addition of Rh-complexes to apo-3*His-CA and
the products from addition of the same Rh complexes to the three mutants with one histidine in
the active site of 3*His-CA changed to alanine. Left: Rh(nbd),BF4. Right: Rh(CO)y(acac).

Thus, any pair of histidine residues from the original Zn-binding site is capable of
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CA ligand. However, the resonances in the [°N]-['H]-HSQC spectra of the two proteins Rh-3*His-
H94A and Rh-3*His-CA formed from addition of Rh(CO),(acac) are identical to each other, while
the resonances of the analogous proteins Rh-3*His-H96A-CA and Rh-3*His-H119A-CA are
different from those of Rh-3*His-CA (Fig. 13). These data show that H96 and H119 are the two
histidine residues that coordinate Rh within the native tri-histidine site.
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Figure 13. Comparison of the products from addition of Rh(CO),(acac) to three mutants with one
histidine in the active site of 3*His-CA changed to alanine in each case (red). In each case, the
product from the alanine mutants is shown in comparison to the product formed from the addition
of Rh(CO);,(acac) to 3*His-CA (blue).

To reveal the small-molecule ligands bound to rhodium in the Rh-3*His-CA proteins we used
native nanoESI-MS. In the mass spectrum of the Rh-CA generated from [Rh(nbd),|BF4, a mass
(Fig. 14). In the mass spectrum of the Rh-CA generated from Rh(CO),(acac), masses
corresponding to both Rh(CO)-CA and Rh(CO),-CA were observed. These observed ions could
result from a mixture of products or the dissociation of one CO ligand during the mass
spectrometry (Fig. 14).
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Figure 14. NS-ESI-MS of products from addition of organometallic fragments to CA. Top to
Bottom: 1. Rh(nbd)-CA. 2.Rh4CO),-CA. 3. Ir(CO),-CA 4. Apo-CA.

To clarify the number of CO ligands in the Rh(CO),-CA protein, IR, EXAFS, and “C-
NMR spectroscopy were performed (Fig. 15). The IR spectrum contains two CO stretching
frequencies, consistent with the symmetric and anti-symmetric stretches of two CO ligands in
equivalent or nearly equivalent environments (Fig. 13a), and the >°C NMR spectrum contains two
CO signals. (Fig. 15b). The EXAFS spectrum of the sample matched the predicted spectrum of
Rh(histidine),(CO); and poorly matched the predicted spectrum of Rh(histidine);(CO) (Fig. 15c,
Table S1). Together, these data indicate that the structure of the product of the reaction of Apo-CA
CA), in which the two CO ligands lie in similar, but chemically inequivalent environments.
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To assess the generality of these synthetic and analytical methods, we studied the reactions of apo-
CA with [Ir(cod),]BFs and Ir(CO),(acac). As observed for the [Rh]-analog, the reaction of
[Ir(cod),]BF,4 with apo-CA led to low occupancy of the metal-binding site, whereas the reaction of
apo-CA with Ir(CO),(acac) led to >95% yield of the protein containing [Ir] at the original Zn-site
(Figure 16).
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Figure 16. Comparison of the specificity for metallation of the active site of apo-3*His-CA by
[Ir] and [Rh] precursors.

UV-vis spectroscopy (Fig. 7), ["N]-['H]-HSQC spectroscopy (Fig. S4), and NS-ESI-MS
(Fig 14) were fully consistent with a protein containing an Ir(CA)(CO);, site. Thus, this set of
characterizations to determine the coordination mode of an organometallic fragment bound to a
protein ligand can be broadly applied to protein scaffolds expected to coordinate metals using at
least one histidine residue.

2.4 Characterization of Organometallic Reactions:

The methods used to characterize the structures of the artificial organometallic proteins in
the solution phase were selected to be equally suited to monitor the stoichiometric reactions of the
protein-ligated organometallic complexes. Specifically, we investigated ligand substitutions of
Rh(nbd)-CA that would cleave and form metal-carbon bonds in the same reaction (Figure 17).
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Figure 17. Summary of ligand substitution reactions achieved with Rh(nbd)-CA. Depiction of
imidazole groups represents their relative orientation as histidine residues within CA.

The reaction of Rh(nbd)-CA with CO (1 atm) resulted in significant conversion of the
starting material, as observed by UV-vis spectroscopy (Fig. 18). The decay of the absorption
corresponding to Rh(nbd)-3*His-CA was accompanied by the appearance of an absorption at 350
nm, which matches the Anax of Rh(CO),-CA. Based on the Aj3so value, Rh(CO),-CA formed in 53%
yield, while 15% of the Rh(nbd)-CA starting material remained.
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Figure 18. Characterization of the reaction between Rh(nbd)-CA and CO by UV-vis
spectroscopy. A. Reaction conditions: CO was bubbled through a solution of Rh(nbd)-CA (0.5
mM) for 10 minutes. B. Reaction conditions: Rh(nbd)-CA (0.25 mM) was stirred in an autoclave

under 100 PSI CO for 1 hour.

Further analysis of the reaction composition by [°N]-['H]-HSQC spectroscopy also was
consistent with the presence of Rh(CO),-CA and Rh(nbd)-CA; the remaining protein in solution

CA ligand (Fig. 19).
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Figure 19. 1-Bond "N-"H HSQC spectrum
of the reaction mixture formed by adding CO
165 to a solution of Rh(nbd)-CATo ensure full
conversion, the reaction was conducted with
a higher pressure of CO; indeed, the reaction
. 5 175 of Rh(nbd)-3*His-CA with 100 psi of CO
* formed Rh(CO),-CA in 80% yield, as
180 determined by UV-vis spectroscopy. (Fig.
16). This reaction is the first documented
15 14 1312 11 10 9 stoichiometric reaction to cleave and form
metal-carbon bonds within an artificial

protein.
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2.5 Protein Controlled Reactivity

With our established methods to observe directly ligand substitution reactions occurring at
the metal center, we investigated the potential of the protein scaffold to affect the rates and
selectivities of ligand substitutions at the Rh-CA sites. The reactions of phosphines and isocyanides
with Rh(nbd)-3*His-CA displace the CA ligand from the Rh-center (Fig. 17), and the protein
scaffold can be modified to modulate both the rate and the selectivity of these reactions occurring
at the protein-ligated Rh. The extent of these reactions was monitored by UV-Vis spectroscopy
and the NPA hydrolysis activity assay (vide supra). The substitution of the CA ligand from the
metal center by isocyanides to form Apo-CA depended on the steric properties of the added ligand.
The reactions of Rh(nbd)-3*His-CA with the unencumbered nBuNC ligand progressed to the
highest conversion, while the reactions with the most hindered fBuNC proceeded to the lowest
conversion (Fig. 20).
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Addition of the water soluble phosphine 1,3,5-Triaza-7-phosphatricyclo[3.3.1.13.7]decane
(PTA) to 3*His-CA also resulted in complete conversion of the starting material. This reaction
yielded [Rh(nbd)(PTA)2]+ and Apo-CA, as determined by UV-vis (Fig. 21), 31P NMR (Fig. 22),
and [15N]-[1H] HSQC (Fig. 23) spectroscopy. Addition of excess ZnSO4 to the resulting Apo-CA
generated Zn-3*His-CA, indicating that the protein structure remained intact throughout the
introduction and elimination of rhodium (Fig. 23).
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Figure 21. Analysis of the reaction of Rh(nbd)-CA with excess TPA by UV-vis spectroscopy.
Blue = Rh(nbd)-3*His-CA before TPA addition. Black = Rh(nbd)-3*His-CA + TPA following

90 minutes of reaction time

-2

T T
35 -40 -45 -50
31P

Figure 22. Analysis of the reaction of Rh(nbd)-CA with excess TPA by *'P NMR spectroscopy.
Top: Reaction between Rh(nbd)-CA and PTA. Bottom: Reaction between Rh(nbd),BF, and PTA.
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Figure 23. Characterization of the reaction of Rh(nbd)-CA with excess PTA by 1-Bond "N-'H
HSQC spectroscopy. Left: Rh(nbd)-CA SM. Center: Product following addition of PTA. Right:
Subsequent product following addition of Zn-CA.

Reactions of PTA with Rh(nbd)-3*His-CA containing different mutations near the metal
center indicated that the progress of this substitution reaction can be controlled by the protein
structure. The proteins Rh-3*His-H94A and Rh-3*His-H94D were less reactive toward this ligand
substitution than were Rh-3*His and Rh-3*His-H94C, while the Rh-3*His-H96A mutant was
more reactive (Fig. 24, S5). The dependence of the reactivity of Rh(nbd)-3*His-CA on the size of
the reagent and the identity of the mutant illustrate the potential to assess directly the effect of
mutations and protein structure on an elementary reaction of an organometallic protein.
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Previous publications state that Rh-CA’s prepared from [Rh(COD),]|BF, and Rh(CO),acac are
active catalysts for hydrogenation and hydroformylation of stillbenes and styrenes.'' However, we
find that the discrete organometallic protein complexes Rh(cod)-CA, Rh(nbd)-CA, and Rh(CO),-
CA do not catalyze the hydrogenation or hydroformylation of a range of potential substrates for
these reactions, including terminal, 1,1-disubstituted, and internal alkenes and vinylarenes. These
findings suggest that the active catalyst of the previously reported systems was not a Rh-center
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ligated at the native Zn-site of carbonic anhydrase. Instead, it is more likely that these reactions
are catalyzed by a dissociated Rh-fragment or a fragment associated with a different site on the
protein. Most important for the current work, our methods to synthesize and characterize discrete
organometallic proteins by methods described here permit critical assessment of catalysis by
specific complexes, much like one tests the competence of a small organometallic complex to be
an intermediate in a catalytic process.

2.6 Conclusion

Although the catalytic reactivity of artificial organometallic proteins has been previously
documented, the potential to understand and improve this class of catalysts has been limited by the
absence of methods to synthesize and characterize a range of discrete catalyst systems and to
evaluate their fundamental reactivity. The synthesis, characterization, and reactivity of the artificial
organometallic proteins documented in the current work demonstrate the potential to gain
information on the elementary reactions of discrete organometallic-protein complexes.

The expedient, solution state characterization methods presented in this work are crucial for
determining the site and extent of metal binding and for evaluating the organometallic reactivity
of the Rh-CA’s. The efficient use of colorimetric activity assays to indirectly quantify the
specificity of metal binding should be broadly applicable for the rapid assessment of a wide range
of combinations of protein scaffold libraries and transition metal precursors. After identifying a
selective coordination process, the binding mode of the protein ligand can be fully characterized
by heteronuclear NMR spectroscopy, and the small molecule ligands at the metal site can be
identified by the combination of ESI-MS, IR, and NMR spectroscopy. Even the elementary
reactions of these site can be studied rapidly, setting the stage to reveal the ability of these
macromolecular ligands to control the reactivity of the organometallic site in these artificial
proteins and to create the potential to achieve selectivities beyond those observed with traditional
organometallic complexes containing small organic ligands.

2.7 Experimental Information

2.7.1 General Methods

Unless otherwise noted, the chemicals, salts, and solvents used were reagent grade and used as
received from commercial suppliers without further purification. All expression media and buffers
were prepared using ddH,O (MilliQ A10 Advantage purification system, Millipore). All
expression media were sterilized using either an autoclave (45 min, 121°C) or a sterile syringe
filter (0.22 um). To maintain sterile conditions, sterile materials and E. coli cells were manipulated
near a lit Bunsen burner. TEV protease was obtained from the UC Berkeley Macrolab.

2.7.2 Instrumentation:
a. Gel Electrophoresis

Protein purity was analyzed by sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel
electrophoresis using precast gels (polyacrylamide, 10-20% linear gradient, Biorad) according to
standard protocols
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b. Mass Spectrometry

Apo carbonic anhydrases were analyzed with an Agilent 1200 series liquid chromatograph
connected in-line with an Agilent 6224 Time-of-Flight (TOF) LC/MS system using a Turbospray
ion source. Rh and Ir carbonic anhydrases were analyzed by native nanoelectrospray ionization
mass spectrometry (nanoESI-MS) using a Waters Q-Tof Premier quadrupole time-of-flight mass
spectrometer equipped with a nanoESI source (Milford, MA). Mass spectra were acquired in the
positive ion mode and processed using MassLynx software (version 4.1, Waters). The instrument
is located in the QB3/Chemistry Mass Spectrometry Facility at UC Berkeley.

c. NMR Spectrometry

["N]-['H]-HSQC experiments were conducted using a Bruker Advance II 900 MHz NMR
spectrometer and a TXI cryoprobe, which is part of the QB3 Central California 900MHz NMR
facility at UC Berkeley. The general pulse program that was used has been previously described.”!
In the case of 1-bond [°N]- ['H] HSQC (J =90 Hz, 256 points), the °N carrier frequency was 150
ppm (sw = 100 ppm, 200 points), the 'H carrier frequency was centered on H,O (~4.76 ppm, sw
=30 ppm). In the case of 2-bond [°N]- ['H] HSQC (J = 30 Hz), the "°N carrier frequency was 205
ppm (sw = 180 ppm), and the 'H carrier frequency was centered on HyO (~4.76 ppm, sw =30 ppm).

d. IR Spectroscopy

Apo and Rh-carbonic anhydrases were analyzed by IR spectroscopy using a Nicolet iS5 IR
spectrometer (Thermoscientific) equipped with a iD1 transmission unit. For water compatibility,
samples were analyzed on CaF, plates (33 x 3 mm).

e. X-ray Absorption Spectroscopy (XAS)

Data collection: Rh measurements were performed at the Stanford Synchrotron Radiation
Laboratory (SSRL) on Beamline 7-3 at an electron energy of 3.0 GeV and an average current of
500 mA. The intensity of the incident X-ray beam was monitored using a N,-filled ion chamber
(I) in front of the sample. A Si(220) double-crystal monochromator was used. The data was
collected as fluorescence excitation spectra with a Ge 30-element detector (Canberra). For Rh
XAS, the monochromator energy was calibrated using the rising edge position of Rh foil (23220.00
eV) determined by the 1st derivative spectrum. XAS solution samples were prepared by loading
the solution into a 0.8mm thick Lucite frame backed with Mylar tape. Samples were kept under
lig. N, prior to the beamtime. Data were collected at 10K in a liquid helium flow cryostat (Oxford
Inc.) under the exchanging helium gas atmosphere. To ensure that no X-ray induced radiation
damage occurred, the XANES spectra over several scans were closely monitored for any reduction.

Data reduction and analysis: Data reduction was performed using SamView (SixPACK software,
Dr. Samuel M. Webb, SSRL). The pre-edge and post-edge backgrounds were subtracted from the
XAS spectra using Athena IFEFFIT software)*>>*, and the resulting spectra were normalized with
respect to the edge height. Curve fitting was performed with Artemis and IFEFFIT software using
ab initio-calculated phases and amplitudes from the program FEFF 8.2. These ab initio phases and
amplitudes were used in the EXAFS equation: EXAFS curve fitting was carried out using the
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crystal structural distances and the number of interactions of Rh(CO),(acac) as starting parameters.
The goodness of the fit was evaluated by the EXAFS R-factor that represents the absolute misfit
(least-square fit) between theory and data (Table S2).

f. UV-Vis Spectroscopy

Protein concentration was determined using a NanoDrop 2000 UV-Vis Spectrophotometer
(Thermo Scientific). UV-Vis spectra of Apo and Rh-carbonic anhydrases were measured using a
SpectraMax microplate reader (Molecular Devices) configured in the 96-well plate format. The
hydrolysis of 4-nitrophenyl acetate to 4-nitrophenol was also measured using this instrument.

2.7.3 Plasmid Preparation

The wildtype carbonic anhydrase gene was obtained as a gift from the Fierke lab (University of
Michigan) and cloned in the expression vector 2B-T (UC Berkeley/QB3 Macrolab, AddGene
plasmid 29666), which contains a C-terminal six-histidine tag, a TEV cleavage site, and an
ampicillin resistance gene. Site-directed mutagenesis was used to prepare all carbonic anhydrase
variants. Reagents for PCR reactions were purchased either as a Quickchange II Kit (Agilent) or
as individual components with no adverse effect. In a 200 uL PCR tube, 5 uL Pfu polymerase
reaction buffer (Agilent) was added to 36.5 uL ddH,O, followed by the addition of 50 ng dSDNA
template, 130 ng (1.3 uL) forward primer, 130 ng (1.3 uL) reverse primer, 5 uL dNTP (Promega,
0.2 mM), and 1 uL Pfu polymerase. The reaction was spun in a microfuge (1 min, 5000 rpm) and
subjected to the following thermocycler program: Segment 1 (1 cycle): 95° C for 30 s; Segment 2
(25 cycles): 95° C for 30 s, 55 °C for 1 min, 68 °C for 5 min; Segment 3 (1 cycle): 10 °C for 10
min. Directly to the reaction, 1 uL (20U) DPN 1 (New England BioLabs) was added, and the
mixture was incubated at 37° C for 3 hours followed by transformation into chemically competent
XL-Blue E. coli cells (UC Berkeley/QB3 Macrolab). Freshly transformed cells were plated on
LB/ampicillin media and grown overnight at 37° C. Single colonies were used to inoculate 4 mL
LB/amp cultures, which were shaken for 12 h at 250 rpm. Plasmid DNA was isolated using a
Qiaprep Spin Miniprep Kit (Qiagen) and sequenced to verify mutation incorporation (UC Berkeley
Sequencing Facility). DNA concentration was determined using a Nanodrop. All plasmids were
stored at -20° C and used without further purification.

2.7.4 Protein Expression and Purification
a. Unlabeled Carbonic Anhydrase

Carbonic anhydrase was over-expressed in chemically competent BL21 DE3-RIL E. coli. cells
(UC Berkeley Macro Lab) using a variation of the Studier autoinduction method. Freshly
transformed cells were plated on LB/ampicillin media and grown overnight at 37° C. Single
colonies were used to inoculate 3 mL LB/amp cultures, which were shaken at 37° C at 250 rpm
for 6 h. Each 3 mL culture was used to inoculate 1 L of Studier rich autoinduction media,** which
was supplemented with ZnSO, and vitamins’. Expressions were typically carried out in 4x1L
batches in baffled flasks. Flasks were shaken at 37°C/ 250 rpm for six hours, after which the
temperature was lowered to 28°C. Expression was allowed to proceed for 12 additional hours,
after which cells were recovered by centrifugation (5000 rpm, 15 minutes, 4°C). Cell pellets were
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frozen at -80°C, thawed, resuspended in Ni-NTA lysis buffer (50 mM NaPi, 300 mM NacCl, 10
mM imidazole, pH 8.0), and flash frozen until purification.

b. "N-Labeled Carbonic Anhydrase

Carbonic anhydrase was over-expressed in chemically competent BL21 DE3-RIL E. coli. cells
(UC Berkeley Macro Lab) using the Studier autoinduction method for the preparation of uniformly
labeled "N proteins with some modifications.>* Freshly transformed cells were plated on P-0.5G
media plates and grown 22h at 37° C. Single colonies were used to inoculate 4 mL P-0.5G/amp
cultures, which were shaken at 37° C/ 250 rpm for 14 h. Each 4 mL culture was used to inoculate
50 mL, P-0.5G cultures, which was further shaken 10 h (37° C/ 250 rpm ). Each 50 mL culture
was used to inoculate 1 L of minimal auto-inducing media. Large cultures were shaken at 37°C/
250 rpm for fourteen hours, after which the temperature was lowered to 30°C. Expression was
allowed to proceed for 24 additional hours, after which cells were recovered by centrifugation
(5000 rpm, 15 minutes, 4°C). Cell pellets were frozen at -80°C, thawed, resuspended in Ni-NTA
lysis buffer (50 mM NaPi, 300 mM NaCl, 10 mM imidazole, pH 8.0), and flash frozen until
purification.

c. Protein Purification

Frozen cells pellets were thawed and resuspended in 30 mL lysis buffer (50 mM sodium phosphate,
300 mM NaCl, 10 mM imidazole, pH = 8.0). The cells were lysed in a cell homogenizer (5 passes,
10,000 PSI), and the cell debris were removed by centrifugation (90 min, 10,300 rpm) followed
by syringe filtration of the supernatant (0.45 um filter). Ni-NTA (Qiagen) was added to the filtrate
(8 mL resin per 40 mL supernatant), and the suspension was mixed on an end-over-end shaker (1
h, 4° C) and then poured into a glass frit. The resin was washed with wash buffer (50 mM sodium
phosphate, 300 mM NaCl, 20 mM imidazole, pH = 8.0) until the flow through contained no protein
(Bradford assay). His-tagged carbonic anhydrase was eluded with 50 mM sodium phosphate, 300
mM NaCl, 250 mM imidazole, pH = 8.0. Protein purity was determined by SDS-PAGE
electrophoresis (10%-20% polyacrylamide precast gels, Biorad). Pure fractions were pooled and
dialyzed overnight to TEV cleavage buffer (50mM sodium phosphate, 50 mM NaCl, 50 mM Tris,
0.5mM EDTA). TEV protease (1: 50, w:w, TEV: CA) was added, and the reaction was incubated
without mixing (20 h, 4° C). The extent of cleavage was monitored by LC-MS. If necessary,
additional TEV protease was added to give give full conversion. The crude cleaved protein was
dialyzed back to Ni-NTA lysis buffer (overnight, 4° C), and TEV protease and residual tagged
carbonic anhydrase were removed by the addition 0.25 mL Ni-NTA resin to the crude cleaved
protein solution, equilibration on an end-over-end shaker (1 h, 4° C), and filtration to remove the
Ni-NTA resin. To generate apo protein, a solution of dipicolinic acid (250 mM in 50mM
phosphate buffer, pH = 7.3) was added to the filtrate (1:4, v:v) and the resulting solution was
incubated overnight without stirring (4° C). Dipicolinic acid was removed by sequential overnight
dialysis against (1) 50 mM sodium phosphate, 50 mM NaCl, pH = 7.0, (2) 50 mM sodium
phosphate, 50 mM NaCl, pH = 6.3, and (3) 50 mM sodium phosphate, 50 mM NaCl, pH = 5.3.
The resulting apo protein was concentrated in Amicon spin concentrator (Corning, 10k Da
MWCO) to the desired concentration and passed through a Sephadex G25 desalting column
equilibrated with 50 mM sodium phosphate, pH = 5.3. Purified apo protein was stored at 4° C up
to three weeks or flash frozen with the addition of 25% glycerol and stored at -80° C.
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d. Determination of Protein Purity

SDS-PAGE gel electrophoresis was used to determine the purity of protein eluded from
purification by the Ni-NTA chromatography. Protein identity and purity and '°N incorporation (if
applicable) was further confirmed by LC-TOF-MS (Fig. S6).

2.7.5 Metal Substitution Reactions
a. General Method

To a room temperature solution of apo-carbonic anhydrase in 50 mM phosphate buffer, pH = 5.3
(unless otherwise specified), a stock solution containing the desired equivalency of metal in
DMSO (cationic complexes) or dioxane (neutral complexes) was added. Stock solutions were
prepared at the appropriate concentration such that the final organic solvent concentration of the
reaction was 2.5%. The reaction was mixed briefly by pipet and incubated without mixing at
room temperature for 30 min followed by storage at 4° C. All analytical experiments presented
were conducted with freshly prepared Ir or Rh-carbonic anhydrases, which were prepared from
fresh stocks of metal complexes. Metal complexes were stored for the long term under inert
atmosphere, however stock solutions were prepared under air without the use of degassed or
rigorously dried solvents. The use of inert atmosphere conditions was not found to either improve
or alter the results of metallation reactions.

b. Assay for Active Site Specificity of Metal Binding

Metal-carbonic anhydrases were prepared as described in the general method using 69 uM apo-
CA. A 5 ulL aliquot of each crude reaction mixture was added to 195 uL assay buffer (100 mM
BES, 3 mM CoCl,, pH = 7.2) in a separate well of a UV-Vis compatible 96-well plate. Background
activity was determined using Co-free buffer. Just before analysis by UV-vis spectroscopy, a stock
solution of 4-nitrophenylacetate (200 mM in acetonitrile) was diluted in assay buffer (1:25, v:v),
and 50 uL of this diluted stock was added to each well of the 96-well plate. Using a microplate
reader, AA4os of each reaction was determined over the course of 5 minutes (15 s intervals). The
rate of hydrolysis of each metal-carbonic anhydrase was compared to the rate of hydrolysis in this
assay in the absence of added [Co] and for Apo-CA at the same protein concentration (Fig. S7).

2.7.6 Characterization of Artificial Carbonic Anhydrases
a. UV-Vis Spectroscopy:

UV-Vis spectra were acquired using samples prepared by the standard metallation reaction
conditions using 0.2 mM CA in NaPi buffer (50 mM, pH 5.3). In the case of metallated proteins,
the spectrum of an equal-concentration apo-protein sample was recorded as a background that was
subtracted from the presented spectra.

b. "N-"H HSQC NMR Spectroscopy

NMR samples were prepared using 450 uL of either 0.166 mM (1-bond analysis) or 1.0 mM (2-
bond analysis) CA in 50 mM phosphate buffer, pH 5.3. To this, 50 uL D,O was added, and the
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sample was mixed by pipet. Metal stock solutions were added in DMSO-dg (cationic complexes)
or dioxane-H,, (neutral complexes), and samples analysis by NMR began within 1 hour of sample
preparation. Additional spectra to those described in the main text can be found in supplemental
supporting figures. (Fig. S8-S13).

c. NS-ESI-MS Sample Preparation

Samples for NS-ESI-MS were prepared via the standard metallation reaction using 0.25 mL of
0.135 mM Apo-3*His-CA. The entire reaction was loaded onto a NAP-5 column that was pre-
equilibrated with NH4OAc buffer (10 mL, 250 mM, pH=6) and the initial flow-through was
discarded. Following sample loading, 250 uL equilibration buffer was added to the column, and
the resulting flow-through was discarded, after which 700 uL additional equilibration buffer was
added to elude the CA from the column. The NAP-5 column was re-equilibrated with 10 mL
equilibration buffer, after which 500 uL of the previously eluded CA was added to the column,
and the resulting flow-though was discarded. The CA was then eluded using 1 mL equilibration
buffer. This sample was stored at 4°C or on ice until analysis by ESI-MS.

d. EXAFS

Samples for EXAFS were prepared using 0.5 mL 1 mM Apo-3*His- CA using the standard protein
metallation reaction conditions, except that the metal stock solution was added in two equal
portions with pipet mixing between additions. The entire sample was loaded onto NAP-5 column
that had been pre-equilibrated with NaPi buffer (50 mM, pH 5.3, 40% glycerol) with glycerol
added as a cryoprotectant. The sample was flash-frozen on a house-made EXAFS analysis slide
and stored until analysis.

e. IR

Samples for IR were prepared using 0.5 mL 0.5 mM or 1 mM Apo-3*His- CA using the standard
protein metallation reaction conditions, except that the metal stock solution was added in two equal
portions with pipet mixing between additions in the case of | mM Apo-CA. The samples were
analyzed by IR spectroscopy as aqueous solutions (10 ul) between two CaF, plates. The
background was collected in the same way using the sample buffer (50 mM NaPi buffer, pH =
5.3), and the software automatically subtracted this background. 500 scans were collected for both
the background and the samples. The 0.5 mL 1 mM sample was then loaded on to a NAP-5 column
that had been pre-equilibrated with the same sample buffer. Elusion with 1 mL of the same buffer
resulted in a 0.5 mM samples. This sample was also analyzed by IR spectroscopy in the same
manner. Auto baseline correction was used to analyze the data.

f. ICP-OES:

Apo-carbonic anhydrase (0.25 mL, 0.12 mM, 50 mM NaPi, pH = 5.3) was metallated with Rh-
precursors using the general method previously described. Control experiments were performed
by adding Rh to the same buffer containing no CA. Each 0.25 mL sample of crude Rh-CA was
diluted to 1 mL, and 0.5 mL of this sample was then purified using a NAP-5 column to remove
unbound Rh, resulting in a 2-fold dilution of the sample. The remaining, unpurified sample was
diluted 2-fold and used in a control experiment. Control reactions containing no protein subjected
to the same experiments. An 0.333 mL portion of each 1 mL sample was diluted with nitric acid
(0.667 mL, 50% in H,O, trace metals grade), and the samples were incubated first overnight at
room temperature and then at 80°C for 1 hour. An 0.5 mL portion of each digested sample was
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diluted with nitric acid (4.5 mL, 2.5%, trace metals grade). These samples were analyzed with a
Perkin Elmer Optima 7000 DV ICP-OES calibrated with commercial Rh standards (0 ppb, 25 ppb,
50 ppb, 100 ppb, 250 ppb). Analyses were conducted in triplicate and reported data are the average
of these replicates (Fig. 3).

2.7.7 Ligand Substitution Reactions of Rh(nbd)-3*His-CA
a. Substitution with CO

Ligand substitution reactions were conducted with 0.25 mM Rh(nbd)-3*His-CA in 50 mM NaPi
buffer, pH = 5.3, prepared as described in the general method. The Rh-CA starting material was
characterized by UV-Vis spectroscopy and ['H]-['’N] HSQC in order to directly compare the
starting material and reaction product. Two methods (A or B) were used to introduce carbon
monoxide gas. Following the reactions, the ratio of Rh-CA (Rh(nbd)-CA plus Rh(CO),-CA) to
Apo-3*His-CA (product) was determined by the hydrolysis assay previously described for the
determination of metal binding specificity.

Method A: CO was slowly bubbled through a solution of Rh(nbd)- 3*His-CA for 10 minutes at
room temperature.

Method B: The solution of Rh(nbd)- 3*His-CA was placed in an autoclave, the autoclave was
pressurized with 100 PSI of CO, and the ensuing reaction was allowed to proceed for 1 hour at
room temperature.

b. Substitution with Isocyanides

Stock solutions of isocyanides were prepared in dioxane in a glovebox under an atmosphere of
nitrogen. Solutions were then removed from the glovebox, but kept closed until use. Rh(nbd)-
3*His-CA (250 uL, 67 uM in 50 mM NaPi buffer, pH = 5.3) was prepared as described in the
general method. Stock solutions of isocyanides (10 uL, 2 eq) were added to the Rh(nbd)-3*His-
CA solution, and the reaction was allowed to proceed at room temperature for 10 minutes. The
ratio of Rh-CA (SM) to Apo-3*His-CA (product) was determined by the hydrolysis assay
previously described for the determination of metal binding specificity (Figure S14).

c. Substitution with PTA

Rh(nbd)-3*His-CA (250 uL, 67 uM in 50 mM NaP1i buffer, pH = 5.3) was prepared as described
in the general method. A solution of 1,3,5-Triaza-7-phosphatricyclo[3.3.1.13.7]decane (PTA) in
water (10 uL, 100 eq.), freshly prepared in order to avoid slow oxidation to the phosphine oxide,
was added to the protein solution, and the reaction was allowed to proceed. The amount of starting
material remaining was monitored over time by UV-vis spectroscopy (Aaio).

2.7.8 Supplementary Figures and Tables
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Supplementary Figure 1
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Comparison of the specificity for metallation of the active site in two mutants of CA. 3*His-CA
refers to a mutant in which three of the nine histidines outside the active site have been changed
to Arg or Phe (Table S1). Four of the remaining histidine residues are solvent exposed. 7*His-
CA refers to a mutant in which seven of the nine histidines outside the active site have been
changed to Arg, Phe, or Ala (Table S1). The remaining two histidine residues are buried and not

expected to bind metals.
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Supplementary Figure 3
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Supplementary Figure 5
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Supplementary Figure 9
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Supplementary Figure 11
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Supplementary Figure 13
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Supporting Table 1

EXAFS curve fitting parameters

Sample/Fit # | Path R (A) MERS) R (%)
XRD EXAFS
RhC 1.83 1.83(0.03) | 2 [0.002 (0.001) [ 15.0
Rh reference | RhO 2.04 2.03(0.03) | 2 | 0.004 (0.005) | AE=5.8
RhCOMS) | 2.98 —2.99 | 3.04 (0.04) | 6 | 0.004 (0.003)
RhRh 325 3.16 (0.03) | 2 | 0.003 (0.002)
1 [RhC 1.84 (0.02) | 2 [0.002 (0.002) [ 9.7
RhN 2.11 (0.04) | 2 | 0.006 (0.004) | AE=5.3
RhCO(MS) 3.03(0.06) | 6 | 0.005 (0.002)
2 | RhC 1.85(0.03) [ 1 [0.002 (0.001) | 163
Rh catalyst RhN 2.13(0.05) | 3 | 0.008 (0.005) | AE=7.7
RhCO(MS) 3.04 (0.03) | 1 | 0.002 (0.002)
3 | RhC 1.84 (0.02) | 2 [0.003 (0.002) | 10.4
RhN 2.11(0.04) | 3 | 0.009 (0.005) | AE=5.3
RhCO(MS) 3.03(0.03) | 2 | 0.005 (0.002)

S, was fixed to 1.0 based on the best fit parameter of Rh reference. N is the coordination number and o is the Debye-

Waller factor. AE is the EXAFS threshold energy. R factor (%) indicates the goodness of the fit. Bold letters are the
fixed parameters. MS shows multi-scattering path.
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Chapter 3: Abiological Catalysis by Artificial Myoglobins Containing
Noble Metals in Place of Iron

This chapter is modified from the following publication with permission of the university and all
coauthors: Key, HM.*; Dydio, P.* Clark, D. S. ; Hartwig, ].F. Nature 2016, 534, 534-537.

*Authors contributed equally

ABSTRACT: Catalysis enables modern synthetic chemistry. Transition-metal catalysts and
enzymes are used widely in the production of bulk chemicals and the fabrication of fine chemicals
and biologically active compounds. However, despite their exquisite selectivity and potential for
evolution, metalloenzymes are rarely used, in part due to the limited scope of reactions catalyzed
by natural enzymes. Thus, researchers have been seeking to expand the scope of substrates and the
range of transformations with which metalloenzymes react. Approaches toward this goal have
included the design of enzymes with substrate promiscuity by directed evolution and the
constructions of proteins with new catalytic functions by incorporating transition metal complexes
into protein scaffolds. At the intersection of these two approaches lies a third, more powerful
strategy that we report in the submitted manuscript combining the attributes of each: the
replacement of the native metal of a natural metalloenzyme with abiological metals to bestow new
reactivity on an otherwise intact, selective and evolvable enzyme. We disclose artificial heme-
protein analogs containing abiological metals in place of iron that catalyze reactions that the iron
analogs do not. These discoveries rest on a method to generate and assess the catalytic activity of
a diverse array of [M]-PIX-proteins rapidly. In particular, we show that myoglobin containing
Ir(Me)-PIX catalyzes the enantioselective formation of carbon—carbon bonds by insertion of
prochiral carbenes into C-H bonds. The same enzymes also catalyze the cyclopropanation of -
substituted styrenes and unactivated a-olefins. No native or artificial enzymes are known to
catalyze the C-H insertion process or the cyclopropanation of these olefins. Moreover, in analogy
to the native enzymes, these iridium myoglobins are suitable for directed evolution. Several rounds
of mutagenesis of Ir(Me)-PIX-Myo generated enzymes that form either enantiomer of the C-H
insertion products for several substrates and that catalyze enantio- and diastereosel