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1.1 Introduction

Artificial metalloenzymes (ArMs) have the potential to merge key benefits of
transition metal catalysts, particularly their ability to catalyze a wide range of
challenging transformations, with those of enzymes, including their evolvability
and capacity for molecular (i.e., substrate) recognition [1]. These topics and more
are discussed in detail elsewhere in this volume, but their pursuit requires robust
methods for ArM formation. Such methods are in and of themselves quite chal-
lenging to develop. Site-specific metal incorporation is required to ensure that
single-site catalysts can be obtained. Compatibility with a wide range of met-
als and scaffolds is desirable to maximize the range of chemistries that can be
explored. Compatibility with aqueous, ideally aerobic, reaction conditions and
a wide range of functional groups, including those found in cellular milieu, are
also important. An additional synthetic challenge is faced for ArMs generated
from preformed catalysts, since these inherently reactive molecules must first be
linked to scaffold anchoring moieties to generate ArM cofactors.

The hybrid nature of ArMs also complicates their characterization since
distinct methods have conventionally been used for analysis of transition metal
complexes and proteins. Various spectroscopies, including UV/Vis and electron
paramagnetic resonance (EPR), can provide some insight into the metal primary
coordination sphere [2], while dichroism spectrum (CD) and fluorescence
spectroscopies can provide information on scaffold folding [3—-5]. In some cases,
NMR spectroscopy can also be used, but its utility is often limited by the high
molecular weight of many scaffold proteins [6]. Inductively coupled plasma-mass
spectrometry (ICP-MS) can be used to determine scaffold:metal stoichiometry,
but not metal location within the scaffold [6]. High resolution MALDI and ESI
MS can also be used to determine extent of cofactor incorporation and scaffold
modification in general [4]. Of course, X-ray crystallography remains the best
option for unambiguously charactering metal location and coordination envi-
ronment within ArMs, but this technique is often complicated by conformational
flexibility and variable occupancy of introduced metal centers [7].
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Despite these challenges, a large number of methods have been developed that
possess some or all of the properties noted above. The aim of this chapter is to
provide an overview of key methodology developments. These will be broken into
sections in which scaffold metalation is governed predominately by metal binding
by scaffold residues (Section 1.2), non-covalent cofactor binding either to the cat-
alyst itself or to a catalyst substituent (Section 1.3) and, finally, covalent scaffold
modification using functionalized cofactors (Section 1.4). ArM formation often
involves elements of multiple methods (e.g., ligation of a metal in a covalently
linked cofactor or metalation of ligands that are introduced via a non-covalent
scaffold binding), but this classification helps to address many unique features,
advantages, and disadvantages of different methods of ArM formation.

1.2 ArM Formation via Metal Binding

A wide range of homogeneous metal catalysts can be prepared by combining
appropriate quantities of a metal catalyst precursor (M) with one or more
small molecule ligands (L) [8]. Several of the 20 canonical amino acids possess
residues capable of binding to a wide range of transition metals via N, O, or S
coordination. Protein scaffolds can organize these residues into well-defined
three-dimensional chiral arrays metal binding sites. The reactivity conferred to
metal centers by these binding sites has led to the evolution of metalloenzymes
that catalyze a range of challenging organic transformations in nature [9], includ-
ing nondirected C—H bond functionalization [10]. Inspired by the synthetic
power of these natural metalloenzymes, researchers have explored the use of
protein scaffolds as ligands for nonnative metal ions to generate ArMs that
catalyze a variety of organic transformations (Figure 1.1) [11].

1.2.1 Repurposing Natural Metalloenzymes

Given their inherent metal-binding capabilities, natural metalloenzymes have
obvious potential as scaffolds for ArM formation. In addition to metal binding,
many metalloenzymes have active sites that evolved to bind small molecule
substrates, providing additional space for unnatural substrates to bind. Of
course, conditions must first be developed to extract native metal ions from a
metalloenzyme of interest and to incorporate the desired metal ion or fragment
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Figure 1.1 Approaches to generate ArMs via metal binding.
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without denaturing the scaffold. Once this is accomplished, however, it is often
possible to incorporate a range of metal ions into the scaffold, and established
methods for characterization of the native metalloenzyme can often be applied
to the resulting ArM.

1.2.1.1 Carboxypeptidase A

Emil Kaiser’s research group at the University of Chicago was one of the first to
leverage the metal binding site of a natural metalloenzyme to form ArMs with
novel reactivity. Carboxypeptidase A (CPA), a Zn(II)-containing metalloenzyme
containing a His/His/Glu binding site, was dialyzed against 1,10-phenanthroline
to generate the apoenzyme, which was subsequently metalated with a variety of
metal(II) salts. The Cu(II)-CPA construct was found to catalyze the oxidation of
ascorbic acid and to exhibit Michaelis—Menten kinetics, mimicking the activity
of other Cu(Il)-containing redox enzymes [12]. While this work established the
potential for a metal binding site to be employed for nonnative metal binding
and catalysis, unspecified spectroscopic characterization was reported to indi-
cate significant perturbation of the coordination environment around the metal.
This alteration was later confirmed by crystallographic studies using Hg(II)-CPA,
which highlighted the importance of characterizing the primary coordination
sphere of metal fragments incorporated into protein scaffolds [13].

1.2.1.2 Carbonic Anhydrase

Carbonic anhydrases (CAs), also Zn(II)-containing metalloenzymes but
containing His, binding sites, have subsequently been utilized for ArM for-
mation by a number of researchers. As in the case of CPA, zinc(Il) can be
removed from CAs by dialysis against a chelating agent (1,10 phenanthroline
or 2,6-pyridinedicarboxylate) to afford the apoproteins [14]. Incubation of
the apoprotein with metal(II) salts results in metal-substituted CAs. These
nonnative constructs were initially explored for their interesting spectroscopic
and structural properties, including significantly distorted coordination geome-
tries [15, 16]. Kazlauskas and Soumillion later demonstrated that substitution
of bovine carbonic anhydrase (bCA) isoforms I and II and human carbonic
anhydrase isoform II (hCAII) with manganese(Il) afforded redox-active variants
of the enzyme that exhibited peroxidase-like activity [14, 17]. Incubating apo-CA
with substoichiometric quantities of Mn(OAc), or excess MnCl, followed by
dialysis against buffer provided ArMs free of free metal salts. Mn(II) loading was
confirmed by loss of native CA activity and quantitated by ICP-AES. Alkene
epoxidations catalyzed by these ArMs proceeded with generally low to moderate
yields and enantioselectivities.

One of the challenges to preparing ArMs via metal substitution of
apo-metalloenzymes is the possibility for nonspecific binding of metals to
non-active site residues. For example, metalation of apo-hCA(II) with [Rh(cod),]
BF, led to extensive nonspecific binding, with 6—-8 rhodium ions bound to
the protein monomer as determined by ICP-MS [18]. Unlike Mn(II) salts,
which show low epoxidation activity relative to the corresponding CA ArMs,
[Rh(cod),]BF, can efficiently catalyze the target reaction, enabling a nons-
elective reaction pathway that can compete to the detriment of the overall
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stereoselectivity of the transformation. To address this issue, Kazlauskas used
mutagenesis to remove from hCAII several surface histidine residues that were
hypothesized to be sites of nonspecific Rh binding. Mutating these histidine
residues to arginine, phenylalanine, or alanine provided 9*His-hCAII-[Rh],
which bound significantly fewer Rh ions (an average of 1.8 Rh/hCAII) and
provided improved selectivity for hydrogenation of cis-stilbene relative to
competing isomerization of this substrate to trans-stilbene. Kazlauskas later
demonstrated that metalation of 9*His-hCAII with [Rh(CO),(acac)] reduces the
Rh/hCAII ratio to 1.2. The resulting ArM catalyzed styrene hydroformylation
with improved selectivity for the linear aldehyde over free [Rh(CO),(acac)] or
wild-type hCAII-[Rh], indicating that surface-bound rhodium preferentially
yields the branched aldehyde and negatively impacts the selectivity of the
hybrid [19].

A more recent study provided additional insights into the preparation and
characterization of Rh-substituted CAs [6]. Evaluating apo-hCAII metalation by
a panel of Rh complexes revealed that the extent of nonspecific surface binding
by the metal is determined not only by the presence of coordinating residues
outside of the active site but also by the identity of the ancillary ligands on the
Rh complex. Extent of metalation was confirmed by competitive metalation
with Co(II), which, when bound to hCAII, is known to catalyze the hydrolysis
of 4-nitrophenyl acetate, enabling rapid spectrophotometric evaluation of
activity. Using this method, the authors determined that Rh precursors with
tighter binding ligands provided more reliable metalation at the active site,
with [Rh(nbd),]BF, and Rh(acac)(CO), serving as particularly effective (>90%
yield). NMR spectroscopy, previously used to study metal coordination in
CA [20], also indicated that only two of the three His residues in the hCAII
active site were coordinated to Rh, again showing that novel coordination
modes can be achieved using native metal binding sites. Unique perturbations
were also observed in the crystal structures of hCAII substituted with Co(II),
Cu(II), Ni(II), and Mn(II), although in these cases His; binding was observed
(Figure 1.2).

1.2.1.3 Metallo-p-lactamase

Recently, Itoh reported that the active site of a di-zinc metallo-p-lactamase
from Stenotrophomonas maltophilia could be repurposed for copper binding
[21]. Expression of the metalloenzyme in a medium containing a large excess
of Cu(SO,) resulted in the formation of a dinuclear copper enzyme similar to
type III copper proteins, which catalyze the oxidation of phenols to catechols.
Formation of a dinuclear copper enzyme with 1.7 Cu atoms per scaffold was
confirmed by ICP-MS. An Asp residue in the His/His/Asp binding site of
the metallo-p-lactamase was mutated to His to match the two His/His/His
motifs in type III copper proteins. This yielded an ArM catechol oxidase
that oxidized 4-tert-butyl-catechol with 36-fold greater efficiency than the
di-zinc metallo-p-lactamase. It should be noted that the His/His/His binding
site was optimized not only by introducing a proximal histidine but also by
increasing the conformational flexibility of a histidine through the mutation of a
histidine-adjacent proline to glycine [21].
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Figure 1.2 Overlay of His/His/His metal binding site in hCAll structures containing Zn(ll)
(gray), Co(ll) (red), Cu(ll) (yellow), Ni(ll) (blue), and Mn(ll) (green) bearing H,0/0, (Zn, Cu, and
Co) and sulfate (Ni and Mn) ligands.

1.2.1.4 Ferritin

CPA and hCA illustrate the potential of metalloenzymes as scaffolds for ArM for-
mation via metal binding. These small monomeric enzymes, however, represent
only a small fraction of the types of metal-binding proteins that could be used
for ArM formation. For example, self-assembled multimeric protein scaffolds
have the potential to control cofactor reactivity at both nano- and mesoscales.
This approach has been most extensively explored using ferritin, an iron storage
protein comprised of 24 subunits that assemble into a cage-like sphere with an
~8nm internal diameter [22] capable of accommodating of up to 4500 Fe ions
[23]. Robust procedures to demineralize ferritins via dialysis against thioglycolic
acid can be used to generate apoferritin for ArM formation [22].

Watanabe first reported that apo-recombinant light chain horse liver ferritin
(rHLFr) (Figure 1.3a) could be loaded with 96 equiv. of the [Pd(allyl)] fragment
based on ICP-MS analysis following incubation with [Pd(allyl)Cl],. The resulting
ArM catalyzed the Suzuki coupling of phenylboronic acid with 4-iodoaniline
[23], and the ArM crystal structure revealed two unique binding sites for
dinuclear [Pd(allyl)] adducts on each subunit for a total of four Pd atoms per
subunit (Figure 1.3b and ¢, top). Pd binding and stoichiometry could be altered
via site-directed mutagenesis [24, 25], but this had little impact on the overall
catalytic efficiency of the ArM [23]. In a similar manner, [Rh(nbd)Cl], was
introduced into the apo-rHLFr scaffold, leading to 72 bound rhodium centers
in three unique binding sites per subunit (Figure 1.3b and ¢, bottom) as deter-
mined by crystallography and ICP-OES (inductively coupled plasma-optical
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(b)

Figure 1.3 (a) Apo-recombinant horse liver ferritin with highlighted subunit in red. (b) Ferritin
threefold axis binding site occupied with Pd(ll) (top, blue spheres) and Rh(l) (bottom, purple
spheres). () Ferritin accumulation binding site with Pd(ll) (top, blue spheres) and Rh(l)
(bottom, purple spheres).

emission spectrometry) [22]. In one of these binding sites, migratory insertion
of a Rh-bound cysteine residue into a norbornadiene ligand resulted in a
covalent cysteine—norbornadiene linkage. This ArM catalyzed phenylacetylene
polymerization, giving rise to polyphenylacetylene that remained solubilized
within the ferritin scaffold. The solubility of the polymer was determined to arise
because of association of the polymer with ferritin, which was corroborated by
co-elution of the polymer and ferritin during size exclusion chromatography.
In contrast, the small-molecule catalyzed reaction gave the insoluble polymer.
In addition, the ArM produced a molecular weight-restricted set of polymer
products with a narrow polydispersity relative to [Rh(nbd)Cl], under the same
conditions, indicating that the ferritin plays a critical role in defining and
altering the polymerization environment [26]. Finally, both the ruthenium
complex [Ru(p-cymene)Cl,], and the iridium complex [IrCp*Cl,], have been
introduced into the apoferritin scaffold, and while binding of the metals has been
corroborated by crystallography and ICP-OES, no catalysis by these constructs
has been reported [27, 28].

1.2.2 Exploiting Serendipitous Metal Binding by Proteins

While nonnative metal coordination by apo-metalloenzymes offers an attrac-
tively simple approach for ArM formation, it is limited to coordination motifs
present in natural metalloenzymes. Given that over half of the canonical amino
acids possess side chains that can coordinate to metals, however, it is not
surprising that many proteins, not just metalloenzymes, can bind to metal ions.
Indeed, serendipitous metal binding was noted above as a potential complication
for selective metalation of apo-metalloenzymes, but if selective, it provides
a means to significantly expand the range of ArMs that can be generated via
metal binding. Operationally, this is one of the simplest methods for ArM
formation; any soluble, isolable protein can be explored for metal binding and
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catalytic competence. Because the metal-binding site in these scaffolds is not
known, however, characterizing the resulting ArMs and subsequent rational
modification can be challenging. Furthermore, the absence of any defined
substrate binding site means that fortuitous interactions are also required to
impart selectivity to reactions that occur at the metal center.

Serum albumins have been extensively examined as ArM scaffolds. These
proteins mediate the transport and distribution of numerous species present in
blood serum, including organic molecules and inorganic cations of zinc, calcium,
and copper [29]. The stability and low cost of serum albumins has led to their use
for numerous synthetic applications [30] and metal coordination [31]. Building
on this precedent, Marchetti established that an ArM formed from human serum
albumin (HSA) and Rh(CO),(acac) catalyzed olefin hydroformylation [32]. The
scaffold flexibility enabled by serendipitous metal binding was illustrated by
subsequent metalation of bovine serum albumin (BSA), egg albumin, and
papain, three commercially available proteins, with Rh(CO),(acac) to generate
ArM hydroformylases with different selectivity relative to that of Rh—HSA [32].
The HSA-Rh ArM also catalyzed hydrogenation of a,p-unsaturated aldehydes
and ketones with high chemoselectivity for olefin reduction (relative to other
albumins), but no enantioselectivity toward prochiral substrates [33]. This result
is consistent with MALDI-MS data, showing that this ArM possesses several Rh
centers [34].

Serum albumins have also been found to bind high-valent transition metal
oxo complexes to form ArMs that catalyze various oxidative transformations.
Kokubo first reported that a 1: 1 mixture of BSA and OsO, generated an active
alkene dihydroxylation catalyst [35]. Comparison of the UV/Vis spectrum of the
single-turnover product of a-methylstyrene dihydroxylation with a correspond-
ing small molecule analogue (with an ethylenediamine backbone) suggested
that OsO, was likely bound to BSA via two primary amines, implicating lysine
residues as ligands [35].

More recently, Ward found that OsO, was bound to streptavidin and that
the resulting ArM catalyzed dihydroxylation of various alkenes [36]. Scaffold
mutagenesis led to altered enantioselectivity, suggesting that the active catalyst
is bound within the protein scaffold, but anomalous X-ray diffraction revealed
multiple OsO, binding sites [36]. Ward also explored the incorporation of
[VO]?** into streptavidin and showed that the resulting ArM catalyzed enantios-
elective sulfoxidation of aryl thioethers [37]. The vanadyl ion was bound to the
biotin-binding site of streptavidin as evidenced by the loss of enantioselectivity
in the presence of biotin. Interestingly, Asp-128, which is important for biotin
binding, is also involved in vanadium binding, likely via hydrogen bonding inter-
actions, since obvious perturbation in ligand field was not observed upon metal
binding by EPR spectroscopy. Importantly, rate enhancement over free [VO]**
was observed [37], and similar scaffold acceleration has become increasingly
common in ArM catalysis [38].

Vanadium-containing ArMs have previously been explored by Sheldon.
Based on structural similarities between phytase and vanadium chloroperox-
idase, it was hypothesized that introducing vanadate into phytase scaffolds
could generate an ArM chloroperoxidase. Indeed, treating Aspergillus ficuum
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phytase with vanadate inhibited phytase-catalyzed hydrolysis of p-nitrophenyl
phosphate, presumably via binding in the oxyanion hole in the phytase active
site [39]. The resulting phytase—vanadate ArMs also catalyzed sulfoxidation
of sulfides with modest enantioselectivity mimicking the reactivity of vana-
dium chloroperoxidase [40]. Rate enhancement over free vanadate was again
observed. Importantly, the peroxidase activity of other scaffolds (albumin,
other phytases, acid phosphatase, phospholipase D, aminoacylase, sulfatase)
was readily evaluated. The resulting ArMs also possessed sulfoxidase activity,
albeit with lower efficiency and enantioselectivity than that of the A. ficuum
phytase/VO,3™ system [41].

Ueno has also explored the possibility of exploiting the supramolecular
architectures formed by protein crystals for heterogeneous ArM catalysis.
Hen egg white lysozyme (HEWL) can be crystallized into two forms: O
(orthorhombic) and T (tetragonal). The T form has been shown to bind
[(#6-p-cymene)-RuCl,(H,O)] complexes that can be introduced into the protein
crystals by soaking [42]. More recently HEWL crystals of both O and T forms
were prepared and cross-linked with glutaraldehyde to enhance crystal stability,
and [Ru(benzene)Cl, ], was then introduced by soaking. Crystallographic studies
revealed that the metal complex bound to discrete, solvent-channel exposed
positions on the HEWL monomers and the binding stoichiometry observed
was corroborated by ICP-OES. These ArM-catalyzed reductions of a variety of
acetophenone derivatives with modest conversions and enantioselectivities and
cross-linked crystalline catalyst could be recycled 10 times (albeit with ~70%
decrease in conversion and enantioselectivity) [41].

1.2.3 Designing Metal-Binding Sites in Scaffold Proteins

The examples presented in the previous two sections highlight strategies by
which nonnative metals have been introduced into naturally occurring metal
binding sites to generate ArMs. Significant effort has also been devoted to
designing metal binding sites into proteins and designing metal binding proteins
de novo. These approaches have the potential to significantly expand the range
of coordination geometries and scaffolds that can be used for ArM formation via
metal binding. Of course potential scaffolds must not only favor metal binding
in the designed binding site over other possible binding sites as discussed above
but also accommodate the designed metal-binding site to begin with. Impressive
progress toward the design of metal binding proteins has been made, and many
examples of ArM formation via this approach have been reported.

A straightforward example of this approach was accomplished by Reetz and
coworkers, who introduced a Cu(II)-binding His/His/Asp triad within the
TIM-barrel protein tHisF based on inspection of the protein crystal struc-
ture (Figure 1.4a). The resulting ArM catalyzed the Diels—Alder reaction of
aza-chalcones with modest enantioselectivity, illustrating how otherwise “vacant
space” within a scaffold can be used to generate an ArM active site [43]. In a
strategy echoing that was seen with CA, potential competing metal binding sites
were systematically eliminated to enhance the selectivity of the target reaction,
and selective metal incorporation was supported by EPR spectroscopy [44].
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Figure 1.4 Locations of metal binding sites introduced into scaffold proteins. (a) tHisF scaffold
with mutation sites in red. (b) Rab4 Zn-directed homodimer crystal structure with Zn(ll)
represented with gray spheres. (c) NMR structure of 3His-G4DFsc bound to two Zn(ll) ions
(gray spheres). (d) Crystal structure of Zng:A194/657 AB34 with structural Zn(1l) sites on the
vertical axis and catalytic Zn(ll) sites on the horizontal axis.

Metal binding sites have also been designed at protein—protein interfaces
to create ArMs. For example, Zn-binding sites were introduced into the Rab4
binding domain of rabenosyn to generate Zn-directed homodimers (Figure 1.4b)
[45]. Notably, according to crystal structure of the dimer, Zn was coordinated
by three histidine residues rather than the expected four. The fourth coordi-
nation site was occupied by the carboxylate oxygen of tartrate, leading to a
His;—carboxylate ligand environment reminiscent of many Zn-dependent met-
alloenzymes. Indeed, the resulting ArM catalyzed hydrolysis of p-nitrophenyl
acetate.

In a similar effort, Tezcan employed the protein cytochrome cb., as a building
block for creating Zn-directed self-assembling tetramers. The interface between
monomers was used as a potential space for designing a catalytic zinc site. Based
on the crystal structure of the tetramer, multiple designs for zinc coordination
sites were prepared and interrogated for esterase activity. In a departure from
previous examples, the strongest esterase activity arose from coordination by a
Glu/His/His triad, which was confirmed by X-ray crystallography (Figure 1.4d).
Remarkably, the resulting tetrameric assembly gives rise to in vivo ampicillin
hydrolysis. This was exploited to perform a selection-based saturation mutagen-
esis study for the optimization of ampicillin hydrolysis. This ultimately yielded a
tetramer that gave a threefold enhanced hydrolysis activity. As such, it is the only
example in which an ArM has been optimized using a survival-based selection
and a rare example in which an ArM has shown catalytic activity in vivo.

The ArMs described thus far utilize proteins as scaffolds for metal-binding
residues. In some cases involving enzyme scaffolds, ArM formation led to a loss
of native activity, which, while providing a means to evaluate ArM formation
[6, 14, 39], also suggested that the native function of scaffold proteins can be
exploited for ArM function. Several early examples of such scaffold exaptation
were illustrated by Lu, who developed functional models of heme—copper oxidase
(HCO) by introducing two nonnative histidine residues (L29H and F43H) prox-
imal to the heme—iron center in sperm whale myoglobin [2]. The His residues,
in addition to the native His-64, formed a His/His/His copper-binding motif,
as in HCO. This system was determined to be a competent, albeit inefficient,
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heme oxygenase (HO) [46]. In a later study, a tyrosine residue was introduced
to mimic a conserved tyrosine in HCO. The resultant ArM catalyzed reduction
of O, to H,O with >1000 TON (turnover number), clearly showing how tuning
residues in the primary and secondary metal coordination spheres can improve
ArM activity [47, 48].

Much of the work outlined above relied on inspection of X-ray structures to
identify sites for installing metal-binding residues. In recent years, more studies
have leveraged the capabilities of computational methods for identifying and
designing metal binding sites in proteins. Programs like RosettaMatch [49]
and RosettaDesign [50] have proven to be quite effective toward the design of
metal binding sites [51]. Other tools, including search for three-dimensional
atom motifs in protein structure (STAMPS) [52, 53], Urantein [54], and SUNS
[55], have been developed to identify viable three-dimensional motifs [55].
Predicting catalytically competent metal binding sites remains a significant
challenge for computational design methods. Efforts toward catalysis thus
far have generally relied on the tandem approach of computational design to
generate a panel of candidates that is then evaluated for catalytic function.
For example, Ward recently used STAMPS to identify a number of candidate
scaffolds with facial triad motifs. Screening these scaffolds with a panel of
metal salts and oxidation conditions led to the identification of the N131D
mutant of 6-phosphogluconolactonase, which, in the presence of CuSO, and
hydrogen peroxide, yielded a competent ArM peroxidase. Metal binding was
characterized by tryptophan-fluorescence quenching, crystallography, and EPR,
revealing multiple Cu binding sites. The expected metal binding site showed the
highest occupancy; the Cu was found to be coordinated by only two histidines,
rather than a predicted facial triad. Mutagenesis studies revealed that this was
indeed the site of catalysis. Overall, this strategy demonstrates the importance
of predictive computational tools to enhance the likelihood of “serendipitous”
metal binding [56].

Fundamental studies on the de novo design of proteins have led to many
examples in which a-helical bundles can be used to template and manipulate
metal binding sites. While the majority of these examples rely on self-assembly of
synthetic short peptides, and therefore fall outside the scope of this chapter, a few
notable examples of ArMs have emerged from this field. For example, Degrado
and coworkers were able to express a de novo designed single chain due ferri
(DFsc) N-oxidase. AurF, a p-aminobenzoate N-oxidase, is one of the few known
N-oxidases in nature [57]. In silico design was employed to achieve optimal
similarity between the diiron active sites of AurF and DFsc, the single-chain
asymmetric analogue to the multimeric de novo designed DF enzyme [58, 59].
This required multiple second- and third-shell modifications to generate an ArM
that could fold properly and bind the iron ions that constitute its dinuclear core.
In addition, four glycine mutations were introduced in the active site channel
to optimize substrate entry into the cavity. Characterization of M(II) (M=Fe or
Co) binding and stoichiometry was carried out by NIR CD and UV/Vis titration
studies, while the structure of the Zn(II)-substituted protein was confirmed by
NMR (Figure 1.4c). The final engineered construct, 3His-G4DFsc, displayed
AurF-like N-oxidase activity, leading to the N-hydroxylation of p-aminoanisole
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(followed by decomposition to the corresponding nitroso compound). DFsc was
also engineered to catalyze the two-electron oxidation of p-aminophenol [58],
and, in a more recent effort, a structurally similar di-zinc ArM was engineered
to stabilize a semiquinone radical, laying the groundwork to use similar reactive
intermediates in ArM catalysis [60]. Together, these examples demonstrate
the versatility of in silico design not only to improve the binding of metal ions
but also to optimize the primary and secondary coordination spheres to tune
catalytic activity and substrate access.

Pecoraro has recently demonstrated the use of a heterologously expressed
single-chain three-helix bundle that displays CA activity. Using the de novo
protein a3D as a starting point, the group incorporated a Zn(II) site by mutating
three leucine residues to histidine residues and removing a competing native
histidine. The designed His/His/His coordinating motif enabled binding of
Zn(II) with 50-190 nM affinity (determined by colorimetric zincon assay), and
extended X-ray absorption fine structure (EXAFS) confirmed a tetrahedral
(N/N/N/O) coordination geometry similar to that seen in CA. The resulting
ArM catalyzed the hydration of CO, with efficiencies one to three orders
of magnitude of those of CAs I-III [61]. This is slightly lower than a related
multimeric homologue from the same group [62].

1.2.4 Introducing Metal-Binding Sites Using Unnatural Amino Acids

ArM formation via metal binding to protein scaffolds has traditionally been
limited to the coordinating functionality offered by the 20 canonical amino
acids. A far greater diversity of ligands, most of which have not been identified in
nature, can be prepared in the laboratory to support small-molecule transition
metal complexes. Researchers have long appreciated the potential for unnatural
metal-binding residues to expand the range of metal binding sites that can
be incorporated into proteins [63, 64]. Fortunately, advances in methodology
for incorporating unnatural amino acids into proteins have enabled efforts to
accomplish this goal [65].

Early studies by Lu investigated the role of the axial ligand in the
copper-dependent electron transfer protein azurin. Expressed protein liga-
tion [66] was used to replace the native axial ligand, Met121, with a host of
unnatural amino acids (1, Figure 1.5) to investigate their effect on the reduction
potential of the active site copper [67, 68]. The development of codon sup-
pression methods for genetically encoding unnatural amino acids into proteins
has rendered the incorporation process accessible to essentially any laboratory
with standard cell culture capabilities [69]. On the other hand, engineering the
tRNA/tRNA synthetase (aaRS) pairs required by these methods remains a more
challenging endeavor.

Schultz reported the first example in which a metal-binding amino acid,
bipyridyl alanine (BpyAla, 2, Figure 1.5), was genetically encoded into a pro-
tein [70]. Identifying a suitable aaRS for BpyAla required a substrate walking
approach in which an aaRS selective for biphenylalanine incorporation was
used as an intermediate to identify a variant with the desired selectivity toward
BpyAla. The resulting tRNA/aaRS pair was used to genetically encode a BpyAla
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Figure 1.5 Structures of unnatural amino acids incorporated into protein scaffolds to create
ArMs or improve ArM activity.

residue on the surface of bacteriophage T4 lysozyme in response to an amber
codon. The resultant protein folded correctly, and incorporation of BpyAla was
confirmed by electrospray ionization mass spectrometry (ESI-MS). Further-
more, in the presence of CuCl,, the BpyAla-containing scaffold showed a mass
adduct corresponding to metalation, whereas the control containing tyrosine
in the same position showed no metalation, suggesting that metalation occurs
selectively at BpyAla.

As will be discussed later, bipyridyl complexes of Fe(II) and Cu(II) were used in
some of the first ArMs generated using covalent bioconjugation methods. In anal-
ogy to these early studies, incorporation of BpyAla proximal to the DNA binding
site of catabolite activator protein (CAP), followed by metalation of the resulting
protein with Fe(II) and Cu(lI), provided ArM nucleases [71]. The binding affinity
of the CAP scaffold was not significantly perturbed, and the site-specific DNA
cleavage was observed in the presence of air and a reducing agent (ascorbate
or 3-mercaptopropionic acid). Similarly recapitulating earlier work on covalent
ArMs (vide infra) [72], Roelfes demonstrated that introducing BpyAla into the
dimer interface of Lactococcal multidrug resistance regulator (LmrR) followed
by metalation with Cu(II) generated ArMs that catalyzed Friedel-Crafts alkyla-
tion with high enantioselectivity [73]. The incorporation of BpyAla into LmrR
was confirmed by ESI-MS, and metalation of the bipyridyl side chain was char-
acterized both by UV/Vis and Raman spectroscopy.

Baker recently demonstrated that RosettaMatch could be used to computation-
ally design a high affinity metalloprotein containing BpyAla [51]. Initial designs
yielded a protein that bound a series of divalent cationic transition metals, but a
crystal structure of one of the metalated structures revealed that the coordina-
tion of iron by the protein-bound BpyAla was joined with binding of two other
bipy monomers (free in solution) to form the highly stable octahedral tris(bpy)
complex outside of the intended active site. A second round of design incorporat-
ing metal coordination by other scaffold residues and water molecules to support
an octahedral geometry at various M(II) centers (M=Co, Zn, Fe, Ni) within the
chosen scaffold was then pursued. Ultimately, of the 28 designed systems, only 9
expressed as soluble proteins, and 8 of these bound metals in a BpyAla-dependent
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manner (determined by UV/Vis spectroscopy) without the spectroscopic signa-
ture of the octahedral tris(Bpy) complex [51].

Genetic incorporation of various tyrosine derivatives has been used to
improve the activity of the HCO ArMs noted above [47, 48]. For example,
imidazole-substituted tyrosine derivative (3) [74] and 3-methoxytyrosine (4)
[75] were introduced into the cytochrome c¢ oxidase (CcO) mimic Cu,Mb
[48], yielding a series of ArMs with significantly improved oxidase activity
over Cu,Mb and Y33-CuyMb. Unnatural amino acid incorporation was vali-
dated by ESI-MS of the resulting ArMs. The lower reduction potential of the
3-methoxytyrosine was implicated in the increased ArM oxidase activity, as it
is known that both lowered pK, and reduction potential improve the designed
enzyme’s ability to fully reduce oxygen to water. In a similar effort, a cytochrome
¢ nitrite reductase mimic based on the native myoglobin scaffold was modified
with 3-methylthiotyrosine (5) at position 33, enhancing its activity toward
hydroxylamine reduction fourfold relative to the simple tyrosine derivative [76].

1.3 ArM Formation via Supramolecular Interactions

As previously noted, the potential to tune metal reactivity using small molecule
ligands is one of the great strengths of homogeneous transition metal catalysis.
The great diversity of synthetic small molecule ligands gives chemists extensive
control over catalyst activity and selectivity [8]. As noted above, codon suppres-
sion methods can be used to introduce non-proteinogenic metal-binding amino
acids into proteins, but only a few examples have been reported for ArM for-
mation, and the process of engineering biosynthetic machinery for this purpose
remains challenging. In nature, posttranslational modifications can lead to metal
binding motifs, but this is still limited in terms of the range of ligands that can be
generated [77].

To expand the scope of metal binding motifs in protein scaffolds and thus
reaction scope of ArMs, researchers have explored incorporation of synthetic
cofactors (metal complexes or non-proteinogenic ligands that can be subse-
quently metalated). This has been accomplished using both supramolecular
interactions and covalent linkages, which are covered in this and the following
section. The supramolecular methods explored to date can be further divided
into two categories: cofactor binding or cofactor anchoring (Figure 1.6). In the
former, metal cofactors are bound directly by a scaffold protein, while in the

W Cofactor
&Y cat binding
\ Cofactor
Scaffold va@m @ anchoring

Figure 1.6 ArM formation via cofactor binding and cofactor anchoring.
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latter, catalysts are tethered to an anchoring group that is bound by the scaffold
protein. In both cases, additional binding interactions between the cofactor
metal center and scaffold residues can occur. The cofactor reactivity is thus
largely defined by the catalyst structure, and the protein scaffold provides a
means to modulate this reactivity and to control selectivity.

1.3.1 Cofactor Binding

Just as native and serendipitous metal ion binding by protein scaffolds can
be exploited for ArM formation, so too can native and serendipitous cofactor
binding. Relatively simple cofactors analogous to those that might be used for
small molecule catalysis (i.e., lacking anchoring groups) can often be incorpo-
rated into proteins. Cofactor binding is typically confirmed and quantitated
using mass spectrometry or spectroscopic methods used to characterize
the cofactor itself. Because active catalysts are often used as cofactors, high
binding affinity is essential to ensure that nonselective background reactions
do not dominate catalysis. Unlike metal binding, however, cofactor binding
involves supramolecular interactions that are often not conserved with even
minor changes in cofactor structure, leading to potential variability between
ArM active sites involving similar cofactors [78]. Because of this, additional
characterization is required to determine the location of the cofactor within the
ArM. In some cases, direct metal binding by scaffold residues can be monitored
spectroscopically, and mutagenesis can be used to determine scaffold residues
that perturb spectroscopic observables related to metal binding. Ultimately,
X-ray crystallography must often be used to provide definitive information
regarding cofactor placement within ArMs.

1.3.1.1 Heme Proteins

The apo-forms of heme proteins were among the first scaffolds used for ArM for-
mation via cofactor binding. Myoglobin in particular has been extensively stud-
ied in this regard and has provided a number of insights into synthetic cofactor
incorporation into protein scaffolds. Apo-myoglobin has most frequently been
prepared via heme extraction using organic solvents under acidic conditions [79].
More recently, Watanabe reported conditions for expressing apo-heme proteins,
including myoglobin, that allowed for cofactor incorporation during cell lysis
[79], and methods for direct expression of heme proteins with different cofac-
tors have also been reported [80, 81]. Early studies by Watanabe established that
nonnative peroxidase activity could be conferred to myoglobin via mutagene-
sis [82, 83]. Subsequent efforts demonstrated that apo-myoglobin reconstituted
with nonnative Fe-porphyrin cofactors could be used to generate ArM peroxi-
dases with altered substrate specificity and reactivity relative to the myoglobin
mutants [84].

Myoglobin was also found to bind a number of synthetic metal complexes
with relatively planar, often aromatic ligands in a similar manner to the native
heme cofactor. For example, reconstitution with Mn(III) and Cr(III)—salophen
cofactors (7; Figure 1.7) was used to generate ArM sulfoxidases with low
enantioselectivity but improved rates relative to free cofactor [85]. Cofactor
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incorporation was established by ESI-MS, and His ligation of the metal center
was suggested by UV/Vis spectroscopy and EPR spectroscopy. His ligation was
later observed in the crystal structure of a related Fe—salophen cofactor bound
to the active site of myoglobin [86]. This crystal structure also suggested cofactor
modifications that could be made to improve binding with the myoglobin
scaffold. Mn(III) and Cr(III) salen complexes bearing pendant alkyl groups
(8, Figure 1.7) were therefore incorporated into myoglobin, and crystallographic
characterization indicated that cofactor substitution could indeed be used to
alter its orientation. Moreover, substituted cofactors led to altered and even
inverted enantioselectivity in ArM-catalyzed sulfoxidation reactions [87]. Yields
for these systems were typically low (<10%), although up to 30% could be
obtained in some cases.

Hartwig generated a family of ArMs by reconstituting apo-myoglobin with
protoporphyrin IX cofactors containing several different metals. In this case,
apo-myoglobin was purified prior to metalation unlike the previous report
by Watanabe [79], which was reported to allow quantitative metalation using
stoichiometric cofactor. Cofactor incorporation was confirmed by ESI-MS, and a
(PPIX)Ir(Me) ArM was found to catalyze olefin epoxidation and intramolecular
C—H insertion of diazo substrates with high enantioselectivity (up to 82% ee and
86% ee, respectively) as a result of mutations targeted to the myoglobin active
site [88].

Heme oxygenases have also been used as scaffolds for ArM formation due to
their facile reconstitution with artificial heme-like cofactors. These enzymes cat-
alyze the conversion of heme to biliverdin using reducing equivalents provided
by an electron transfer network originating from a cytochrome p450 reductase.
Watanabe demonstrated that HO from Corynebacterium diphtheriae could be
reconstituted with a variety of Fe(III)—salophen derivatives (9; Figure 1.7) to pro-
duce ArMs that retained their ability to interface with their native electron trans-
fer partners to reduce O, to superoxide [89]. ESI-MS was used to confirm cofac-
tor incorporation, and X-ray crystallography revealed that the salophen cofac-
tors were indeed held in the native heme binding site [90]. This crystal structure
enabled structure-based design of complexes that could improve ArM stability.
Recently, the artificial HO-salophen system was subjected to a detailed mecha-
nistic study to reveal the perturbed resting state of the ArM-catalyst relative its
native parent [91].

1.3.1.2 Xylanases

Xylanases have been explored as host scaffolds for the formation of artificial
hemoproteins due to the depth of their substrate-binding clefts and their
availability from thermophilic source organisms. One early report showed
that both Thermotoga maritima xylanase B (TMX), exhibiting an (a/p),
TIM-barrel fold, and the catalytic domain of Dictyoglomus thermophilum
xylanase B (DTX), exhibiting a B-jelly roll fold, can form 1:1 adducts with
a synthetic iron-containing porphyrins bearing a pendant axial histidine lig-
and, although no catalysis was reported [92]. On the other hand, Mahy was
able to incorporate simple carboxylate-substituted iron porphyrins (e.g., 10;
Figure 1.7) into the catalytic domain of xylanase A from Streptomyces lividans to
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generate an ArM peroxidase. Nanomolar porphyrin binding was established via
spectrophotometric titration, and an isosbestic change in the UV/Vis spectrum
was hypothesized to arise due to axial coordination of the metal by a scaffold
residue. ArM peroxidase activity toward guaiacol and o-dianisidine in the
presence of H,O, was lower but longer lived than that of free cofactor, ultimately
providing greater yields of oxidized products. The improved lifetime of the ArM
was attributed to sequestration of the porphyrin catalyst inside a protein scaffold,
minimizing oxidation by reactive species generated during catalysis [93]. This
ArM also catalyzed sulfoxidation of thioanisole with modest enantioselectivity
in the presence of an imidazole cocatalyst, and switching the porphyrin metal
from iron to manganese enabled alkene epoxidation activity [94]. Characterizing
Mn-porphyrin binding was complicated by the lack of a spectral shift upon
cofactor binding, so fluorescence quenching of endogenous tryptophans was
used. Low micromolar binding was observed, and the resulting ArM catalyzed
styrene epoxidation in the presence of KHSO, with up to 80% ee [95].

1.3.1.3 Serum Albumins

The versatility of serum albumins as scaffolds for ArM formation via metal
binding was noted in Section 1.2.2, and these remarkable proteins can also bind
a range of metal complexes to generate ArMs [30]. The known heme-binding
capability of albumins naturally led to a number of studies on ArM formed
from heme and heme-like cofactors. One of the first reports leveraged heme
binding to direct a carboxylate-substituted manganese porphyrin into BSA,
where it was covalently grafted to the scaffold via peptide bond formation.
This ArM was then applied for the enantioselective dioxygenolysis of a racemic
tryptophan—peroxide derivative [96]. Since this early report, researchers have
recognized that supramolecular binding of heme-type complexes tends to be
tight enough to obviate the need for covalent linkage.

For example, Gray reported a detailed spectroscopic study of HSA binding to
amphiphilic Ga(III)- and Mn(III)-corrole cofactors (11; Figure 1.7) [97]. Changes
in the UV/Vis Soret band upon titration of HSA into solutions of the corroles
indicated strong association of the complex to the protein, which was corrob-
orated by coelution of corrole and HSA by HPLC. Strong Cotton effects were
observed in the CD spectra, particularly for absorbances related to axial ligation
of the metalated corrole. Tryptophan fluorescence quenching (HSA has only a
single tryptophan) was used to determine that HSA exhibits nanomolar binding
affinities for the corroles, and Forster resonance energy transfer (FRET) experi-
ments were used to approximate the location of the complex in HSA [97]. These
findings were later applied to generate ArMs from Fe- and Mn-substituted cor-
roles bound to a panel of human, rabbit, pig, sheep, and BSA. These ArMs con-
verted prochiral thioethers to their corresponding sulfoxides in the presence of
H,O, or iodosylbenzene with good enantioselectivity [98].

The crystal structure of hemin-bound HSA revealed that the cofactor bound
to the protein through non-covalent electrostatic interactions of Argl14, His146,
and Lys190 with the negatively charged carboxylates of protoporphyrin IX, as well
as through weak coordination of the iron center by Tyr161 [99]. A series of studies
have sought to explore the potential for this system to mimic the chemistry of
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various hemoproteins [92]. In particular, an engineered HSA was used to generate
an ArM peroxidase that catalyzed the one-electron oxidation of phenols [100],
and an ArM superoxide dismutase was generated using a Mn—protoporphyrin
IX cofactor. Cofactor binding was confirmed by UV/Vis spectroscopy, and the
site of Mn(PPIX)-binding was presumed to occur at the same site for Fe(PPIX)
given spectral shifts upon mutation of Tyr161 to leucine [101].

Metal salen and salophen cofactors have also been used to generate ArMs from
serum albumins. Ménage used ICP-MS to determine that up to four Mn(salen)
complexes (12; Figure 1.7) were incorporated into HSA, depending on the equiv-
alents of cofactor used [102]. As in the aforementioned work by Gray, tryptophan
fluorescence quenching and CD spectroscopy were used to provide additional
insight into cofactor binding. The resulting ArM catalyzed sulfide oxidation, and
while no enantioselectivity was observed, conversion and chemoselectivity for
sulfoxide versus sulfone formation were increased relative to the small-molecule
catalyzed reaction. This was attributed to the hydrophobicity of the environment
around the HSA-bound catalyst, driving the partially oxidized sulfoxide product
away into bulk solution before complete oxidation to the sulfone could take place
[102]. Similar methods and characterization were reported for an ArM super-
oxide dismutase generated using an Mn(salophen) cofactor [103] and an ArM
sulfoxidase generated using a Co(salen) cofactor. In the latter case, chemoselec-
tivity for sulfoxidation was again improved relative to free cofactor as observed
by Ménage, and up to 85% ee could be obtained for select substrates [104].

Outside of the redox catalytic manifold typically explored with serum
albumin/heme-like complexes, Reetz demonstrated that Cu(II)—phthalocyanine
cofactor 13 (Figure 1.7) could bind to various serum albumins, in some
cases generating highly enantioselective catalysts for Diels—Alder reactions of
azachalcones with cyclopentadiene (>90% ee). Binding of the complex to BSA
was confirmed by MALDI-MS and by the emergence of new UV/Vis spectral
features upon mixing the complex with the protein scaffold [105].

1.3.1.4 Lactococcal Multidrug Resistance Regulator

Recently, Roelfes reported the supramolecular assembly of a Cu(Il)-
phenanthroline cofactor 14 (Figure 1.7) to the interfacial cavity of the dimeric
LmrR [106]. The hydrophobic cavity generated upon dimer formation was
exploited as a viable site for binding planar coordination complexes. A scaf-
fold mutant that provided improved expression was used to bind a variety of
Cu(II) complexes supported by bidentate aromatic nitrogen ligands. Trypto-
phan fluorescence quenching was used to quantitate cofactor binding affinity
(K4~0.7-8.5pM). The resulting ArMs catalyzed Friedel-Crafts alkylation of
a variety of indoles with >90% ee. Negligible enantioselectivity of an ArM
generated via mutagenesis of an interfacial tryptophan (W96A) required for
dimerization and fluorescence lifetime experiments supported cofactor binding
at the dimer interface.

1.3.1.5 NikA
Ménage and Fontecilla-Camps have developed a series of ArMs based on
the periplasmic nickel-binding protein NikA from Escherichia coli. A crystal
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structure of this protein indicated the presence of bound Fe!''(EDTA) from the
periplasmic extraction procedure to isolate the overexpressed protein. The iden-
tity of this complex was confirmed X-ray crystallography, X-ray fluorescence,
and electrospray ionization MS [107]. Given the similarity of EDTA complexes
to many catalysts and the peroxidase activity of Fe''(EDTA) itself [108], NikA
was explored as an ArM scaffold. Remarkably, an ArM generated from NikA
and tetradentate cofactor 15 (Figure 1.7) was examined by X-ray crystallography
throughout the course of the O,-mediated hydroxylation of the pendant phenyl
group of the ligand [109]. While this reaction is stoichiometric, it demonstrates
the exciting potential of these hybrid systems to reveal fundamental mech-
anistic insights into transition metal reactivity. Recently, NikA and a similar
Fe(II)-tetradentate complex were demonstrated to form a competent ArM for
the sulfoxidation of a panel of aryl thioethers in the presence of NaOCl. No
significant enantioselectivity was observed, but the ArM was able to enhance
chemoselectivity toward specific substrates [110].

1.3.1.6 Antibodies

The potential to exploit the binding capabilities of antibodies for catalysis,
particularly antibodies raised against transition state analogues, has been exten-
sively explored. Rather than binding substrates, however, antibodies have also
been generated for metal ions [111, 112], reactive organic fragments [113, 114],
and transition metal catalysts [115], in the latter case leading to ArMs. Reardan
and Meares first demonstrated that antibodies could be raised against metal
complexes; antibodies CHA255 and CHB235 were found to bind EDTA-In(III)
complexes with high affinity [116]. Lerner then showed that antibody-based ArM
proteases could be generated by raising antibodies against trien-Co(III)-peptide
hapten (16, Figure 1.8) [117]. An ELISA competition assay indicated that the
resulting antibodies bound a number of transition metal trien complexes (17,
Figure 1.8), including Zn(II), Fe(IlI), Ga(IlI), Cu(Il), and Ni(II), that imparted
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Figure 1.8 Structures of cofactors used for ArM formation via cofactor anchoring.
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protease activity to antibody 28F11. Schultz showed that an antibody raised
against N-methylmesoporphyrin IX (18, Figure 1.8) could catalyze metalation
of protoporphyrin IV [118] and subsequently found that metalation of this
antibody with Fe(III) mesoporphyrin led to the formation of an ArM peroxidase
[119] (19, Figure 1.8). Characterization of the ArM by UV/Vis spectroscopy
showed an increase in the intensity, but no change in the wavelength of the
Soret band, consistent with cofactor binding in a hydrophobic environment
without axial coordination. Similar approaches have been used to generate ArM
peroxidases from Fe(ToCPP) [120, 121], microperoxidase 8 (which possesses
a histidine-ligated Fe(III) center) [122], and several other porphyrins [115].
Schultz also developed and used an affinity-based selection strategy to improve
the peroxidase activity of antibody-based ArM peroxidases, the first example
(predating the Zn(II) ArM noted in Section 1.2.2) of a selection to improve the
function of an ArM of any type [123].

1.3.2 Cofactor Anchoring

Binding metal complexes to proteins inherently couples the cofactor structure
and thus its chemistry to its ability to bind within the scaffold protein. Modifica-
tion of the ligand can compromise its ability to bind with the scaffold. To decouple
catalyst structure form binding, it can be tethered to a binding element that can
anchor it to a suitable scaffold protein (Figure 1.6). While this allows the poten-
tial to introduce a range of different metal complexes into a given scaffold, it does
limit the range of scaffolds that can be used, and it requires that sufficient inter-
actions between cofactor and scaffold be established despite the presence of a
linker (often flexible) between the scaffold and the catalyst.

1.3.2.1 (Strept)avidin

One of the first examples of an ArM of any type involves anchoring biotiny-
lated metal complexes to avidin. The tight binding of biotin to avidin
(K4~1072—10"* M) ensures rapid and essentially quantitative ArM for-
mation. Biotin binds such that its terminal carboxylate projects from the biotin
binding site, providing a convenient attachment point for metal complexes
and ensuring close proximity between the metal complex and the scaffold.
Whitesides first showed that this approach could be used to generate an
avidin-based hydrogenase using biotinylated Rh-bisphosphine complex 20
(Figure 1.9) [124]. Chan later demonstrated that avidin binding could alter and
even invert the enantioselectivity of chiral biotinylated Rh—pyrphos complexes
(21, Figure 1.9) [125]. More recently, Ward has exploited the binding of both
avidin and streptavidin to biotin-substituted cofactors (e.g., 22-26, Figure 1.9)
to prepare a wide range of ArMs with high selectivity and activity for a variety of
reactions, including transfer hydrogenation [126], olefin metathesis [127], and
cross-coupling [128]. A variety of experimental and computational techniques
have been used to characterize these ArMs, providing a wealth of information on
ArM structure and design [129-131]. Particularly notable observations include
resolution of racemic, chiral-at-metal complexes within ArM active sites [132],
several examples of scaffold accelerated catalysis [38], and instances in which
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scaffold residues bind to the metal center [133] or potentially facilitate reactions
at the metal center [134]. Equally exciting are the numerous applications that
these ArMs are now enabling, including ArM evolution [135] and tandem
catalysis [136].

1.3.2.2 Other Anchoring Scaffolds

Based on the success of this system, a number of related anchoring strategies
have also been pursued. Essential to all of these is the identification of a high
affinity interaction between a scaffold and an anchor that can be tethered to
a metal complex of interest. Given the known affinity of antibodies for their
respective antigens, it is perhaps not surprising that an antibody scaffold was first
used to broaden the anchoring approach beyond (strept)avidin—biotin systems.
Specifically, antibody 7A3, which has high affinity for estradiol, was used by
Mahy and coworkers to generate an ArM with peroxidase and sulfoxidase activ-
ity using estradiol-substituted Fe- and Mn-porphyrin cofactors (27, Figure 1.9)
[137-139]. Subsequent work showed that a neocarzinostatin variant evolved to
bind testosterone could be used to generate ArMs from testosterone-substituted
Fe(IlI), Zn(II), and Cu(Il) cofactors 28-30 (Figure 1.9) [140-142]. Similarly,
ibuprofen-substituted Fe(II) cofactor 32 (Figure 1.9) was bound to NikA to
generate an ArM sulfoxidase [143], a heme-substituted bipy cofactor that was
used to reconstitute myoglobin to generate an ArM Diels—Alderase following
metalation with Cu(Il) [144] and acylated 2,2-dipyridylamine cofactor 31
(Figure 1.9) was bound to p-lactoglobulin to generate an ArM transfer hydro-
genase [145]. For each of these systems, low enantioselectivity was reported for
catalytic transformations (where relevant), micromolar cofactor binding was
observed, and while cofactor binding was typically established using spectro-
scopic methods (UV/Vis, EPR, CD, etc.), the location of the metal center within
the ArM was not established. ArM yields following purification and extent of
cofactor dissociation during the course of ArM catalysis are rarely provided for
these systems or those generated via direct cofactor binding [143, 146], which
could account for the low selectivity observed in many cases.

1.3.2.3 Carboxyanhydrase

Greater success has been obtained using ArMs generated from carboxyanhy-
drase. This enzyme is known to bind aryl sulfonamides with high affinity, and
Ward found that several aryl sulfonamide-substituted cofactors (e.g., 33, 34,
Figure 1.9) bound to carboxyanhydrase to generate ArMs transfer hydrogenases
with good enantioselectivity [147, 148]. The crystal structure of one of these
ArMs clearly showed the metal center within the entrance of the substrate
binding pocket of the CA scaffold, although partial metal dissociation from
the cofactor was suggested by the fact that the diffraction data were best
modeled using 50% occupancy of the [(C H¢)RuCl] fragment of 34 (Figure 1.9).
Computational design was recently used to improve cofactor binding (K, as
low as 0.33 nM), leading to ArMs that catalyzed transfer hydrogenation that sig-
nificantly improved enantioselectivity (>90% ee) [149]. Grubbs—Hoveyda-type
olefin metathesis catalyst 35 (Figure 1.9) was also incorporated into hCA via this
approach, and nanomolar cofactor binding was observed [146].
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1.4 ArM Formation via Covalent Linkage

While supramolecular anchoring strategies expand the range of cofactors that
can be incorporated into protein scaffolds, they require scaffolds that bind
particular anchors, which limit the range of scaffolds that can be used for ArM
formation. As noted above, cofactor dissociation under conditions optimal for
catalysis (rather than ArM formation) can also lead to nonselective background
reactions for these systems. Researchers have therefore explored covalent
methods to install synthetic catalysts and ligands that can be subsequently
metalated into a broader range of scaffolds (Figure 1.10) [1, 150]. This approach
provides great flexibility to exploit the previously noted possibility of selecting
scaffolds that might possess inherent functionality that can be exploited for ArM
catalysis. ArM nucleases generated from DNA-binding scaffolds nicely illustrate
this type of exaptation [151], but even providing a more suitable enclosure for
bulky catalysts can constitute a major advantage for using a particular scaffold
for ArM formation [4].

Covalent ArM formation benefits immensely from the large amount of bio-
conjugation methodology available in the literature [152], but several aspects of
ArM formation, first noted in Section 1.2, present unique challenges to these
methods [1]. Site-specific cofactor incorporation requires that suitably reactive
residues (lysine, cysteine, etc.) be introduced, and any residues with similar reac-
tivity toward a target linkage site must be removed [153]. The site of modification
must typically be located at a scaffold position that will situate the metal center
within rather than projecting from the scaffold to impart selectivity to the cofac-
tor [43]. This can be challenging for many bioconjugation methods, which are
typically optimized using reactions of readily accessible surface residues rather
than residues buried in scaffold clefts or barrels [152]. Moreover, while long flex-
ible linkers are typically used for many bioconjugation applications, this flexibility
can lead to cofactor movement in the context of an ArM, so minimizing linker
length and flexibility is important. Finally, evolution of covalent ArMs, described
in detail later in this book, requires rapid, high-yielding bioconjugation reactions
that are compatible with cell lysate [154], which precludes the use of many clas-
sical bioconjugation reactions. Despite these challenges, a number of methods
have been developed to enable broad exploration of covalent ArMs [1, 150].

1.4.1 Activated Serine and Cysteine Residues

Kaiser first reported that synthetic cofactors could be covalently linked to scaffold
proteins to generate artificial enzymes by exploiting the native activity of papain
(Table 1.1, entry 1) [155, 156]. The unique nucleophilicity of the active site cys-
teine of papain allowed for its selective alkylation using a-haloketone-substituted

Conditions
( ;X + Y/@/lcat —_— /X~y@cat

Figure 1.10 General scheme for ArM formation via covalent linkage.
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Table 1.1 Covalent modification of hydrolase scaffolds.

Entry X (residue) Y X-Y
R._SH i/ o
1 [155, 156] e R X R S\)L
(Papain) X =Cl, Br, | ~ R
] pNP
2[157] R._SH R-R-pNP R Ssp-R
(Papain) NP I

pNP = p-nitrophenol

, R
Papain
(Papain) =0 R s ¢)
(0]

)OJ\?>\”/R, OH
R._SH X z
4[158] ~ PHN-lle PHN-IIe)H/Kn/R
(Papain) 0
P = PhCH2, i-PrCH, RS O
Il OAk/pNP
5 [159, 160] R_oH - h-pNP RUOLR
(Serine hydrolase) OAk/pNP 1
pNP = p-nitrophenol
R.__OH o o
6 [161 ~
[161] (Serine hydrolase) R')K/CI R/\O/U\ R

flavins (e.g., 36, Figure 1.11). Chemoselective bioconjugation was confirmed
by measuring loss of scaffold hydrolase activity, and this method was used
in subsequent efforts toward ArM formation. Early examples established that
phosphonate-substituted bisphosphine 37, maleimide-substituted Mn-salen (38,
Figure 1.11), and Cu-, Pd-, and Rh-bipyridine cofactors (39, Figure 1.11) [157],
in addition to phosphite 40 (Figure 1.11), which was subsequently metalated by
[Rh(COD)]* [162], could all be covalently linked to papain (Table 1.1, entries 1-3,
Figure 1.11). Unfortunately, low catalytic efficiency and selectivity was reported
for each of these systems, and only the latter confirmed incorporation of the
metal fragment via mass spectrometry. Significantly better catalytic efficiencies
were obtained for several papain-based Diels—Alderases [163] and transfer
hydrogenases [164, 165], and the selectivity of the latter has been improved by
designing cofactors (41, Figure 1.11) with affinity for the S1 (protease subsite
nomenclature) substrate binding subsite of papain (Table 1.1) [158]. These
more recent examples confirm not only high levels of bioconjugation via loss
of hydrolase activity but also incorporation of only a single cofactor by mass
spectrometry or UV/Vis spectroscopy.

Further exploiting the native activity of hydrolases, van Koten demon-
strated that phosphonate-substituted metallacycles (e.g., 42, Figure 1.11)
could be covalently linked to cutinase, a serine hydrolase (Table 1.1, entry 5)
[159, 160]. Recently, the phosphonate linkage approach was used to generate
ArMs from Candida antarctica lipase B (CALB) or cutinase that catalyze
olefin metathesis [166], hydrogenation [167], and Heck reaction [168]. An
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1.4 ArM Formation via Covalent Linkage

ArM-catalyzed Heck reaction that proceeded in >90% yield and >90% ee was
presented in the final example [168]. An ArM that catalyzes olefin metathesis
was also generated via alkylation (Table 1.1, entry 6) of a-chymotrypsin with
an o-haloketone-substituted Grubbs—Hoveyda catalyst with S1 subsite binding
capability (43, Figure 1.11) [161]. Bioconjugation conversion in each of these
cases was again established by confirming loss of scaffold activity, and in most
cases MS data were provided to establish addition of a single cofactor.

1.4.2 Lysine Residues

While the selectivity by which active site cysteine and serine residues in hydro-
lase scaffolds can be modified eliminates the need for installing reactive residues
for scaffold bioconjugation, it also leads to limitations in scaffold scope similar
to those discussed for supramolecular anchoring methods. One of the earliest
examples of covalent ArM formation that did not require the unique reactivity of
a hydrolase scaffold involved iminothiolane alkylation of surface lysine residues
on the E. coli Trp repressor protein (trp) followed by alkylation of the resulting
thiol with [*H]5-iodoacetamide-1,10-phenanthroline (44, Figure 1.11) and met-
alation with Cu(II) (Table 1.2, entry 1) [169]. Of course, extent of bioconjugation
in this system and those described below cannot be determined via loss of activ-
ity, so alternate means of characterization are required. In the current case, this
was achieved using the [*H] radiolabel on the cofactor. Despite the fact that the
resulting ArM contained four phenanthroline sites (one for each lysine in trp),
it catalyzed site-specific cleavage of DNA fragment containing the aroH tran-
scription unit naturally recognized by the trp scaffold in the presence of Trp and
3-mercaptopropionic acid. Lysine modification using iminothiolane was subse-
quently used to link an Fe(III)-EDTA cofactor (45, Figure 1.11) to the 67° subunit
of E. coli RNAP complex to generate an ArM that cleaved sites on both nucleic
acids and proteins proximal to ¢7° binding sites [181]. In this case, the extent of
bioconjugation varied from 0.6 to 5equiv. of 45 per scaffold as determined by
comparison with authentic standards.

1.4.3 Cysteine Residues

The relative nucleophilicity of cysteine has led to its widespread use for covalent
ArM formation. For example, haloacetamide-substituted phenanthroline [173]
or EDTA ligands [174] and Fe(III)-EDTA cofactor 45 [175] (Figure 1.11) have
been used to generate ArMs for selective biopolymer cleavage with activities
analogous to those noted above without the need to for iminothiolane treatment
(Table 1.2, entry 2) [150]. An optimized protocol [175] for incorporating cofactor
45 provides a nice overview of relative cysteine reactivity toward this cofactor,
describes conditions for assaying free cysteine residues (and thus extent of bio-
conjugation), and shows MS data showing selective mono addition to a represen-
tative scaffold protein. Disulfide exchange [177] and transesterification (followed
by intramolecular rearrangement to form an amide bond) [178] have also been
used to incorporate related triacetate ligands into proteins to generate ArMs
following metalation with Fe(III) (Table 1.2, entries 3 and 4). In the latter case,

27



1 Preparation of Artificial Metalloenzymes

Table 1.2 Covalent modification of amino acids.

Entry X (residue) Y X-Y
R__NH S_NH, O RN R
1[169] ~ 2 <j 2 )&X ~ S
(Lysine) then R/ NH,* o)
R._SH L 0
21[72, 162, 170-175 ~ , X
[ ] (Cysteine) R F‘\/S\)LR'
X =Br, |
R X
31176, 177] R._sH X = SOMe RS R
(Cysteine) 2
S(2-pyridyl)
R.__SH 0 j)\ J;S(H
4178 ~ - , R
[178] (Cysteine) R')J\S/\/C% R H
(Via thioester)©
o F o K
5153, 157, 163, 164] ~-SH N m
(Cysteine) . o R s 0
j\ R_S_R
R__SH -
6179 ~ ,
(179] (Cysteine) R NL\x \g

N

-l 2L

O,
O

7 [180] R_-SH N NHNH, N HN-N

(Cysteine) X -0 then g

R s (0]
R >CHO
N I/N

8 (3] RS | R N R

(p-Azidophenylalanine)

only N-terminal cysteine residues are labeled due to the required rearrangement,
and regeneration of the cysteine residue following bioconjugation was confirmed
by secondary labeling with 4-vinyl pyridine followed by MS and amino acid
analysis.

The cleavage reactions catalyzed by the Fe(III) ArMs outlined above proceed
via diffusible hydroxyl radicals and can therefore occur at sites distal to the
metal center [181]. While this mechanism is amenable to selective biopolymer
cleavage [150, 182], alternate oxidation catalysts could be used to provide greater
control over these oxidation reactions. Indeed, processive DNA cleavage was
recently achieved using an ArM generated by linking a maleimide-substituted
Mn porphyrin to a cysteine mutant of T4 sliding clamp protein [183]. In this
case, the scaffold protein formed a trimeric quaternary structure with 1.4
cysteine residues/trimer available for bioconjugation according to Ellman’s
assay. Complete bioconjugation of these sites (1.3—1.4/trimer) was indicated by
UV/Vis spectroscopy and the Bradford assay, and similar Soret bands for the
free and bioconjugated cofactor suggested the absence of scaffold binding to the
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Mn center. The Mn-oxo intermediate generated by treating the resulting ArM
with KHSO; cleaves only sequences that contain three consecutive A-T base
pairs, making it considerably more selective than the diffusible oxidants used in
the systems outlined above.

Distefano first explored the potential for ArMs generated via cysteine
modification to be used for enantioselective catalysis. Specifically, adipocyte
lipid-binding protein (ALBP), which contains a single cysteine residue within
a large (600A3) cavity, was used as a scaffold for covalent attachment of 44
(Figure 1.11, Table 1.2, entry 2) [170]. Bioconjugation (~90% conversion) was
characterized via 5,5’ -disulfanediylbis(2-nitrobenzoic acid) (DTNB) thiol titra-
tion, MS, and UV/Vis spectroscopy. Metalation of the resulting bioconjugate
with Cu(ll) was characterized by phenanthroline fluorescence quenching,
and the resulting ArM catalyzed amide hydrolysis and enantioselective ester
hydrolysis. High enantioselectivity (>90% ee) and modest TONs were observed
for the kinetic resolution of amino acid esters [184], and the crystal structure of
the ArM showed little structural perturbation of the scaffold despite complete
encapsulation of the cofactor [185].

A broad range of metal complexes and ligands have subsequently been used to
generate ArM constructs via cysteine modification with maleimide-substituted
cofactors (Table 1.2, entry 8). Reetz demonstrated that a maleimide-substituted
phenanthroline ligand could be used to alkylate cysteine residues introduced into
the interior of tHisF [153]. The Lewis [5] and Mahy [145] groups incorporated
maleimide-substituted tri- and tetradentate nitrogen ligands (Figure 1.11, 46
and 47) into the interior of tHisF, nitrobindin, and p-lactoglobulin to generate
ArM peroxygenases following metalation with Mn and Fe, respectively. Several
groups have incorporated Grubbs—Hoveyda catalysts into proteins. In addition
to the cutinase [166], a-chymotrypsin [161], and carboxyanhydrase [146]
systems noted above, cysteine mutants of a small heat shock protein [171] and
FhuA [186] have been alkylated with maleimide- and a-haloketone-substituted
Grubbs—Hoveyda catalysts to generate ArMs that catalyze olefin metathesis.
While ArM-catalyzed polymerization remains rare, Bruns has used cysteine
alkylation to incorporate ATRP catalysts into protein cage scaffolds [187],
and Hayashi showed that a cysteine mutant of nitrobindin could be alkylated
with maleimide-substituted piano stool Rh cofactor 48 (Figure 1.11) to gen-
erate an ArM that catalyzed alkyne polymerization [188]. Nitrobindin was
later alkylated with maleimide-substituted diiron complex 49 (Figure 1.11) to
generate an ArM that, upon irradiation in the presence of [Ru(bpy);]** and
ascorbate in aqueous solution, reduced protons to H, [189]. A number of
biohybrid photosynthetic antenna systems have also been prepared via covalent
attachment of chromophores to cysteine mutants of photosynthetic proteins
[190, 191]. Methods to incorporate phosphorous-based ligands into proteins
via cysteine modification with non-maleimide-based chemistry to enable ArM
formation following metalation have also been reported (Table 1.2, entries 6
and 7) [179, 180].

Remarkably, in all of these cases after the early work of Distefano, little if
any enantioselectivity or regioselectivity was observed in reactions where such
selectivity is possible. The reasons for this are likely manifold for each system, but
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nonselective or multiple cofactor additions, insufficient cofactor encapsulation,
cofactor movement within the ArM, and poor substrate binding have been
proposed to contribute [1, 162]. Unlike cofactor binding or anchoring methods,
non-covalent interactions that might orient cofactors within an active site are
not required for covalent ArM formation, meaning that such interactions are
either fortuitous or must be introduced de novo. Characterization of these
systems typically includes thiol titration to establish extent of cysteine biocon-
jugation (often >90%) and MS to establish that the major product contains a
single cofactor molecule, but experimental evidence showing a lack of multiple
cofactor additions [145] is less commonly presented. Because many methods,
including ICP-MS and UV/Vis spectroscopy, cannot distinguish between
high levels single site cofactor bioconjugation and low levels of nonselective
bioconjugation (assuming, in the latter case, that no unique spectral features
result from ArM formation), multiple methods must be used to establish that
the extent of bioconjugation is equivalent to the amount of bulk metal in the
system [170, 171, 175]. In addition, as previously noted for ArMs generated via
supramolecular anchoring, few studies have definitively established encapsula-
tion within the protein scaffolds used, and in many cases, the linker lengths used
(Figure 1.11) likely lead to cofactor projecting out of the scaffold [3]. To address
the cofactor movement issue, however, Lu examined dual-point attachment of
doubly methane thiosulfonate-substituted Mn-salen complex 50 (Figure 1.11)
to a cysteine double mutant (L72C/Y103C) of apo-myoglobin (apo-Mb) and
observed improved selectivity for thioanisole sulfoxidation relative to the analo-
gous single point mutant (Table 1.2, entry 3) [176]. This result clearly established
that improved cofactor binding can improve ArM selectivity, as did later work
by Ward [149] and Lewis [4].

Roelfes demonstrated that cysteine residues installed at the hydrophobic
dimer interface of the dimeric transcription repressor LmrR could be alkylated
using phenanthroline 44 (Figure 1.11) to generate ArMs following metalation
with Cu(II) [172]. Notably, this scaffold completely encapsulates the cofactor,
just as the early example from Distefano. The resulting ArMs catalyze both the
Diels—Alder reactions between azachalcones and cyclopentadiene and hydration
of azachalcones with high enantioselectivity (>90% ee). Filice later showed that
high levels of enantioselectivity (>90% ee) for the same Diels—Alder reaction
can be obtained from ArM generated via covalent attachment of 44 to cysteine
mutations introduced into G. thermocatenulatus lipase in a pocket distal to the
lipase active site [168]. Interestingly, this ArM was generated using immobilized
scaffold, and the native hydrolase activity of the scaffold remained operative
following ArM formation.

1.4.4 Azido Phenylalanine

As noted above, cysteine mutations can be readily introduced into proteins to
enable bioconjugation of a wide range of cofactors, but any additional residues
that react under alkylation conditions used must also be removed [153], which is
time-consuming and can be problematic if these residues are structurally impor-
tant. Moreover, these reactions require the use of purified scaffold proteins rather
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than crude scaffolds in cell lysate unless a large excess of cofactor is used. This
would complicate the use of library approaches for ArM evolution [192].

Lewis therefore demonstrated that bicyclononyne-substituted cofactors
could be incorporated into scaffolds containing a genetically encoded
p-azidophenylalanine residue via strain-promoted azide—alkyne cycloaddi-
tion (Table 1.2, entry 8) [3]. The bioorthogonal strain-promoted azide-alkyne
cycloaddition (SPAAC) reaction eliminates the need to remove native amino
acid residues in the scaffold and facilitates ArM formation under a variety
of reaction conditions [154]. Bicyclo[6.1.0]nonyne (BCN)-substituted Mn-
and Cu-terpyridine (51, Figure 1.11) and dirhodium-tetracarboxylate (52,
Figure 1.11) cofactors could all be incorporated into different scaffold proteins
using this approach. An optimized dirhodium ArM generated from a Pfu
prolyl oligopeptidase scaffold catalyzed cyclopropanation of p-methoxystyrene
using ethyl diazoacetate with high enantioselectivity (>90% ee) [4]. Use of a
scaffold from a hyperthermophilic organism greatly facilitated ArM preparation,
purification, and mutagenesis. As with the xylanase-based ArM peroxidase
noted above [93], lower but longer-lived activity was observed for POP-based
dirhodium ArMs relative to free cofactor, presumably due to cofactor seques-
tration in the ArM active site. Lewis later showed that similar incorporation
of acridinium chromophore 53 (Figure 1.11) into a cysteine mutant of Pfu
prolyl oligopeptidase could be used to generate an artificial enzyme that
catalyzes thioether sulfoxidation [193]. In all of these cases, bioconjugation
yields (typically ranging from 50% to 100%) were confirmed by high resolution
mass spectrometry (HRMS); variable extent of azide reduction to aniline was
responsible for the incomplete conversion.

1.5 Conclusion

The results highlighted above provide a comprehensive summary of methods
used to generate ArMs to date. Metal binding, supramolecular interactions,
and covalent linkages each provides unique opportunities to study how protein
scaffolds can influence the reactivity and selectivity of metal centers. Indeed,
examples of ArMs generated via each of these methods that catalyze organic
reactions with high enantioselectivity, regioselectivity, or chemoselectivity were
presented, although this remains the exception rather than the rule. The utility of
natural enzymes for synthetic chemistry has arisen largely as a result of directed
evolution efforts to improve their selectivity, activity, and stability for nonnative
reactions [194]. Moving forward, it is clear that directed evolution of ArMs
will be required if they are to achieve a similar level of utility [135]. Methods
for ArM formation that are compatible with library methods and directed
evolution schemes (covered later in this book) must therefore be developed.
While rational design of ArMs has proven successful in some cases, such efforts
are often complicated by the lack of detailed structural information regarding
ArM active sites. More detailed characterization of ArMs, particularly via X-ray
crystallography, would help in this regard, as would in situ and post-reaction
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analysis to determine how ArM metalation and modification vary over time.
This, combined with improved computational design tools [195], will greatly
facilitate optimization of ArMs for synthetic applications.
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