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Conspectus

Metalloproteins set the gold standard for performing important
functions, including catalyzing demanding reactions under mild
conditions. Designing artificial metalloenzymes (ArMs) to catalyze
abiological reactions has been a major endeavor for many years, but most
ArMs’ activities are far below those of native enzymes, making them
unsuitable for most pratical applications. A critical step to advance the
field is to fundamentally understand what it takes to not only confer but
also fine-tune ArM activities so they match native enzymes. Indeed, only
once we can freely modulate ArM activity to rival (or surpass!) natural
enzymes can the potential of ArMs be fully realized. A key to unlocking
ArM potential is the observation that one metal primary coordination
sphere (PCS) can display a range of functions and levels of activity,
leading to the realization that secondary coordination sphere (SCS)
interactions are critically important. However, SCS interactions are
numerous, long-range, and weak, making them very difficult to reproduce in ArMs. Furthermore, natural enzymes
are tied to a small set of biologically available functional moieties from canonical amino acids and the physiologically
available metal ions and metallocofactors, severely limiting the chemical space available to probe and tune ArMs.
In this Account, we summarize our group’s use of unnatural amino acids (UAAs) and non-native metal ions and
metallocofactors to probe and modulate ArM functions. We incorporated isostructural UAAs in a type 1 copper
(T1Cu) protein azurin to provide conclusive evidence that the axial ligand hydrophobicity is a major determinant of
T1Cu redunction potential (E°"). We also probed the role of protein backbone interactions that cannot be altered by
standard mutagenesis by replacing the peptide bond with an ester linkage. We used insight gained from these
studies to tune the E°” of azurin across the entire physiological range, the broadest range ever achieved in a single
metalloprotein. Introducing UAA analogs of Tyr into ArM models of heme-copper oxidase (HCO) revealed a linear
relationship between pKa, E°’, and activity. We have also substituted non-native hemes and non-native metal ions
for their native equivalents in these models to resolve several issues that were intractable in native HCOs and the
closely related nitric oxide reductases (NOR), such as their roles in modulating substrate affinity, ET rate, and
activity. We have incorporated abiological cofactors such as ferrocene and Mn(salen) into azurin and myoglobin,
respectively, to stabilize these inorganic and organometallic compounds in water, confer abiological functions, tune
their E°” and activity through SCS interactions, and show that the approach to metallocofactor anchoring and
orientation can tune enantioselectivity and alter function. Replacing Cu in azurin with non-native Fe or Ni can impart
novel activities, such as superoxide reduction and C-C bond formation. While progress has been made, we have
identified only a small fraction of the interactions that can be generally applied to ArMs to fine-tune their functions.
Because SCS interactions are subtle and heavily interconnected, it has been difficult to characterize their effects
quantitatively. It is vital to develop spectroscopic and computational techniques to detect and quantify their effects
in both resting states and catalytic intermediates
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1. Introduction

Metalloproteins perform challenging functions in nature, including transferring electrons across long distances
and catalyzing demanding reactions with high regio- and stereoselectivity, and they accomplish them under ambient
conditions in water. They have inspired many chemists and biochemists to design artificial metalloenzymes (ArMs)
to mimic native enzymes,'? with a major branch of this field focusing on abiological reactions. Despite significant
progress over early models, most ArMs still display much lower activity than native enzymes. To advance this field,
it is necessary to devote considerable effort toward understanding how enzyme structural features are responsible



for their high activity and selectivity and how to modulate these traits beyond their natural ranges for practical
applications. Only once we can demonstrate the ability to control properties of metalloproteins at-will so they rival
(or surpass!) natural enzymes will it be possible to realize the full potential of ArMs.

A fascinating feature of metalloproteins is that the same metal-binding site consisting of a conserved set of
ligands coordinated to a metal ion in a characteristic geometry (defined as the primary coordination sphere, or PCS)
can display a variety of electronic properties and perform many different functions in different metalloproteins.
Nature accomplishes this amazing feat with multiple non-covalent and asymmetric interactions with residues in the
second coordination sphere (SCS) and beyond, such as electrostatic and hydrophobic interactions, dipole
moments, and hydrogen bonding. Harnessing this “trick” from nature is critical for designing synthetic models using
organic molecules as ligands or ArMs with high activity toward abiological reactions. However, these myriad weak
interactions can be extremely difficult to reproduce in synthetic catalysts, for which a ligand capable of providing the
same degree of SCS control provided by a protein matrix would be prohibitively large and difficult to synthesize.
Designing ArMs based natural protein scaffolds can overcome these limitations.

A major design barrier for ArM SCS control is that site-directed mutagenesis of one of the 20 canonical amino
acids (AA) to another often changes multiple factors (e.g., steric and electronic properties) simultaneously.
Replacing AAs with unnatural amino acid (UAA) isostructural analogs can deconvolute sterics from other factors.
More importantly, UAAs introduce new functional groups to tune the ArM beyond natural enzymes. Similarly,
replacing metal ions or metallcofactors (e.g., heme) found in native metalloproteins with non-native metal ions or
metallocofactors has allowed exploration and modulation of metalloprotein properties in a much broader chemical
space and made it possible to perform difficult reactions with ever-increasing efficiency.® In this Account we
summarize how UAAs and non-native metals and metallocofactors have filled gaps in our understanding of the
precise roles of native AAs, metals, and metallocofactors in protein functions, pushed the natural limits of protein-
metal interactions, and modulated functions beyond the limits of natural metalloproteins.

2. Understanding and Modulating Biological Function with UAAs

Redox reactions are at the heart of many metalloprotein functions; therefore, reduction potential (E°") of the
metal center is a major determining factor of their activities. A prime example is type 1 copper (T1Cu) proteins,
which contain a copper center coordinated by one Cys and two His residues in a trigonal plane. Even though all
mononuclear T1Cu proteins contain the same PCS (Fig. 1A), the E°” of the Cu(Il)/Cu(l) couple can range from +180
to +800 mV4® vs. standard hydrogen electrode (SHE); all E°" values in this Account are reported against SHE.
While E° of metal ions can be tuned by changing the PCS, this perturbs the redox couple reorganization energy,
which in turn affects ET function. T1Cu proteins overcome this issue by relying on the SCS to tune E°’, such as the
weak axial ligand above the trigonal plane, typically Met or Gin (Fig. 1A). Though it is a weak Cu-ligand in most
cases, the axial residue is considered SCS because non-coordinating residues such as Leu are found in some
T1Cu, and mutating this residue modulates E°" whether it coordinates Cu or not. Therefore, hydrophobicity of the
axial ligand has been proposed to be a major determining factor for E°". However, the different axial ligands are not
isostructural, so other complex effects cannot be ruled out. We investigated this question through isostructural UAAs
that covered a wide range of functional moieties. For example, we used expressed protein ligation (EPL)® to replace
Met121 in wild type azurin from Pseudomonas aeruginosa (WT-Az) with isostructural UAA analogs: difluoromethyl
(DFM) and trifluoromethyl methionine (TFM),” oxomethionine (OxM),” selenomethionine (SeM),”® norleucine
(Nle)8, and homocysteine (Hcy)® (Fig. 1B). These isostructural replacements resulted in minimal structural
perturbation, as demonstrated by electronic absorption (UV-vis), electron paramagnetic resonance (EPR), and x-
ray absorption spectra (XAS). We found a strong linear correlation between the hydrophobicity of the axial ligand
(measured by the partition coefficient between octanol and water of the side chain, logP) and E°" in Az (Fig. 1C),
providing conclusive evidence that axial ligand hydrophobicity is a major determining factor of E°". Furthermore, we
found this correlation to apply not only to Az but to all T1Cu centers.” The insight gained from these studies was
subsequently used to tune E° in Az beyond the natural range of mononuclear T1Cu proteins'® to eventually span
the entire physiological E°" range (vide infra),'" a feature that had not been found in any single class of
metalloprotein.
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Figure 1. (A) Copper binding sites of T1Cu proteins and their E°' values, (B) Isostructural UAAs in Az and their E*'
range. (C) Plot of E°' vs logP in Az. Reproduced with permission from ref (7). Copyright 2006 American Chemical
Society. (D) Crystal structure of Cua-Az and the impact of a backbone ester substitution on Cu—Cu bond distance.
(E) Crystal structure of F33Y—-CusMb and UAA Tyr analogues. (F) Plot of O2 reduction activity and proportion of
H20 production vs pKa (Data from ref (26)).

In addition to the axial ligand, we have replaced the conserved Cys112 in Az with selenocysteine (Sec) and
Hcy (Fig. 1B). All T1Cu centers have low reorganization energy of the Cu(ll)/Cu(l) redox transition due to an entatic
state between the preferred geometries of Cu(l) and Cu(ll) (also called the “rack” effect). The effect manifests as
minimal changes in Cu-ligand bond lengths and bond angles during redox cycling. Replacing Cys112 by
isostructural Sec resulted in a Cu(ll)-Se bond that lengthened over the native Cu(ll)-S bond only by the increase in
covalent radius of Se over S (determined by XAS).'>'® We found that Sec and Cys exhibit a similar degree of
covalency with Cu due to the similar electronegativities of S and Se in the thiolate/selenolate ligand fragment.'
Interestingly, the Cu-Se bond length varied by < 0.01 A during Cu(ll)/Cu(l) redox transitions,'® which is even less
than the Cu(ll)-S bond variation (~0.08 A), suggesting that the larger Se atom is superior to S for enforcing the



entatic state. Based on these results, replacing Cys112 with Hcy (longer than Cys by one methyl group) was
predicted to decrease the Cu(ll)-S distance and increase Cu-S covalency. However, the Cu(ll)-Shey distance was
longer than Cu(ll)-Scys and displayed larger EPR parallel hyperfine splitting than in WT-Az while the Cu(ll)-to-axial-
Met interaction was shorter and stronger.'® Hcy substitution, therefore, actually weakened Cu(Il)-S covalency,
probably due to a distortion of the Cu ion out of the entatic trigonal plane. The E°” of Hcy112-Az was also found to
be lower than WT-Az by 35 mV. These results suggest that the native Cu-Scys interaction is already nearly optimal
and can only be surpassed by an isostructural Cu-Se substitution.

Heme-copper oxidase (HCO) and nitrous oxide reductase (N2OR) contain ET subunits with binuclear Cu
centers (Cua), and UAAs have been introduced to Cua centers to fine-tune their functions. The Cua center comprises
two Cu ions, each bound by one His ligand and bridged by two Cys to form a diamond core motif (Fig. 1D)'®'".
Each Cu ion is also coordinated by a weak axial ligand, i.e., Met on one Cu ion and a carbonyl of the peptide
backbone on the other. Studies that have mutated the axial Met have found that, like T1Cu proteins, the axial Met
tunes Cua E° without increasing the inner-sphere reorganization energy. Indeed, the reorganization energy of Cua
is even lower than T1Cu, allowing Cua to function with a smaller driving force.'®2° An interesting and more
challenging task is to tune the E°" through the backbone carbonyl because it is not amenable to standard
mutagenesis methods. We replaced the peptide bond between Glu114 and Leu115 with an ester linkage (Fig. 1D),
21 and the resulting depsipeptide created an axial carbonyl donor less basic than the native ligand. The metal center
exhibited blue-shifted near-IR absorption of the Cu—Cu ¥—¥* transition, evidence of a shorter Cu-Cu bond.?'
Interestingly, this change had minimal impact on E°’, suggesting that, unlike T1Cu, the core structure of Cua is
resistant to variations in axial interactions.

HCO also contains a heme-Cu center that catalyzes reduction of Oz to water. The heme is coordinated by a
proximal His, and the nonheme Cu center (called Cug) is bound by three His residues, one of which is cross-linked
to a conserved Tyr. It has been hypothesized that the pKa and E°” of the Tyr/Tyr-radical of the cross-linked AAs are
important for proton and electron transfer;?> however, because the Tyr-His cross-link is a product of post-
translational modification, it cannot be directly probed via mutagenesis. We overcame this limitation with our
previously reported structural and functional ArM model of HCO in sperm whale myoglobin (Mb) that contains a
similar Cus center (L29H/F43H-Mb), called CusMb (Fig. 1E).22 We found that simply introducing Tyr through either
F33Y or G65Y mutation dramatically enhanced enzymatic activity, resulting in >1000 turnovers and high selectivity
for complete 4e” reduction of Oz to H20 over reactive oxygen species (ROS: superoxide, peroxide, and hydroxyl
radical).?* When combined with protein-protein interface design to improve ET from the native Mb redox partner,
cytochrome bs, G65Y-CusMb displayed activity similar to a native HCO.2®

To probe the His/Tyr cross-link, we introduced UAA analogs of Tyr (Fig. 1E), such as 3-chlorotyrosine (CITyr),
3,5-difluorotyrosine (F2Tyr), and 2,3,5-trifluorotyrosine (FsTyr), that progressively lower the pKa of the phenol ring
from 10.0 (Tyr) to 6.4 (FsTyr). We found that enzyme activity increased as the pKa decreased, as did the proportion
of H20 production (Fig. 1F).28 With the Tyr analog 3-methoxytyrosine (OMeY) we probed the role of phenolate E°
(179 mV lower than Tyr) without altering pKa. F330MeY-CusMb displayed significantly greater Oz reduction activity
and produced greater than 80% H20 (versus 51% in F33Y-CusMb).?” The correlated effects of lower E°” and pKa
with UAA Tyr analogues were both direct observations of the role of Tyr as an active participant in oxidase activity
through proton coupled ET. We then synthesized (S)-2-amino-3-(4-hydroxy-3-(1H-imidazol-1-yl)phenyl)propanoic
acid (imiTyr) and incorporated it into CusMb to create an ortho-imidazole-phenol linkage similar to native HCO.2®
The mutant imiTyrCusMb reconstituted with Cu(ll) generated no more than 6% ROS, far superior to F33Y-CusMb
and capable of at least as many turnovers. A similar enhancement was found for ethyl diazoacetate mediated
styrene cyclopropanation by Mb in the absence of reductant when we replaced the axial His93 with Ns-
methylhistidine (NMH). NMH-Mb allowed us to capture an elusive carbenoid intermediate implicated in the P450
catalyzed reaction.?® A final probe into the role of Tyr in HCO examined whether Tyr participates in ET via a tyrosyl
radical that has been observed in HCO in the presence of H202 but which had not been found definitively under
native turnover conditions. We have observed a Tyr radical in F33Y-CusMb by EPR spectroscopy both in the
presence of Oz under turnover conditions and by treatment with H202,%° but it was unclear where the radical was
localized. A definitive assignment of the engineered Tyr as the site of a tyrosyl radical was made possible by the
unique EPR hyperfine splitting pattern provided by halogenated UAA Tyr analogues, directly implicating the Tyr
radical as a mechanistic component in oxygen reduction.?

3. Understanding and Modulating Biological Function with Non-Native Metallocofactors

In addition to amino acids, proteins employ a diverse range of metal-containing cofactors to enhance their
biological functions: a prominent example is the variety of heme cofactors found in HCOs. HCOs from different
organisms contain hemes with different structures, such as heme a, b, o, and d, and have a wide range of E°’.



Since all HCOs perform the same reaction with different driving forces, their heme variation raised the question of
whether simply substituting one heme for another would modulate HCO activity. This question could be answered
directly in HCO by extracting the native heme and replacing it with another variant. There are many examples of
heme substitution leading to novel or modified activity, such as stereoselective and chemoselective
cyclopropanation of olefins®':*2 and modified regioselectivity of fatty acid hydroxylation.®®> Because HCO is a
membrane-bound protein with heme-dependent assembly, it has been difficult to extract and replace its native
hemes while retaining function. We sought to address this question in CusMb by replacing heme b with hemes
containing monoformyl (MF) and diformyl (DF) substitutions (Fig. 2A-B) to mimic the formyl group in heme a. We
found that heme E° increased with increasing electron-withdrawing ability of the substitutions in the order of native
heme b, MF-heme, and DF-heme (Fig. 2C).3* In addition, the rate of Oz reduction and enzyme turnover number
were both positively correlated with heme E°” while ROS production remained essentially constant. Rapid stopped-
flow kinetics studies found that increased heme E°” was associated with increases in the rates of ET, Oz binding,
02 dissociation, and a slight decrease in O affinity.> DFT calculations of the active site with bound Oz found heme
E°” modulation significantly impacted the electronic charge of both Fe and Oz, resulting in faster O dissociation and
reduced O:2 affinity at higher E° values.

Nitric oxide reductase (NOR) is structurally homologous to HCO, but instead of a heme-Cu center that reduces
02 (0O-O bond cleavage), NOR utilizes a heme/nonheme Fe center to perform the two-electron reduction of NO to
N20 (N-N bond formation). How the two enzymes are fine-tuned to perform their respective functions remains an
area of active research. Despite similar active sites, the active heme in NORs exhibits much lower E°" (-178 mV to
-59 mV) than HCOs (-39 mV to +480 mV). We tested whether E° differentiates HCO vs. NOR activity by replacing
the native heme b in a Mb-based NOR model (called FesMb,% Fig. 2D) with non-native MF-heme and DF-heme
cofactors to generate a set of NOR ArMs with heme E°” systematically varied from -130 mV to +148 mV. Decreasing
E°" resulted in large enhancements in NO association and heme-nitrosyl decay rates (Fig. 2E). These results
indicate that NORs control E°" to maximize their enzymatic efficiency and achieve a balance between two
antagonistic processes: fast NO binding and decay of dinitrosyl species are facilitated by low E°", while fast ET is
facilitated by high E°". Only when E° is optimally tuned in FesMb (MF-heme) does the protein achieve multiple
(>35) turnovers of N-N bond formation, a feat that had not been previously achieved in any model catalyst. These
results also addressed a long-standing question in bioenergetics of selective cross-reactivity between HCO and
NOR: only HCOs with low heme E°" in a similar range to NORs (between -59 mV and +200 mV) exhibit NOR
reactivity. Our studies using non-native metallocofactors, therefore, not only resolved several issues that were
difficult to address by studying native enzymes, but also demonstrated the extent to which they modulate substrate
affinity, ET rate, and enzymatic activity.
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Figure 2. (A) Various heme cofactors. (B) Crystal structure of the ArM model of HCO in Mb (CusMb) and (C) Rates
of Oz reduction and ET vs heme E°" in CusMb (data from ref (34)). (D) Crystal structure of the ArM model of NOR
in Mb (FesMb). (E) Rates of ET, NO binding, and heme-NO decay vs heme E°' in FesMb (data from ref (36)). (F)
Crystal structure of heme-[4Fe-4S] cofactor from SiR and corresponding computational model in CcP (SiRCcP).
(G) SiR activity, measured by the rates of SO3?" reduction in SiRCcP containing SCS mutations to improve
S03?” binding with Lys/Arg and tuning of [4Fe-4S], in comparison with that of a native SiR. Reproduced with
permission from ref (40). Copyright 2018 American Association for the Advancement of Sciences. (H)
Computational model of ferrocene (Fc) in Az replacing the native Cu ion and the resulting blue bio-organometallic
complex in solution. Reproduced with permission from ref (41). Copyright 2005 American Chemical Society. (1)
Computational model of Mn(salen) in the Mb replacing the native heme cofactor. Reproduced with permission from
ref (44). Copyright 2011 American Chemical Society.

Non-native metallocofactors have also played an important role in decoding reaction mechanisms. Despite
decades of research on NOR, the mechanism for N-N coupling remained unresolved. Three reaction pathways
have been proposed: the trans pathway proceeds through one NO binding each to the heme Fe and nonheme Fe
(called Fes); the cis pathway proceeds through radical coupling of NO to heme-bound NO; and the cis-Fes pathway
proceeds by both NO binding to the nonheme Fe. By replacing heme b in FesMb with isostructural Zn-
protoporphyrin-IX, we could obtain isolate spectroscopic information of the non-heme Fe to investigate the



electronic and functional properties of the nonheme Fes nitrosyl complex.33° The electronic state of the {FeNO}’
complex was best described as high spin ferrous Fe (S = 2) antiferromagnetically coupled to a NO radical (S = %)
[Fe?*-NO-], consistent with the radical coupling process of the trans mechanism of NO reduction.

A subtle (yet important) take-away from early-stage ArM models is that although native enzymes exhibit their
highest activities with specific cofactors, such as heme a, ArMs can exhibit some degree of native activity with
simpler cofactors, such as heme b. Much of the difference in activity between a homogenous metal catalyst and a
metalloenzyme may derive from stabilizing interactions with the protein matrix and the bound metal catalyst.
Recently, we have reported an ArM in cytochrome ¢ peroxidase (called SiRCcP, Fig. 2F) of the heme-[4Fe-4S]
active site of sulfite reductase (SiR) by creating a [4Fe-4S]-binding site adjacent to the native heme b cofactor.®”
SiRCcP was made to exhibit up to ~20% the activity of a native SiR by incorporation of substrate binding residues
and SCS interactions to the [4Fe-4S], a feat that had not been achieved by small-molecule models. Furthermore,
SiRCcP was capable of converting sulfite to hydrogen sulfide (Fig. 2G), a 6e™ process, in a proportion similar to
native dissimilatory SiR using Fe-protoporphyrin-IX instead of the SiR Fe-sirohydrochlorin cofactor. This success
with SIRCcP, as a complement to the studies with CusMb and FesMb, demonstrates that, while the structure of the
metallocofactor can exert strong control over reactivity, much of the vast differences in turnover rate and stability
between naturally evolved enzymes and artificial catalysts derives from the protein matrix.

In addition to replacing one biological cofactor with another, we have also incorporated abiological cofactors
into metalloproteins to impart new function. Most organometallic complexes are not soluble or stable in water.
Ferrocene (Fc) is barely soluble in water, and its oxidized product (ferrocenium) decomposes in water, especially
at high pH. We were able to stabilize Fc in Az, even at high pH, by selective attachment of 2-
[(methylsulfonyl)thio]ethylferrocene to the conserved residue Cys112 in the native Cu binding site (Fig. 2H) and
were able to modulate its E°° by SCS mutation.*° We have also investigated how attachment of non-native
metallocofactors to the protein scaffold affects their enantioselectivity and chemoselectivity. Previous studies have
incorporated metal complexes such as Cr(salophen) into the Mb heme site. However, the enantioselectivity of
thioanisole sulfoxidation was low.*' To limit the conformational flexibility of the non-native ligand, we covalently
attached methane thiosulfonate functionalized Mn(salen) to Mb by either one or two mutant Cys residues (Fig. 2I).
Two covalent attachments resulted in a 5-fold rate enhancement over a single covalent attachment and increased
enantioselective excess (S) to 51% (versus 12%).4? Attachment to the protein scaffold prevents dimerization of the
Mn(salen) complex and restricts water access to the active metal, and changing the dual anchoring positions
modulated ee (S) by ~80%,** demonstrating that even small orientation changes in a protein scaffold can
substantially modify the function of a conjugated metal catalyst. The protein scaffold can also create a “solvent
cage” effect for catalysis: embedding Mn(salen) within the Mb scaffold prevents formation of the overoxidized
sulfone product.** Comparison to free Mn(salen) in non-polar and proton-donating solvents revealed that
protonation heavily favored sulfoxide formation. The Mb scaffold also tuned substrate access: an A71S mutation to
increase polarity in the substrate-access channel allows the polar sulfoxide product to re-enter the active site,
altering chemoselectivity of the enzyme for sulfone production. More recently, Mn-porphycene substituted Mb has
been shown to activate inert C-H bonds for ethylbenzene hydroxylation vis high-valent Mn(V)-oxo species similar
to the cytochrome P450.%

4. Understanding and Modulating Biological Function with Non-Native Metal lons

Natural enzymes can bind only a limited number of metal ions, and most metalloproteins lose stability or function
when their native metals are removed or replaced. Substituting native metal ions for others could help us understand
how functional metals are selected, how their functions are controlled, and how to potentially confer new functions.
For example, the Cu in T1Cu proteins has been replaced with Co(Il) and Zn(ll) to probe ET function.'? To confer
new biological functions, the Holland group has shown that metal-free WT-Az can bind Fe(ll) weakly, but Fe(ll)-Az
was not redox active.*® Shafaat and coworkers proposed that the Cu environment of Az, whose high E° is evidence
of its preference for Cu(l) over Cu(ll), discouraged oxidation to Fe(lll). Replacement of the axial Met by Ala creates
a reactive binding site for ligands such as cyanide and azide, but it does not change the PCS or electronic structure
of bound Fe(ll).46 We were able to achieve a redox-active Fe(Il)/Fe(lll) couple with similar E°" to WT-Az (+327 mV)
by mutation of the axial Met to a Glu (M121E-Az, Fig. 3A) to stabilize the Fe(lll) oxidation state. This redox-active
mutant exhibited superoxide reductase (SOR) activity, transforming an ET protein into an enzyme for the first time.4”
To increase the SOR activity of M121E-Az, we looked for residues in the SCS of SOR and found a Lys that is ~8 A
distal to the Cys ligand, which has been implicated in recruiting superoxide to the mononuclear iron active site.
Introducing this distal Lys residue into Az by M44K mutation increased the SOR activity by two orders of magnitude.
Therefore, by non-native metal substitution and further tuning of the SCS, it was possible to create a non-heme Fe-
based ArM in Az from a Cu-based ET protein.



Ni(Il) can also effectively replace Cu in Az. While the Cu(ll)/Cu(l) redox couple in Az has been tuned over a
range of 900 mV (from +90 mV to +970 mV) by SCS mutations, replacing Cu(ll) with Ni(ll) shifts E°” by nearly -1V,
creating a set of mutant variants in a single ET protein that span the entire 2 V physiological redox range (-954 to
+970 mV, Fig. 3B-F )."" These Ni- and Cu-Az based ArMs may find a wide range of applications as redox agents
for biochemical and biophysical studies. Recently, Shafaat and coworkers also found that Ni-substituted Az creates
a protein with a stable Ni(ll/l) redox couple that lowers E°” by ~900 mV to -590 mV (vs. +310 mV in Cu-Az) while
preserving a trigonal planar metal binding geometry.*® With a mutation of the axial Met to Ala to create a small-
molecule binding site, Ni-M121A-Az was found to quantitatively bind CO and reversibly bind a methyl group in the
presence of CHal, making it possible to use Ni-Az as a model for CO-dehydrogenase/acetyl CoA-synthase (Fig.
3A).*° Further, substituting Ni for the native Fe of rubredoxin created an active H2 evolution ArM that is oxygen
tolerant and displays electrochemical activity approaching native [NiFe] hydrogenase with low overpotential.°
Photocatalytic activity could be achieved and modulated by selective conjugation of a Ru(bpy)s complex,3" and
detailed spectroscopic and computational characterization of the model elucidated a thiol-inversion mechanism of
Ni(lll)-hydride formation that is directly applicable to native [NiFe] hydrogenase.52%3

In addition to mononuclear metalloproteins, heteronuclear bimetallic enzymes have also benefited from
replacing the native with non-native metal ions. Despite highly homologous active sites, why a nonheme Cu atom
was selected for Oz reduction in HCO but nonheme Fe was selected for NO reduction in NOR had never been
directly probed because removing the nonheme metal ion of either enzyme destabilizes it.>* Our ArMs (CusMb and
FesMb), however, were sufficiently small and malleable to allow facile metal substitution. When we replaced the
nonheme Fe(ll) in FesMb with Cu(l), O2 reduction activity increased 3-fold.>® A further study to explain this effect
found that the identity of the nonheme metal had minimal impact on heme E°’, but E°" of Cu(ll)/Cu(l) is +128 mV
higher than nonheme Fe(ll)/Fe(lll). Since the rate of Oz reduction is limited by ET, a stronger driving force for ET to
bound O2 is partially responsible for the observed rate enhancement with Cu. In addition, examination of the O-O
bond length by resonance Raman spectroscopy and subsequent DFT calculations found that the O-O bond was
weaker with nonheme Cu than nonheme Fe. We attribute this effect to the d-electron configuration of Cu (a°) that
allows it to donate more electron density to O2 than Fe (d®), weakening the O-O bond to facilitate O cleavage more
effectively (Fig. 3G).



Fe

Superoxide Reductase (SOR)

[4Fe-4S]

Azurin (Az)

Acetyl-CoA Syntase (ACS)

I 1015 mV

Cu 1112mV

V6SE H64  py3y VeSE H64  p43y VeSE H64  Fazn

D LFe 1.?— Mn Co ©
Py | 202

HPAz N47S/F114N /M121L

Figure 3. (A) Crystal structures of metal-binding sites in SOR and ACS and their models in Az; (B) The entire
physiological E°" range achieved in Az by five mutants and two metal ions; (C-F) Crystal structures of native and
mutant Az with their respective Cu-bound and Ni-bound Cu(l/Il) or Ni(l/ll) redox potentials. Reproduced with
permission from ref. 11. Copyright 2015 National Academy of Sciences; (G) DFT-optimized structures of O2-bound
CusMb with Zn(ll), Fe(ll), or Cu(ll) in the nonheme metal site. Reproduced with permission from ref. 55. Copyright
2017 Springer Nature; (H) Crystal structures of FesMb with Fe(ll), Mn(ll), and Co(ll) in the nonheme metal site.
Reproduced with permission from ref. 56. Copyright 2017 American Chemical Society.

The observation that nonheme Zn (d'°) still weakened the O-O bond relative to FesMb without a nonheme metal
raised the question of whether other nonheme metal ions could facilitate Oz reduction. When the nonheme metal in
FesMb was replaced with Mn(ll) or Co(ll),%® both proteins displayed oxygen reduction rates similar to Fe-FesMb,
but the proportion of ROS decreased as Mn > Fe > Co (from 7% to 1%), which matched a trend of increasing total
turnover number (5.1 > 13.4 > 82.5). Unlike Fe and Cu, redox transitions were not observed in Mn or Co during
catalysis. Stopped-flow UV-vis and vibrational spectroscopy of the O-O and M-O bonds revealed that, while both
Mn and Co induce similar O-O bond lengthening, the Co-O distance is 0.274 A shorter than the Mn-O distance, and
the rate of heme-oxy intermediate formation and decay (not observed with redox-active Fe and Cu nonheme metals)
was much slower with nonheme Co than with Mn or Zn. FesMb co-crystallized with each of the three metals revealed



highly similar binding geometries for Mn(ll) and Fe(ll), but the Co(ll) assumed an octahedral geometry with bidentate
coordination by E68 which may also stabilize the heme-oxy intermediate (Fig. 3H). Taken together, replacing the
nonheme metal in FesMb with metals that have different d-electron configurations revealed that, while redox activity
plays an important role in Oz reduction, the geometry and Lewis acidity of even a redox-inactive metal is important
for determining turnover rate. We tested NO reduction activity with the same nonheme metals (Fe, Co, and Zn)%”
and found that FesMb could achieve multiple turnovers regardless of the nonheme metal. Thus, NOR activity with
redox-inactive Zn(ll) further supports the viability of a one-electron semi-reduced pathway for the reduction of NO.
Overall, by adding non-native metal ions to enzymes, we have deconvoluted reaction mechanisms that may be
useful for designing next-generation catalysts.

5. Conclusion and Outlook

ArMs promise enormous potential to perform abiological reactions for many chemical, biotechnological, and
pharmaceutical applications. The missing key to unlock their potential is a fundamental understanding of how a
single and (in many cases) simple PCS performs many functional roles. If we can understand this, it should be
possible to design ArMs at least as active as native enzymes. We have summarized several avenues to this goal
through UAAs, and non-native metal ions and metallocofactors that probe and modulate metalloprotein function.
With these tools we have made ArMs with activity that matches, and—in a few cases—surpasses native enzymes,
and we have shown that non-covalent interactions, such as hydrogen bonding and hydrophobicity, in the SCS are
very important for tuning redox, electronic, and other functional properties. In many cases, fine-tuning E°” alone has
proven to be critical both for ET function and for catalysis, such as HCO/NOR activity. Moreover, the protein matrix
is critical for tuning the reactivity, stability, and turnover rates of organometallic cofactors. A key revelation from our
efforts is the identification of common principles that govern the effects of SCS interactions and behave predictably
for metal centers across different proteins. Systematic modulation of these interactions (e.g. hydrophobicity) is likely
to yield the desired effects in most systems. These observations are valuable to all ArM systems: while it was once
sufficient to demonstrate that ArMs can minimally catalyze abiological reactions, future ArMs must demonstrate
deliberate control over activity.

While progress has certainly been made in this area, we have identified only a small fraction of the interactions
that can be generally transferred to ArMs to fine-tune their functions. Quantitative probing of a given SCS
interactions in different metal binding sites has revealed that the magnitude of any one interaction varies greatly
from one metalloprotein to another, suggesting that there must be many factors controlling their functional properties
that we either cannot yet fully account for or have yet to recognize. Because the SCS interactions are predominantly
subtle and heavily interconnected, it has been difficult to characterize the effects of these interactions with precision.
Most of these interactions have minimal effects on functional properties while a few others have huge effects.
Furthermore, most SCS interactions exert their effects dynamically and in the transition state. Thus, we lack
necessary information to predict these effects for most proteins. To address these issues, it is vital to develop
spectroscopic and—especially—robust computational techniques able to detect and quantify weak interactions in
catalytic intermediates with precision to develop a more complete profile of protein metal-ligand interactions.
Bioinformatic analysis of metalloprotein structural databases to identify conserved SCS features and determine
which features are correlated with certain functions will also be helpful. Finally, while UAAs and non-native
metallocofactors have proven to be powerful tools, they remain difficult to synthesize and incorporate into ArMs.
Methods to improve synthesis yields and incorporation efficiency will improve their utility for both fundamental
studies and practical applications.
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