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1. OVERVIEW

Protein design is a valuable tool for understanding the fundamental factors that dictate
protein structure and function. The field of protein design has seen significant progress over
the past 30 years, with a growing range of applications in areas of research from
fundamental biochemistry to biotechnology and medicine. Protein design is no trivial task. It
is an ultimate test of our understanding of structure—function relationships and requires a
combined knowledge of physics, chemistry, and biology. Evolution is nature’s method of
designing proteins, which has been very effective in producing scaffolds with exquisite
structural details, breath-taking efficiency, and high selectivity. Rapid advancement of
computer applications in biotechnology now enables one to model the evolution of a
particular protein on a human time scale, instead of an evolutionary time scale; however, it
is still quite a challenge to select an optimal solution from the enormous amount of
mutations and to understand how these selective factors relate to the function of the protein.
From the early examples of designing polypeptides or proteins that are stable in aqueous
environments to today’s novel functional metalloproteins, protein design has advanced to a
stage where it is possible to create structures never before seen in nature, with functions not
found in nature and novel sequences not derived from nature while exhibiting desired
properties.

The scope of this Review is to discuss the construction of metal sites in designed protein
scaffolds. We categorize the effort of designing proteins into redesign, which is to rationally
engineer desired functionality into an existing protein scaffold,1= and de novo design,
which is to build a peptidic or protein system that is not directly related to any sequence
found in nature yet folds into a predicted structure and/or carries out desired reactions.10-12
We will analyze and interpret the significance of designed protein systems from a
coordination chemistry and biochemistry perspective, with an emphasis on those containing
constructed metal sites as mimics for metalloenzymes.
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Each functional designed metalloprotein system requires both a stable protein scaffold or
“ligand” and an incorporated metal-binding site. These two requirements are the focus of
previous protein design reviews, authored by the leaders in the field. Part of this literature
addressed how protein scaffolds are designed in terms of fundamental physical properties
such as the energy landscape associated with folding and packing of a protein from a
biophysical perspective, which is the foundation of designing functional proteins.11-18
Knowledge of the critical factors that govern protein stability and other properties allows
researchers to begin incorporating cofactors to pursue better performance or novel functions
of designed proteins. Reviews on this topic elaborated the strategies of certain metal
cofactor functionality and characterization of designed metalloproteins.1:10.19-26 The
important milestones of protein design at its early stage are mostly included in these articles;
nonetheless, we feel that it is necessary to present a comprehensive review of the most up-
to-date designed protein systems with a particular emphasis on the exciting advancement of
functional metalloenzymes. The focus of this Review is to highlight recent examples of
different types of metal centers and summarize strategies for incorporating functional metal-
binding sites into designed protein/peptide scaffolds.

Before delving into specific cases of designed protein systems, we will delineate some
general considerations as a foundation for both protein redesign and de novo design. The
fundamental interactions that play important roles in determining protein structures are
hydrophaobic, electrostatic, hydrogen bond (H-bond), and van der Waals interactions.
Conceptually, creating a stable protein scaffold is a trade-off between the unfavorable
entropy and favorable enthalpy upon protein folding, in addition to the entropic term of the
surrounding water molecules,?’ all of which eventually lead to the notion of positive and
negative design that distinguishes the unique, native fold versus other folded states.28
Accordingly, in the process of designing a stable protein construct, we need to consider how
to utilize hydrophobic interactions as a driving force for folding, electrostatic interactions to
build salt bridges, H-bonds to create secondary structures, and van der Waals interactions for
packing. Additionally, when designing helix bundles, the helical dipole is an important
factor to take into account because it will contribute to the alignment of helices. When it
comes to incorporating a metal-binding site, it is critical to consider whether the site is a
preorganized ligand environment or if the metal ions would direct the ligand coordination.29
There are reported examples where metal ions are responsible for protein folding, in which
case the binding of metal ions is the major force for overcoming the unfavorable entropy
upon protein folding.39-32 Moreover, ligand recognition, metal specificity, and substrate
specificity (if applicable) are the next level of design goals.

Rational protein design has been aided by the development of automated algorithms, despite
the tremendous complexity associated with protein structures and sequences and the degrees
of freedom of the calculation. Several strategies have been developed to reduce the degrees
of freedom and improve search algorithms for energy minimization. One of the earliest
programs enlisted for protein design is Insightll/Discover (MSI), which was applied to the
development of helical bundle proteins.33-38 This program uses molecular mechanics to
achieve energy minimization. The rational design algorithm Dezymer, for example, searches
proteins of known structure for locations where side chain rotamers can be introduced to
form a site of known coordination.3240 This program is particularly useful in the redesign of
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metalloproteins because it can identify a novel metal-binding site based on user-defined
geometry in a protein of known structure. On the other hand, the numerical computer
method, Rosetta, developed in the laboratory of David Baker, takes short fragments of
proteins and assembles them by a Monte Carlo strategy to form a native-like protein
conformation.*! The prerequisite for Rosetta design is a library of fragments representing all
of the possible local structures of various native proteins. After the Monte Carlo assembly,
the folding and stability of the designed sequences are evaluated based on the comparison
between conformational parameters and known protein structures. Metal Search, developed
by Clarke and Yuan, is written specifically for designing tetrahedral metal-binding sites in
proteins.42

2. PROTEIN REDESIGN

2.1. Making Use of Native Proteins: Protein Redesign

Metalloproteins are essential biomacromolecules that play important roles ranging from
structural stabilization to chemical signaling and catalysis in metabolic processes necessary
to sustain life on the planet. Over millions of years, nature has evolved a set of
metalloenzymes that function as electron transfer or catalytic centers. Biochemists,
biophysicists, and chemists are intrigued by the fundamental molecular transformations that
occur within various metalloenzymes. One approach to studying these functions is to design
and engineer new metal-binding sites into existing native proteins, which is the focus of this
section: protein redesign.143:44 The ultimate goal of protein redesign is to impart improved
or novel properties, for example, new activities, inverted stereoselectivity, or new substrate
specificity, into existing proteins, that is, to teach the old enzyme new “tricks”.#445 What
protein design teaches us about the structure—function relationship will eventually allow us
to harness the richness of native protein structures and the diverse functions of
metalloproteins to construct new proteins for biomedical and pharmaceutical applications.

To create novel artificial metalloenzymes, a fundamental understanding of the structure—
function relationship is necessary to predict and control the active site properties of a
particular system. More often than previously believed, native proteins exhibit intrinsic
catalytic promiscuity, using a single active site to catalyze more than one chemical
transformation. 4647 The microenvironment modification of active sites can allow a wider
range of chemical transformations to occur within naturally existing scaffolds. Moreover,
metalloenzymes have been evolved to exhibit optimal catalytic efficiencies in the context of
their metabolic transformations; however, the activity of a single isolated metalloenzyme is
not necessarily the “best”. This leaves chemical space for protein redesign to achieve
modified activity and/or specificity.

The advantage of a protein redesign strategy is that it can bypass the problem of developing
a stable protein fold because many native proteins have remarkable adaptability for changes.
Protein redesign strategy has proven to be one of the most effective approaches in the design
and engineering of artificial metalloenzymes. Although biochemical and biophysical studies
generally focus on features that result in the modification of functions, design allows us to
incorporate only those features that are believed to be necessary for reactivity. By applying a
minimal number of changes to convert a known protein to a metalloprotein with a specific
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cofactor and activity, the basic requirements for a certain activity can be examined in the
absence of complications from the limits of stability and symmetry of the scaffold. One can
also seek to improve upon the native function of a metalloprotein by making systematic
changes, favoring greater stability, altering inhibition profiles, or affecting reactivity as
needed for a particular purpose.

2.2. Protein Redesign Based on Functions

2.2.1. Redesign of Zinc Finger Structural Sites—Zinc fingers (ZFs) are ubiquitous,
small protein domains that bind to DNA to regulate gene expression. ZFs are now classified
into at least 14 different classes, based on the metal-coordinating ligand as well as the
protein fold, if known.*8 ZFs utilize four Cys and/or His residues for tetrahedral metal
binding, forming a Zn(Cys)y(His)4_ coordination site. Three commonly studied ZF proteins
are those with Cys,, Cys,HisCys, and Cys,Hiss sites.49 Cys, ZFs constitute one class,
which are usually found in nuclear receptors and play important roles in developmental
biology.5%-68 Another class of ZFs is the nucleic acid binding proteins that have Cys,HisCys
binding.69-81 The third, best-known, and most common ZF motif in eukaryotes is the
His,Cys, metal-binding site.8.75.82-87 The secondary structure of ZF proteins consists of an
a-helix packed against a two-stranded antiparallel #-sheet. The opposite side of the a-helix
with respect to f-sheet packing associates to DNA for gene regulation, whereas the f-hairpin
region does not interact with DNA but instead is a structural component of the domain.88-%0
For all three types of ZF domains, Zn(ll) is almost always necessary for protein folding yet
is not directly involved in the DNA-binding activity.9! Therefore, Zn(l1) binding does not
directly regulate gene expression, but instead it stabilizes the active conformation of the ZF
protein.84

Although there have been extensive studies in the field of ZF chemistry, there are still
unanswered questions regarding this family of peptides. For example, many ZFs are very
similar in sequence, such as NZF-1 and MyT1, when others share only a few similar
residues (including metal-binding ligands).92-104 These sites are studied with the goal of
understanding how noncoordinating ligands influence the folding and DNA binding
properties of ZFs, and how second-sphere residues affect binding, with respect to both the
thermodynamic and the kinetic parameters. Additionally, Zn(Il) binds to the ZF site with
high affinities (K4 ~ nanomolar to femtomolar), which leads to the question of how the
Zn(I1)-bound form of ZF proteins is inactivated in the cell.195 Consider two different ZFs,
CyssHis and CysyHis,Cys, the metal-binding sites are constructed with the same amino
acids, three Cys residues and one His residue (the second His of the CysyHis,Cys does not
coordinate to Zn(I1)).70 It is not yet known why these proteins fold differently around the
same ligand-set, whereas other ZF proteins with different metal-coordinating ligands retain
the generic ZF fold as mentioned above. The role of the noncoordinating ligands that are
capable of metal binding is yet to be understood completely. In most cases, the H-bonds of
noncoordinating residues of the ZFs are key to DNA binding.85:91.106-112 ynderstanding the
interaction between ZFs and DNA binding could lead to the development of designed ZFs to
selectively target certain DNA sequences for gene therapy applications,8°.86.91,106,110.113,114
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Much work has been conducted on structural studies of ZF proteins as well as studies that
focus on the alteration of binding and recognition of the ZF to DNA. These types of studies
will not be focus of this Review, but will be summarized with references here, and readers
are encouraged to read the extensive reviews by Negi et al., Matthews et al., and Kaptein,
for further direction to structural studies.#8:49.91 Structural and nucleic acid binding
properties to elucidate DNA binding details are extensively outlined elsewhere,115-119
Multiple ZF mutations have been made to change how and where the domain will bind to
and recognize DNA.112.120-131 pych effort has focused on structural swapping, where the
secondary structure is altered to combine either the native a-helix or f-sheet of a ZF and the
opposite fold from another protein, but the binding site remains unaltered.132-138 |_ast, many
studies have been conducted on designing multidomain ZF proteins to bind to extended
regions of DNA (>16 base pairs).13%-141 Linker-domains, where two sections of ZF regions
are separated by a linker, were also introduced for ZFs to bind to an extended region of
DNA.142-150 Alterations in DNA binding have also been used to result in bending the DNA
upon binding,151:152 and even protein stability studies to promote protein folding in the
absence of the metal ions.153-155 Further, Seelig and Szostak reported a novel RNA ligase
designed by attaching a Zn(Cys)4 ZF protein with randomly mutated loop region onto an
mRNA and using mRNA display to select for the optimal mutation.156 Besides DNA
binding and transcription regulation, there are other biophysical parameters to be studied by
exploiting the stability and the small size of ZF proteins. These include metal ion affinities
and selectivity, geometries of native Zn(Il) and other metal ions, thermodynamic properties
of packing and folding, and, most relevant to this Review, constraints related to specific
ligand binding and nonphysiological catalytic activity.84

The first logical step in designing a ZF protein is to understand the residues that influence
the structural integrity, folding induction, and DNA binding capability of the ZF. Green et
al. substituted a CysyHisy ZF motif with a Cys, binding site to examine whether this change
would influence the ZF properties and the interchangeability of different ZF domains in one
protein.157 Zif268 is a 533-residue, three ZF-containing murine DNA-binding protein,
where the three ZF sites all have Cys,His, motifs.108.158.159 Several mutants corresponding
to a combination of mutations with Cys, (ZF1, ZF2, ZF3) and CyspHisAla (ZF1, ZF3) were
generated, and their DNA binding capability was examined (Figure 1). The results suggest
that the three ZF matifs behave differently upon coordinating to Zn(ll), leading to dissimilar
DNA consensus sequence binding ability. For example, the individual Cys,(1) and Cys4(3)
mutations were able to bind to DNA, while the combination of Cys,(1, 3), Cys4(2, 3) could
not. Similarly, Hori et al. reported the substitution of a CysyHis, motif into a His, binding
site, aiming to understand the folding and DNA recognition of this novel ZF site.160 Two
proteins, a 32-residue HsSp1f2 containing one ZF domain and a 94-residue HsSpl
containing three ZF domains, derived from Sp1 ZF protein, were studied. Sp1 ZF domains
have been well characterized,161-167 and the solution structures are available, 187 providing a
solid starting point for redesigning a His, site. Based on circular dichroism (CD) spectra,
Zn(11) binds to H4Sp1f2, forming a more ordered conformation than other divalent metal
ions examined (Co(ll), Ni(ll), and Cd(11)). Moreover, investigation into the DNA binding
properties of H4Spl with different divalent metal ions demonstrated that only Zn(l1)-
reconstituted H4Sp1 bound strongly to the DNA GC-box.160

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Page 6

To study the importance of each of the four coordinating ligands of a classical CysyHis, ZF
protein, Nomura and Sugiura synthesized and investigated a series of peptides
corresponding to a Cys,Hisy ZF domain of Sp1.168 The derivatives each contain a single
mutation to substitute the coordinating ligand individually, with a Gly and/or an Ala residue.
For each mutant containing only three metal coordinating ligands (two His and one Cys), 1:1
Zn(I):protein binding was observed, as well as a-helix formation upon the addition of
Zn(11). The capability of folding induction for some of the mutants by Zn(1l) was
demonstrated by the increase of Trp fluorescence due to increased hydrophobicity, and the
increase in a-helical features as measured by CD. In particular, they examined the induction
of a-helix formation upon Zn(I1) binding for the mutant ZF2(CCGH) (with a His23Gly
mutation) and ZF2(CCHG) (with a His27Gly mutation) and found that the former ZF
protein does not show a-helix signature in the presence of Zn(l1), while the latter forms an
a-helix even without one of the coordinating His residues. On the basis of this observation,
they concluded that His23 is important in a-helix induction.168 Furthermore, all Zn(l1)-
bound Sp1 mutants exhibit hydrolytic activity toward the substrate p-nitrophenyl acetate
(pNPA). As the first reported catalytically active ZF proteins, these will be discussed in
more detail in a later section (2.2.2: Redesign of Zinc Hydrolytic Centers).169

One of the most important strategies in protein redesign is to incorporate a novel metal-
binding site into a protein that does not have the desired binding site or function in its
natural state. This strategy allows one to investigate the influence of protein secondary
structure on the metal-binding properties and further functionalities of the metal center; at
the same time, such designs test the robustness of a particular metal-binding site in
maintaining its properties. Moreover, novel metal-binding sites have the potential of
possessing novel functions. To test this, ZF binding sites were engineered into three proteins
absent of natural Zn(I1)-binding sites: the B1 domain of Streptococcal protein G,170
thioredoxin (Trx),171 and Antennapedia homeodomain (Ant).172.173

Klemba et al. designed a His3Cys site into the B1 domain of 1gG-binding protein G, a 56-
residue domain consisted of a four-stranded f-sheet crossed by a single a-helix. This is an
ideal scaffold for the purpose of incorporating a ZF binding site due to its high stability and
lack of pre-existing His and Cys residues.1? The potential metal-binding sites were
generated with a computer program, Metal Search,2 using the NMR-derived coordinates of
WT-B1 domain as a starting point. Toward selecting the best model, the authors eliminated
any potential metal-binding sites with more than one residue inside the hydrophobic core, to
maintain the stability of the protein. The final model contains Thr16His, Thr18His (/-strand
2), Phe30His, and Tyr33Cys (a-helix) mutations in addition to a mutation to modulate the
sterics around the binding site (Figure 2). Out of the B1 domain variants, named Zf1L,
ZpPLA, and ZFIM with the final letter designating the additional mutation other than the
metal-coordinating ligands, only ZA1L folds in its apo-form. The addition of Co(ll), Zn(ll),
and Cd(I1) led to the folding of the other two proteins, indicating the binding of these
divalent metal ions. Moreover, the Co(ll) d—d band of the three mutants was indicative of a
tetrahedral geometry, and the 113Cd NMR spectrum of ZA1L showed coordination of the
metal ion by one sulfur and three nitrogen donors.
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Next, Wisz et al. engineered a CysyHis, ZF site into Trx, a small protein naturally devoid of
metal centers.1’! Using Dezymer, an automated protein design program that looks for
potential metal-binding sites in native proteins by varying side chains while maintaining the
protein backbone structure,3940 seven different Cys,His,-Trx proteins were selected with a
putative metal-binding site at different positions of the protein scaffold. Additional
mutations were conducted to remove surface residues that could bind metal ions and
disulfide-forming residues. Five of these proteins folded upon metal binding, all of which
showed tetrahedral coordination geometry based on Co(ll) absorption spectra. Detailed
analyses of protein stability as well as metal-binding affinities were carried out, providing
the following critical insight into the introduction of a metal-binding site into a native
protein: (1) steric clashes must be avoided to maintain the stability of the protein fold; (2)
the metal-binding site should balance the metal coordination preference with the fold of the
surrounding protein environment; and (3) metal ions can influence the protein stability by
interacting with the transition state as well as the unfolded state. While at this point this
latter interaction is not completely understood, it is still instructive for future endeavors.
Overall, the combination of optimization of the metal-bound folded state and negative
design (raising the energy for the metal-bound unfolded state) should be adopted to
construct a stable metal-binding site.171

Most recently, Hori and Sugiura achieved the conversion of Ant to a ZF protein resulting in
anovel “Antennafinger” (Ant-F) protein.172173 By analyzing the inherent sequence
homology of a consensus ZF domain and the known protein scaffolds from Genomenet
Motif, a system to look for analogous sequences from the Protein Data Bank (PDB), a small
54-residue sequence, Ant-WT, was chosen. Ant-WT is a stable structure-determined portion
(PDB code: 1SAN) of a mutant derived from Ant whose function is well understood.174
Moreover, this domain does not contain potential metal-binding or disulfide-forming
residues. Ant-F was designed by substituting Thr, Leu, Arg, and Glu residues to two Cys
and two His residues. Apo-Ant-F folds into an a-helical structure, resembling that of apo-
Ant-WT. Zn(l1) binding resulted in a conformational change, which, in turn, decreased the
DNA binding activity of Ant-F by 2.5-fold as compared to Ant-WT.172 Subsequent studies
on Ant-F and Ant-F-H1, a second generation of Ant-F ZF protein containing mutations to
stabilize the helical conformation, were performed to understand the thermodynamic aspects
of folding and metal binding to this designed ZF protein. On the basis of denaturation
studies of both apo- and holo- forms of Ant-F and Ant-F-H1, Hori et al. proposed a model to
estimate the relationship between the free energies of relevant states (Figure 3), showing that
the stability of apo-structures affects the binding of Zn(Il) and that metal binding to the
unfolded protein also plays an important role. These findings are consistent with what was
proposed in Wisz’s report in 1998 described above, 171 demonstrating that the intricate
interactions between folding and metal binding determine the overall stability and the
energetic aspects of the conformational changes in a ZF protein.

2.2.2. Redesign of Zinc Hydrolytic Centers—The major difference between structural
zinc sites, as in ZFs, and catalytic sites, as in CAll, is that structural sites have saturated
coordination spheres, with amino acid ligands His and/or Cys bound to the zinc ion, whereas
catalytic centers have at least one vacant site allowing for solvent (water) or substrate
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coordination. Bound water is a feature of catalytic zinc centers, as it can be activated for
ionization, polarization, or displaced by another ligand, such as an alcohol substrate.1’> We
review herein the redesign of carbonic anhydrase (CA) to achieve higher catalytic
efficiency, higher Zn(Il) affinity, or novel functions, the redesign of a structural ZF site into
a hydrolytic site, and the computational redesign of a Zn(I1)-containing glyoxalase |1
enzyme.

CA is a Zn(Il)-containing enzyme that is found in almost all plants, algae, and mammals,
whose function is fundamental to many eukaryotic biological processes such as respiration,
ion transport, and acid—base balance.116.176.177 The physiological reaction catalyzed by CA
is the interconversion between CO, and HCO3™; however, the catalytic promiscuity of CA
allows for the rational design of the active site to exhibit increased activity toward ester
hydrolysis. High-resolution crystal structures of CA reveal that Zn(ll) is coordinated to three
His residues (His94, 96, 119) and a water molecule/hydroxide ion, that is H-bonded to the
hydroxyl side chain of a nearby residue, Thr199, which, in turn, forms an H-bond with
Glu106 (Figure 4).178-181 The active site is contained in a twisted beta-sheet. The redesign
of the active site of CA involves modification of the first or outer coordination spheres.
Fierke, Christianson, and co-workers pioneered studies mutating both coordinating and
noncoordinating residues around the Zn(l1) center in CA.182-191 Specifically, these
researchers substituted one or more of the Zn(ll)-coordinating His residues (His94, 96, 119)
with a neutral, nonpolar, noncoordinating amino acid residue (Ala), carboxylate-containing
residues (Asp, Glu), a thiolate-containing residue (Cys), and carboxyamide-containing
residues (GIn, Asn), and observed varied Zn(l1)-binding affinities and catalytic rates and
efficiencies.183-186 The substitution of any coordinating His residue decreased the Zn(l1)-
binding affinity by ~104-10°-fold. The pK, of Zn(l1)-bound water, representing conversion
to the active Zn(I)-hydroxide species, increased by at least one pH unit when His residues
were replaced with other residues (pKaowT-cain = 6.8 % 0.1,192 pKy(mytants) = 8.4). In
addition to catalyzing physiological CO5 hydration, CAII can also catalyze ester hydrolysis,
which is another important hallmark of its activity. The catalytic efficiency of both pNPA
hydrolysis and CO, hydration decreased significantly with the substitutions described
above. Although these studies were reviewed in an earlier contribution, 182 we feel it is
important to revisit them briefly here because they have provided important insight into the
role of coordinating His residues, outer-sphere residues, and the mechanistic aspects of CO,
hydration. All of these details are critical for the de novo designed CA mimic systems,
which will be reviewed in a later section (3.3.1.2: Multifunctional Metal Centers: Structural
and Catalytic Sites in One Design). Specifically, the native CA studies showed that the
coordinating His residues are essential in maintaining the Zn(l1)-binding affinity, the pK; of
Zn(11)-bound water, the stability of Zn(11)-bound hydroxide, and the negatively charged
transition state for CO, hydration. Moreover, these His residues might also play a role in
forcing the tetrahedral coordination geometry, found in native CAll, over trigonal
bipyramidal geometry.186

The modification of the second coordination sphere of the Zn(Il) site in CA focuses on the
alteration of hydrogen bonding (H-bonding) interactions, particularly by substituting
Thr199, Thr200, and GIn92 residues that were proven to be important in maintaining the H-
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bonding network around the active site.187-191 |n WT-CAII, Thr199 accepts an H-bond

from Zn(I1)-bound hydroxide and donates an H-bond to Glu106, building a proton transfer
chain to facilitate CO, hydration.181 The crystal structure of Co(ll)-substituted Thr199Cys-
CAll revealed that the substitution of Thr199 with a Cys residue leads to the displacement of
the Zn(I1)-bound water by the thiolate ligand.187:194 The additional coordinating ligand,

Cys, resulted in a Zn(11) affinity increase in of 4-fold; however, the catalytic efficiency of
CO», hydration was compromised substantially. Similarly, Thr199 was replaced with Glu,
Asp, or His residues.191 Both mutants with residues containing carboxylate groups
(Thr199Glu and Thr199Asp) showed displacement of Zn(11)-bound water by the carboxylate
ligand in their crystal structures, although the O(carhoxylate)=ZN(11) distances were different.
For the Thr199Asp mutant, the two oxygens from the carboxylate of Asp bound Zn(ll) in a
bidentate fashion with a Zn(11)-O distance of 2.5 A, whereas the carboxylate in the
Thr199GIlu mutant displaced a water molecule and showed a unidentate binding mode with a
Zn(11)-0 distance of 2.2 A. Only Thr199Glu exhibited a significant increase in the Zn(lI)-
binding affinity (200-fold), demonstrating the influence of metal-ligand separation and side
chain torsion angles on protein—metal affinity. In contrast to Thr199Asp and Thr199Glu,
Thr199His did not coordinate to Zn(Il). The Zn(Il) affinity of the Thr199His mutant
decreased by as much as 20-fold as compared to that of the WTCAII [Ky = 7.7(x1.3) x

10711 M for Thr199His, Ky = 4(+1) x 10712 M for WTCAII]. In addition to Thr199, residues
at the 200 position are also polar residues (Thr, Asn, or His) that influence the catalytic
efficiency of CO, hydration for different CA isozymes.195 Krebs et al. substituted Thr200
with a Ser residue in CAll, with little to no change in the catalytic efficiency for CO,
hydration, but a 4-fold increase in the catalytic efficiency for pNPA hydrolysis was
observed.188 The crystal structure of the Thr200Ser mutant showed that this substitution
resulted in relocation of His64, which was thought to change the solvent structure around the
active site and to modify the proton transfer chain. Moreover, two additional important
second-sphere residues, GIn92 and Glu117, H-bonded to the imidazoles of His94 and
His119, respectively, were mutated to examine alteration of the H-bond length (GIn92Asn,
Glu117Asp) or charge (GIn92Glu) of the H-bond acceptor.189.190 These studies illustrate the
importance of these H-bonding residues for maintaining proper Zn(1l) affinity, but also
suggest that changing the length or charge of donor residues does not alter the affinity
significantly (<3-fold decrease in Zn(ll) affinity). More importantly, these second-sphere
residues indirectly influence the stability of the pentacoordinate transition state during CO,
hydration, altering the catalytic efficiency. The efforts reviewed here provide an important
foundation for elucidating the structure—function relationship of the active site of CA,
shedding light on the de novo design of Zn(Il) hydrolytic sites.

The substitution of residues on the secondary coordination sphere, Thr200Cys/His and
Asn67His, resulted in increased catalytic efficiency for pNPA hydrolysis.188.196
Additionally, the substitution of Thr200 by His, Leu, lle, Lys, Arg, Ser, etc., led to a
variation of substrate specificity, which might be explained by the dissimilar van der Waals
volume of the side chains and their interactions with different substrates. Furthermore, a
directed evolution method was used to produce an esterase toward a less active, bulkier
substrate 2-naphthyl acetate (2NA).197 The most successful variant with Thr200Ala and
Ala65Val mutations, where the Ala to Val substitution was thought to increase the “affinity”

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Page 10

of the hydrophobic substrate, raised the catalytic efficiency toward large aromatic substrates.
Later, variants of human carbonic anhydrase 11 (hCAII) were designed by Host et al. with
the goal of modulating the size and increasing the shape of the hydrophobic pocket for ester
binding.198:199 The hydrophobic pocket close to the Zn(l1) site in hCAIl is defined by four
amino acids: Val121, Val143, Leu198, and Trp209.192 In this work, increasing the size of
the pocket was achieved by Val121Ala/Val143Ala mutations, which showed a significant
increase in the catalytic efficiency toward larger substrates with longer acyl chains.198
Moreover, a Thr200Ala mutation was introduced in addition to the two Val mutations,
creating a hCAIl derivative with a catalytic efficiency 5 orders of magnitude better than that
of the WT-hCAII toward pNPA hydrolysis.19

Hydrolytic activity has also been demonstrated in modified ZF sites taking a protein
redesign approach. The key component of a catalytic Zn(ll) site as compared to a structural
site is the presence of at least one vacant site in the coordination sphere. On the basis of a
wild-type (WT) ZF protein ZF(CCHH), Nomura et al. incorporated an unsaturated Zn(l1)
binding site by mutating the coordinating His and Cys residues into an Ala or a Gly.169 CD
spectroscopy showed that Zn(11) still induces a-helix formation for some of the mutants.
Because of the unsaturation of the coordination at the Zn(Il) ion, all of the mutants exhibited
pNPA hydrolysis activity. Furthermore, increasing the number of ligating His residues led to
higher catalytic activity, due to the increased Lewis acidity of Zn(ll). Inhibition studies were
carried out to confirm the catalytic role of the Zn(I1)-bound protein complex. Interestingly,
the Zn(I1)-bound complex of ZF(HHHH) exhibited enantioselective esterase activity toward
Boc-glutamine 4-nitrophenyl ester (GIn-ONp), indicating that the Zn(lIl) active site in this
protein is situated in an asymmetric environment. Follow-up studies using the ZF protein
derivative ZF(HHHH) (Zne1) and a previously reported three-tandem ZF protein164
derivative Zne2 (where two Cys residues were mutated to two His) showed that these Zn—
protein complexes could hydrolytically cleave DNA.200 A supercoiled plasmid DNA,
pUC19GC, was used as a substrate to examine the nuclease activity. Because of preferred
binding of Zne2 to the GC box of the DNA duplex, selective hydrolytic cleavage of DNA
could be achieved with moderate activity. To improve the DNA cleavage activity, Negi et al.
combined ZF structural sites with a nuclease site into one design, yielding ZWH4.201 ZWH4
contains four Zn(lI1)-binding sites, three of which are Cys,His, ZF sites and the other a Hisy
hydrolytic site. Zinc-bound ZWH4 was shown to catalyze DNA cleavage with a clear
production of different forms of products depending on the protein concentration.
Specifically, at 25, 50 equiv of ZWH4/DNA, the cleavage reaction produced form Il (a
nicked circular form), a mixture of form Il and form 111 (a linear form) products,
respectively. This report shows how the further control of the specificity of artificial
nucleases can be achieved.

Many designed ZF nucleases have been developed to obtain alternative methods to gene
therapy. Porteus and Baltimore analyzed gene targeting with homodimers consisted of an
artificial ZF binding domain, QQR, to create a DNA double-stranded break in a genomic
target.202 Natsukasa et al. also placed a ZF protein on either side of a functional DNA
cleavage linker.293 |deally, these new systems will be capable of unique and specific DNA
cleavage and could ultimately be used to manipulate genetic information to precisely alter or
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replace damaged or disease-correlated DNA sequences. However, off-target site cleavage
induced by ZF nucleases could result in cytotoxicity that must be mitigated for these
systems to be useful as routine medicinal nucleases.

The Baker group has developed a computational method for redesigning metalloenzymes to
catalyze noncognate reactions, and computationally redesigned a Zn(Il)-containing mouse
adenosine deaminase for organophosphate hydrolysis.2%4 The approach harnesses de novo
enzyme computational design methods.205-207 Scaffolds are selected that contain backbones
that can support active sites for the target reaction, and then the binding pocket sequence is
optimized for the transition state. Applying this approach to existing metalloenzymes will
address only the geometric compatibility of the site with the transition state and not the
reactivity of WT functional groups. This is a valuable consideration as most enzymatic
redesign involves altering substrate specificity or stereoselectivity, enhancing a preexisting
promiscuous activity,198 or relies on having structural homologues that already have the
desired activity (in the case of introducing mechanistically related activities) as a starting
point.199 One example involved the redesign of the Zn(l1)-containing glyoxalase 11 enzyme
into a flactamase through extensive modifications made through insertion, deletion, and
substitution of several active site loops and subsequent point mutations.2%8 This redesign
alters both the metal-binding geometry and the substrate-binding pocket, yet both glyoxalase
I and metallo flactamase enzymes contain binuclear metal ions essential to the hydrolysis
reaction.

In this study, organophosphate hydrolysis was chosen as a target reaction and Zn(ll)
metalloenzymes as templates for supporting this activity, given that Zn(Il) ions serve as
powerful catalysts in many hydrolase enzymes with diverse mechanisms. Several
mononuclear Zn(I1) enzymes were examined for their geometric compatibility with the
transition state of the target reaction (using methyl paraoxon and diethyl 7-
hydroxycoumarinyl, or DECP, as substrates). Residues were introduced for both H-bonding
interactions and shape complementarity leading to a set of 12 possible designed proteins for
experimental characterization. One of these hydrolyzed DECP with a modest efficiency of
~4 M~1 571, The template enzyme for this model was adenosine deaminase, which, although
also a hydrolytic enzyme, is distinct in terms of its transition state geometry, leaving group
character, and inherent reactivity at the substrate electrophilic center. Eight mutations
relative to the parent WT complex were made in the computational design model, seven for
shape complementary interactions and one for an H-bond interaction to the nucleophile in
the model. The Zn(ll)-coordinating residues, Asp and three His residues (in a trigonal
bipyramidal geometry with one open coordination site), and the catalytic residues, Glu217
and His238, were all retained from the WT enzyme (Figure 5a). The WT enzyme showed no
acceleration for DECP hydrolysis over buffer at <20 mM enzyme. Using the initial velocity,
the substrate concentration at which it was measured, and 20 UM enzyme concentration, a
keat/Km =~ 1073 M1 571 was estimated. Mutation of Glu217, a residue involved in proton
shuttling in the WT enzyme, to GlIn results in complete loss of activity, indicating that this
residue is crucial for organophosphate hydrolysis.

Directed evolution, a method used in protein engineering for evolving proteins through an
iterative process of preparing mutants and selecting those with the desired properties,29° was
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undertaken to gain a better understanding of the missing elements in this computational
design method. Three rounds were performed, the first in which a set of selected residues
around the active site was considered and three new mutations were incorporated, leading to
a 40-fold increase in efficiency. Two subsequent rounds were carried out, the second by
introducing random mutations, and the third considering a single residue identified to be in a
suboptimal position by crystallography. These led to four more mutations, and another 10-
fold increase in efficiency for each round, resulting in a total 2500-fold improvement over
the initial computational design model. The biggest contributor to the increase came from
the first round of directed evolution, and involved mutation of Val to the bulkier Phe,
resulting in increased hydrophobicity around the catalytic residue Glu217 (Figure 5). The
authors propose that, although Zn(I1) in the WT enzyme activates the hydroxyl nucleophile,
Zn(11) in the design model is more likely to polarize the P-O bond, along with the side chain
of His238, and Glu217 is the general base that activates the nucleophile (although a crystal
structure with a bound substrate or transition state analogue is required to prove this). These
results indicate that the redesigned protein may operate with a mechanism different from
that of the WT enzyme.

Analysis of the computational design protocol revealed some of its shortcomings. Most of
the mutations that resulted in an improved efficiency were due to an increase in keat. The
biggest increase came from the Val218Phe mutation in the first round of directed evolution.
This residue does not directly contact the transition state, but it does increase the bulk
around the catalytically critical side chain of Glu217, probably modulating its pK, and
reactivity. Analysis of the apoPT3.1 (from the first round of directed evolution) crystal
structure reveals that, although much of the backbone and other elements of the structure
match the design model, some conformational shifts in the loop backbone structure proximal
to the active site were observed (Figure 5). These acted to accommodate the bulkier side
chain that came from the Val218Phe mutation. Notably, the design was carried out on a
fixed WT backbone so this mutation would have caused clashes in the design model. The
authors’ future efforts will be in developing computational enzyme design methodology to
allow more backbone flexibility and incorporate pK; effects with more accurate electrostatic
interaction models. Although the primary coordination environment around the metal has
not been changed in this enzyme redesign, this study demonstrates an effective approach to
harnessing the inherent catalytic power of metal ions and introducing new reactivity into an
existing metalloenzyme in a way that does not rely on preexisting activity. This study
demonstrates the importance that the surrounding protein structure can have on the activity
of the “same” metal site, given that both the substrate and the reaction mechanism are
different. As a result, this approach can be one way of generating powerful metalloenzymes
to catalyze novel reactions for a variety of biocatalyst applications. The catalytic efficiency
of this enzyme is compared to other designed systems in Table 1. More recently, the Baker
group has expanded the realm of computational protein design by incorporating an unnatural
amino acid (2,2’-bipyridine-5yl)alanine (2,2’-bpy-Ala) into native proteins.210 RosettaMatch
and RosettaDesign were used to search for the backbone location for the bpy-Ala residue
and introduce additional interactions to stabilize the protein, respectively. The resulting
protein scaffolds bind to divalent metal ions with a relatively high affinity, laying a solid
foundation for the future design of unnatural amino acid-containing hydrolases.

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Page 13

2.2.3. Redesign of Heme Centers—Heme proteins are involved in a remarkably broad
spectrum of functions ranging from oxygen binding [hemoglobin, myoglobin (Mb)], oxygen
metabolism (catalases, oxidases, oxygenases, peroxidases), electron transfer (cytochromes),
signaling or sensing (soluble guanylate cyclase, FixL, CooA), to transport

(hemopexin). 219-226 They are essential for fundamental biological processes including
steroid biosynthesis, aerobic respiration, and drug metabolism. For these reasons, heme
proteins have been the targets of numerous protein redesign efforts. Factors known to affect
the reactivity of heme proteins include identity of the proximal axial ligand, structure of the
distal site, nearby redox cofactors, and the type of heme used by the protein. Lu et al.
extensively reviewed early efforts in this field.1 The relevant properties of designed heme
systems are summarized in Table 2. Here, we will review successes from the past two
decades.

Although most protein design studies focus on water-soluble proteins, many membrane
proteins play important roles in metabolism. Glycophorin A (GpA) is a transmembrane
protein that forms noncovalent dimers by association of two single helices into coiled coils.
A simple model of a transmembrane heme protein, ME1, was designed on the basis of GpA
by mutating five amino acid residues (GlulSer, Thr5Ala, lle22Ala, lle26His, 11e30Arg), to
create a heme-binding site at the C-terminus. The resulting peptide, upon binding to heme in
its dimeric form, contains a bis-His heme site capable of H,O,-dependent oxidation of
organic substrates.22” The midpoint redox potential of this protein was determined to be
-128 + 2 mV (vs NHE), which is more positive than most of the reported bis-imidazole
heme centers in hydrophilic environments. Although the designed construct was optimized
for tight heme binding instead of catalysis, it showed unexpected peroxidase activity. For
example, ME1 was able to catalyze the peroxide oxidation of 2, 2/, 5, 5/-
tetramethylbenzidine (TMB) with a specific velocity of 2300 s~ M~1 measured by the
increase of absorbance at 450 nm (the oxidized form of TMB). Utilizing a protein redesign
strategy, researchers were able to incorporate a heme center into an inert membrane protein
to confer desired functionalities.

More recently, the metalloprotein design field has expanded to include the engineering of
heterometallic sites into native systems. Many of these studies were reviewed by Lu et al.21
or may be found in later sections of this Review. Because the modifications were not
directly carried out on the heme center, we will only summarize these efforts here.
Cytochrome ¢ peroxidase (CcP) was converted into a functional manganese peroxidase by
designing a Mn(I1) binding site by a triple mutation (Gly41Glu, Val45Glu, and His181Asp)
(section 2.2.4.3: Redesign of Manganese Centers).228 In a more complicated functional
conversion, Mb was engineered into a heme copper oxidase (HCO) by introducing His
residues near the heme site to create a Cug site for the reduction of O, (section 2.2.4.2.2:
Copper Catalytic Centers).229 This construct can also catalyze the reduction of NO to
N,0.230 More recently, important insight into the cross-linked imidazolephenol post-
translational modification was gained when an unnatural amino acid that mimics this cross-
link was incorporated into the HCO model. The model achieved improved activity,
including an 8-fold increased selectivity for O, and almost a 3-fold increase in catalytic
turnover as compared to F33YCugMb, the mutant without the cross-link (section 2.2.4.2.2:
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Copper Catalytic Centers).231 Furthermore, Mb was successfully converted to a nitric oxide
reductase (NOR) by introducing an Feg site near the heme (section 2.2.4.1.2: Nonheme Iron
Catalytic Centers).232 This rationally designed protein was a good structural and functional
model of NOR from anaerobic bacteria, and revealed a requirement for Glu residues near the
active site for both iron binding and NOR activity. This designed protein is more robust than
the native protein, allowing the Lu group to study metal replacement and solve multiple
crystal structures (PDB: 3M38, 3M39, 3M3A, 3M3B).233

One strategy for generating supramolecular assemblies of proteins focuses its efforts on
cofactor madification. The Hayashi group has generated one- and two-dimensional
supramolecular arrays of hemoproteins by linking hemes to the exterior of proteins and
relying on natural heme binding to form the polymers. A single point mutation in
cytochrome bsgo was made to introduce a surface Cys residue (His63Cys), which was then
linked to an iodoacetamide-modified heme (Figure 6).234 These successive interprotein
heme—heme pocket interactions formed chains of proteins where oligomer size was partially
controlled by the length of the link between the iodoacetamide moiety and the heme moiety.
These one-dimensional arrays were further expanded by the synthesis and incorporation of a
tripodal pivot molecule bearing three heme moieties to create branches in the assembly.235
The iodoacetamide derivative was replaced with a maleimide derivative,23 yielding
improved specificity and faster reactions. Moreover, a Mb variant was synthesized, allowing
assemblies to be prepared using either Mb or cytochrome bggo. The size and degree of
branching of the supramolecular assemblies were controlled by the molar ratio of heme-
protein and pivot molecule. The success of using cofactor modification to create protein-
based polymers encouraged the creation of functional and more complex materials. For
instance, the interaction of one-dimensional heme—protein assemblies with nanoparticles
was achieved using gold nanoparticles, 236 gold electrodes, 237 and CdTe quantum dots.238 A
Zn-protoporphyrin 1X derivative was used to anchor chains of Zn-protoporphyrin 1X-bound
hemoproteins to a gold electrode, producing a material capable of generating a photocurrent,
where the magnitude of the photocurrent is dependent on the density of the layer of redox
protein.237

Mb fibers based on heme—heme pocket interactions display stability that depends on the
axial ligation of the heme. For example, cyanide stabilizes the fibers due to its strong
interaction with the ferric heme iron.23% Furthermore, these fibers can be cross-linked via a
radical mechanism in the presence of H,O,, while retaining their oxygen-binding
characteristics. Recently, two orthogonal proteins, Mb and streptavidin (Sav), were
combined into a single supramolecular material.240 An asymmetric heme-bis(biotin) dyad
was synthesized to enforce 2:1 association of Mb and Sav (Scheme 1, reproduced from ref
240 with permission. Copyright 2012 Wiley.). Modification of Mb for producing Mb dimers
resulted in the formation of longer, one-dimensional copolymers of [-(rMbA125C),-SAv-],
(where rMbA125C is the recombinant Mb mutant).

A major goal of protein design is to understand how the overall scaffold structure, residue
identity and placement, and cofactors combine to create a particular function. Heme protein
functions have been studied by replacing heme with related cofactors, including noniron
macrocycles and porphyrin isomers (porphycenes). Heme cofactor redesign studies began as
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early as the 1970s with the goal of modulating the oxygen-binding affinity.241 Later, heme
cofactor redesign efforts expanded to include the tuning of protein stability and reactivity.
For example, a series of PA50NORs with various 2,4-substituted hemes have been prepared,
showing a significant decrease in turnover number (TON) as compared to the native protein.
This study demonstrates how the electron-withdrawing capacity of the 2,4-substituents
influences the reactivity of the heme center.242 A 2 4-diacetyl-[2H]heme-substituted horse-
radish peroxidase (HRP) was shown to catalyze NADPH oxidation by H,05.243 In addition,
the solution NMR structure of a dimethyl propionate ester heme containing cytochrome bg
was examined, leading to important insight into the stabilization effects of the H-bonding
interactions around the heme center.244

In another series of studies, the Hayashi group sought to understand the role of the two
propionate side chains of heme b. By modifying these side chains using hydrophobic
clusters,24 glycosylating them,246 placing them on porphycenes,24” and selectively
removing each one in turn,248.249 the authors found that the heme cofactor itself has various
degrees of influence on the O, and CO binding ability and the catalytic activity of the
proteins. The effect of the propionate side chains of heme b on Mb activity was examined.
“One-legged” heme cofactors were synthesized by selectively depropionating heme to yield
6-depropionate or 7-depropionate and were subsequently incorporated into Mb.
Measurement of the O,- and CO-binding affinities, X-ray crystallography, and resonance
Raman (rR) spectroscopy?48 demonstrated that 6-propionate is responsible for a large
number of H-bonding interactions at the distal site, resulting in a 3-fold acceleration of
oxygen dissociation as compared to the 7-priopionate counterpart and the native protoheme.
The 7-propionate moiety did not affect protein structure, but instead slightly increased the
Fe—His bond strength, resulting in a 2-fold increase in CO affinity relative to the native
protoheme. Similar studies by depropionating heme centers were carried out with
cytochrome P450can, Showing that 7-propionate acts as a gate, regulating water access to
the substrate binding site, while the 6-propionate “leg” fixes the putidaredoxin binding site
and stabilizes the Fe-S bond required for activity (Figure 7A,B).250.251

“Winged” heme cofactors were synthesized by attaching aromatic rings and carboxylate-
based clusters to the propionate groups and inserted into a His67Asp mutant of swMb,
yielding an active site resembling that of HRP.252 The catalytic efficiency of MbH64D, the
MbH64D mutant with a symmetric, double-winged cofactor [MbH64D(double-winged)],
and the MbH64D mutant with a single-winged cofactor [MbH64D-(single-winged)] were
examined in assays monitoring the oxidation of 2-methoxyphenol.252 As compared to the
same reaction catalyzed by HRP, the catalytic efficiency (k.ai/Km) of these constructs
follows the order: MbH64D(single-winged) (85 000 M~1 s™1) ~ HRP (72000 M~1s71) >
MbH64D-(double-winged) (23 000 M1 s71) > MbH64D (5100 M~1 s71).249 The addition of
aromatic and carboxylate clusters on the heme center may form a substrate-binding site for
2-methoxyphenol, thus modulating the reactivity. In Mb, porphycenes with propionates at
different positions were reconstituted into the protein, and oxygen binding and selectivity
were examined. It was hypothesized that the interaction of propionates with H-bonding
residues and the protein matrix could affect ligand binding and cofactor incorporation.
Porphycene with propionates at the 13th and 16th positions showed a 2600-fold
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enhancement for oxygen binding.247:253 The electronics of the porphycene, the lower
symmetry that stabilizes the Fe—O, o-bonding, combines with the location of the propionate
in a synergistic fashion to enhance oxygen binding over heme b.24” Analysis of the crystal
structure of Mb reconstituted with Fe(l11)-porphycene(13,16) (hereafter referred to as
porphycene-Mb) (Figure 7C)%>* showed that this construct is capable of H,O,-dependent
oxidation of guaiacol, thioanisole, and styrene. Stopped-flow kinetics experiments suggested
that high energy intermediates, compound 11 and compound I11, are formed in the absence
of substrate, likely due to the enhanced strength of the Fe—His bond.2%* To explore further
how peripheral groups alter the activity of porphycene, trifluoromethyl groups were added at
the third and sixth positions of the macrocycle. This new construct had a redox potential of
-41 mV (vs NHE), as measured by spectroelectrochemical titrations, falling between the
redox potentials of native Mb and Mb reconstituted with porphycene (+52 and —195 mV, vs
NHE, respectively).255 Trifluoromethyl porphycene-containing Mb showed a lower oxygen-
binding affinity that may be attributed to an enhancement of the oxygen dissociation rate as
a result of the destabilization of the Fe—O, bond relative to porphycene-Mb. This Mb-based
construct also exhibited accelerated CO binding rates. Like porphycene-Mb, trifluoromethyl
porphycene-Mb has poor 7~back bonding; however, the electron density on iron can be
stabilized by electron-withdrawing trifluoromethyl groups.2%° Given the enhancement of
peroxidase activity of Mb achieved by incorporating porphycene, the effect of porphycene
was also investigated in HRP.2% The resulting construct was tested for catalyzing guaiacol
and thioanisole oxidation by H,O,. An iron(IV)-oxo porphycene 7-cation radical, which is
thought to contribute to the catalytic efficiency for thioanisole oxidation, was detected above
0 °C in aqueous conditions. The Hayashi group also incorporated the first formal ferryl
cofactor into Mb and HRP by incorporating a meso-unsubstituted iron corrole.257 In this
case, Mb formed a stable construct that is EPR-active, observable by UV-vis spectroscopy,
and could be assigned as an Fe(l11)-neutral ring oxidation state. HRP required sodium
dithionite reduction to yield a stable Fe(l1l) cofactor.

Using a directed evolution strategy toward protein engineering, Arnold and co-workers
developed a series of heme-containing proteins, creating functional novel biocatalysts. In
particular, the Arnold group reported a series of heme-proteins capable of carrying out
carbene transfer.258.259 By introducing a Cys400Ser mutation into WT-P450gps3 and a
previously reported enzyme, P450g\13-CIS with 13 mutations on P450, styrene
cyclopropanation activity was achieved.2>? The goal was to raise the reduction potential of
the heme iron center by mutating the axial ligand, Cys, into a weakly donating group, Ser.
With a +95 and +155 mV increase in reduction potential as compared to P450gpm3-CIS and
WT-P450g\3, respectively, the mutant P411gp,3-CIS exhibited high TONs for
cyclopropanation activity under anaerobic conditions. More importantly, the TON for
styrene cyclopropanation was 6 times higher after 6 h in vivo, as compared to the same
reaction carried out in vitro with nearly identical stereoselectivity.

2.2.4. Redesign of Nonheme Redox Centers

2.2.4.1. Nonheme Iron Centers: Nonheme iron centers are defined as those in which iron is
coordinated by ligands other than polydentate tetrapyrroles (e.g., porphyrins). Figure 8
illustrates the six general types of nonheme iron centers including mononuclear, binuclear,
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and iron—sulfur centers. Nonheme iron centers exhibit a broad range of functions, including
electron transfer, substrate oxidation and reduction, and metal ion transport.27? The redesign
of nonheme iron proteins aims to explore the factors that govern the redox properties and
reactivity of the iron center, elucidate the influence of interactions between different key
amino acid residues, and construct a novel functional nonheme iron site into another
nonheme iron protein.

2.2.4.1.1. Nonheme Iron Electron Transfer Centers: Automated rational design algorithms
have been used to design several nonheme metalloproteins. Immunoglobulin G binding
domain B1 was redesigned using the Metal Search program2 to incorporate a tetrahedrally
coordinated iron site for mimicking rubredoxin.2’1 Although the authors titled this
contribution as a de novo designed protein, we feel that because this protein was designed
on the basis of a native protein domain, it falls into the protein redesign category. The
authors took the backbone movement into account in the solution NMR structure of the
native protein, rather than focusing only on the averaged NMR structure. This strategy
avoids having restrictive backbone coordinates, which might prohibit the protein from
adopting favorable conformations when certain side chains are introduced.2’2273 The Fe(S-
Cys), site was achieved by mutating several residues situated in the flexible loop region of
the original protein, Gly9, Gly38, Val39, and Glu56, into Cys residues. Co(ll) and Cd(ll)
were used as spectroscopic probes to confirm the tetrahedral geometry of the (Cys), site.
The EPR spectrum of the Fe(l11)-bound [B1-Cys4] indicated that the protein accommodates
Fe(lI1l) in a tetrahedral geometry with g values of 4.3 and 9.5, but this complex is not robust.
It auto-oxidizes and decomposes in air.271

A more robust rubredoxin mimic (RM) was obtained by converting a disulfide bond in Trx.
The resulting site showed spectroscopic properties that mimic rubredoxin and was able to
undergo several cycles of oxidation and reduction.2’4 Hellinga and co-workers constructed
this tetrathiolate site by substituting Trp and lle residues in native Trx with Cys using a
structure-based automated program, Dezymer.3940 Together with the original disulfide-
forming Cys, a metal-based redox site was engineered into an amino-acid-based redox site.
Fe(11) bound to the Trx mutant Trx[Rd] with a 1:1 stoichiometry, and the dissociation
constant was estimated to be 0.7 pM. Using a minimalist model where only the first
coordination sphere of the metal center is taken into account, these contributions
demonstrate the strength of protein redesign in achieving a redox-active nonheme iron
center in a completely different protein scaffold.

Similarly, Trx was redesigned to incorporate a self-assembled [4Fe—4S] iron—sulfur cluster,
resulting in high potential iron protein (HiPIP)-like spectral characteristics, including an
EPR silent resting state.2”> [4Fe—-4S] was incorporated into the Trx variant, Trx-[4Fe-4S],
where Leu24, Leu42, Val55, and Leu99 were each mutated to Cys. Holo-Trx-[4Fe—4S]
exhibits the spectroscopic signatures of a [4Fe—4(S-Cys)] cluster. In particular, EPR spectra
collected for both the reduced and the oxidized forms of holo-Trx-[4Fe-4S] show spectral
features analogous to those in synthetic clusters containing [2Fe(I1)-2Fe(111)] and the fully
oxidized [4Fe—4(S-Cys)]™ in HiPIP,276 respectively. The redox potential of Trx-[4Fe—4S]
was estimated to be at least +300 mV (vs NHE), which is within the range of native HiPIPs
(+50 to +450 mV vs NHE).277
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Although [4Fe-4S] clusters are prevalent in both native and model systems, [3Fe—4S]
clusters are much less commonly found. To understand the factors that govern the
stoichiometry for Fe-S cluster formation, Hoppe et al. designed a cluster-binding peptide
(CBP).278 Upon mutating a Cys in the Fe=S cluster binding motif of dimethyl sulfoxide
reductase subunit B (DmsB) from Escherichia coli (E. coli), a [4Fe-4S]-binding site was
converted to a [3Fe—4S]-binding site. However, the [3Fe—4S] motif is a transient species that
only forms under specific conditions and leads to the formation of the thermodynamic
product [4Fe-4S]. Although a stable [3Fe-4S] species was not achieved, this work implied
that, contrary to the prior consensus and the proposed mechanism in native proteins, iron
coordinates in succession to form the stable [4Fe-4S] species.

2.2.4.1.2. Nonheme Iron Catalytic Centers: Besides electron transfer, nonheme iron centers
can also serve different reaction purposes including oxygenation (protocatechuate 3,4-
dioxygenase,279:280 catechol 2,3-dioxygenase?8l), peroxidation (rubrerythrin82), oxidation
(ribonucleotide reductase (RnR),283 1-aminocyclopropane carboxylic acid oxidase284),
superoxide dismutation [iron superoxide dismutase (SOD)28%], hydroxylation (phenylalanine
hydroxylase,286:287 calavaminate synthase288), and H-abstraction (iron-bound
bleomycin?89-291) Several comprehensive reviews cover the structures, functions, and
mechanistic perspectives of these native nonheme iron centers, so we will omit a detailed
description of each enzyme.270.292-294 There are several examples of redesigned nonheme
iron proteins that use iron as a catalytic center to control the redox properties and reactivity
of the protein.

SOD catalyzes the disproportionation of superoxide into molecular oxygen and hydrogen
peroxide, an important gating mechanism for controlling cellular oxidative stress.29 Three
types of SODs have been discovered in a variety of organisms: NiSOD in certain fungi and
bacteria, 2% CuznSOD in eukaryotic cells, 2%’ and Fe/MnSOD in bacteria, some plant
chloroplasts, and mitocondria.285.298.299 FeSOD and MnSOD share a high sequence
homology, including the same amino acid ligand set, and, therefore, are considered as one
general type. Metal ion substitutions result in a loss of activity,300-392 |ikely a reflection of
the different midpoint potentials of FeSOD and MnSOD.303:304 |n FeSOD, iron is bound in
a trigonal bipyramidal geometry with two His and One Asp on the trigonal plane and one
water/hydroxide and one additional His as axial ligands.28°298.305 Thjs coordination
environment was constructed into Trx using the rational protein design program,
Dezymer.308 The mutations Leu7His, Phs27Asp, 11e60His, and Asp63His constructed the
FeSOD active site, and, together with several other mutations for structural stability, yielded
Trx-SOD. Fe-Trx-SOD exhibits spectroscopic features similar to those observed in WT
FeSOD and readily catalyzes superoxide dismutation. Although the rate of Fe-Trx-SOD is
~104-fold slower than that of the WT enzyme, it remains an excellent model toward
elucidating the chemical details in native proteins. Using Dezymer, Benson et al. introduced
a mononuclear (His)3 iron-binding site and an oxygen-binding pocket into Trx,8 with the
goal of creating an empty binding site on the iron center for facilitating substrate access. The
oxygen-binding center was created by examining the locations that could sterically
accommodate a molecular oxygen. Six locations were selected, including three sites in a
groove (G1-G3), two sites in a shallow pocket (S1 and S2), and one site in a deep pocket
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(D1). The redox potential of this Fe(His)3 center was location-dependent: the relatively
buried G3 and D1 sites had significantly lower redox potentials (+28 + 2 and +10 + 2 mV,
respectively), whereas the more exposed S1 site had a higher potential (+440 £ 2 mV).
Fenton, SOD, and Udenfriend reactions were tested for these mutants, demonstrating that
the stabilization of surface electrostatics, transition states, and the elimination of nonspecific
electron transfer processes all contribute to the specificity of the catalytic reaction.

In NOR, a nonheme iron center, Feg, is coupled to a heme center, which promotes the two-
electron reduction of NO, producing N,O and water.397:398 On the basis of a previously
reported CugMb construct, where a (His)3 site was introduced close to the heme center in
Mb for copper binding,3%° Yeung et al. successfully designed a NOR mimic by coupling a
nonheme iron center [Fe(His)3] to the heme center in Mb.232 Specifically, the Val68Glu
mutation was chosen in addition to the two preexisting mutations in CugMb (Leu29His and
Phe43His). The resulting FegMb protein contains a nonheme iron coordinated to three His
residues (His29, His43, and His64) and Glu68, confirmed by the crystal structure (Figure 9).
The presence of the Feg site dramatically increased the redox potential of the heme center,
from —158 to —46 mV (vs NHE), which, along with EPR data, supported coupling of the two
iron centers. Fe(l1)-FegMb was also a functional model of NOR because it was able to
catalyze NO reduction into N,O. To design a closer model of the native NOR, Lin et al.
introduced a second Glu residue in close proximity to the Feg-heme site.233 Previous reports
indicated that a few Glu residues are critical for retaining NOR activity;319:311 however,
because of the complexity of the native protein, the precise functional role of each Glu was
unknown. An lle residue on the second coordination sphere of Feg was mutated to Glu in
the simplified model, FegMDb, to elucidate its function. The crystal structure of Fe(ll)-1107E-
FegMb was solved, showing that Fe(ll) is coordinated to three His residues, Glu68 and a
water molecule situated between Fe(11) and Glu107. Glu107 was proposed to facilitate
proton uptake. Under single turnover conditions, after ~20 h, the yield of N,O catalyzed by
Fe(I)-1107E-FegMb was 24%, more than twice that catalyzed by Fe(ll)-FegMb (~10%),
highlighting the important functional role of Glu107. Moreover, the introduction of Glu107
did not alter the reduction potential of the heme center, showing that the effect of the
conserved Glu residues is not additive, but rather depends on the location of the Glu residue.
Metal ion substitutions were carried out to confirm the role of the nonheme metal center.
Structural differences such as altered H-bonding networks and coordination geometries were
observed in the crystal structures when Fe(l1) was substituted with Cu(ll) and Zn(ll),
showing that Feg site is involved in the structural fine-tuning.

Several proteins contain di-iron oxo active sites that carry out various reactions. For
example, both hemerythrin and methane monooxyganse contain a di-iron oxo site, which
functions as an O, carrier center in hemerythrin312 and a methane hydroxylation site in
methane monooxygenase (MMO).313 One of the major goals of protein redesign is to
investigate whether it is possible to swap similar active sites from proteins that exhibit
dissimilar functions, which may lead to a more in-depth understanding of how structure
relates to activities in metalloprotein active sites. DeMaré et al. redesigned the di-iron site in
rubrerythrin (Rr) to mimic that of RnR R2.314 Although the physiological function of Rr is
yet to be determined, this study contributes to improving the understanding of the functional
aspect of the di-iron center. Specifically, the authors created Rr mutants aiming to probe the
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possibility of forming a tyrosyl radical near the active site (Leu60Tyr) and to determine the
role of a coordinating Glu residue (Glu97Ala). The X-ray crystal structures for both
Leu60Tyr and Glu97Ala mutants showed minimal structural perturbation as compared to
WT-Rr. Leu60Tyr is located in a position similar to the stable tyrosyl radical-forming
position in native RnR R2; however, EPR and UV-vis spectroscopy did not show any
tyrosyl radical feature in Leu60Tyr-Rr. Ferroxidase reactions were carried out with the
mutants. Only the Glu97Ala mutant, in which the directly coordinating Glu ligand was
removed, showed decreased activity, while the distal mutation in L60Y-Rr did not result in a
change to the activity. These results suggest that the physiological reaction of Rr involves
ferroxidase-like activity. In L60Y-Rr, Tyr did not form an H-bond with an iron-coordinating
carboxylate, as would have been required to form the tyrosyl radical during the ferroxidase
reaction.

Moreover, a di-iron center with activity resembling that of MMO was introduced into RnR
R2 through a series of mutations.31° The crystal structures of RnR R2 from different species
show similar di-iron sites as well as the conserved residues Phe208, Phe212, and 11e234,
which form a hydrophobic patch. Tyr122 is believed to form a radical to initiate the catalytic
cycle for ribonucleotide reduction.316:317 To investigate the role of Phe208 and how it may
influence Tyr122 radical formation, Ormo et al. mutated Phe208 to Tyr, yielding an RnR R2
mutant that did not have a tyrosyl radical, based on the absence of a characteristic 410 nm
feature in the absorption spectrum. The Raman spectrum showed the presence of a ferric
bidentate catecholate species, likely derived from the protein rather than an exogenous
ligand. The authors postulated that the Tyr108 could be the precursor of the
dihydroxyphenyla-lanine ligand, the formation of which is proposed. Scheme 2 (Reproduced
from ref 315 with permission. Copyright 2012 American Society for Biochemistry and
Molecular Biology.) shows the self-hydroxylation activity of this di-iron center, which
involves the formation of a ferric-peroxide that transforms to a high-valent Fe(I1V)-oxo
species.

Other proteins that have been redesigned to incorporate non-native iron clusters include
metallothionein and cyto-chrome c. The numerous Cys residues in the @ domain of
metallothionein were used to reconstitute a tetranuclear cluster comprised of Fe(11).318 The
resulting complex H-apocyt ¢ was shown to be active in reducing Mb in aqueous solution
via a one-electron process, and methyl red via a two-electron process. This construct is also
capable of forming a tetranuclear cluster based on Co(ll), with a lower reducing ability than
the Fe(Il) counterpart due to the unmatched redox potential. Native cytochrome ¢ contains a
CXXC motif where the heme moiety is covalently linked to the protein. A hydrogenase
model complex, Feo(CO)g, was incorporated into apo-cytochrome c, resulting in an
assembly that can catalyze H, evolution in aqueous media.31 Using a ruthenium sensitizer
and ascorbate as a sacrificial donor, a TON of 80 over 2 h at pH 4.7 was achieved with this
model complex—protein assembly. A small heptapeptide fragment with a CXXC motif
(sequence: YKCAQCH) accommodating a (p-S-Cys),Fe»(CO)g complex was also examined
for H, evolution. The initial turnover frequency of H-apocyt ¢ showed a significant
improvement over the heptapeptide version (~2.1/min for H-apocyt ¢ vs ~0.47/min for the
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peptide fragment), demonstrating the importance of the protein environment surrounding the
di-iron center.319

Iron centers in native proteins also play important roles in hydrogen activation. The metal
cluster responsible for hydrogen activation is either a Ni—Fe heterodimeric center or an Fe—
Fe homodimeric center. The structures of both types of hydrogenases have been
reported.320-322 Growing interest in the development of new types of fuel cells underlines
the importance of understanding how hydrogenases can activate and incorporate hydrogen
into the substrate. In native systems, a di-iron subset is first assembled on maturation
enzymes HydE, HydF, and HydG, then inserted into [Fe-Fe]-hydrogenase (HydA).323 A
hybrid protein was created by incorporating synthetic di-iron motifs into a HydF protein
containing an iron—sulfur cluster.32# Three hybrid proteins were designed, differing by the
central bridgehead atom of the dithiolate, and tested for their ability to activate apo-HydA1,
which contains a single [4Fe-4S] cluster, but no di-iron subsite. The transfer of the di-iron
subsite from the hybrid protein to apo-HydA1 was examined by monitoring hydrogen
evolution. The authors examined carbon, nitrogen, and oxygen as the bridgehead atom and
found that the nitrogen-bridged HydF hybrid protein exhibits the best efficiency, and is even
more efficient than native C. acetobutylicum HydF. More importantly, this work provided
insight into the mechanism of hydrogenase maturation by supporting a proposal involving
formation of a transient HydF-di-iron-HydA1 species through the stabilization of the [Fes-
S4] cluster and alluded to a possible similarity between the natural precursor and the
synthetic model.

2.2.4.2. Redesign of Copper Centers

2.2.4.2.1. Copper Electron Transfer Centers: In addition to heme and nonheme iron
electron transfer proteins, cupredoxins or type 1 copper proteins (T1Cu) are another type of
biological electron transfer proteins that can be isolated from bacteria, algae, archaea, and
plants.325-329 Cupredoxins function in electron transport chains (e.g., photosynthesis) or in
chemical reactions by providing an electron to the catalytic site [e.g., copper nitrite
reductase (CuNiR)]. The copper site is encompassed in an overall Greek f-barrel fold, with
the metal-binding ligands in a pocket between loops, protected from solvent access. T1Cu
centers are mononuclear copper centers coordinated to two imidazole N atoms from His
residues and the thiolate from a Cys residue in a trigonal plane (CysHis,).32%:330 |n addition,
one or two weak axial ligands can be bound to the copper center, resulting in a distorted
tetrahedral geometry that is not preferred by either Cu(I1) or Cu(l) metal ions.33! This
unique structural feature provides cupredoxins with unusual spectroscopic and redox
properties. Blue copper proteins [plastocya-nin332-337 and azurin (Az)336-338] were the first
to be classified as T1Cu centers and are among the first structures made available through
X-ray crystallography.339-341 The contribution of the copper electronic structure to its
function and spectroscopic properties has been thoroughly studied,329-331,336,337,342-353

Classic T1Cu centers display a strong electronic absorption at ~600 nm and a weak band at
~400 nm, as well as a compressed hyperfine coupling constant (Aj; < 100 x 1074 cm™1) in
the EPR spectrum,332:333,336-338.351 The strong absorption band was later assigned to a Cys
S,-to-Cu(ll) charge transfer transition and the narrow A was attributed to the highly
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covalent Cu-Scys bond, reducing the interaction between the unpaired electron with the
nuclear spin of Cu(l1).351:353 |n the following years, green copper proteins
(rusticyanin,354:3%5 stellacyanin,3°6:357 and pseudoazurin3°8) were also found to have a core
Cu(CysHisy) site, with one or two axial ligands, and were classified as T1.5Cu centers
because their spectral and structural properties are between those of T1Cu and
T2Cu.327:328,331,352 T1 5Cy centers exhibit an additional absorption band at ~450 nm and
display a rhombic EPR signal, instead of the typical axial signal reported for blue T1Cu
centers. Both blue and green copper proteins have positive reduction potentials, ranging
from +180 to +800 mV (vs NHE). Moreover, nitrosocyanin, a red copper protein, was
included in the T1Cu family because it contains the conserved core residues.326:352,359-361
However, nitrosocyanin has the characteristics of a type 2 copper (T2Cu) center in a
tetragonal geometry (“normal” copper), with a strong absorption band at 390 nm and a large
hyperfine-coupling constant (A;; > 100 x 10~* cm™1). Nitrosocyanins have a reduction
potential of ~50 mV (vs NHE) and are suggested to function as catalysts in ammonia-
oxidizing autotrophic bacteria.3%9

Moreover, purple Cup centers are binuclear copper centers involved in electron transfer,
relaying electrons between cytochrome ¢ and heme a in cytochrome ¢ oxidase (CcO) and
cytochrome ¢ and the Cuy center in nitrous oxide reductase (N,OR).326:350,362-371 The
electronic and spectroscopic characteristics of Cup centers have been previously reported
and reviewed,326:330,342-344,349,350,368,372-374 | jke cupredoxins, the Cup center is found in
the loop regions of a Greek S-barrel fold with the copper ions coordinated to an imidazole N
atom from a His residue and bridged by py-sulfur thiolates from Cys residues, forming a
diamond-shaped Cu,S core structure.37>-378 This core is further supported by weak axial
ligands such as a thioether sulfur atom from a Met residue and carbonyl oxygen atoms from
Ile, His, and Glu residues. Cup centers possess a Cu—Cu bond, which is unusual for the first
row transition metals, and is the first metal-metal bond identified in biological
systems.379.380 These centers exhibit strong electronic absorption bands at 480 and 530 nm,
assigned to S-to-Cu(ll) charge transfer, and a band at 800 nm that originates from a Cu—Cu
y-y* transition.3”3 The EPR spectrum of Cup displays seven lines, which, although typical
for a Class 11l mixed-valence binuclear metal center, is extraordinary because it is a fully
delocalized mixed-valence system [Cu(1.5)---Cu(1.5)].381-383 Fyrthermore, Cup centers
have a reduction potential of about +240 mV (vs NHE), lower than that of most T1Cu
centers.326.366.384-387 \\/e review herein the redesign efforts on T1Cu and Cup centers,
which are summarized in Table 3.

2.2.4.2.1.1. Redesign of a Type 1 Copper Center: T1Cu centers have a unique coordination
environment with characteristic spectroscopic and structural properties. Elucidating how the
primary and the secondary coordination environments relate to the function of T1Cu as an
electron transfer center is a major goal in protein design. The following section covers the
transformation of a T2Cu into a T1Cu site and the incorporation of a T1Cu site into a
dissimilar native scaffold. In addition, redesign work on native T1Cu sites to modulate their
functionalities will be briefly highlighted here.

Sharing a structural similarity with cupredoxins, the active site of copper—zinc superoxide
dismutase (CuzZnSOD) is also confined in a Greek Bbarrel fold.326:402-404 cuzZnSOD
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catalyzes the conversion of superoxide into oxygen and hydrogen peroxide, where Zn(Il)
plays a structural role in the active site and copper performs the dismutase reaction.404
Although there is no sequence or active site homology between the two systems, researchers
intended to introduce a T1Cu site in CuZnSOD by mutating an active site His residue into a
Cys.405-409 On the basis of the crystal structure of the active site in CuZnSOD, there are
three types of His residues coordinating to the metal ions: His residues that are only
coordinated to copper, that is, copper-His (His46, 48, and 120); His that are only
coordinated to Zn(I1) (zinc-His, His71, and His80); and a bridging His residue that binds to
both copper and zinc ions (His63). Besides these three His residue types, an additional water
molecule is coordinated to copper and an Asp residue to zinc.19 To obtain a T1Cu center,
the logical approach was to mutate the copper-His into Cys, as reported by Lu et al. Two
mutants, SOD-H46C and SOD-H120C, were produced by site-directed mutagenesis of
CuznSOD from Saccharomyces cerevisiae.05408 |nterestingly, these mutants, upon binding
to copper, exhibited spectroscopic characteristics of a T2Cu center instead of a T1Cu center,
although sulfur to copper ligand-to-metal charge transfer (LMCT) was observed.
Specifically, the EPR hyperfine coupling constants of the mutants His46Cys and His120Cys
were significantly larger than that of a typical T1Cu center. Furthermore, as indicated by
ESEEM and 1H NMR, the His120Cys mutant no longer possessed a bridging His, likely due
to competition with the strong Cys120—copper bond, leading to breakage of the His63—
copper bond.*98 A second mutation, substituting a Zn(11)-His with Cys, was also reported
by Lu et al.#%8 In this case, a T1Cu site was created by substituting His80 with Cys at the
Zn(11) site of the original CuZnSOD. The mutant, SOD-H80C, preferably binds to Zn(Il) at
the newly constructed T1Cu site; however, adding Cu(ll) before Zn(1l) or adding only
Cu(ll) generates a site that exhibits intense absorption bands at 459 and 595 nm. These
transitions were attributed to the sulfur-to-copper LMCT excitations. The hyperfine coupling
constant from the T1Cu site was estimated to be very similar to that of stellacyanin.
Additional spectroscopic techniques, including using Co(ll) as a spectroscopic probe, were
employed to confirm the existence of a T1Cu center.496:407 H80C-Cu,Cu,SOD was also
redox active: the Cu(ll) at the Zn(ll) site (T1Cu) lost its visible absorption features when
reduced by ascorbate, a process with a higher rate than that for WT-Cu,Cu,SOD.4%¢ Banci
et al. reported substitution of the bridging His63 in CuZnSOD with Cys, showing that Cys63
preferably binds to Zn(Il) over Cu(ll), leaving a five coordinate copper center where copper
is coordinated to three His and two water molecules.#%9 These studies indicate that the
simple incorporation of a Cys ligand at the copper center in CuZnSOD is not sufficient to
construct a T1Cu site. When designing metal-binding sites, one needs to consider additional
factors, including geometric constraints and secondary coordination sphere interactions.

Admittedly, the introduction of a mononuclear center into a native binuclear metal site
complicates the interpretation of the experimental results, as one needs to take into
consideration the behavior of the second metal-binding site. Using Trx as a parent scaffold
that does not possess a native metallo-active site, Hellinga constructed a CysHis,Met center
using the automated rational protein design program, Dezymer.#1! Trx consists of five
strands surrounded by four a-helices,*12 providing multiple possible sites for the
construction of a T1Cu center. At the same time, the f/«a fold is distinctly different from the
native cupredoxin scaffold, which provides an excellent opportunity to examine the impact

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Page 24

of the secondary coordination sphere on the properties of the T1Cu center. After several
rounds of design cycles to examine the location of the site, possible competing coordinating
ligands, the coordination geometry, solvent access, and equatorial versus axial ligands, a few
mutants were prepared that exhibit strong sulfur-to-copper LMCT excitations upon binding
to Cu(lIl); however, these sites more closely resemble T2Cu centers than type 1, due to the
strong equatorial ligand and weak axial ligand. Although these efforts failed to introduce a
conventional T1Cu center with a tetrahedral coordination, this work indeed provided some
very important and interesting insight in the design of a T1Cu center. The authors
emphasized the importance of negative design approach, destabilizing the competing
structures to maintain the rigidity of a native T1Cu site, and also pointed out the necessity of
constructing an anhydrous, rigid coordination environment.

In addition to incorporating a T1Cu site into unrelated native scaffolds, Az, a native T1Cu
protein, has been widely used in studies intended for modulating the redox and electron
transfer properties of the copper center. Azurin is a small protein with a T1Cu center that
shuttles electrons in certain types of denitrifying bacteria.#13-415 At its T1Cu site, copper is
coordinated to two His (His47, 117) and a Cys (Cys112) in a trigonal plane, while weakly
interacting with two axial ligands, Met121 and a carbonyl oxygen from Gly45.416 The
electron transfer function of Az was proposed to be related to cellular redox stress.*17
Extensive studies have been carried out to probe the roles of each ligand to the spectroscopic
features, redox properties, and the impact of certain substitutions on the driving force and
the reorganization energy of the electron transfer process.365.418-432 \We focus here on
reports that demonstrate tuning of the redox potentials and the electron transfer rates of Az.

The thiolate—copper bond has been proposed to be essential to the spectroscopic and electron
transfer features of a T1Cu center. To test this hypothesis, several groups of scientists
carried out mutation studies to probe the role of copper-bound Cys. Cys112 in Pseudomonas
aeruginosa Az was substituted with Asp, resulting in significant changes to its spectroscopic
parameters, with loss of the T1Cu-featured strong absorption at 600 nm and the small EPR
hyperfine coupling constant.432 The crystal structure of the oxidized form revealed that the
overall structure of the protein had undergone minimal changes with this mutation; however,
the active site adopted a square pyramidal geometry, with an asymmetric and out-of-plane
carboxylate from Asp112 coordinated to the copper center.41® The X-ray absorption
spectrum (XAS) of the oxidized form of C112D-Az is consistent with the crystal
structure.?20 Interestingly, XAS of the reduced form indicates an approximately three-
coordinate Cu(l), forecasting a slow electron transfer rate due to the structural perturbation
upon oxidation/reduction of the copper center.#20 C112D-Az showed reversible interprotein
electron transfer activity, as demonstrated by reacting the oxidized form of C112D-Az with
reduced P. aeruginosa cytochrome css51.419 At the same time, its redox potential was lower
than that of the WT-Az (+180 mV for C112D-Az and +310 mV for WT-Az, pH 7.0, vs
NHE).365419 On the basis of the results from C112D-Az, several mutants were prepared
with the goal of expanding the range of accessible redox potentials.#21-424 |ancaster et al.
obtained high-resolution crystal structures of these mutants, which show significant
reorganization around the copper site, including reorientation of the monodendate ligation of
the carboxylate on Asp112.421 Specifically, the nonligating carboxyl oxygen from Asp112
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forms H-bonds with Asn47 and Phel114 in C112D/M121L-Az, whereas in C112D-Az,
C112D/M1211-Az, and C112D/M121F-Az, this oxygen only interacts with Phel14. The
oxidized forms of the mutants C112D/M121X (X = Leu, Phe, lle) exhibited very similar
EPR features as compared to a typical T1Cu center, but did not have an intense absorption
band due to a lack of sulfur-to-copper LMCT excitations, leading to a novel copper center
called “type zero copper”. The authors examined the electron transfer rates of these type
zero copper centers and found that they were much higher than the C112D-Az mutant with a
T2Cu.#2! Furthermore, mutants C112D/M121X-Az (X = Glu, His) have higher redox
potentials than C112D-Az,%22 a property later attributed to structural frustration around the
copper site.*23 These studies inspired researchers to re-examine rack-induced metal binding
in proteins, which refers to the preorganization of the metal-binding site in electron transfer
proteins to facilitate rapid electron transfer.425:431.433 On one hand, electron transfer proteins
require rigidity at the metal site to minimize reorganization energy upon oxidation/reduction
of the metal center; on the other, after certain residues or interactions are eliminated, the
metal ion will adopt its favored coordination while the protein environment responds to this
adjustment. The formation of different types of copper centers in Az mutants shows how
these effects influence the coordination environment of the electron transfer center.

Lu and co-workers carried out a series of studies aiming to address the roles of the Cys
ligand,388:389 the axial Met ligand,390-392 and secondary coordination sphere interactions.3
The impact of these residues on the spectroscopic and redox properties of T1Cu in Az
highlights the power in using protein redesign to deepen our understanding of the factors
that influence redox properties. Furthermore, this work showed varied intraprotein electron
transfer capability of certain mutants, which is indicative of variation of the reorganization
energy with rational design.393

The Cu-Scys bond in T1Cu centers was shown to be highly covalent, providing a path for
efficient electron transfer. 432:434:435 |n contrast, the role of axial ligands, especially Sppet,
remained unclear but was proposed to serve in controlling and tuning the redox properties of
T1Cussites. To study the role of the Scys core ligand further, Lu and co-workers used a
semisynthetic method that allows the fusion of a recombinantly expressed protein with a
synthetic peptide containing the desired selenocysteine (Sec) substitution.388:389 Thjs
technique was developed to incorporate unnatural amino acids into native protein
scaffolds.#36 The substitution of Cys112 with Sec, an isostructural analogue of Cys, was
achieved by attaching a 17-residue Sec-containing peptide corresponding to the Nterminus
of Az onto a N-terminus truncated Az. Copper-bound C112Sec-Az was further characterized
using various spectroscopic techniques (UV-vis, EPR, XAS). The selenium-to-Cu(ll)
charge transfer shifted to lower energy (677 vs ~628 nm for WT-Az), and the EPR spectrum
of the oxidized form of C112Sec-Az yielded a larger hyperfine coupling constant (104 vs 56
G for WT Az) with more rhombic character.38% Moreover, Ralle et al. reported, for the first
time, the Se—Cu bond distance situated in a protein environment to be 2.32 A. Interestingly,
the reduction potential of C112Sec-Az is similar to that of the WT-Az (+316 vs +328 mV
for WT, vs NHE). This work represents the first stable native scaffold that contains an
unnatural Sec residue at the active site of the metalloprotein.388.389
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The role of axial Met121 was studied using a similar strategy. Met121 of Az was substituted
with a series of unnatural amino acids: norleucine (Nle), selenomethionine (SeM),
difluoromethionine (DFM), trifluoromethionine (TFM), and oxomethionine (OxM),390:391
The Nle residue provides a hydrophobic moiety above the copper site, whereas SeM is an
isostructural analogue with electronic and structural properties equivalent to those of Met.
Methyl-fluorinated thioethers, both DFM and TFM, have sulfur ligands that are less
electronegative than that on Met, while OXM contains an oxygen ligand that is more
electronegative. Comparison of the absorption and EPR spectra of the variants to WT-Az
reveals minimal shifts in the S(Cys)—Cu charge transfer band. The largest shift is 6 nm for
the OxM mutant, and a difference of only 8 G in the copper hyperfine coupling constants
(Ay) is observed among all variants. The trend in shifting from blue to red, as observed in
the absorption spectra, correlates well with an increase in ligand electronegativity. As
compared to WT-Az (627 nm), the absorption maximum of the OxM variant is slightly
higher in energy, and the Nle variant has the lowest energy absorption maximum. Changes
in Ay did not follow this electronegativity trend: the OxM variant (55.7 G) had the smallest
Ay, and WT Az (63.5 G) had the highest. Overall, these findings demonstrate that unnatural
residues in the axial position have a minimal effect on the structure of the active site and
further support the role of the axial Met as a weakly bound ligand. Additionally, the trend in
reduction potentials (Nle > TFM > SeM > WT > DFM > OxM) is governed by the
hydrophobic nature of the axial ligand, irrespective of the protein scaffold, experimental
conditions, or steric differences. This trend was also witnessed in other T1Cu centers,
including those in rusticyanin,*37 fungal laccase,*38:439 and cucumber stellacyanin.440
Furthermore, axial Met121 was substituted with much stronger donors, Cys and
homocysteine (Hcy). The spectroscopic parameters and greatly enhanced interaction at the
axial position indicate that these substitutions perturbed the active site drastically.392
Specifically, M121C-Az exhibited UV-vis absorption features similar to those of a typical
blue copper center at pH below 5, while resembling that of nitrosocyanin at pH 9.0; at the
same time, the EPR hyperfine coupling constant of M121C-Az fell into the range for a type
1.5 or a green copper center. To achieve the conversion of a blue copper center to a red
copper center, Hcy was incorporated to take the place of axial Met121, resulting in a
“coupled distorted” cupredoxin site that resembles the red copper in nitrosocyanin. The
redox potentials of the mutants are lower than that of WT-Az (+95 mV for M121C-Az and
+113 mV for M121Hcy-Az at pH 7.0, vs NHE), yet similar to that of nitrosocyanin at the
same pH (+85 mV).3%9 A red copper center was also introduced into Az, without using
unnatural amino acids, by substituting the blue copper-binding loop with a red copper-
binding loop from nitrosocyanin using loop-directed mutagenesis.#4!

Redox processes, including electron transfer and catalytic oxidation—reduction reactions, are
highly sensitive, not only to the first coordination sphere of the metal center, but also to the
noncovalent, secondary interactions surrounding the redox-active site. Lu and co-workers
demonstrated that noncovalent hydrophobic and H-bonding interactions assist in tuning the
reduction potential of T1Cu proteins.3 The copper coordination environment varies slightly
between T1Cu centers in the different mutants, yet all display similar spectroscopic
properties, including strong absorptions in the visible region and small EPR hyperfine
coupling constants. Most importantly, the redox potentials of this rationally designed series
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of T1Cu centers in Az span a wider range than even native cupredoxin centers. Lu and co-
workers hypothesized that subtle differences outside the metal center can allow native T1Cu
proteins to achieve their required reduction potentials.

Marshall et al. incorporated residues in a stepwise manner that served to disrupt or introduce
H-bonding interactions at the outer coordination sphere of the T1Cu center in Az.3 An
Asn47Ser mutation was first introduced to provide an H-bonding interaction between two
ligand-containing loops in a motif found in rusticyanin (a T1Cu with one of the highest
reported reduction potentials).326.353.442.443 At pH 7.0, the Asn47Ser variant has a redox
potential ~130 mV higher than that of the WT (+265 mV vs NHE). Aiming to achieve an
additive effect, the authors introduced a Met1211 eu mutation to the Asn47Ser variant. As a
hydrophobic, nonbonding residue, Leu was previously shown to increase the potential of the
copper center by ~70 mV.425 As expected, Asn47Ser/ Met121Leu (Figure 10A) had a redox
potential ~200 mV higher than that of WT rusticyanin, demonstrating an additive effect. The
crystal structure of the Asn47Ser variant showed that the Ser mutation introduced an H-
bonding group in close proximity to the S-Cys(112) coordinating ligand and the backbone
amide nitrogen of a Thr residue, forming a Cys112-Ser47-Thr113 H-bonding network
(Figure 10A), similar to the pattern found in rusticyanin.*44445 Nonetheless, the Asn47Ser/
Met121Leu variant did not achieve a redox potential surpassing that of rusticyanin. The
copper in rusticyanin is missing an interaction with a backbone carbonyl of Gly45 that
provides an ionic interaction with copper in native Az, lowering the potential. Therefore, the
authors replaced Phel114 with an Asn residue (Asn47Ser/Phel14Asn, Figure 10B) to perturb
the H-bonding interactions and disrupt the ionic interactions at the copper center. At pH 6.2,
the triple mutant Asn47Ser/Phe114Asn/Met121Leu was determined to have a E° of +668
mV, a value exceeding that of any known rusticyanin variant.#46 The crystal structure of
Asn47Ser/Phel14Asn showed that an H-bond donor close to the Gly45 backbone carbonyl
was introduced, disrupting the H-bonding network around the copper ligands and at the
secondary coordination sphere (Figure 10B). Subsequently, Lu and co-workers aimed to
tune E° to less positive potentials. This was achieved using a Met121GIn variant, which was
previously shown to lower the redox potential of the native cupredoxin center in
stellacyanin. 447 Additionally, substitution of Phe114 with a Pro served to reorganize the H-
bonding network at the copper site. The Phe114Pro/Met121GIn mutant (Figure 10C) has a
redox potential of +90 + 8 mV at pH 7.0. When the pH was raised to 9.0, the redox potential
of this mutant decreased to -2 + 13 mV, which is the lowest potential ever reported for any
cupredoxin or cupredoxin variant. Overall, by modifying noncovalent interactions in an
additive, stepwise fashion, Lu and co-workers achieved exquisite control over the reduction
potential of Az. This work resulted in the highest and lowest redox potentials ever achieved
with a cupredoxin center, illustrating how subtle changes may influence noncovalent
interactions around a redox center, and impact the functional properties of the site. These
findings were further corroborated with subsequent XAS and DFT studies.*48

Some of these mutants with outer-sphere modifications also showed intraprotein electron
transfer activities. Farver et al.393 measured the electron transfer rates to address the
question of whether or not a large range of redox potentials can also lead to controlled
variation of the intramolecular electron transfer rates. Pulse radiolytically induced CO,~
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radical anions were introduced to these anaerobic Az derivatives to reduce the disulfide
bond, located at the opposite side of Az relative to the copper center (Figure 11A), into a
disulfide radical anion. Electron transfer between Cu(ll) and the disulfide radical anion was
tracked by measuring the absorption changes of both the Cu(ll) band and that for the
disulfide radical species. Six mutants with redox potentials ranging from +114 to +641 mV
(vs NHE) were examined, and their electron transfer rates (kgt) were measured. ket
correlates with the driving force for electron transfer, falling along the bell-shaped curve that
arises from theoretical calculations based on the Marcus theory*49:4%0 (Figure 11B). This
correlation indicates that these mutants have a low activation barrier for electron transfer
that may be attributed to increased flexibility of the mutants as compared to the WT-Az.
This effect leads to an electron transfer rate that can be up to 1 order of magnitude higher
than that observed for WT-Az. The measurements of electron transfer rates, together with
the modulation of the redox properties of Az, provide important insight into designing
electron transfer centers. The cupredoxin site needs enough rigidity to maintain its copper
coordination. For example, the coordination number of the Cu(l) and Cu(ll) states would
ideally remain unchanged during the redox process to minimize the reorganization energy.
At the same time, incorporating enough flexibility at the copper site to leave some “wiggle”
room for electron transfer can also contribute to lowering the reorganization energy.
Moreover, both primary and secondary coordination sphere interactions contribute to the
redox properties of a cupredoxin site.

In addition, an Az-polymer conjugate has been reported that exhibits thermosensitive
electron transfer behavior. An imidazole terminated poly(N-isopropylacrylamide)
(PNIPAM) polymer was introduced at the T1Cu site by replacing His117 in Pseudomonas
aeruginosa Az (Figure 12).4°1 The “smart” polymer PNIPAM switches between
hydrophobic and hydrophilic states based on temperature changes;#52-454 hence the
incorporation of this polymer directly at the electron transfer center in a native protein
should modulate its redox properties as a function of temperature. The temperature at which
the polymer turns to its hydrophobic state is called the low critical solution temperature
(LCST).452-454 His117 was first mutated to Gly, then apo-H117G-Az was reconstituted with
the imidazole-terminated PNIPAM complex in the presence of Cu(NOg3),. The absorption
spectra of Az-PNIPAM (3800 g mol~1) and Az-PNIPAM (9800 g mol~1) were collected at
25 °C (below LCST) and 35 °C (above LCST), which showed characteristic T1Cu features.
No spectral variation was observed at different temperatures, indicating that imidazole
remained bound to copper. The existence of a T1Cu center in the conjugate was also
supported by similar EPR parameters (A = 58 x 1074 cm™1, 0| =2.248,9, = 2.055) as
compared to WT-Az. Electron transfer processes were demonstrated between Az-PNIPAM
and cytochrome c at 25 and 35 °C. Watanabe and co-workers showed that the inclusion of
the PNIPAM tail slowed the electron transfer rate by about 1 order of magnitude as
compared to WT-Az. Additionally, the longer the polymer tail, the more pronounced its
thermo-sensitivity. For the smaller polymer PNIPAM(3800), the electron transfer rates were
on the same order of magnitude above and below the LCST; however, the conjugate with a
long tail, PNIPAM(9800), showed a 4-fold decrease in its electron transfer rate when the
temperature was above LCST. These observations were attributed to the collapse of the
polymer tail upon hydrophilic to hydrophobic switching when the temperature was raised.
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2.2.4.2.1.2. Redesign of Native Scaffolds To Incorporate a Cup Center: As introduced
earlier, a Cup center is a copper electron transfer cofactor that is found in the terminal
enzymes of respirational chains, for example, in CcO, N,OR, and NOR.375378 Cy, is a
binuclear copper center with a diamond shaped [2Cu-2S(Cys)] core structure and Nyis, Smet
and Opackbone ligands bound to the copper ions (Figure 13). Cupa centers have a unique
structural feature, the Cu—Cu bond, which is not commonly observed in biological systems
for first row transition metals.379:380 The richness of its spectroscopic characteristics, as well
as its electron transfer capability, make it a good candidate for comparison to a cupredoxin
center. For example, both types of copper centers function to relay electrons, and both are
situated in a Greek f-barrel fold. It is interesting to ask why nature has chosen to place the
same metal ion in two different coordination environments while possessing the same
biological function. We will summarize spectroscopic characterizations,39%:4%5 kinetic
studies,*>6:457 and investigations into the role of selected coordinating ligands and
secondary coordination sphere interactions.396:397.399,458-460 A Cy, center was first
introduced into the CyoA subunit of E. coli cytochrome o quinol oxidase complex, a
scaffold that is devoid of a copper binding site, 394461 was then built into an
Az.395-399,455-457,459,460 E|ectron transfer activities were also demonstrated for the Cua—Az
hybrid protein.3%8 Moreover, several groups have incorporated a Cua center into another
T1Cu protein, amicyanin, a cupredoxin found in methylotrophic bacteria,%%401 and showed
the electron transfer capability in these designed systems,400:401

The sequence homology of the CyoA subunit of cytochrome o quinol oxidase to a
cupredoxin was investigated, and the Cup binding motif was incorporated by substituting a
SASYSGPGF sequence with a CAEICGPGH sequence. The Cys and His residues were built
properly, together with the other important conserved residues, to create a Cup center,394
The absorption spectrum of Cua-CyoA resembled that of native N,OR.384:463:464 The redox
potential of the Cup mutant (+260 mV) matches that of the purple copper center in
N,OR.384 Subsequently, several derivatives were made from the purple copper CyoA,
which demonstrated the importance of the His and Cys residues in keeping the integrity of a
Cup center.#61 Three categories of mutants were studied, out of which only one type of
mutant with a nearby Glu mutated into an Ala maintained the Cup characteristics; the other
two types with mutations on the coordinating His, Cys, or Met yielded either a blue or a
brown copper center or the loss of copper binding capability. The authors demonstrated that
at least five residues, two His, two Cys, and one Met, were essential to construct a Cup
center.461

A Cup center was then incorporated into an Az, taking the place of the T1Cu center, by Hay
et al.3954%5 A short Cua binding sequence was attached to a recombinant Az, replacing the
original loop region that accommodates the T1Cu center.39 One of the variants with Trp120
mutated to Leu to avoid steric hindrance exhibited an intense purple color upon binding to
Cu(ll). The absorption features at 350, 485, 530, and 765 nm and the EPR parameters were
very similar to those of the Cup center in CcO.465 Metal substitution studies with Hg(11) and
Ag(l) further indicated that the two copper binding sites might have particular preferences or
selectivity, suggesting that the two binding sites might not be equivalent.#® The reduction
potential of Cua-Az was measured by cyclic voltammetry (CV) and was shown to be pH-
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dependent.39 At pH 5.0, the reduction potential of Cua-Az was +270 mV, similar to that of
the native Cc0.387465 However, as the pH was lowered from 7.0 to 4.0, the reduction
potential increased by about 180 mV (160 mV at pH 7.0 to 340 mV at pH 4.0, vs NHE), a
change attributed to the different protonation states of His120.3%

Although at this point researchers have already obtained a significant amount of knowledge
on the spectroscopic and structural features of a Cup center, the mechanism of copper
incorporation into a binuclear binding site is still not very well understood. The kinetics of
copper binding to Cua-Az were examined by Wang et al. using stopped-flow UV-vis
spectroscopy, aiming to unveil the important intermediates formed during the uptake process
of copper ions by apo-Cua-Az. %6 On the basis of the appearance of the initial absorption
bands at 386 and 765 nm, and the transformation of these bands into characteristic Cua
features at 485, 530, and 770 nm, they proposed that the copper incorporation process goes
through a tetragonal Cu(11)-S(Cys) intermediate, corresponding to an initial 386 nm LMCT
band. Moreover, an in situ reduced Cu(l) was also thought to be important in building the
binuclear center in Cua-Az.4%6 Further studies suggested that not only is a blue copper
involved in the formation of this binuclear center, but that a red copper may also be an
intermediate depending on the pH and copper equivalents.*>” For example, at pH 5.0, in the
presence of 0.4 equiv of CuSQOy,, Cu(ll) was initially captured as a T2Cu, then it transformed
to an unidentified intermediate I, followed by the transition into a T1Cu and then Cua. On
the basis of the spectral evolution at different pH conditions, Wilson et al. proposed a more
detailed mechanism for copper uptake by Cua-Az (Figure 14). The addition of Cu(ll) to a
solution of apo-Cua-Az rapidly leads to a red T2Cu intermediate, and then three pathways
might occur. The middle pathway directly leads to the formation of the Cup center due to
the reduction of a Cu(ll) into a Cu(l) in situ by the thiolates in Az. At lower copper
concentrations, the reaction goes through the top pathway, where the intermediate I, forms
possibly through a structural rearrangement, and then it converts to a Cup center upon
binding to an in situ reduced Cu(l). At higher pH values, the reaction goes through the
bottom route, where a T1Cu center appears after the red copper formation involving a
possible Cu(His46)(His120)-(Cys112) coordination. This T1Cu center then combines with a
reduced Cu(l) to form a Cup center.45” The intermediates reported in this work were very
similar to those reported for the native Cua metalation process in cytochrome oxidase,
although one should recognize that copper is inserted in vivo from the Cu(l) oxidation level
using a metallochaperone.#66

Similar to T1Cu centers, the coordinating ligands in Cup centers are categorized into three
groups, and the roles of each of them were examined in several contributions,396:397.458-460
There are two His residues at the equatorial position, four axial residues with sulfur or
oxygen as coordinating atoms, and two bridging Cys residues (Figure 13).462:467

The coordinating His120 was substituted to Asn, Asp, Ala, and Gly to study the influence of
the equatorial ligand on the properties of the Cup center in the Az scaffold.48 Prior to this
work, the mutation of the equatorial His of a Cup site in CcO to Asn was reported by Farrar
et al., resulting in no significant changes in the Cua UV-vis and EPR spectra.#68 Consistent
with the Cup site mutagenesis in its native scaffold, the Cua-Az derivatives His120Asn,
His120Asp, and His120Ala showed very similar UV-vis absorption features and EPR
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parameters as compared to those of the Cup site in N,OR.458:469 This strongly suggests that
the equatorial His120 is not essential in maintaining the binuclear core of the Cup center.
Moreover, the double mutants His120Gly/Asn119X (X = Asp, Ser, or Ala) were created to
test the hypothesis of whether Asn119 can replace His120 to coordinate copper.4> The
mutation His120Gly was introduced to create an empty coordination site on the copper ion
to allow the binding of potential exogeneous ligands such as imidazole, chloride, and azide.
Berry et al. observed no significant changes in the UV-vis and EPR spectra of the double
mutants, suggesting that Asn119 is not the replacement ligand for His120. This study
showed that the His120X mutants are relatively stable with regards to the identity of the
replacing residues.*>9 Furthermore, Hwang et al. determined the redox potential for the
H120A-Cua-Az mutant and demonstrated the pH-dependent behavior of the original Cua-
Az.39 His120 was also identified as a trigger for the pH-dependent redox potential change,
providing important insight into the functional role of each of the two equivalents of copper
ions in native CcO. In bovine heart CcO, His204, which corresponds to the His120 in Cua-
Az, plays an important role in the proton-coupled electron transfer chain. This pH-dependent
behavior might be reflective of the mechanism to regulate the proton-coupled electron
transfer process.

The axial Met is a conserved residue in both Cup and T1Cu centers; however, its influence
on the properties of these two types of copper centers is dissimilar, as reported by Hwang et
al.397 As compared to the substitution of the axial Met in native Az, which resulted in a
redox potential change of as much as 170 mV, the mutation of the axial Met in Cup-Az only
led to a variation in the redox potential by up to 24 mV. In addition, the role of the bridging
Cys was examined in Cua-Az by replacing the Cys112 and Cys116 with Ser.460 C112S-
Cup-Az and C116S-Cup-Az exhibit spectroscopic features different not only from the
parent construct Cua-Az, but also from each other, which is very interesting considering that
these two Cys residues are almost geometrically equivalent. The Cys112Ser mutant was
most likely to contain two distinct T2Cu centers, while the Cys116Ser mutant resulted in a
mononuclear T1Cu center. Detailed analyses on the crystal structure of Cua-Az*67 revealed
that Cys112 and Cys116 experienced different H-bonding interactions with neighboring
residues, leading to the differences upon mutations. This study, combined with the previous
work on the role of the axial Met ligand and the equatorial His ligand, indicates that the
bridging Cys residues are more important for keeping the structural integrity of the Cup
center in Cup-Az.

As discussed earlier, changing the secondary sphere interactions can alter the redox potential
of the T1Cu center in Az by up to a few hundred mV.3 New et al. examined whether similar
changes to the noncovalent interactions would result in the same extent of redox potential
variation in Cua-Az. 399 In the blue Az, two mutations, Asn47Ser and Phe114Pro, altered
the H-bonding interactions around the coordinating Cys112, but Asn47Ser increased the
redox potential while Phe114Pro decreased the potential.3 In Cupa-Az, the residue at the 114
position is Glu. Similar effects were observed in Cua-Az, with Asn47Ser elevating the
redox potential by 30 mV (from 277 mV in Cua-Az to 307 mV in N47S-Cua-Az, vs NHE)
and Glul14Pro decreasing the redox potential by 42 mV (from 277 to 235 mV in E114P-
Cup-Az) at pH 7.0. The change in the redox potentials upon these mutations is less than that
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in the blue copper Az (+99 and —67 mV for Asn47Ser and Phel114Pro, respectively), likely
due to the fact that purple Az has two copper centers and two thiolate ligands that can share
the variation in the electronegativity upon changing the H-bonding interactions involving the
bridging Cys residues.

One of the major goals of incorporating a purple copper center into a native blue copper
protein is to test whether this site maintains its native function: electron transfer. Farver et al.
examined the electron transfer rate of Cua-Az.3% The benefit of having a Cua center in an
Az scaffold is that it allows for a direct comparison of the electron transfer rates between the
two core structures, a diamond-shaped binuclear Cu,S; structure and a T1Cu
[Cu(His),(Cys)] structure, without the perturbation from the differences in the secondary
structure. Using the same pulse radiolysis method as introduced earlier, intramolecular
electron transfer rates were measured between the Cup center and the disulfide-bond
containing RSSR™ radical anion. The intramolecular electron transfer rate of a Cup center is
almost 3 times faster than that of a T1Cu center at low pH. Even though the driving force
calculated based on differences between the redox potentials of the electron donor and
acceptor for Cup-Az is smaller than that of the WT-Az, the reorganization energy of the
mixed valent Cu(1.5)---Cu(1.5) purple copper site is only one-half of that of a blue copper
center, leading to a more efficient electron transfer center.398

Similar work substituting a T1Cu center with a Cup center has also been carried out by a
few other groups.#90:401 An amicyanin is a periplasmic blue copper protein that transfers
electrons from metholamine dehydrogenase (MADH) to cytochrome in the respiratory
chain.#70-472 Dennison et al. introduced a Cup center in amicyanin by substituting the
sequence from Thr94 to Phe98 in native amicyanin into a Cup binding sequence previously
used to introduce a Cua motif into a copperless protein scaffold CyoA.394400 Specifically, a
Bacillus subtilis CcO Cup binding loop was incorporated into a Thiobacillus versutus
amicyanin. Both the absorption and the EPR spectra of Cua-amicyanin were very similar to
those of the Cua domains of CcO and N,OR.400:465.473 The intermolecular electron transfer
activity of Cua-amicyanin was later demonstrated by Jones et al.*01 As compared to the
previous work, a slightly different Cupa binding sequence from P. denitrificans CcO loop
was used and incorporated into a P. denitrificans amicyanin. The characteristics of a mixed-
valent binuclear copper center were observed in the absorption spectrum, and the redox
potential of this site is +273 mV, similar to that of native Cup centers.387:465 Jones et al.
showed complete oxidation of cytochrome c-55li, one of the native redox partners of
amicyanin, when mixed with 1 equiv of Cua-amicyanin. The engineered Cua-amicyanin
was not, however, able react with MADH, likely due to its inability to bind to MADH as a
consequence of the mutated loop.401

2.2.4.2.2. Copper Catalytic Centers: Heme-copper oxidases (HCOs) are a class of important
terminal oxidases that catalyze the reduction of molecular oxygen to water, coupled to
proton translocations, which drive the synthesis of ATP in eukaryotic mitocondria and
bacteria.*”4-479 HCOs contain a bimetallic iron-copper center with a Cug site located above
the heme porphyrin plane, and coordinated by three His residues and a hydroxide ion in a
tetrahedral geometry.#80 Because native HCOs are large membrane proteins that contain
other metal-binding sites, it is challenging to isolate the Cug-heme site for biochemical
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studies. Lu and co-workers introduced a Cug center into Mb, a small globular oxygen-
binding protein that does not contain a copper site in its native state.229.260.309 \ith the
guidance of molecular modeling of sperm whale myoglobin (swMb), two mutations were
introduced, Leu29His and Phe43His, which, combined with the distal His64 residue, formed
a (His)3 copper binding site.3%° The double mutation did not perturb the structure of the
protein or the integrity of the heme center. The difference spectrum before and after Cu(ll)
addition indicates a single Cu(ll)-binding site. An important method to characterize the Cug-
heme site in HCOs is to examine the binding of a small bridging ligand. Cyanide was
titrated into a solution of CugMb, while observing changes in the UV-vis spectra from a
high- to low-spin heme. In the presence of copper, the change required less cyanide. These
results indicate that cyanide interacts with both Cug and heme iron, which is further
supported by EPR studies. Moreover, the disappearance of the Fe(l11)-heme EPR signal
upon addition of copper to CugMb indicates a spin coupling between the iron and the copper
center, which is another important feature of HCOs. The kinetics of oxygen binding and its
reduction at the CugMb site was studied by Sigman et al.229 In the absence of copper, the
oxygen-binding ability of CugMb decreased in comparison to the WT protein. However,
once a redox-inactive metal was added (e.g., Ag(l)), the oxygen affinity was enhanced.
Kinetic studies of oxygen reduction suggest that the copper ion facilitates the reduction of
oxygen, which then converts heme to verdoheme. The role of protons in this reaction was
also investigated, showing that protons are necessary for maintaining the integrity of the
heme center by inhibiting the conversion from heme to verdoheme.22? The redox properties
of CugMb were examined by Zhao et al. using UV-vis spectroelectrochemistry, showing
that the redox potential of the heme iron center is strongly dependent on the surrounding
environment and electrostatics at the distal site.269 Specifically, the redox potentials were
determined for CugMb in the presence and the absence of the bridging ligand cyanide,
Cu(ll), and a redox-inactive Zn(ll). The cyanide free complexes generally have higher redox
potentials than the cyanide-bound complexes. Most importantly, in the absence of cyanide,
the redox potential of the heme center remained the same (+77 to +80 mV, vs NHE). This is
true whether or not a divalent cation was present. However, in the presence of CN~, the
redox potential of Cu(ll)-CugMb was 16 mV higher than CugMb; and that of the Zn(I1)-
CugMb was even higher, an effect attributed to the addition of positive charge close to the
heme center. These studies provide important insight into the role of Cug and proton
coupled redox processes in native HCOs. Furthermore, they established a foundation for
future work to increase the oxidase activities.

X-ray crystallography and relevant biophysical studies revealed that an important feature of
native HCOs is a cross-link between the copper-coordinating His24 and a Tyr244 residue
that form a covalent bond between the carbon C6 of the Tyr residue and nitrogen Ne, of the
His residue. This covalent link is responsible for the decreased pK, values of both the phenol
and the imidazole groups.*®1-484 The importance of the Tyr residue at the active site was
also demonstrated for the engineered HCO system CugMb. Miner et al. introduced a Tyr
residue at two different positions close to the copper-coordinating His of the Cug site,
aiming to examine whether this functionality would lead to higher efficiency in the
reduction of oxygen to water.48> |A Phe four residues away from the copper-coordinating
His29 was substituted with a Tyr to mimic the native HCO, leading to F33Y-CugMb. The
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second design was based on the crystal structure of a cbb HCO,#86 and resulted in the
G65Y-CugMb mutant. This second mutant exhibited higher product selectivity than F33Y-
CugMb and could cleanly reduce oxygen to produce water with a higher TON that was
attributed to the better positioning of the Tyr residue. Having demonstrated the importance
of the Tyr residue in close proximity to the copper-coordinating His, to further investigate
the role of this cross-linked Tyr-His functionality, Liu et al. introduced an unnatural amino
acid imiTyr (Figure 15) into the engineered CugMb protein, yielding imiTyrCugMb.231
Cu(ll) binds to imiTyrCugMb with a K4 of 1.6 pM, with a perturbation of the Soret band of
heme. The rate of oxygen reduction was measured in the presence of a reductant and a redox
mediator; and catalase and SOD were introduced to distinguish between the formation of
water and reactive oxygen species. The oxygen reduction assay showed that imiTyrCugMb
carries out an efficient and selective oxygen reduction to produce water only when Cu(ll) is
bound to the protein. More importantly, the TON of Cu(ll)-imiTyrCugMb was almost 3
times that of Cu(11)-F33YCugMb (a mutant lacking the Tyr-His cross-link). These studies
demonstrated the functional significance of the Tyr-His cross-link in maintaining sufficient
catalytic activity.

A site similar to a Cug-heme is a nonheme iron center (Feg) that is coupled to a heme
center, an active site present in native NOR. The presence of a Cug or a Feg center coupled
to the heme cofactor is a determinant for the function of the site.307:308 Zhao et al. examined
the influence of the nonheme metal ion on the reaction of NO using an engineered protein
CugMb.230 The absorption spectrum of ferrous-CugMb-NO was similar to that of the
WTswMb-NO.487:488 | the presence of Zn(l1), the absorption spectrum possesses features
associated with a five-coordinate ferrous heme-NO species.*82 Moreover, the binding of
Cu(l) at the Cug site weakens the Fe—His bond, as suggested by both UV-vis and EPR
spectroscopies. The difference between the effect of Zn(Il) and Cu(l) binding was attributed
to the difference in the oxidation states of the two metal ions. Catalytic NO reduction was
observed for Cu(l)-bound CugMb. The authors suggested that native NOR may have an
nonheme iron center instead of a copper center because Fe(ll) binding leads to a further
weakening of the heme Fe—His bond and facilitates the heme Fe—-NO interaction. Further
studies on the derivatives of CugMb to generate a mimic of NOR are reviewed in a previous
section (2.2.4.1.2: Nonheme Iron Catalytic Centers).

2.2.4.3. Redesign of Manganese Centers: Manganese is another important redox-active
metal with several biological roles. Manganese has a wide variety of formal oxidation states,
providing richness in its redox chemistry. Manganese-containing proteins also play
important roles in microorganisms, plants, and animals. Manganese catalase and manganese
superoxide dismutase (MnSOD) are important antioxidant defense enzymes in certain types
of oxygen-consuming organisms.298.490-496 A manganese cluster functions as the oxygen-
evolving center (OEC) in Photosystem 11 of plants and photosynthetic bacteria.#97-501
Moreover, manganese-containing enzymes are involved in diverse metabolic pathways
including DNA synthesis®92 and protein modification by glycosylation.593-505 The effort of
redesigning manganese centers into proteins has focused on incorporating a manganese
center into a foreign protein scaffold to carry out desired functions, improving native
catalytic activity, and creating a novel magnanese binding site with functional importance.
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These studies have addressed different fundamental aspects of structure—function
relationships in metalloenzymes and propelled the design of novel functional
metalloenzymes toward potential applications in therapeutics.

Using a metal-substitution strategy, manganese was bound to apo-CA to obtain artificial
enzymes capable of catalyzing epoxidation and peroxidation reactions.596:507 A few
Thr199X mutants of Mn-CA were tested for epoxidation activities to investigate how the
Thr199 side chain influences the epoxidation yields and enantioselectivity.>%6 Thr199Asp
and Thr199Glu abolished the epoxidation activity, whereas Thr199Ser and Thr199Ala
showed almost the same activity as compared to the WT-Mn-CA, but the enantioselectivity
decreased drastically, indicating that the Thr199 side chain was important for inducing
asymmetric catalysis. Moreover, Mn-CA was also examined for its peroxidase activity.597
Okrasa and Kazlauskas showed that Mn-CA catalyzes the oxidation of o-dianisidine with a
catalytic efficiency comparable to native HRP (for HRP, keai/Ky, = 57 % 108 M~1 s71:508
Mn-CAIl, keat/Kin = 1.4 x 106 M1 s71),

Researchers have always been fascinated by the similarities and differences between
manganese and iron centers in metalloenzymes. For example, manganese peroxidase (MnP)
is a heme peroxidase that shares structural and functional similarities with a CcP°%9 and a
lignin peroxidase (LiP):510 all three enzymes contain a heme center, and they all catalyze the
oxidation of organic molecules by peroxide.299-514 However, different types of peroxidases
oxidize different categories of substrates and undergo slightly different reaction pathways.

In MnP, Mn(I1) binds to two Glu, one Asp, one heme propionate, and two water molecules
in an octahedral geometry.>11

Yeung et al. designed a manganese center into CcP to examine the structural and functional
role of manganese in a similar local environment but in a foreign protein scaffold.228 After
comparing the crystal structures of CcP and MnP, they chose to carry out triple mutations on
CcP (Gly41Glu, Val45Glu, and His181Asp), which together with the propionate from heme
available for coordination, mimicked the binding site of manganese in the MnP. The
absorption spectrum of MnCcP was similar to those with Mn(I1) bound to the periphery of
the heme center. The oxidation of Mn(11) by H,0, was examined for Mn(11)-MnCcP, which
showed higher rates than those of WTCcP.228 Using proton NMR techniques, and on the
basis of the broadening of specific signals due to Mn(lIl) binding, Wang et al. demonstrated
that the desired manganese binding site was obtained.>1® The binding of Mn(lI) did not
perturb the structure of the heme distal site but altered the heme proximal site. A more
detailed comparison of the active site of CcP and MnP revealed that there are two Trp
residues in close proximity to the heme center in CcP, while in MnP, two Phe are at the
corresponding positions. Gengenbach et al. carried out mutations of Trp into Phe in MnCcP
to incorporate more structural details of the Mn-heme center, further illustrating the role of
these noncoordinating, radical-forming residues in the redox process.>16 In native CcP,
Trp191 and Trp51 were shown to be involved in the modulation of the reactivity of the high-
valent heme center.517-519 Three mutants were designed [MnCcP(W191F), MnCcP(WS51F),
and MnCcP(W191F, W51F)] to study the kinetics of Compound I formation, decay, and
manganese oxidation. Specifically, by substituting a Trp with a Phe, which is more difficult
to oxidize, the decay time of Compound I increased significantly, indicating that this
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mutation disturbs the relay of radicals. Compound Il formed as the active intermediate
during the Mn(lIl) oxidation process instead of Compound 111 (formed by the reaction of
Compound Il with excess peroxide). Compound Il was shown to be important in
maintaining the catalytic activity. Moreover, MnCcP and its derivatives exhibited pH-
dependent activity, similar to its native counter-part. 520 High-resolution crystal structures of
the metal-free and Co(Il)-bound forms of MnCcP.1, a slightly different design with
Asp37Glu, Val45Glu, and His181Glu mutations, were reported, showing that the metal-free
MnCcP.1 matches the structures of the active site of the native MnP.521 Moreover, the
MnCcP.1 had a 2.5-fold increase in its catalytic efficiency from the previously reported
construct. Inhibition assays were carried out for several divalent metal ions: Ca(ll), Mg(l1),
Co(ll), Ni(Il), and Zn(l1), showing that Ca(ll) did not inhibit the reaction while Zn(1l) had
the greatest inhibition (maintained 37 + 2% of the activity without the inhibitor).>21 Wilcox
et al. reported a similar design that incorporates a Mn binding site into CcP to mimic
MnP.522 Initial screening of the possible appropriate manganese binding sites brought up
two candidates, one of which, MP6.1, was almost the same design as Yeung’s construct,228
while the other one maintained the His at 181 position. Importantly, Wilcox et al. have
observed intramolecular electron transfer activity between magnanese and heme iron.522

Another important manganese center in biology is the manganese cluster in the OEC of
Photosystem Il (PSII). The crystal structure of PSII unveiled a Mn4CaOs cluster, where
three manganese, one calcium, and four oxygen atoms form a cubane-like structure and the
fourth manganese connects to the cubane through a p-oxo bridge.59 Numerous synthetic
complexes have been reported to mimic the structure and function of this cluster, which
have provided a significant amount of mechanistic insight.>23-525 The incorporation of such
a site in a native protein can be challenging. Nevertheless, installing a redox-active
manganese binding site situated in a protein environment is a good starting point for the
purpose of understanding the role of each manganese ion and how its ligation contributes to
its properties. Thielges et al. reported the design of a manganese binding site in a
bacteriochlorophyll a dimer (P), which showed light-induced redox activity similar to that of
OEC.526 The pigment—protein complex P can be oxidized upon excitation through an
electron transfer process to a quinone via intermediate cofactors.>27:528 The engineered
manganese center in such a protein would serve as a secondary electron donor to P*. Three
substitutions Met168Glu, Val192Glu, and Gly288Glu were designed in the M subunit,
together with the native Glu173 and water molecules, to achieve the appropriate octahedral
binding site. Four mutants were generated on the basis of the combination of these
substitutions. In the absence of Mn(l1), the light-induced reaction of the mutants exhibited
spectroscopic properties similar to those of WT-P. When Mn(ll) was present, P* oxidized
Mn(I1) after illumination, producing a decrease of P* absorption feature dependent on the
Mn(11) concentration. X-ray crystallography was used to determine the structural changes
associated with the incorporation of the manganese center, showing structural similarities
between the mutant and PSII in terms of the relative locations of the Mn ion/cluster, the
quinone, and the chlorophylls (Figure 16). This study provided a foundation for designing a
light-induced metal catalytic center for potential biomedical applications.
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2.2.4.4. Redesign of Rhodium Centers: One of the simplest strategies for protein redesign
is metal substitution. We already introduced one example in section 2.2.4.3: Redesign of
Manganese Centers (Mn-substituted CA®06:507)_ Using the same strategy, Kazlauskas and
co-workers have carried out the design of a rhodium-substituted CA (CA-[Rh]) that
catalyzes the stereoselective hydrogenation of olefin and the regioselective
hydroformylation of styrene.>39:531 To minimize the nonspecific binding of rhodium to the
surface residues of the protein, particularly His and Lys, they carried out either site-directed
mutagenesis or a combination of site-directed mutagenesis and modification of His residues
using the His-selective reagent diethylpyrocarbonate (DEPC) to prevent rhodium binding.
Rhodium-substituted WT-CA and several mutants with low surface-bound rhodium ions
were selected to test for cis-stilbene hydrogenation.>30 While the hydrogenation was
observed under 5 atm of H», the isomerization product was also generated during the
reaction. The isomerization was thought to be catalyzed by the surface-bound rhodium
because the reaction catalyzed by mutants with low surface-bound rhodium produced a
significantly lower level of the trans isomer. In addition, the authors demonstrated that the
rhodium bound to the active site of CA selectively catalyze the hydrogenation of cis-stilbene
over trans-stilbene. This selectivity was attributed to the structure of the hydrophobic pocket
defined by a few active-site Val, Leu, and Trp residues. Furthermore, Kazlauska and co-
workers investigated the hydroformylation activity of CA-[Rh].531 They showed that both
rhodium-substituted WT-CA and several mutants with lower surface-bound rhodium were
able to catalyze the hydroformylation of styrene into 3-phenylpropanal (linear) and 2-
phenylpropanal (branched). It was also shown that the production of the linear product was
due to the CA-active-site rhodium instead of the surface rhodium. The highest selectivity
reported was approximately 8.4-fold linear aldehyde over branched aldehyde. Computer
modeling was employed to explain the regioselectivity, which showed that the active site
accommodates the linear aldehyde with the carbonyl group closer to the rhodium center, a
feature that is important for the reductive elimination reaction.

2.2.5. Artificial Metalloenzymes for Regio- and Enantioselective Catalysis—The
synthetic chemists’ pursuit of regioselectivity and stereoselectivity in organic chemical
transformations is a nontrivial task. Thus, it comes as no surprise that the field of protein
engineering provides both great opportunities (e.g., exploiting the inherent chirality of
synthetic catalysts) and great obstacles (e.g., defining proper substrate binding and
orientation). Protein design applies the general principles of organic, inorganic, and
supramolecular chemistry to yield hybrid catalysts with the molecular recognition ability of
proteins and the broad reactivity scope of small molecule catalysts. The combination of
transition metals and organometallic catalysts with proteins has yielded a library of artificial
enzymes for regio- and enantioselective catalysis.532 There are a few main approaches to
attaching synthetic catalysts to protein scaffolds: supramolecular anchoring (with biotin-
avidin (Avi) being the most commonly employed form), dative anchoring (direct
coordination to the metal center), and covalent attaching. Examples of each strategy are
included below.

2.2.5.1. Supramolecular Anchoring Approach: The pioneering work carried out by
Wilson and Whitesides set the first example of utilizing biotin—Avi noncovalent
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interactions.532 They attached a diphosphinerhodium(l) moiety onto biotin, which was then
incorporated into Avi to carry out enantioselective homogeneous hydrogenation. Ward and
coworkers have developed a series of artificial enzymes that rely on strong noncovalent
interactions to anchor organometallic catalysts within natural proteins.>34 Biotin has an
extremely high affinity for the proteins Avi and Sav (K, &~ 1013 and 101 M1,
respectively).535-538 Fyrthermore, the derivatization of the valeric acid side chain on biotin
caused no significant decrease in this affinity, making it a promising attachment point for an
organometallic compound. A short spacer between the biotin and organometallic catalyst
precursor ensured that, once bound, the active site resided within the well-defined chiral
environment of the protein (Figure 17). There are several advantages to this hybrid
supramolecular approach to catalyst design. No chemical step is required for the coupling of
the biotinylated catalyst precursor to the protein, so the integrity of the organometallic
species is not compromised. Moreover, because the catalyst and the host protein are
developed separately of one another, they can be optimized independently through synthetic
and molecular biology approaches. Diversity in the catalyst precursor was achieved by
varying the length and chirality of the spacers between the biotin and the chelating group,
the nature of the chelating group, and the metal itself. On the other hand, the host protein
could be diversified using random or site-directed mutagenesis, which do not influence the
overall protein structure.538 This chemogenetic approach yielded a diverse library of
compounds to be screened for activity and selectivity in abiotic reactions. The resulting
hybrid catalysts have features of both enzymes (activity in water, selectivity relies on second
coordination sphere interactions, optimization by mutagenesis) and homogeneous catalysts
(broad substrate tolerance, chemical optimization).>39 In general, the activity of the enzyme
is dictated by the organometallic catalyst precursor, while the selectivity is reliant upon
mutations to the host protein.

2.2.5.1.1. Enantioselective Hydrogenation of Alkenes: As a proof-of-concept, an artificial
enzyme was developed for the enantioselective hydrogenation of acetamidoacrylic acid to
acetamidoalanine. The organometallic catalyst [Rh(COD),]-BF4 was biotinylated with
ligands Biot-3 through Biot-6 and then incorporated into Avi, neutravidin, and Sav (Scheme
3, reproduced from ref 540 with permission. Copyright 2003 American Chemical
Society.).>0 Because of its relatively large binding pocket and tolerance to mutation, Sav
was found to be the best host protein. Generally, Biot-3 with a more flexible linker showed
higher enantioselectivity than Biot-4. The most selective artificial catalyst, [Rh(COD)
(Biot-3)]CSav S112G, gave a quantitative conversion with 96% ee (R) after 15 h.50 Further
screening of the above biotin-spacer-ligand scaffolds with seven host proteins (2 WT, 5
mutants) led to [Rh(COD)(Biot-51-4)]C Avi, an artificial enzyme that selectively produces
(S)-acetamidoalanine (80% ee).>*1 These results established the ability of this approach to
yield enantioselective catalysts with features of both enzymatic and homogeneous catalysts
by exploiting the secondary coordination sphere of the host proteins.>42 To diversify the host
protein scaffold further, saturation mutagenesis was carried out on position 112 of Sav.543
The combination of these 20 proteins with the 18 biotinylated catalyst precursors (Biot-3—
Biot-6, Scheme 3) yielded 360 artificial metalloenzymes, which were screened as catalysts
for the hydrogenation of a-acetamidoacrylic acid and a-acetamidocinnamic acid.
Fingerprint displays of the enantioselectivities (both (R) and (S)) revealed the importance of
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the linker and side chains for activity and selectivity. To further establish the location of the
catalyst within the biotin-binding pocket of Sav, association constants were measured for
prototypical cationic biotinylated rhodium-diphosphine catalyst precursors and host proteins
at pH 7 (K, = 1077 M1 for Avi and K, = 1071 M~ for Sav).54! CD revealed cooperative
binding of the biotinylated complexes.>** Next, the stereochemistry of the acetamidoalanine
formed from the hydrogenation of acetamidoacrylic acid was monitored when the ratio of
[Rh(COD)(Biot-3)]* to Avi and Sav was varied.>* The ee decreased slowly with the
addition of excess [Rh(COD)(Biot-3)]*, suggesting that when bound the catalyst is more
active and selective than when unbound. Low substrate solubilities precluded the direct
measure of rate constants (k¢4t), but the relative rates of the free and protein bound
[Rh(COD)(Biot-3)]* could be determined. The catalyst bound within Avi and Sav displayed
12.0- and 3.0-fold acceleration over the unbound catalyst, respectively. This “protein-
accelerated catalysis” is similar to ligand-accelerated catalysis, in which reaction rates for
heterogeneous and homogeneous catalysis are accelerated upon the addition of a ligand to a
catalyst that performs even in the absence of that ligand. These studies were reviewed
previously by Thomas et al.>42 and Steinreiber et al.”

Having established the effects of short achiral spacers on activity and stability, enantiopure
amino acid spacers were introduced between the Biot-3 and Biot-4 (Scheme 3) anchors and
the rhodium-diphosphine moiety.>46:547 (R)- and (S)-Phe, which may form 7 bonds with
the four Trp residues that line the biotin-binding pocket of Sav, and (R)- and (S)-Pro, which
have restricted degrees of freedom, were chosen. Again, the hydrogenation of a-
acetamidoacrylic acid and a-acetamidocinnamic acid was studied. For both substrates with
the Biot-3 anchor, the (R)- and (S)-Phe spacers gave moderate selectivity (64% and 73% ee
for (R) and (S), respectively), the (S)-Pro spacer gave low selectivity (23% ee (R)), and the
(R)-Pro spacer yielded ~90% ee (S).>46 Only modest activities and enantioselectivities were
observed with the Biot-4 anchor.>*” These differences suggest that the chiral environment
and position of the catalyst within the protein change upon inverting the spacer
configuration, showing the importance of secondary interactions to achieve selectivity. Next,
these four biotinylated catalyst precursors were combined with the 20 proteins generated by
saturation mutagenesis at position 112 on Sav, screened for selectivity, and analyzed by
fingerprint display.548 Here, genetic modification of Ser112X Sav yielded more diverse
outcomes than it did for the achiral spacers. Additionally, Avi was shown to yield 86% ee
(S) using [Rh(COD)Biot-(R)-Pro-3]*CAvi. Moreover, up to 45% DMSO was found to be
tolerable allowing one to expand the number of suitable substrates, and the catalyst was
immobilized on Biotin-Sepharose while maintaining selectivity.”-54% Besides Avi and Sav,
burkavidin, secreted from the human pathogen Burkholderia pseudomallei, was isolated,
purified, characterized, and used as a scaffold for an artificial metalloenzyme.>50 [Rh(COD)
(Biot-3)]* and [Rh(COD)(Biot-(R)-Pro-3)]* were incorporated into burkavidin and screened
for catalytic activity in the hydrogenation of N-acetamidoacrylic acid and N-
acetamidocinnamic acid. N-Acetamidoacrylic acid showed 39% ee (R) and quantitative
conversion, while N-acetamidocinnamic acid gave 65% ee (S) and only 21% conversion.
This modest enantiomeric enrichment suggests that catalysis occurs in the biotin-binding
pocket and that this catalyst has potential for further optimization use in biotin-Avi
technology.
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2.2.5.1.2. Reduction of Ketones: Artificial enzymes based on biotin-Avi technology that
incorporate d®-piano stool complexes are capable of catalyzing the asymmetric reduction of
ketones by transfer hydrogenation using a formate-boric acid mixture as the hydrogen
source.®>1 Modifications of the spacer and introduction of point mutations to Sav and Avi
led to the chemogenetically optimized catalyst [75-(p-cymene)-Ru(Biot-p-L)CI]CP64G Sav,
which is efficient for the reduction of p-methylacetophenone (94% ee (R), 92% yield)
(Schemes 4 and 5, reproduced from ref 551 with permission. Copyright 2005 National
Academy of Sciences.). Sav was found to be the best host protein, para-ligands were the
best anchors, and 75-p-cymene resulted better than 78-p-benzene as the catalytic center.
Point mutations farthest from catalytic site had the biggest effect on enantioselectivity. Like
natural enzymes, these versatile transfer hydrogenation catalysts have enantioselectivities
determined by second coordination sphere interactions. Docking studies were carried out to
identify the localization of the piano stool complex within Sav.>%2 This approach allowed
the development of a three-step search strategy to identify good catalyst/host combinations
without examination of each. First, screens were carried out on 21 catalyst precursors with
two Sav forms, then the most promising ones were tested with 20 Sav isoforms, and, finally,
the best combinations were screened with eight different ketones (Figure 18). This
procedure led to good enantioselectivities for the reduction of aromatic ketones to
enantioenriched alcohols (up to 97% ee (R) and 70% ee (S)), but only poor to modest
enantioselectivities for nonaromatic ketones. This behavior suggests that CH- 7 interactions
between the 7£-arene and the substrate are important for dictating enantioselection.

Enantioselectivities for the reduction of aromatic ketones were improved using a designed
evolution approach starting from the crystal structure of [7£-(CgHg)RuUCI(Biot-p-L)CS112K
Sav.553 The structure (1.58 A resolution, R = 0.168, Rfyee = 0.187, PDB code: 2QCB)
confirmed that the protein does not undergo structural reorganization upon incorporation of
the bulky biotinylated complex and allowed for the identification of several amino acids that
interact with the Ru-complex. While the biotin portion of the cofactor is well-localized in
the host binding pocket, the ethylenediamine (en) and phenylsulfonyl moieties are
disordered. Interestingly, only the S configuration of the ruthenium piano stool complex was
crystallized, despite the use of a racemic mixture of the cofactor used for crystallization.
This preference for only one of the two chiral forms of the cofactor may be the cause of the
observed enantioselectivity of the metalloenzyme. The crystal structure also allowed for the
selection of positions 112 and 124 for genetic optimization by saturation mutagenesis. The
resultant proteins were combined with [7/-(arene)RuCl(Biot-p-L)] (arene = benzene or p-
cymene), immobilized on biotin-sepharose, screened for transfer hydrogenation of seven
ketones, and analyzed by fingerprint display. This resulted in high levels of conversion and
selectivity for the reduction of methyl aryl (up to 96% ee (R)) and methyl alkyl (up to 90%
ee (R)) ketones to alcohols. Classical force field and DFT Born—Oppenheimer molecular
dynamics methods, used to probe host-guest interactions in [75-(p-cymene)RuCl(Biot-p-L)]
CSav, highlighted the conformational flexibility of the cofactor and suggested residue 64 as
a promising location for mutations that could affect activity.538

2.2.5.1.3. Reduction of Imines: The asymmetric transfer hydrogenation of imines and
ketones follows different enantioselective mechanisms when catalyzed by homogeneous
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catalysts. Artificial metalloenzymes obtained by the combination of Sav and four
biotinylated ruthenium and iridium-containing d® and d® piano-stool complexes were
screened for the production of salsolidine (Scheme 6, reproduced from ref 554 with
permission. Copyright 2011 Wiley.).554 The most promising catalyst [Cp*Ir(Biot-p-L)Cl]C
Sav was screened with the saturation mutagenesis library Sav S112X revealing that both
enantiomers of salsolidine can be produced. For most mutations, (R) is dominant and the
smallest amino acids at position 112 give the best (R)-selectivities, while (S)-selectivity
results from cationic residues at position 112. The best results were obtained at 5 °C for
[Cp*Ir(Biot-p-L)CI]C S112A (91% (R)) and [Cp*Ir(Biot-p-L)CI]C S112K (78% (S)).
Catalysis appears to occur within the biotin-binding pocket and by the same mechanism as
ketone reduction.

[Cp*Ir(Biot-p-L)CI]C S112X catalysts were applied to enzymatic cascade reactions.>%°
When [Cp*Ir(Biot-p-L)CI]C S112T (enantioselective for (R) product formation) was
combined with an (S)-reducing monoamine oxidase (and a catalase to consume H,0,), 9-0x
and rac-9-red were converted to (R)-9-red quantitatively with 99% ee (Scheme 7A, Scheme
8, reproduced from ref 555 with permission. Copyright 2013 Nature Publishing Group.).
Similarly, this amine—imine—amine cascade occurred with high conversion and
stereoselectivity for amines with purely aliphatic substituents (rac-10-red, Scheme 7A) and a
tertiary amine ((S)-11-red, Scheme 7B). Together, the transfer hydrogenase and the
monoamine oxidase work in concert to produce the enantiopure amine. Cascade reactions
(Scheme 9, reproduced from ref 555 with permission. Copyright 2013 Nature Publishing
Group.) were also developed for the production of pepecolic acid from L-Lys (12—13,
Scheme 7C) and a monooxygenase-catalyzed oxy-functionalization reaction involving the
regeneration of NADH (Scheme 7D).

2.2.5.1.4. Oxidation of Alcohols: d®-Piano stool complexes hosted within Avi/Sav were also
shown to catalyze the oxidation of alcohols in water.556 Four biotinylated organometallic
catalyst precursors containing ruthenium, rhodium, and iridium ions (Scheme 10,
reproduced from ref 556 with permission. Copyright 2005 Elsevier.) were incorporated in
Sav and used to catalyze the oxidation of sec-phenethyl alcohol using tert-
butylhydroperoxide and a terminal oxidant. The ruthenium-containing catalysts were found
to be the most active (up to 81% conversion). The use of benzyl alcohol or cyclohexanol and
point mutations to Sav did not improve the activity; however, when precursor 16 was hosted
within Avi, the reaction proceeded nearly to completion (92% conversion).

2.2.5.1.5. Enantioselective Sulfoxidation: Artificial metal-loenzymes were built by
incorporating four chiral biotinylated manganese—salen complexes (Sal-1 to Sal-4, Scheme
11) into WT Sav and five other mutants.5” The resulting enzymes showed moderate
conversions (up to 56%) and low enantioselectivities (up to 13%) for the sulfoxidation of
thioanisole using hydrogen peroxide in water. Although the enantioselectivities were low,
they suggested that the protein participated in the mechanism of sulfoxidation.

2.2.5.1.6. Asymmetric Allylic Alkylation: An artificial palladium enzyme for asymmetric
allylic alkylation was designed on the basis of biotin-Avi technology and optimized using
chemical and genetic optimization.>8 In asymmetric allylic alkylation, a soft nucleophile
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attacks a palladium-bound 773-allyl moiety. Screens were carried out to determine the best
biotinylated scaffolds, spacer, protein host (Avi, Sav, or Sav mutants), and surfactants in
conjunction with [PdCI(z-allyl)] and [PdCI(773-Phaallyl)]. [PACI(773-Phyallyl)
(Biot6°-3)]*CS112X stood out as the best catalyst with a 90% ee (R) and 95% conversion
when X = A, while a 31% ee and 96% conversion was obtained when X = Q.

2.2.5.1.7. Asymmetric C-H Activation: Three sites on [Cp*RhCl5], are required for the
catalysis of electrophilic aromatic C—H activation, which precludes the addition of an
asymmetric ligand to the primary coordination sphere and the development of an
enantioselective catalyst. The integration of the catalyst into a protein scaffold allowed for
enantioenrichment, resulting from the secondary coordination sphere of rhodium.>>® The
biotinylated catalyst precursor [RhCp*PiotinCl,] was incorporated into Sav, and this artificial
metalloenzyme was genetically optimized. The introduction of a basic residue in close
proximity to rhodium improved the reaction yield, whereas incorporating bulky aromatic
residues led to improved enantioselectivity for the reaction of pivaloyl-protected
benzohydroxamic acid and methyl acrylate to dihydroisoquinolone (Figure 19). Yields up to
99%, regioisomeric ratios of up to 20:1, and enantiomeric ratios up to 91:9 were observed
for different Sav mutants. While the limited solubility of the substrate precluded the use of
Michaelis—Menten kinetics, rate accelerations of up to 92-fold were observed for the
protein-bound catalyst as compared to the free catalyst.

Catalysts were prepared by binding metal complexes directly within the biotin-binding
pocket of Sav without first covalently linking them to biotin. According to docking studies,
the precatalyst [VO(H,0)5]%* interacts with the biotin-binding site of Sav via only second-
sphere contacts.560 This complex yields an artificial metalloenzyme capable of catalyzing
the enantioselective oxidation of prochiral sulfides with tert-butylhydrogen peroxide as an
oxidant. Aromatic substrates saw improved enantioselectivity with increased steric bulk of
the aromatic moieties (up to 93% ee for compound 23), and dialkyl sulfides gave reasonable
enantioselectivities as well (up to 86% ee for compound 26). This work differs from all of
the previous work from Ward and co-workers in that the catalytic metal ion is not
biotinylated, rather the vanadium ion sits in the biotin-binding pocket (Scheme 12,
Reproduced from ref 560 with permission. Copyright 2008 American Chemical Society).

The homogeneous catalyst OsO4~ is used for the dihydroxylation of most olefins, but cis-
substituted olefins are shown to be challenging substrates for this reaction. By anchoring an
Os(VI111) center directly within Sav, Ward and coworkers were able to develop a catalyst
specific for this substrate type (Figure 20).561 While crystal structures of the metalloprotein
did not clearly reveal the specific binding site for Os(VI1l), mutations to the biotin-binding
site resulted in diminished selectivity. Further mutations were used to fine-tune the protein
for dihydroxylation of seven different olefins, resulting in the highest ee values ever
reported for allyl phenyl sulfide and cis-f-methylstyrene. Overall, OsO4-Sav can be
optimized for the enantioselective dihydroxylation of challenging olefins, but suffers from
modest TONSs (27 turnovers per metal center).

2.2.5.1.8. Artificial Hemoproteins: Mahy and co-workers contributed significantly in the
field of designing artificial hemoproteins that exhibit a variety of catalytic functions.>62
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They designed a series of catalytic antibodies associated with a metalloporphyrin cofactor
via noncovalent interactions, which they named “hemoabzymes”. These antibody complexes
exhibited peroxidase-like activity and were capable of catalyzing the regioselective nitration
of phenols and the stereoselective oxidation of sulfides.63-565 A hapten iron(111)-meso-
tetrakis-(ortho-carboxylphenyl)porphyrin was recognized by three antibodies, two of which
exhibited high binding affinity with K4 values of 2.9 x 1072 and 5.5 x 1079 M, 563 the best
values reported for iron-porphyrin binding to antibodies. The peroxidase activity of these
two antibody complexes was examined for the oxidation of 2,2’-azino-di(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) by H,0,.%66 The catalytic efficiency of these
constructs was not as high as their native counterparts, which was attributed to the lack of
the axial His. To solve this issue, Mahy and co-workers decided to use microperoxidase 8
(MP8). This scaffold contains a heme group and residues 14-21 of horse cytochrome c,
where residue His18 was thought to bind to the heme center to form a five-coordinate iron
center. MP8 binds antibody 3A3 with a relatively high affinity (Kqapp = 1 % 1077 M),
yielding a heme-antibody complex via the recognition of the carboxylate groups on the
porphyrin. The 3A3-MP8 complex catalyzed the oxidation of o-dianisidine by H,O, with a
catalytic efficiency of 2 x 108 M~1 min~1, slightly higher than the unbound MP8 catalyzing
the same reaction.®53 It was also demonstrated that the 3A3-MP8 complex could catalyze
the regioselective nitration of phenol in the presence of H,O, with 2-nitrophenol as a
preferred product over 4-nitrophenol.56% Moreover, the 3A3-MP8 complex was shown to
catalyze the oxidation of thioanisole by H>O and tert-butyl-hydroperoxide with 23%
enantiomeric excess in 100% aqueous solution and 46% enantiomeric excess in 5%
tBUOH.%64

The next generation of the artificial hemoproteins is the “hemozymes”, which is constructed
with two strategies. On the basis of a “Trojan horse” strategy, Mahy and co-workers
designed an estradiol-iron metalloporphyrin conjugate. This structure was then associated
with an antiestradiol antibody because it has a high affinity to the steroid estradiol based on
supramolecular interactions.567:568 Specifically, 5,10,15-tris(4-pyridyl)-20-(4-
aminophenyl)porphyrin was synthesized and attached to 3-O-carboxymethylestrone. The
estradiol-iron—porphyrin conjugate was then associated with antibody 7A3. The antibody-
bound estradiol-iron—porphyrin complex was shown to catalyze the enantioselective
sulfoxidation of thioanisole using H,0, as an oxidant.>67

Recently, a new generation of artificial peroxidases was constructed using a host—guest
strategy by associating a synthetic iron—porphyrin complex with xylanase A.569.570
Xylanase A (XIn10A) possesses a globally positive charge, which can properly
accommodate the negative charge from the iron(I11)—porphyrin complexes. Ricoux et al.
examined a few such complexes, and they showed that Fe(l11)-tetra-para-
carboxyphenylporphyrin [Fe(TpCPP)] had the highest binding affinity to XIn10A with a K4
value of 5 x 10~ M. When catalyzing the oxidation of o-dianisidine by H,05, the
peroxidase activity of XIn10A-Fe(TpCPP) had a catalytic efficiency of 6.5 x 10 M~1
min~1-569 |n addition, Ricoux et al. showed that the same strategy can be used to create an
enzyme that catalyzes the selective oxidation of aromatic sulfides.>’% They studied two
iron—porphyrin complexes [Fe(TpCPP) and meso-tetra(4-sulfonatophenyl)-
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porphyrinatoiron(l11) (FeTpSPP)] and their binding behavior and catalytic activity toward
the selective oxidation of thioanisole into sulfoxide by HoOo. It was shown that the
Fe(TpCPP)-XIn10A hybrid protein with an additional imidazole was the best catalyst for the
S-oxidation of sulfides showing the second highest yield (85 + 4%), the highest TON (145 +
3), and the highest enantioselectivity (ee = 40 + 3%) at pH 7.4.

2.2.5.1.9. Other Hybrid Proteins: In addition to introducing iron—porphyrin complexes into
XIn10A protein, Mahy and coworkers also reported a case where they incorporated Mn(l11)-
meso-tetrakis(p-carboxyphenyl)porpyrin (MnTpCPP) or N,N’-ethylene bis(2-
hydroxybenzylimine)-5,5"-dicarboxylic acid-Mn-(I11) (Mn—salen) complex into XIn10A.571
Docking studies showed different orientation of the salen and porphyrin complexes when
bound to XIn10A. The Mn(l11)(TpCPP) complex was shown to enter deeply into the
complementary binding site that XIn10A provided, forming relatively strong H-bonds with
the polar residues that were also observed in the Fe(111)(TpCPP) complex.?59 Conversely,
the Mn(I11)-salen complex did not have a high affinity to XIn10A, the reason for which was
that the Schiff base ligand was more solvent-exposed and was weakly interacting with the
polar ligands. The Mn(I11)(TpCPP) complex was then shown to catalyze the epoxidation of
styrene and a series of styrene derivatives with the best epoxidation yield for styrene (17%)
and the best ee for 4-methoxystyrene [80(R)%] with KHSOg as the oxidant. This Mn(l11)-
(TpCPP)-XIn10A hybrid enzyme represents a new “haemozyme”.

Ménage and co-workers designed a novel Mn(l11)-salen-human serum albumin (HSA)
hybrid protein that can catalyze the selective sulfide oxidation by NaCl0.572 The Mn(l11)-
salen complexes used are shown in Scheme 13. Binding studies showed that the presence of
charged R-groups could improve the binding affinity at pH 7.0, leading to more stable
Mn(l11)-salenCHSA hybrid proteins. HSA was reported to bind a variety of drugs at
different locations of the protein.>’3 They used several drugs with common HSA binding
sites to study the approximate binding location of the Mn(l11)-salen complexes. On the basis
of the binding studies monitored by CD spectroscopy or Trp214 fluorescence quenching,
they identified that Mn(l11)-salen complexes 28 and 29 bind to the cleft site of the protein.
With NaClO as an oxidant, thioanisole was oxidized to methylphenylsulfoxide (SO) and/or
methyl-phenylsulfone (SO5,) catalyzed by Mn(l11)-salenCHSA and Mn(l11)-salen
complexes. In particular, the 28CHSA complex exhibited a turnover frequency of 20 min=2,
and the reaction catalyzed by this hybrid protein produced only the sulfoxide. A high
selectivity for sulfoxide production was also observed for the reaction catalyzed by
29CHSA and 30CHSA. The authors attributed this selectivity to the polarity of the protein
environment.

NikA is a member of the ABC family of transporters that is responsible for nickel
homeostasis as the initial nickel receptor and mediator.2”* NikA is a periplasmic nickel-
binding protein with a known structure, and it was found that the Ni(ll) binding pocket is
rich in aromatic and Arg residues.®’4-577 In addition to Ni(ll), this active site is capable of
binding FeEEDTA complexes and a Ni-butane-1,2,3-tricarboxylate (BTC) complex.578:579
Recently, Ménage and co-workers reported crystal structures that captured the intermediates
during an oxygen-mediated hydroxylation reaction of an aromatic C—H bond, providing
important mechanistic details.>8 They created a hybrid protein by incorporating an iron
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complex FeL (L = N-benzyl-N’-(2-hydroxybenzyl)-N,N’-ethyl-enediaminediacetic acid) into
NikA. The ferrous state of the hybrid protein was able to activate molecular oxygen,
forming a ferric-hydroperoxo species. This high-valent oxo species initiates the evolution of
hydroxyl radicals, which then attack the C—H bond at the meta position of the phenolate
ligand. The formation of this nondiffusible hydroxy! radical close to an iron atom was
thought to be critical in selecting the aromatic ring without interacting with neighboring
amino acid side chains. UV-vis and rR spectroscopies were also used to confirm the
proposed mechanism. Furthermore, a series of iron complexes with either N,N’-dimethyl-
N,N’-bis(2-pyridylmethyl)ethane-1,2-diamine (BPMEN) ligand or N,N’-bis(2-
pyridylmethyl)-N,N’-dimethyl-trans-1,2-diaminocyclohexane (BPMCN) ligand derivatives
were incorporated into apo-NikA.581 These complexes had K values in the micromolar
range, with complexes A and B shown in Scheme 14 having the highest and the lowest
affinities, respectively. They obtained crystal structures of some of hybrid proteins, which
revealed H-bonding interactions, as well as CH/ 7 H-bonds that are essential in forming these
NikA complexes.?82 Ménage and co-workers carried out docking studies to examine the
possible positions and orientations for a variety of potential substrates containing a CgH5-S-
CH,-X motif. They examined the distance of the iron center of the complexes and the sulfur
atom of the substrates to screen for possible substrates. They found that the hybrid protein
containing complex A (Scheme 14) and NikA exhibited a high yield of 79(£5)% and a TON
of 173 in 4 h (turnover frequency of 43 h~1) when 2-((4-acetamidophenyl)-thio)-N-
phenylacetamide was used as a substrate. Importantly, this catalytic reaction was selective
for the sulfoxide product (69 + 5%).

2.2.5.2. Dative Anchoring Approach: Taking a different approach, Watanabe and co-
workers incorporated synthetic metal complexes into apo-Mb mutants. Rhodium 2,6-bis(2-
oxazolinyl)phenyl (Rh-Phebox) complexes were bound within the heme-binding pocket of
apo-Mb.583 The X-ray crystal structure (1.8 A resolution, Figure 21) displayed an overall
protein structure that is similar to the native Mb; however, they observed that the Rh-Phebox
moiety has a unique orientation within the cavity, almost perpendicular to the position of
heme at the same site. They found that His93, which is the axial ligand of the heme cofactor
in Mb, enforces this orientation by coordinating to the equatorial position of on the Rh ion,
allowing for this unique orientation. H-bonding and hydrophobic interactions between the
protein side chains (especially His93) and the Phebox ligands greatly stabilize the
Rh-Phebox-Mb complex. The stability also has an enantioselective preference for the (S,S)-
Rh-Phebox complex over the (R,R)-isomer, which is predicted to have less favorable 7~
interactions with His93. This study showed that the heme-binding pocket in Mb is capable
of accommodating moieties that are chemically and structurally different from its native
cofactor, adopting a dissimilar arrangement of the prosthetic group.

Similarly, a Cr(ll1)(salophen) moiety was incorporated into an apo-Mb mutant through a
metal-binding residue His (Figure 22). The resulting complex Cr(I11)-[(5,5’-tBuy-)salophen]
-apo-HB64D/A71GMb catalyzes an enantioselective sulfoxidation reaction.>®* The Schiff
base complexes have molecular sizes and coordination geometries similar to those of heme
centers, allowing for relatively facile modulation and comparison of the two cofactors. The
authors found that a His64Asp mutation created a vacant distal site above the Cr(l1)
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(salophen) complex, which was shown to improve substrate and oxidant access. Ala71 was
mutated to a Gly, leading to an increased binding affinity for the Cr(l11)(salophen) complex,
an observation previously reported for iron-Schiff-base complexes.?8° The sulfoxidation of
thioanisole was then carried out at 35 °C in aqueous conditions at pH 5.0 with H,O, as the
oxidant. While Cr(111)-(salophen)-apo-H64D/A71GMb and Cr(111)-(5,5’-tBu,-Salophen)-apo-
H64D/A71GMb exhibited the highest activities, Cr-(5,5’-tBu,-Salophen)-apo-H64D/
A71GMb had the highest enantioselectivity (13% ee (S)). The crystal structures of the
complexes with both manganese and chromium as the central metal were obtained, which
revealed other secondary interactions that might participate in modulating the reactivity of
the enzyme.586 Specifically, the methyl groups on the 3 and 3’ positions of the salophen
ligand (Figure 23) interact with the hydrophobic 11e107, modulating the penetration distance
of the Schiff base complex. Salen ligands with two ethyl or n-propyl groups on the 3 and 3’
positions were designed and incorporated to adjust the location of the complex in the protein
(Figure 23). As compared to the salophen ligand, the phenylenediamine unit was substituted
for an en unit for better substrate access. Furthermore, the bulkiness of the residues above
the metal complex was shown to influence the enantioselectivity. Finally, on the basis of the
interactions revealed by the crystal structures and molecular modeling studies, a mechanism
for the enantioselectivity in the sulfoxidation reaction was proposed (Figure 24).586.587
Molecular models suggested that ethyl or n-propyl substitutions at the 3 and 3’ positions
would cause the position of the complex within the protein to be offset by 0.83 and 2.17 A,
respectively, from the location of the methyl-substituted complex. Because the position of
the substrate thioanisole would not change, the interaction of the Mn=0 active species with
the lone pair on the sulfur atom would be different depending on the relative locations of
these two components, dictating the enantioselective product.

He and co-workers incorporated a uranyl cation binding site into a Ni(ll)-dependent
transcriptional repressor NikR.288 In the crystal structure of holo-NikR (PDB code: 1Q5Y),
Ni(ll) is coordinated to three His and one Cys in a square planar geometry.>8° The authors
created a mutant NikR’ by substituting two of the His residues to Asp to bind uranyl cation
and a Val residue below the binding pocket into a Ser to accommodate the oxo group and
form an H-bond, leading to a triple mutant NikR’. XAS studies showed that the uranyl
cation was bound to two His and two Asp residues. The DNA-binding activity was then
examined for both apo- and holo-NikR’. The NikR’ only interacted with DNA when a uranyl
cation was bound. Furthermore, when divalent metal ions (Ni(ll), Fe(Il), Cu(ll), Zn(ll), etc.)
were present, no protein—-DNA complex was observed, which demonstrated that the
selectivity of the mutant was altered as compared to the native NikR.

2.2.5.3. Covalent Attaching Approach: Another effective strategy for incorporating metal
complexes into protein scaffolds is a covalent linking approach. Carey et al. employed this
strategy to introduce a manganese salen complex, N,N’-bis(4-(2-
methanesulfonylthioethoxyl)salicylidene)-1,2-ethane-diamino-manganese(l11) bromide, into
apo-swMb.5%0 Specifically, they used the high selectivity and reactivity of methane
thiosulfonate toward Cys residues to covalently attach this molecule to apo-Mb. After
carrying out molecular modeling on Insightll (Accelrys) program, they identified two
possible sites for Cys mutation: Tyr103 and Leu72. The dual anchor conjugate Mn(salen)
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-apo-Mb(Y103C/L72C) was generated and was shown to catalyze the enantioselective
sulfoxidation of thioanisole with much higher rates and ee than the single-point attached
conjugate [Mn(salen)-apo-Mb(Y103C)]. To investigate how the protein scaffold influences
the chemoselectivity of this reaction, they chose apo-Mb(T39C/L72C) for Mn(salen)
attachment to select the product sulfoxide over sulfone.591 No sulfone production was
observed when Mn(salen)-apo-Mb(T39C/L72C) was used to catalyze the reaction. They also
found that the more polar the environment of the Mn(salen) complex is, the more sulfoxide
product the reaction generates. For example, the Mn(salen)-apo-Mb-(T39C/L72C) conjugate
produced a significant amount of sulfoxide over sulfone because the protein scaffold acted
like a “solvent-cage”, mimicking a polar proton-donating organic solvent. Two additional
mutants, Mb(Y103C/S108C) and Mb(T39C/S108C), were examined for the enantioselective
sulfoxidation of thioanisole, which showed that the location where the anchor arms were
attached had a significant influence on the rates and selectivity of the reaction.>%2 In
addition, it was proposed that the covalent anchor can participate in directing the substrate
binding during the reaction.

A series of Cu(ll) centers in protein settings that are capable of catalyzing enantioselective
Diels—Alder reactions have been reported. Aqueous solutions of Cu(ll) complexes with
amino acids,>935% Cu(l1) DNA intercalating agents,>%5-597 and Cu(I1)—-phthalocyanine
anchored noncovalently to serum albumins®?8 were shown to carry out stereoselective
Diels—Alder reactions using (aza)chalchones and cyclopentadiene as the reactants (Scheme
15). Here, we discuss examples of redesigned proteins as catalysts for the benchmark
reaction described in Scheme 15.

Lactococcal multidrug resistance Regulator (LmrR) protein, a dimeric protein of ca. 13.5
kDa per subunit, was engineered to catalyze the Diels—Alder reaction shown in Scheme
15.599 LmrR consists of a typical Awinged helix-turn-helix domain with an additional C-
terminal helix.690.601 The large flat hydrophobic core in this dimer was functionalized with
two phenanthroline- or bpy-based chelating moieties per dimer (one per monomer) (Figure
25).599 Cys residues, which were not present in the WT protein, were incorporated into the
protein monomers as anchor points for these copper-binding moieties. By reacting
bromoacetamide-substituted 1,10-phenan-throline (1,10-Phen)or 2,2’-bpy with the Cys
residues, mutants were generated with the copper-chelating moieties in the hydrophobic
core.

The final constructs can bind two Cu(ll) ions and still retain their dimeric form. The
catalytic activity of the Cu(11)(1,10-Phen)-LmrR-M89C for the reaction described in Scheme
15 (monitored after 3 days of reaction) was remarkable: the reaction yielded 98% conversion
of the substrate and 95% ee of the (+)-endo isomer at room temperature. Interestingly, an
even higher enantiomeric excess (97%) was achieved when the reaction was carried out at 4
°C, albeit with a lower conversion (93%). Conversely, the Cu(l1)(2,2’-bpy)-LmrR-M89C
mutant yielded 66% ee of the opposite (—)-endo isomer of the Diels—Alder product. This
demonstrated that these constructs can be tuned for a desired stereoselectivity through a
proper choice of the position and the nature of the Cu(ll) sites. The design of these
constructs was prompted by the observation that in DNAzymes, copper(l1) sites close to a
chiral environment have the ability to catalyze Diels—Alder or Michael reactions with a high
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degree of selectivity.595-597 The chiral scaffold, even quite distant from the copper site,
could therefore provide efficient secondary sphere interactions to induce significant
stereoselectivity.

In addition to covalently attaching a copper complex to a protein scaffold, direct mutations
on the native protein can also yield a stereoselective Diels—Alder catalyst. Although these
studies do not involve covalently attaching a copper complex into a protein scaffold, we feel
that it is appropriate to include them here because they are also Diels—Alder catalysts. The
imidazole glycerol phosphate synthase (tHisF) from Thermotoga maritime is a thermostable
enzyme essential in the biosynthesis of His residue,692 which has a typical TIM barrel
structure with a narrow bottom and a wide top. This scaffold has been used to engineer a
His,Asp Cu(l1) binding site in proximity to the wide top rim.693 The selective mutation of
two noncoordinating residues close to Asp at position 11 yielded the mutant tHisFL50H/
I52H, where the copper binding site is accessible by relatively large substrates. Furthermore,
to avoid nonspecific Cu(ll) binding, surface Cys and His residues were mutated to Ala. An
extensive EPR characterization revealed that Cu(ll) is coordinated to Asp11/His50/His52
residues, matching the proposed model. When the reaction reported in Scheme 15 was
carried out, the conversion was 73%, with 46% ee and an endo/exo ratio of 13:1. The
mutation of either the Asp or the His into an Ala of the His,Asp site resulted in lower
conversion values and almost negligible enantiomeric excess values, demonstrating the
necessity of a stable Cu(I1)N,O center to catalyze this enantioselective reaction. As reported
in the literature, to obtain a significant stereoselectivity in Diels—Alder reactions, the
substrate must bind to Cu(ll) through a carbonyl oxygen and a pyridine nitrogen to activate
this reaction.>98:604 This type of activation is required also for the Cu(l1)-tHisF protein. The
chalcones (an aromatic ketone and an enone that form the central core for a variety of
important biological compounds) lacking the pyridine nitrogen in the ortho position with
respect to the carbonyl did not react with significant conversion values.603

The bovine pancreatic polypeptide (bPP) is a 36 amino acid peptide that contains a poly-Pro
type 11 helix (residues 1-8), a turn (9-12), and a helix (13-31).895-807 The poly-Pro helix is
backfolded on the a-helix, and the construct dimerizes in solution. A 31-amino acid
truncated sequence (1-31) of bPP was designed, where Tyr7 was mutated into a His, a L-3-
pyridylalanine, or a L-4-pyridylalanine residue, while an Asp or Glu residue in the loop
(position 10) provided additional donor atoms.698 Upon dimerization, a His; or pyridyl,
copper-binding site was obtained within the intrahelical space of the dimer. Further
mutations were introduced at the interface between the dimers with an attempt to make the
interior less sterically crowded. Unfortunately, these mutants were found to exist
predominantly in their monomeric Cu(ll)-(peptide) form. The best results for the reaction
shown in Scheme 15 (complete conversion of the substrate and up to 83% ee) were obtained
with the L-3-pyridylalanine mutant (bPPC). As observed for tHisF, the coordination of the
substrate to the Cu(I1)-bound protein is a prerequisite for having the highest activity.6%8
Moreover, Cu(ll) or WT bPP 1-31 alone did not show significant catalytic activities, neither
did the His-containing mutant. Overall, these results demonstrated that the nature of the
coordinating groups (pyridyl vs imidazolyl, and their diastereoisomers) has a profound
impact on regulating the stereoselectivity and the activity of these reengineered protein
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catalysts. Moreover, it has been previously demonstrated that the presence of a cavity in the
construct is not a strict requirement to achieve control of the stereoselectivity. These bPP
mutants were also examined as catalysts for the Michael addition reaction, exhibiting
significant stereoselectivity.608

In summary, for metalloprotein conjugated systems, the strategies developed to control the
stereo- and regioselectivity include the manipulation of the local catalytic center and the
construction of proper secondary sphere interactions. Specifically, enantioselectivity is
directly associated with the chirality of the substrate binding site, the local charge in the
protein environment, and the specific interactions of substrate—enzyme and product-enzyme
complexes with the amino acid residues around the active site. Moreover, the protein
scaffold, if stable enough to withstand the incorporation of a metal complex in the
hydrophobic center or mutation of certain amino acid residues, can also influence the
specificity and enantioselectivity by providing a substrate/product channel, size and shape
control, and proper dielectrics to minimize side reactions.

2.2.6. Redesigned Protein Assemblies as Nanoreactors

2.2.6.1. Catalysis within Protein Cages: Ferritin (Fr) is a spherical protein that can store up
to 4500 iron atoms as ferric oxyhydroxides. Access to the 8 nm diameter interior cavity of Fr
can be obtained through the 3-fold axis channels that exist between the 24 subunits of Fr.
The robust and well-defined nanocapsule of ferritin has served as a template for the
synthesis of nanoparticles®09.610 from Cds,611 Fe 612 CdSe,%13 Au,614 and Ag,%15 as well as
metal-complexes®19 including gadolinium MRI contrast agents,516 hexacyanoferrate(111),512
desferrioxamine B,57 cis-platin and carboplatin,®18 redox-active ferrocene derivatives,61°
and Ru(l1)(7f-p-cymene) half-sandwich complexes.620

Watanabe and co-workers have made significant contributions to the field of protein design
through their work incorporating metal catalysts within the cavities of apo-ferritin (apo-
Fr).621 After entering apo-Fr, Pd(I1) ions were reduced to form encapsulated, monodisperse,
roughly spherical Pd clusters (Figure 26), which were active as catalysts for the
hydrogenation of acrylamide derivatives.522 Apo-Fr discriminates substrates by size because
they must enter the cavity through the 3-fold hydrophobic channels. In this example, the
smallest substrate, acrylamide, was the fastest with a turnover frequency of around 33 000
mol product per Pd-apo-Fr complex per hour.

Starting from crystal structures of Pd(11)821 and Au(111)523 ions within apo-rHLFr
(recombinant L-chain apo-Fr from horse liver), a nontraditional synthetic route for making
bimetallic Au-Pd nanoparticles (NPs) emerged.®23 Au-Pd alloy NPs (average size 2.2 nm)
were prepared upon pretreating apo-rHLFr with Au(l11), loading with Pd(11), and then
reducing the mixture to give (AuPd-NP)-apo-rHLFr. Alternatively, core—shell NPs (average
size 2.4 nm) were prepared by a sequential synthesis. In one case, a Au core was reduced
within apo-rHLFr, then Pd(Il) ions were introduced and reduced to form the Pd-shell of
([Au](Pd)-NP)-apo-rHLFr. In another, the reduction of Au(l1l) onto a Pd-core yielded ([Pd]
(Au)-NP)-apo-rHLFr. Most of these bimetallic composites catalyze the hydrogenation of
acrylamide to different degrees. While ([Pd](Au)-NP)-apo-rHLFr showed no activity,
(AuPd-NP)-apo-rHLFr, (Pd-NP)-apo-rHLFr, and ([Au](Pd)-NP)-apo-rHLFr had turnover
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frequencies of 310, 510, and 1300 mol of product per mol of metal atom per hour,
respectively.

In addition to metal ions and metal nanoparticles, organometallic complexes were
incorporated into apo-Fr. The reaction of apo-Fr with [Rh(nbd)Cl], (nbd = norbornadiene),
complexes of which are known catalyts, resulted in the integration of 57.5 + 3.5 Rh atoms
per apo-Fr.624 The 1.8 A resolution crystal structure of Rh(nbd)-apo-Fr shows that the
overall protein structure is not disturbed (Figure 27A-C). Rh(nbd)-apo-Fr catalyzed the
polymerization of phenyl-acetylene, affording polyphenylacetylene with a cis-transoidal
main chain. Polymerization occurred within the cage, without disrupting its structure,
yielding polymers with average number molecular weights (M,,) ranging from 8.3 x 103 to
13.1 x 103 and a polydispersity index (M,,/M,) of 2.1-2.6 under the range of conditions
studied (Figure 27D). Overall, polymerization was regulated by the size and environment of
the apo-Fr interior, and the size distribution of polymers prepared within the cage was
narrower than for those prepared by Rh(nbd) outside the cage.

In addition to these Rh-complexes, multinuclear organometallic Pd-complexes were hosted
within apo-Fr. The reaction of [Pd(I1)(allyl)CI], (allyl = 72-C3Hs) complexes with apo-
rHLFr (Figure 28A) resulted in di- and trinuclear Pd(allyl) complexes capable of promoting
Suzuki coupling reactions.82% The crystal structure of Pd(allyl)-apo-rHLFr reveals that,
without disrupting the protein fold, 48 dinuclear Pd complexes bound the 3-fold axis
channel and the accumulation center of the interior surface (Figure 28B). In addition to allyl,
amino acid, and water ligands, every two square planar Pd(I1) ions share a Cys residue,
which is essential for protein binding. The Suzuki coupling of p-1-PhNH, and PhB(OH)5,
known to be catalyzed by Pd(allyl) complexes, was carried out using these assemblies.
Pd(allyl)-apo-rHLFr performed the fastest with a turnover frequency of 3500 mol product
per mol apo-rHLFr per hour. While the His49Ala (3400) mutation had little effect on the
activity, His114Ala (900) and Cys126Ala (830) mutations had a 4-fold decrease in activity,
and the combination of Cys48Ala/His49Ala (1900) resulted in a 1.8-fold decrease in
activity.

Further, mutations to apo-rHLFr were used to clarify the mechanism of the incorporation
and accumulation of organometallic Pd complexes in ferritin. Crystal structures of apo-
rHLFr, apo-C48A-rHLFr, apo-C126 A-rHLFr, apo-H49A-rHLFr, and apo-H114A-rHLFr
containing Pd(allyl) complexes provided insight.526 While apo-rHLFr incorporated a
maximum of 106 Pd atoms, apo-C126A-rHLFr and apo-C48A-rHLFr mutants accumulated
only 37 and 63 Pd atoms, respectively. The crystal structure of apo-rHLFr exposed Cys126
and Cys48 as bridging ligands for dinuclear square planar Pd(allyl) (allyl = 72-C3Hs)
complexes at the 3-fold channel and accumulation center, respectively. Crystal structures of
the mutants revealed no Pd(allyl) complexes within the 3-fold axis channel of 100-Pd(allyl)
-apo-C126A-rHLFr or within the accumulation center of 100-Pd(allyl)-apo-C48A-rHLFr.
The structures allowed for the proposal of a mechanism for incorporation and accumulation
of Pd(allyl) into apo-rHLFr. His114, Cys126, Asp127, and Glu130 capture and shuttle
Pd(allyl) through the 3-fold channel into the center of the cage, with Cys126 accelerating the
incorporation by inducing a conformational change of the 3-fold channel. Pd(allyl)
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accumulates in the center of the cage as a thiolate-bridged dinuclear complex coordinated by
Cys48, His49, and Glu45.

Crystal structures and ICP showed that three rationally designed mutants controlled the
coordination arrangement and quantity of Pd(allyl) complexes on the interior surface of the
apo-Fr cage. The Pd(allyl) binding site at the accumulation center was rearranged in
Pd(allyl)-apo-E45C/C48A-rHLFr. An additional site was added in Pd(allyl)-apo-E45C/
R52H-rHLFr. In the mutant Pd(allyl)-apo-E45C/H49A/R52H-Fr, the original site was
rearranged, and an additional site was added. These assemblies reveal the importance of Cys
residues for capturing and His residues for controlling the direction of ligation of Pd(allyl)
complexes. Each mutant was tested as a catalyst in the aqueous Suzuki coupling of p-I-
PhNH, and PhB(OH),. Comparison of turnover frequencies (in mol product per mol apo-
rHLFr per hour) reveals that each of the mutants shows improved catalytic activity over
Pd(allyl)- apo-rHLFr (3500). However, despite having 1.5 times more Pd(allyl) complexes
than Pd(allyl)-apo-E45C/C48A-rHLFr (4200), Pd(allyl)-apo-E45C/R52H-rHLFr (4300) and
Pd-(allyl)-apo-E45C/H49A/R52H-Fr (4200) show no improvement, likely because
penetration of reactants into the cavity is the rate-limiting step.

The Tezcan group has pioneered the design of metal-templated protein—protein
interfaces.627-634 Their work represents the frontier of investigating the dynamic process of
protein self-assembling and of engineering metal ion selective responses. However, because
the focus of this Review is on designed metalloenzymes, we will not discuss these studies in
detail here. Of greater relevance to this Review is the Tezcan group’s recent design of the
protein assembly Zn3g:CFMC-145 as a host for enzyme binding.3° Znsq:CFMC-1;, was
assembled in the crystal lattice through metal-mediated interactions between the protein—
protein interface. This protein architecture was used to encapsulate a heme protein fragment,
a 9-amino-acid-residue-long microperoxidase MP9¢ps62.53° The building block of the
protein assembly was a D,-symmetric tetramer of a cytochrome cbsgp unit, which was held
together by four interfacial Zn(I1) ions via His and Asp coordination.%2” Six mutations were
introduced that switched hydrophilic residues into hydrophobic ones,%36 one zinc-binding
residue (Asp74) was deleted, and a few bulky residues were incorporated onto the protein
surfaces. The assembly that was used as a reactor was a protein dodecamer Zn3zy:CFMC-115,
which was tetrahedron-shaped with an inner cavity diameter of 35 A. A 9-amino-acid
microperoxidase MP9.p562 (sequence: KTTCNACHQ) with a heme cofactor was then
introduced as a guest to bind to the protein host, and the complex was crystallized with
equimolar Zn(Il) and substoichiometric MP9.y562. MP9:p562 Was shown to interact with the
cage surface residues through hydrophobic and H-bonding interactions in addition to the
anchoring Fe-His ligation, leading to a unique orientation of the heme group. No peroxidase
activity of this complex was reported, but this assembly may be a good foundation for future
functional studies.

2.2.6.2. Bionanocup Reaction Centers: The virus bacteriophage T4 infects E. coli by first
penetrating the outer cell membrane using a heteroprotein “needle”. This assembly,
containing a trimer of gene products 27 and 5, (gp27-gp5)3, consists of a bionanotube
topped with a bionanocup with an internal height of 6 nm and internal diameter of 3 nm.
Mutants of (gp27-gp5)3 containing Cys residues at the third and seventh positions of the
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(gp5)3 nanotube subunit were covalently linked to Fe(ll1)-protoporphyrin-maleimide (FePP-
MI) derivatives, yielding FePP-39 and FePP-40, respectively (Scheme 16).837 Although the
exact location of the moieties within the heteroprotein assemblies was unresolved, FePP-39
and FePP- 40 were found to contain 2.7 and 1.9 Fe atoms, respectively, and to catalyze the
H,0,-dependent sulfoxidation of thioanisole, but without enantiomeric selectivity. As
compared to the unbound complexes, 10- and 6-fold rate enhancements were observed for
FePP-39 and FePP-40, respectively, presumably due to the protection from aggregation
provided by the hydrophobic nanocup.

The triple-stranded f-helical (gp5)3 subunit is an attractive architecture, but stabilization of
the isolated structure is challenging. Ueno and co-workers identified the most stable
helical fragment (gp5/f) and used it to prepare a head-to-head dimer of nanotubes,
genetically fused and protected at the C-terminus with a foldon fragment.®38 The 2.0 A
resolution crystal structure of [(gp5/F)3]» reveals a homodimeric tube structure where the
dimers are “locked” together with antiparallel f-helices at the interface. Lysine residues,
spaced 1015 A apart along the ridge lines of the triple-stranded f+helices, were appended
with flavin-(1)-N-hydroxy-succinimidyl ester derivatives. These thermally stable flavin
composites of [(gp54F)s], were utilized in Cu(l)-catalyzed azide—alkyne [3 + 2]
cycloaddition reactions. The high activities achieved suggest that Cu(l) is monoligated to the
flavin moiety.

Next, [(gp5/F)3], mutants were prepared in which one Lys residue along each ridge line was
replaced with Cys.%39 Upon folding, these Cys residues are in close proximity to Lys
residues on neighboring strands. The Cys residues were appended with Re(l)(4-
ethylmaleimide-bpy)(CO)3Cl and the Lys with Ru(l1)(bpy);[3-(4’-methyl-bpy-4-yI)-
propionic acid N-succinimidyl ester](PFg),. The resulting ReRu mutants accelerated the
reduction of CO, to CO upon electron transfer from the photoreduced ruthenium moiety to
the rhenium moiety. The top performing composite, K41C_RecysRunn, showed a 3.3-fold
improvement in rate over the mixture of K41C_Recys and Ru(bpy),-[4-(2-carboxylethyl)-4'-
methyl-2,2’-bipyridyl](PFg),, demonstrating the proximity effect of the metal complexes.

Further Lys-to-Cys mutations yielded [(gp5/F)3]2 constructs uniquely suited for Sc(l11)
coordination.540 Thiol-maleimide coupling introduced a 2,2’-bipyridine (bpy) moiety
adjacent to two Thr alcohols. Tetradentate coordination by these three ligands yielded a
Sc[bpy-(ROH),] complex capable of catalyzing an epoxide ring-opening reaction. The top
performer, G18C_bpy, has significantly higher conversion than a mixture of ligands for the
ring-opening of cis-stilbene oxide with aniline. Cooperative coordination of Sc(l11) by bpy
and the Thr residues tunes its Lewis acidity to activate epoxides for nucleophilic attack.
Each of these examples showcases the use of [(gp5/F)s], constructs for the rational
coordination of metal complexes for use as artificial metalloenzymes.

2.3. Summary

We have highlighted in this section the protein redesign approach to achieving novel
functional metalloenzymes. Since this approach starts from an existing protein scaffold, the
advantages of structural stability and functional diversity are evident. A fundamental
understanding of the structure—function relationship of the initial system lays the
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groundwork for protein redesign, allowing the implementation of a rational design strategy.
For this reason, a high-resolution crystal structure or solution NMR structure is an important
starting point. Generally, novel functionality is achieved upon redesign of the protein
ligands using traditional site-directed mutagenesis, or, in the case of the copper electron
transfer centers, loop-directed mutagenesis. Rational design strategies were used to achieve
the incorporation of a structural/catalytic ZF site, the modification of heme-containing
proteins, the design of electron transfer or catalytic iron/copper centers, and the control of
reaction stereoselectivity. Simultaneously, automated algorithms were used successfully to
yield several nonheme proteins. In addition, many examples involved the incorporation of
unnatural amino acids to modulate the hydrophobicity or metal-binding properties of the
active site. Both the inner and the outer coordination spheres of metal ions can be modified
through protein redesign, conveying various metal-binding properties, redox properties (if
applicable), activities, or substrate/product specificities. With these design considerations,
the protein redesign approach has proved successful in yielding stable metalloprotein
constructs with improved or novel functions. Additionally, researchers have gained
tremendous insight into the structure—function relationship during the design process, which
in turn serves the design purpose.

3. DE NOVO DESIGN

3.1. A Minimalist Approach: Designing Proteins from Scratch

Protein design is progressing rapidly beyond the improvement of existing proteins. Arguably
more challenging than protein redesign, de novo or “from scratch” design has helped to
disentangle structure—function relationships on a fundamental level and to create novel
properties and functions in peptidic/ protein systems that are not necessarily related to native
protein sequences. Designing proteins from scratch was considered a bold endeavor in its
infancy; however, the challenges did not prevent researchers from trying. As Richard
Feynman expressed, “What | cannot create | do not understand.”641 Indeed, de novo design
is the ultimate test of our understanding of the fundamental factors that dictate protein
folding, structure, and function using a minimalist approach.!2 It involves constructing a
peptide sequence that spontaneously folds into a unique, predictable three-dimensional
structure while retaining sufficient complexity and functionality to provide an adequate
model for a protein.10.12:35.642.643 \What distinguishes de novo design from other types of
protein design or engineering strategies is that it is based on first principles,644 which refer
to the postulation that the primary amino acid sequence determines the three-dimensional
structure of a protein. Richardson presented a vivid analogy of the protein folding problem
at the Biophysical Society National Lecture in 1992: the folded protein can be thought of as
an origami canary with the amino acid sequence being the creased piece of paper from
which it is folded.1® Thus, protein redesign amounts to modifying the wings or the tail of the
folded origami canary, while de novo design starts with a flat piece of paper to figure out the
crease patterns needed to fold it into a three-dimensional origami canary.

The goal of de novo design is to create stable peptidic/ protein constructs with desirable
functions and properties comparable to or better than those of native proteins. Combined
with the knowledge learned from synthetic model complex studies and protein redesign
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work, de novo design should eventually lead to novel applications in biocatalysis and
pharmaceuticals. Ever since the first reported de novo designed peptides,642.645 this
approach has been utilized to understand the interplay between protein structure and
function, heavy metal toxicity, electron transfer, and structural and catalytic sites in
metalloproteins. Our review on this topic is arranged accordingly.

Rather than designing each new protein from scratch, previous de novo scaffolds can serve
as a starting point for the design of metalloproteins (much as natural proteins are the starting
points in protein redesign). Although there are fewer de novo designed scaffolds to choose
from as compared to the number of natural proteins, the existing ones cover the most
important and common structural motifs found in nature. Choosing a starting scaffold is a
critical first step of de novo metalloprotein design because the scaffold provides the protein
environment and orients the residue side chains, which have a profound impact on metal
coordination. There are a few excellent and exhaustive reviews discussing the de novo
design of turns, Asheets, and other motifs.646-651 Since most of the functional
metalloenzyme mimics are associated with a-helical coiled coils, the designs based on this
scaffold are the focus of this Review. Finally, it is worth mentioning that computational
protein design has contributed greatly to the establishment and expansion of the field. The
major goal of computational design is to identify amino acid sequences compatible with a
stable, folded, three-dimensional structure or to find the lowest free-energy structure for a
specific amino acid sequence. We will omit a detailed discussion on computational design
because the effort of this approach in the past few decades has already been reviewed
extensively.17:24,652-664

3.2. Interactions between De Novo Designed Peptides and Metal lons

The de novo design approach provides a useful tool for understanding protein—metal
interaction on a fundamental level by allowing for the incorporation of a controlled
coordination site in a protein matrix. From the perspective of coordination chemistry, one
can think of the protein scaffold as a multidentate ligand that accommodates metal binding;
however, unlike simple bioinspired ligands such as EDTA,665666 (2.OH)SALPN,%67 or
NTA,568 this ligand is a true supramolecular structure that has its own properties that
originate from its proteinaceous nature. From a bioinorganic point of view, the construction
of a metal center in a protein scaffold not only illustrates the interplay between protein and
metal ions, but also assesses important issues such as heavy metal uptake, regulation and
toxicity.569 Moreover, the successful installation of a controlled metal center in a de novo
designed protein is a necessary step toward creating functional metalloenzymes mimics.

3.2.1. Heavy Metal Toxicity—Although the focus of this Review is the design of
functional mimics of metalloenzymes, we feel that it is appropriate to introduce some work
based on heavy metal binding to de novo designed scaffolds because of the following
reasons: (1) heavy metal ions are introduced as spectroscopic tags to understand metal—
protein interactions, especially the control of metal coordination in a protein scaffold,
serving as a foundation for the design of functional sites; (2) heavy metal ions are proven to
form structurally stabilizing sites for certain designs; and (3) we still lack a thorough
understanding of the mechanisms involved in heavy metal toxicity. Commonly encountered
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toxic heavy metals, Cd(I1), Hg(ll), As(l11), and Pb(ll), are considered as some of the most
dangerous substances in the environment. They are toxic to many organisms by interfering
with metabolic pathways, which display a wide range of nonspecific syndromes.670.671
Therefore, it is critical to understand the mechanism of heavy metal toxicity as well as
detoxification pathways.

Prokaryotic heavy metal stress response is largely mediated by metalloregulatory proteins,
which generally fall into two categories: the MerR family and the SmtB/ArsR family. The
MerR family proteins are transcriptional activators/repressors, whereas the SmtB/ArsR
family are solely repressor proteins.672.673 MerR, found as a homodimer, binds to the DNA
of the mer operon both in the absence and in the presence of Hg(ll), regulating proteins for
Hg(I1) uptake, metabolism, and reduction, which all contribute to Hg(Il)
detoxification.673-676 Mercury binds to three Cys residues at the dimer interface of MerR:
Cys82 of one monomer and Cys117 and Cys126 from the second monomer.674 When
mercury is bound to MerR in nanomolar concentrations, the MerR/DNA ternary complex
changes conformation, subsequently leading to the unwinding of DNA,877:678 promoting
transcription of Mer genes in the system. MerR also has high affinity for Pb(11) and Cd(Il)
resulting in trigonal pyramidal and tetrahedral binding geometries, respectively.679.680 The
SmtB/ArsR family proteins function as repressors that bind to DNA in the absence of metal
ions.881 CadC is a member of the SmtB/ArsR metalloregulatory family, which is expressed
in Staphylococcus aureus. This metal sensing protein is responsible for Cd(ll), Pb(11), and
Zn(I1) detoxification.582-685 Metal binding up-regulates both CadC expression and the
expression of an integral membrane metal efflux protein, CadA. CadC is a homodimer that
contains two binding sites. The site in charge of heavy metal sequestration contains Cys58
and Cys60 from one monomer and Cys7 and Cys11 from the other. This active site
sequesters Cd(1l) into a [Cd(SR)4]~ coordination and Pb(ll) in a trigonal pyramidal
coordination. The arsRDABC operon is employed by E. coli and other bacteria as a way of
detoxifying As(111).686 The pathway of arsenic detoxification has been proposed as follows:
As(111) binds to ArsR, which leads to the dissociation of the repressor protein from DNA.
ArsA and ArsB are responsible for the transportation of As(l11) out of the cell. In addition,
ArsC reduces arsenate (AsO437) to arsenite (AsO,~), which contributes to arsenic
detoxification.87-689 The metallochaperone ArsD then transports As(111) to ArsA/B for
extrusion. 890.691 Although multiple studies support this pathway, there is little information
available for As(111) coordination in biological systems. Similarly, a bacterial
metalloregulatory protein for Pb(11) detoxification, PbrR691, binds Pb(ll) in a tris-Cys
environment,680.692,693

Moreover, one of the most well-studied proteins that is inhibited by Pb(ll) binding is &
aminolevulinate dehydratase (ALAD), a zinc-dependent enzyme with a Cys-rich active site.
Crystallographic studies of the lead-inhibited form of ALAD, where Zn(ll) in the CysgH,0
site is replaced by Pb(I1), demonstrated that a Pb(Cys)3 structure is present. The
stereochemically active lone pair of Pb(ll) resides where the solvent molecule or substrate
would be expected to bind to Zn(11).6%4 Binding of Pb(II) to ALAD prevents heme synthesis
results in an accumulation of the precursor 5-amino levulinate, leading to anemia and
neurological symptoms in humans. 895698 AJ| of these relevant metalloproteins have
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thiolrich binding environments, which are favorable for heavy metal binding. Additionally,
the preorganized protein environment plays an important role in determining heavy metal
coordination.

Using a de novo design strategy to enforce a tris-thiolate environment around ions such as
Hg(l1), As(l11), and Pb(ll), Pecoraro, DeGrado, and co-workers prepared a series of coiled
coil peptides based on the heptad repeat approach to study heavy metal toxicity. They
demonstrated the design of thiolate environments amenable for heavy metal binding,
addressing heavy metal selectivity, specificity, and coordination geometry in a protein
environment at a fundamental level. Their work has contributed significantly to the
understanding of the interaction between heavy metals and proteins. Herein, we review the
achievement of controlling heavy metal coordination number and geometry in a peptidic
scaffold and its implications in explaining the relationship between heavy metal geometric
preferences and inherent protein structures.

A well-defined coiled coil scaffold based on the heptad repeat approach was used to study
heavy metal-binding behaviors. Using the program Insightll/Discover,5% DeGrado applied
negative design principles'9-16:28 to prepare the 29 amino acid peptide CoilSer (CS)33:34
(Table 4), which was acetylated at the N-terminus and amidated at the C-terminus, with the
intention of generating an antiparallel four-stranded coiled coil (4SCC). However, X-ray
analysis demonstrated that the resulting aggregate was an antiparallel (two “up” C-termini
and one “up” N-terminus) three-stranded coiled coil (3SCC).34 The basis of this approach
was to exploit the heptad repeat, known to induce a-helix formation. Simply, the concept is
that a peptide assembly will form through “hydrophobic collapse”?09-703 pased on the
exclusion of hydrophobic residues from the aqueous phase. Control of strand number is
achieved by matching the packing of the hydrophobes into the desired aggregates (2SCC,
3SCC, or 4SCC). Orientational control (parallel vs antiparallel) and solubility are conferred
by hydrophilic, charged residues placed at the interhelical interface. The heptad is composed
of seven amino acid residues, denoted as abcdefg, where a and d positions are usually
hydrophobic residues, and e and g positions are salt-bridging residues.”%4.795 The
connectivities between helices and overlapping hydrophobes are often represented as helical
wheel diagrams (Figure 29). For heptads containing leucine, the addition of each 7 amino
acid repeat confers ~9 kcal/mol of stability to the system.”96:797 |t should be noted that the
intrinsic nature of the heptad places the a residue of the first heptad slightly (~20°) out of
phase with the a residue of the following heptad. To optimize packing of the hydrophobes,
the resultant a-helices twist, or supercoil, around one another. This is where the name
“coiled coil” comes from as a-helices (coils) supercoil around each other to form the stable
aggregate.

Because of the high symmetry of these systems, one must determine whether a single
protein fold exists in a “native-like fold”, or has multiple similar energy conformations,
which is then termed a “molten globule”.”%8-710 Usually, increasing the number of heptads
or increasing the asymmetry in the sequence will lead to native-like folds. DeGrado
demonstrated that a parallel 3SCC can be achieved by preparing Coil-V,L¢4.3¢ This sequence
alternates Val and Leu residues at the a and d positions, respectively, assuring that all
helices are aligned by commensurate matching of the amino acid side chains in each layer.
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On the basis of these early studies, DeGrado and Pecoraro designed the amphipathic peptide
scaffold known as the TRI family of peptides, so named because a parallel 3SCC scaffold
was desired. This scaffold utilizes the generic heptad repeat, LKALEEK, and is capped by
Gly residues at either end.32:37:38 The peptides in this group are BABY, TRI, and GRAND,
which have three, four, and five heptad repeats, respectively (Table 4). The N-termini are
acetylated and C-termini amidated to align the helical dipole, facilitating the assembly of the
coiled coils.3537.705

The TRI-family peptides self-assemble upon dissolving in water into 2SCCs at low pH (< 5)
and 3SCCs at higher pH (> 5.5).3%:37 The Leu residues in the interior of the helix bundle can
be substituted for heavy or transition metal-binding residues such as Cys or His. The
locations of the mutations are described in Table 4. At physiological pH, these peptides
adopt a 3-fold symmetry, which is an excellent framework to generate trigonal, tetrahedral,
or trigonal pyramidal metal coordination environments.23

A major advance in the understanding of the metalation of Cys-substituted TRI peptides
occurred when the crystal structure of As(111)(CSL9C)3 was obtained.”! This structure
demonstrated that metals bind to these systems with one Cys thiolate sulfur from each helix
(Figure 30). The structure also revealed the influence of the stereochemically active lone
pair of As(I11) ion on the As(I11) coordination’11 and demonstrated that the As(l11) binds to
the Cys in an endo conformation. When comparison to the apo-CSL9C structure, it became
clear that the As(I11) was accommodated in a preformed site, designed perfectly for this
metalloid. DFT calculations on simplified As(I11)Cysz models were subsequently carried out
to determine the most stable endo/exo conformation. The model corresponding to the lowest
computed energy was described with two endo Cys residues and one exo Cys residue,
whereas the most energetically unfavorable conformer had two exo Cys and one endo.’12
Similar DFT results were also reported for Pb(I1) complexation by these systems. EXAFS
studies showed that both TRIL16C and TRIL12C bind As(l11) with an As-S bond length of
2.25 A, which is consistent with the reported values for ArsR (2.25 A) and small molecule
As(I11)S; ligation site distances (2.20-2.33 A).686.713-719

Varying the location of the Cys substitution generates an a site versus d site for metal
binding within the 3SCCs. CS, was utilized to understand the inherent differences between a
sites and d sites.3334.720 As mentioned above, unmodified CS crystallizes as an antiparallel
3SCC; however, reorientation of the peptide takes place once a single modification of the
sequence at an a or d site occurs. Therefore, we can conclude that As(l11) in As(CSL9C)3
did not force the peptide to be parallel; rather the Cys substitution at position 9 seems
sufficient to shift the 3SCC into the parallel orientation. The crystal structures of apo-
CSL9C and apo-CSL19C corroborate this scenario with a site and a d site, respectively.’?!
Before discussing the experimental observations, it is worth considering why a and d sites
might be different. If one considers the sequence GLKALEEKLKALEEKG, one realizes
that going from an a position to a d position requires a spacer of two amino acids LKAL,
whereas proceeding from d to a requires three amino acids, LEEKL. This sequence
difference requires that layers be separated asymmetrically within the helical core. Second,
because of the rotation of the peptide backbone around the helix, it is expected that the side
chain of an a position hydrophobe or metal ligand will be oriented slightly differently from
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that of a d position side chain. Thus, either steric effects based on the layer above a metal or
the positioning of a metal ligand will be different depending on the choice between an a or a
d position for the metal-binding site. The major rotamer of Cys in an a site is suitable for
metal binding as it is predominantly directed toward the center of the structure. The Cys side
chains placed at a d site are slightly rotated downward toward the C-terminus of the 3SCCs.
One of the residues is pointing away from the hydrophobic interior toward the helical
interface, whereas the other two Cys residues are directed toward the hydrophobic interior,
offering a larger cavity, which might be preferable for larger metal ions like Pb(11).”21 The
difference between the orientations of a and d site Cys side chains is expected to lead to
different affinities for metal ions due to the inherent van der Waals radii of the metal ions.
For example, Cd(Il) binds to the a site peptide TRIL16C with a stability constant of 1.6 x
108 M~1, while Cd(ll) binds to the d site in TRIL12C with a stability constant of 2.6 x 107
M~1.722 Hg(I1) binds to an a site in BABYL9C with a binding constant of 1.9 x 10° M1,

whereas it binds to the d sitecontaining peptide, BABYL12C, with an affinity of 5 x 10*
M—1.704

The difference between an a site and a d site also leads to different protonation equilibra of
the metal-bound peptides. When these peptides bind Hg(l1), one sees a linear or Tshaped
Hg(Il) at low pH, which converts to a trigonal planar Hg(ll) in more basic
conditions.32:37.707,723-725 A model in which Hg(SR),(HSR) forms Hg(SR)3 while
liberating a proton accounts for this chemistry and corresponds to a one-proton loss. The
metal-binding associated pKj is 7.6 for the a site peptide TRIL9C and 8.4 for the d site
peptide TRIL12C.794 A similar trend is observed for Cd(I1); however, this system is
complicated by the fact that the first step of Cd(ll) binding is believed to form a complex
with a single coordinated thiolate at low pH. Subsequently, two protons are released
simultaneously to generate either trigonal planar CdSs3-type structures or pseudo-tetrahedral
CdS30 structures.”0%:726-728 Thys, the protonation equilibrium constant is reported as pKgp.
The equilibrium is described’22:728 s

[Cd(peptide—H),(peptide)] ™ = [Cd(peptide),] +2H"
and Ky is described as

__ [Cd(peptide),][H*]*
" [[Cd(peptide—H), (peptide)] *]

An a site peptide always has a lower pKj, than a d site peptide, leading to a preference of
Cd(ll) for the a site. Specifically, both TRIL9C (a site) and TRIL16C (a site) have an
apparent pKg, of 13.4, while the d site peptides TRIL12C and TRIL19C have pK;, values
of 14.6 and 14.3, respectively.”5.728 |nterestingly, the pKg, exhibits a reverse trend for
Pb(I1) binding to an a site versus a d site; that is, the pKy, for an a site peptide is higher than
that of a d site peptide for Pb(I1) binding.”12.722 This, together with the analysis based on the
crystal structure, suggests that an a site prefers binding to Hg(l1) and Cd(ll), while a d site
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prefers binding to a larger cation. Both TRIL12C and TRIL16C bind Pb(ll) with a 1:1
metal:trimer ratio. A similar pH study of Pb(ll) yielded pKj,» values of 12.6 and 12.0 for
TRIL16C and TRIL12C, respectively, indicating that Pb(Il) binds to a d site at a lower pH
than an a site.”22

On the basis of the inherent differences between an a site peptide and a d site peptide, it is
expected that they would enforce distinct heavy metal ion coordination environments. This
hypothesis was examined by binding Hg(I1), Cd(Il), and Pb(ll) to various a site and d site-
containing peptides and investigating the coordination by means of 1%9Hg, 113Cd, and 207Pb
NMR and 199MHg and 111MCd perturbed angular correlation spectroscopy (PAC). NMR of
the heavy nuclei is a sensitive technique to probe the nature of ligands, coordination number,
and geometry of the heavy metal-binding site. PAC spectroscopy has a faster time scale than
NMR, and can complement NMR studies by providing details about local electronics,
geometries, and dynamics of the site.”29

The dynamics of an a and a d site upon Hg(11)237%4 and Cd(11)7% binding was reviewed
previously. Here, we will focus on the difference between an a site versus a d site based on
the Pb(l1) binding environment. 207Pb NMR is an extremely sensitive technique for studying
Pb(1l) binding to proteins due to the wide chemical shift range (~16 000 ppm); however, this
sensitivity also makes the detection of resonances nontrivial. The first detection of a 207Ph
NMR spectrum for Pb(I1) bound to a homoleptic thiolate protein environment was only
recently reported.”30.731 To distinguish the difference between an a site and a d site, several
peptides were analyzed in the presence of Pb(l11). CSL16C and CSL12AL16C, both
containing an a site binding pocket, exhibit 207Pb NMR shifts of 5612 and 5555 ppm,
respectively, while d site peptides BABYL12C and CSL12C have NMR resonances that
shift downfield to 5786 and 5814 ppm, respectively.”30 This shows an approximate 200 ppm
shift downfield for binding to an a site peptide versus a d site peptide. Additionally, the
slightly shifted Pb-(CSL12AL16C)32" peak at 5555 ppm, as compared to Pb(CSL16C)32™ at
5612 ppm, indicates that introducing space above the lead binding site results in a small
perturbation of the Pb(ll) coordination environment.

All of the previous examples illustrate how a versus d sites engendered metal-binding
specificity for a variety of metalloids. One can modify affinity and structure type by varying
the properties of the first coordination sphere ligands or by modifying the sterics of the
second coordination sphere. These considerations require a more advanced level of design to
achieve coordination environments influencing a specific metal ion. First coordination
sphere modifications were achieved by substituting each of the heavy metal-binding Cys
residues with the noncoded amino acid residue, penicillamine (Pen). This donor, which
modifies the electronics of the first coordination sphere and the sterics of the second
coordination sphere, was used to examine Cd(Il) binding to the TRI peptides. Specific
secondary coordination sphere modification was achieved by substituting Leu residues with
either a D-Leu or an Ala. These altered amino acids influence the binding of solvent
molecules and have an impact on the metal coordination geometry.

The a site peptide, TRIL16C, binds to Cd(ll), forming two species with different Cd(11)
coordination numbers. The primary goal of incorporating a Pen residue was to obtain
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exclusively a three-coordinate Cd(I1). While retaining a basicity similar to that of Cys
(PKa(pen) = 7.9, PKa(cys) = 8.3), Pen provides greater steric bulk around the metal center,
with two additional methyl groups in place of the f-methylene hydrogens. Interestingly,
Peacock et al.”32 obtained the crystal structure of CSL16Pen, showing that all of the thiol
groups from Pen point into the interior of the helix bundle, as expected on the basis of apo-
CSL9C. However, the placement of the methyl groups at the helical interface causes a
change in the packing of the Leu layers above and below the metal-binding layers.”32 Thus,
the additional methyl groups perturbed the second coordination sphere of the metal, not
through direct steric hindrance as one might expect for a small molecule model complex, but
rather by changing the packing of hydrophobic layers as might be seen in a protein. Most
important, TRIL16Pen was able to bind to Cd(ll), forming a homogeneous CdSs structure,
confirmed by 113Cd NMR and 111MCd PAC spectroscopy, which was the first time such a
coordination environment was observed for Cd(I1) in an aqueous solution.”?” A similar
three-coordinate structure could be obtained by directly modifying the Leu packing layer
using D-Leu. By switching L-Leu into D-Leu one layer above the coordination site, the
orientation of the side chain inverts, now the C-terminus, and blocking the access of a water
molecule to the Cd(l1) ion to yield Cd(l1) with 100% trigonal planar geometry.”95.733 To
obtain a pure four-coordinate Cd(l1) site, residues at the secondary coordination sphere were
mutated to facilitate the access of water molecules. Substituting an Ala residue for Leu one
layer above the binding site opened a “hole” for solvent access above the thiol pocket. 100%
fourcoordinate Cd(11) was obtained upon binding Cd(I1) to TRIL12AL16C.728 These
studies illustrate how protein design can generate rare metal coordination environments by
exploiting the packing and the second coordination sphere encapsulating an ion within the
hydrophobic environment of a coiled coil. Furthermore, these studies demonstrate for the
first time that D-amino acids can be stably incorporated into helical assemblies and used to
alter the properties of coordinated metal ions. A number of broad applications of noncoded
amino acids have been recognized in designed proteins with improved biophysical
properties or novel functions.”34-737 The incorporation of unnatural amino acids in these de
novo designed constructs is straightforward due to the application of solidphase peptide
synthesis techniques.

In the previous paragraphs, we have described how designed proteins can bind a variety of
metal ions and metalloids, how site selectivity can be controlled by sequence (a vs d sites),
and how maodifications of first and second coordination sphere ligands can be used to control
metal coordination number. All of these issues address metal ion recognition by proteins for
single metal sites; however, numerous metalloproteins contain multiple metal sites that are
often in coordination environments that are very similar. Examples include ALAD, which
contains both a structural five-coordinate Zn(l1) active site and a catalytically active four-
coordinate Zn(11) site,”38.739 CuNiR, which contains both a T1- and a T2Cu center,’40-742
and Cu,ZnSOD, which has very similar ligand environments surrounding the copper and
zinc ions.297410 ALAD is particularly interesting because heavy metal ions, especially
Hg(l1), Cd(I1), Pb(l1), usually substitute the Zn(ll) ion solely at the catalytic site. To expand
the de novo design of heavy metal-binding proteins, it is necessary to confer recognition at
two independent metal-binding sites within a single protein construct. This goal was
achieved using two separate strategies that exploited the concepts learned from designing
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mononuclear binding sites. One approach was to exploit a versus d preferences of metal ions
for metal-binding sites, and the second was to exploit noncoded amino acids such as Pen or
D-Leu to achieve metal selectivity at different protein sites. These heterochromic peptides
paved the way for the first step of building analogues of metalloenzymes that contain
distinct structural and functional sites. Because two different layers were to be modified to
obtain dimetalated systems, GRAND peptide derivatives (Table 4) were used in these
studies, providing a more stable initial scaffold (~9 kcal/mol more stable than TRI
peptides), which could then be modified to achieve selective ion recognition.”%6:707 The first
objective was to design a dual site peptide that contained the same metal in two different
coordination environments. Two constructs were successfully designed to bind to Cd(ll)
[three-, four-coordinate] with 100% specificity according to 113Cd NMR and 111mCd PAC
spectroscopy. The design of GRL16PenL26AL30C combined the strategy of enforcing
three-coordinate Cd(ll) used in the design of TRIL16Pen and that of forming four-
coordinate Cd(Il) used in TRIL12AL16C."43 Importantly, the two binding sites, one
pseudotetrahedral and one trigonal planar, exhibited different physical properties, indicating
that not only coordination number, but also spectroscopic features can be controlled in the
different regions of the same peptide. This achievement further suggests that redox,
structural, or catalytic sites can be engineered into designed proteins with confidence.
Furthermore, alternate chirality peptides were shown to result in peptides containing distinct
[three-, four-coordinate] centers as was demonstrated with GRL12p LL16CL26AL30C.
This design utilized solely the secondary sphere control to obtain two exclusive coordination
environments.”33 Pecoraro and co-workers also demonstrated other GRAND peptide
derivatives that were able to bind to Cd(I1) with two different coordination

environments.”05.733.743,744 A detailed discussion of this work is provided by Peacock et
41705

Heterometallic structures with selective incorporation of two different metals into this class
of 3SCCs were also prepared using Pb(I1) and Cd(11).74> To understand the specificity
achieved in this system, the influence of the second-sphere coordination environment on
Pb(11) when bound to 3SCCs was evaluated via DFT calculations and 20’Pb NMR.”12 In the
presence of a mixture of CSL9C and TRIL12AL16C and 1 equiv of Pb(ll), a mixture of the
metalated species was observed; however, a marked preference was noted for the peptide
with the Ala substitution, which introduced more space around the Cys binding site. Overall,
the preferential binding of Pb(ll) as determined via 20’Pb NMR is a site with an Ala “hole”
> d site > a site. Presumably, this is due to the better accommaodation of the larger Pb(ll) ion
and bulky lone pair on Pb(11).712

In addition to the coiled coil systems, smaller peptides containing Cys residues were also
designed to investigate the Hg(ll) binding properties. An 18-residue peptide with a sequence
identical to the metal-binding loop (sequence: TLAVPGMTCAACPITVKK) in MerP was
synthesized and characterized.”46-748 The linear sequence of Cys and Ala (bold in the
sequence) was shown to determine the Hg(ll) binding affinity. The dissociation constant K
for Hg(I1)(CAAC) (90 pM) lies between those of Hg(I11)(CCAA) (78 uM) and Hg(ll)
(CACA) (207 uM).”46 More recently, a tetrapeptide Ac-Cp-PPC-NH, (CdPPC) was
designed by Iranzo and co-workers. 749 The D-Pro-Pro motif forms a preorganized fturn
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that directs the orientation of the two Cys, shown to bind to Hg(ll) with a high affinity (the
stability constant log £ = 40.0), forming a linear mononuclear dithiolate—Hg(Il) complex.
However, the peptide with stereochemically reversed configuration CPPC (Ac-CPPC-NH>)
showed a much lower stability constant, demonstrating the efficacy of the D-Pro-Pro
template in stabilizing the linear Hg(ll) coordination. Computational modeling using
quantum mechanical methods was carried out on Hg(I1)(CdPPC), showing that there were
two energy-minimized conformers for this complex, both of which contained a slightly
distorted linear HgS, coordination, consistent with the evidence obtained from 199MHg PAC.

Furthermore, the binding of heavy metal ions to a thiol-rich environment was demonstrated
in a more native-like a-helix bundle azDI1V."%0 This design was based on DeGrado’s a3D,
which is a globular, antiparallel three-helix bundle.”>! Bryson et al. examined the crystal
structure of CS3 and successfully imparted more native-like properties into de novo
designed proteins in a hierarchic approach, where they introduced specific interactions to
achieve a uniquely folded scaffold.”>2 Three rounds of design were carried out initially to
construct azC: first, they shortened the helix region by one heptad to 21 residues, a length
more commonly seen in native helix bundles; then, helix start/stop residues were introduced
to avoid the formation of long helices and provide an initial trajectory of the loop; and
finally, rearrangement of the residues in the hydrophobic core and on the helical interface
was accomplished to direct the counter-clockwise folding topology. On the basis of a3C,
a3D was designed to introduce more sequence diversity.”>1 The proton exchange and
thermodynamic properties of azD closely resembled those of native proteins, providing an
excellent foundation for incorporating a metal-binding site.

The design of azDIV represents the first example of engineering a metal-binding site within
an antiparallel single-chain three-helix bundle by rational design.”® The tris-Cys site was
incorporated near the C-terminal end of the helix bundle in a “hydrophobic box”, which is
an ideal location for exploring the sequestration of heavy metal ions in a hydrophobic
environment (Figure 31). On the basis of the spectroscopic parameters revealed earlier,
Chakraborty et al. demonstrated that azDIV binds Hg(I1), Cd(I1), and Pb(ll) at the tris-Cys
center as expected with relatively high affinities (K, > 107 M~1). Specifically, at pH 8.0,
Hg(Il) binds to a3zDIV, forming a HgS3 site; similar to the TRI family peptides, at a lower
pH, Hg(l1) forms a linear HgS, coordination when bound to a3DIV as revealed by 199Hg
NMR and 199MHg PAC. a3DIV accommodates Cd(11), forming a pseudotetrahedral CdS30
coordination with the lower limit at an apparent binding constant of 2.0 x 107 M~L. Pb(ll)
binds to the tris-Cys site of azDIV with an affinity of 3.1 x 10’ M1 (lower limit), forming a
trigonal pyramidal PbS3 site. These thiol-rich heavy metal-binding sites behave very
similarly to those in the TRI family peptides; however, the sequence of azDIV contains all
20 coded amino acids, representing a more native-like de novo designed scaffold. Moreover,
the single stranded three-helix bundle allows one to incorporate asymmetry at the first
coordination sphere of the metal-binding site, which is more challenging to achieve in a self-
assembled coiled coil system.

3.2.2. De Novo Designed Metal Centers Based on pB-Structures—/-sheet
structures, one of the most important secondary structure types in protein assembly, are
composed of almost fully extended polypeptides that pack through hydrophobic and H-
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bonding interactions involving the backbone carbonyl group and the neighboring amide
proton functionalities. 646.648.753-755 5 Sheet structures are prevalent in proteins. Commonly
seen topologies include fsandwich, fbarrel, o/ arrangement, propeller, f-helix, f~clam,
and roll.548 Bstructures have also been demonstrated to play important roles in protein—
DNA, 738 protein-RNA, 757 and protein—protein’>8 recognition. The de novo design of 4
peptides, despite their structural and functional significance in native proteins, is not as well-
advanced as that of a-helical structures, partially because it is more challenging than the
design of a-helices. More often than not, an isolated #strand is not stable, making it less
modular and more difficult to design.547 Specifically, the design of Asheets requires the
correct pairing of f~strands that not only contribute to its stability but also to its secondary
structure elements. Previous reviews on the design of f-hairpins, f-bulges, f-sheets, fturns,
etc., are focused on the earlier achievements of constructing a stable
structure.10:647.649-651 \We review herein the incorporation of a metal site in a /structure in
the context of creating functional metalloproteins.

3.2.2.1. The Minibody: The first reported case of a designed f-protein with a novel fold that
binds to metals is the minibody.”®° It is a de novo designed monomeric protein with 61
residues whose design was based on a fragment (residues 19-83) of an immunoglobulin
McPC603, a phosphocholine-binding mouse myeloma protein.”®? The minibody is
composed of six fstrands, forming two f-sheets. With preserved structurally important
residues from the fragment of immunoglobulin (Gly26, Phe27, Phe29, Glu35, Arg69 were
preserved in the minibody) and appropriately modified residues from the hydrophobic core
in the original immunoglobulin [Leu20(McPC603)— Asn2(minibody), Cys22(McPC603)
—GIn4(minibody), Trp41(McPC603)— Tyr23(minibody), Phe65(McPC603)
—Tyrd7(minibody)], the minibody is moderately soluble in water up to a concentration of
10 uM. It demonstrated the tolerance of sequence variability and the predictability of the
main chain conformation of the hypervariable region of immunoglobulin. Moreover, the
highlight of this contribution is that this f-protein can accommodate the metal-binding His
residues located in the loop region (Figure 32). Upon binding to divalent metal ions, for
example, Cu(ll), Zn(l1), or Cd(I1), the mini-body forms a M(His)3 center, which is of
important biological relevance. Additionally, the metal binding was demonstrated to display
various affinities in the order of Cu(ll) > Zn(1l) > Cd(ll) > Co(ll). Although the metal ion
affinity was limited (with a dissociation constant in the micromolar range) and no activity
studies were carried out when it was first reported, the minibody represents a significant
advancement toward creating a metalloenzyme based on a f-sheet scaffold.

The follow-up work from the same group focused on increasing the solubility of the
minibody, which was realized through rational design and mutagenesis.”®1 The rationale
behind increasing the solubility is to substitute residues that are predicted to be on the
surface of the protein with residues that are considered to have favorable interactions with
water, while maintaining the structurally important residues to retain stability. This goal was
achieved by Arg20Lys, Val19Glu, and a few other mutations. With this strategy, the
solubility of the minibody derivatives was enhanced 100-fold as compared to the original
minibody (from 10 pM to 1 mM). At the same time, most of the rationally designed variants
retained the f-sheet secondary structure, sufficient stability, and the ability to bind to metal
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ions. One variant did not exhibit the f#protein structural motif nor bind metal ions, due to a
slight distortion of the backbone upon mutagenesis. This work illustrates the fundamental
importance of hydrophobic—hydrophilic interactions in protein assembly, which can be
utilized to achieve improved properties.

Although the increased solubility was still did not allow for solution NMR or
crystallographic studies, Sollazzo and co-workers have employed other strategies to
understand the structure of the minibody. For example, the surface topology of the minibody
can be examined through rational chemical modifications, such as the acetylation of certain
Lys residues, O-acetylation of the phenolic hydroxyl group on Tyr, nitration of Tyr, or
modification of the protein guanine group on Arg.”%2 The conditions for these modifications
were carefully selected to ensure that the protein was in its native state; thus the surface
residues were more susceptible to modifications. Using mass spectrometry, they were able
to pinpoint the residues that exhibited higher, moderate, and lower reactivities toward these
chemical modifications. Moreover, proteolysis combined with mass spectrometry was used
to probe the tertiary structure of the minibody.’63

3.2.2.2. The Betabellin: The betabellin is a de novo designed bell-shaped #-sandwich
protein that consisted of two 32-residue /f-sheets, each of which is designed to have 12 polar
residues on one side and 12 nonpolar residues on the other so that the fsheets can assemble
through hydrophobic interactions. Betabellin-15D, in particular, has six His residues (His1,
D-His7 and His32 from each sheet) at the rr edge of the #sandwich (Figure 33).764 The two
sheets are assembled upon air oxidation, such that two clusters of (His)3 sites are formed,
each of which can bind a divalent metal ion. A computer model was built, indicating that
there were two slightly different mononuclear tris-His sites in betabellin-15D, one of which
was expected to bind divalent metal ions slightly tighter than the other. Betabellin-15D
binds divalent metal ions with various affinities in the order of Cu(ll) > Zn(Il) > Co(ll) >
Mn(l1) (the K4 ranges from micromolar to millimolar).”84 For Cu(ll), in particular, the
binding is pH-dependent.”%> Limited proteolysis by immobilized pepsin, which
differentially cleaves the peptide bond with moderate specificity depending on how
accessible it is in the protein structure, both in the presence and in the absence of Cu(ll),
indicates that Cu(l1) might induce the folding of betabellin-15D, and lead to a slower
cleavage of the Phe12-Ser13 peptide bond.”64.765 Specifically, at pH 5.8, 6.4, and 6.7,
betabellin-15D only folds into f-sheets in the presence of Cu(ll), signified by a substantial
increase in the absolute value of molar ellipticity at 218 nm in the CD spectrum, which was
not observed in its apo-protein form.”65

It is worth noticing that the design of betabellin-15D incorporated D-amino acids (D-His, D-
Lys, D-Pro), which serve the purpose of creating an inverse-common (Type I’) f-turn?54.766
to favor the formation of the antiparallel A-sheet.”67:768 Solid-phase peptide synthesis
provides a facile route to achieve the incorporation of unnatural amino acids.”5° It is further
demonstrated that betabellin-15D can serve as a molecular model for protofilaments of
amyloid fibers.’69.770

3.2.2.3. Other gStructures: Imperiali and co-workers incorporated unnatural amino acids
with heteroaromatic ligands such as bpy and neocuproine as side chains to bind metal ions in
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a fhairpin motif.”71:772 The idea is to introduce bidentate heteroaromatic ligands, which are
excellent metal chelators, into a protein system to rationally modulate the metal-binding
affinity. A series of amino acids were synthesized (Figure 34), which have the a-amino acid
functionality appended to the 6, 5, and 4 positions of bpy (compounds 41, 42, and 43),
respectively, to the 1 position of 10-phenanthrol-2-yl (compound 44), and to the 1 position
of a novel neocuproine derivative (compound 45).195.771.772 These unnatural amino acids
were introduced to the N-termini of the six-residue peptide chains; at the same time, some of
the designed peptides also contained metal-binding natural amino acid residues such as His
or Asp at the C-termini to assist the formation of a preorganized binding site. Upon the
formation of a fturn, the two ends come close together to form the metal-binding site.
These reports demonstrated that by introducing unnatural amino acid residues, the metal
affinities could be modulated. The binding of Zn(ll) to these peptides, however, is relatively
weak with a dissociation constant in the millimolar to micromolar range.””%772 Using a
similar strategy, with different unnatural amino acid residues, the same group has
investigated dynamic protein interactions,”’3 cell migrations, /”* and lanthanide sensing.”’®

3.2.3. Metal-Induced Protein Folding

3.2.3.1. De Novo Designed Zinc Fingers: ZF binding motifs have also been engineered into
de novo designed proteins. The first reported designed ZF protein introduced a His,Cys,
metal-binding site into a four helix bundle protein, Zas.””® The protein scaffold is a
simplified version of a naturally occurring motif. Initial studies showed that Zn(ll) binds
with a relatively high affinity to a monomeric protein and that the Cys residues are necessary
for binding. The desired tetrahedral coordination environment was obtained on the basis of
the absorption spectrum of the Co(ll)-substituted protein, which showed a d—d band at 615
nm with shoulders at 557 and 664 nm, fully consistent with a tetrahedral binding
environment. Both the apo- and the metalated protein adopted an a-helical structure,
revealed by CD spectra; however, the Zn(Il)-bound form was more resistant toward
guanidine hydrochloride denaturation. Interestingly, as early as 1990 when de novo protein
design was in its infancy, the authors foresaw that this strategy could potentially be used to
construct a catalytically active metalloprotein (vide supra). Further analysis of Zay was
carried out by Klemba and Regan to study the changes in the system after removal of metal-
binding ligands one by one (similar to the work of Nomura and Suguira described
previously168).777 His25 Cys47, and His51 each separately mutated to Ala residues,
creating a vacant site at the metal-binding center. The absorption spectra for Co(ll)-bound
proteins were collected, showing that Co(Il)-ZasH25A and Co(Il)-ZasH51A had absorption
features very similar to the parent construct Co(ll)-Zay, while Co(l1)-Za4C47A did not
exhibit such features. The d—d band of Co(I1)-Za4C47A revealed perturbation of the
tetrahedral geometry, resulting in either a distorted tetrahedral or a five-coordinate Co(ll)
site. Dimerization was observed in the presence of Cd(l1), a thiophilic metal, in the
ZayCATA mutant, presumably due to the decreased number of Cys residues available to
coordinate Cd(Il). All other mutations were shown to bind Zn(ll) in a 1:1 ratio. Moreover,
the authors investigated the pKj, of a putative Co(ll)-bound water by collecting absorption
spectra at different pH conditions. No absorption was observed below pH 9.5, and was
attributed to the low electrophilicity of the metal site. The authors suggested incorporating
more His ligands to convert this site into a catalytic Zn(ll) site.”’”
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A minimalist 26-residue peptide with a Cys,His, binding site, containing more than 60%
Ala residues, was reported by Michael et al. to analyze the importance of the seven most
conserved residues characteristic of the TFIIIA-type ZFs.”’8 TFIIIA is a transcription factor
that regulates the transcription of 5S RNA in vitro. Previous studies on TFIIA unveiled
remarkable repeating structures in the protein ZF domains.””® The minimal ZF protein was
denoted as MZF. To understand the role of hydrophobic residues in maintaining the
structural integrity of the MZF, three other mutants were designed: MZF-Coreless, where
the relatively hydrophobic residues Tyr and Phe were substituted with Ala residues, MZF-
A8, where one of the Ala residues between the Cys and Phe was deleted, and MZF-Coreless-
A8, where both types of mutations were combined into one protein. Co(ll) binding studies
showed that MZF binds Co(ll), forming 2:1 and 1:1 complexes, out of which the 1:1
complex was similar to that of Co(ll)-bound native ZF proteins and the 2:1 complex was
reflective of a tetrathiolate environment. The NOESY spectrum of the MZF-Zn(11) complex
showed well-distributed peaks, indicating a stable folded structure. In particular, the patterns
of the NOEs were consistent with those observed for native ZFs. Only one of the mutants,
MZF-Coreless-A8, with both the deletion of the hydrophobic residues and the spacing
residue Ala, showed metal-binding properties similar to those of native ZF proteins, while
the other two mutants induced higher formation of the 2:1 complex than the 1:1 complex.
These results showed that the seven conserved residues were necessary and sufficient to
maintain the ZF site.”’8

Latour and co-workers studied the nonclassical Cys, system using a de novo design strategy.
The Latour lab initially reported a series of branched cyclic proteins containing a Cys, motif
to model the heat shock protein Hsp33, in which they replaced the native two strand f-sheet
with a de novo designed branched cyclic polypeptide.’8% Additional substitutions to the
polypeptide and the addition of Zn(I1) resulted in good reproductions of both the first
coordination sphere and the extended H-bonding system of the native Hsp33 system. A
similar approach was used to model a treble-clef ZF type-site, similar to the bacterial
peroxide sensor PerR.”81 Utilizing eight-residue cyclic proteins containing 9-14 residue
“tails” and four Cys residues, the simplified polypeptides bind Zn(I1) with high affinity at
biologically relevant pH resulting in treble-clef structures. The tail of the protein folds into a
helix to accommaodate the four-coordinate Zn(lI1) binding site. The shorter, nine-residue tail
lacks the full helix but still folds to allow a four-coordinate Zn(ll) binding site. The longer
tail, which can fold into a helix upon metal binding, was found to stabilize the structure of
the de novo designed treble-clef ZF (Figure 35).781

To address the influence of amino acid sequence and the secondary coordination sphere
interactions, LaTour and co-workers examined a series of de novo designed ZF proteins
with different Zn(11) coordination environments and dissimilar secondary structures (Figure
36).782 Specifically, treble-clef Zn-Lyc and cyclic Fhairpin Zn-Lysp constructs containing
Cysy sites and ffa ZF consensus peptide (CP) with CysyHisy, CysgHis, and Cys, sites were
examined. The difference between the three constructs lies in the location of the
hydrophobic residues: all hydrophobic residues of Zn-Lt¢ are solvent-exposed, yielding no
hydrophobic core in the protein construct; Zn-Lngp has a relatively small hydrophobic core,
while the traditional ffa ZF peptide CP contains more hydrophobic residues, forming a
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larger core. The CP series of peptides exhibited pH-dependent metal-binding affinities,
attributed to the deprotonation equilibra of the His and Cys residues. The Zn(ll) binding
studies in the CP1 variants yielded higher-than-previously reported’83 binding constants that
reached 10141015 M1 at a physiological pH. Additional metal exchange experiments with
EDTA and peptides with altered hydrophobic cores also revealed that hydrophobic residues
might play a role in controlling the kinetics of metal binding. These findings cast light on
Zn(11) homeostasis and the role of transcription regulation by ZFs. Tight metal-binding
ensures that these ZF proteins are in the proper conformation to bind DNA and carry out
transcription. At the same time, lower hydrophobicity close to the Zn(lI1) binding site
contributes to a fast exchange, convenient for Zn(ll) uptake and release to maintain zinc
homeostasis.

3.2.3.2. Other Types of Metal-Induced Protein Folding: There are a number of studies
examining metal-induced folding of a-helical coiled coils. Since this work has been
previously reviewed, we will summarize it briefly here.23:29.784-789 Some of the earliest
studies involving the use of metal-binding sites to promote a-helix and coiled coil formation
were reported by Ghadiri and co-workers. They reported a 17-mer peptide, containing two
His or one His and one Cys site(s), which displays a ~50-90% increase in a-helicity upon
binding Cd(I1), Cu(ll), Ni(11), and Zn(11).7%° The His/His version of this peptide, when
bound to the exchange inert metal complex [Ru(NHs)s5(OH,)]2*, forms a macrocyclic
complex (cis-[Ru-(NH3)(His),peptide]3*) with 80% a-helical content (only 45% in the
absence of metal).”®1 Additionally, the group reported a 15-mer amphiphilic peptide, which,
upon binding Ni(Il), Co(lI1), or Ru(ll) at the bpy moiety at its N-terminus, self-assembles to
form a 70% a-helical 3SCC.788 This construct was also used to incorporate a Cu(l1)(His)3
site for the development of a heterobinuclear 3-helix complex.”92 The group also reported
the formation of a parallel 4-helix bundle metalloprotein made up of a 15-residue
amphiphilic peptide with a pyridyl group at the N-terminus and bound Ru(11).793

Similarly, the Ogawa group has designed several related peptides, which use metal-binding
sites to form a-helical bundles. Kharenko et al. reported the 32-mer peptide Cys16Cys19-
GGY, which has a Cys-X-X-Cys motif formed by the placement of Cys residues in adjacent
a and d positions of one of the heptads. When this peptide binds a single Cd(ll) ion, the
random coil is converted to a 2SCC.794795 This same peptide, in the presence of Cu(l),
forms a 4-helix bundle containing a tetranuclear [4Cu—4S] cofactor.”%6 Additionally, the
group reported that upon binding of the metal complex Pt(en)(NOj3), to AQ-Pall4 Pal21,
which contains two 4-pyridylalanine residues on its surface and forms a 2SCC in the
absence of metal, a significant conformational change to a metal-bridged four-helix bundle
occurs.”87

Tanaka et al. reported the design of a parallel 3SCC (in the presence of metal ions) called 1Z
(sequence YGG-(IEKKIEA),).”®7 Substitution of the lle residue on the third heptad with a
His generated 1Z-3aH and with two His substitutions, 1Z-3adH. In the presence of Cu(ll),
Zn(I1), Co(ll), or Ni(I1), the peptides were converted from random coils to 3SCCs.31.788
When Cys residues were substituted into the 1Z peptides, Hg(1l) and Cd(11) binding
occurred.’89 The group has now utilized the metal-induced folding nature of their 1Z
peptides by fusing 1Z-3adH to the DNA-binding domain of a heat shock element to generate
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a metal ion-controlled DNA binding protein.”®8 In the presence of metal ions, the fusion
protein can inhibit RNA transcription by T7 RNA polymerase. This is an important
achievement demonstrating the use of de novo design and metals as external stimuli to
regulate protein function.

Moreover, the monovalent ion Ag(l) was shown to influence the assembly of the de novo
designed peptide TZ1H.799 TZ1H is a 41-residue peptide consisting of six heptad repeats,
with a design based on the isoleucine zipper peptide GCN4-pH.8% Conticello’s group
previously demonstrated the pH-dependent assembly of this peptide before exploiting the
influence of Ag(1).891 At pH 5.6, the apo-peptide exists in a random coil conformation,
indicated by a minimum at 201 nm in the CD spectrum. Silver(l) triflate was added into the
solution, and the spectrum transformed to a double-well manifold, indicative of the
formation of coiled coils. Moreover, Ag(l) can direct TZ1H to assemble into a long-aspect-
ratio helical fiber, which can be directly observed by TEM. Energy dispersed X-ray analysis
(EDX) further confirmed the presence of Ag(l) in the helical fibers. Interestingly, the
assembly of TZ1H is only triggered by Ag(l), not by Ni(Il), Cu(ll), or Zn(ll). Conticello and
co-workers attributed this type of selectivity to the geometric constraints of the trigonal site
of TZ1H.

Recently, a metallacrown-templated peptide assembly was reported by Cal et al.802 This
approach took advantage of the stability and the possible chirality of the metallacrown
system by attaching amphiphilic polypeptide chains to the amino-hydroxamate moiety,
which then self-assembled to a metallacrown when Cu(l1) was present.893-805 The CD
spectrum of the peptide [AD]-NHOH (Ac-KALEKALKEALAKL-NH-(CH5),-NHCO-
hydroxamic acid) showed some fraction of a-helix and f-turn conformation. Upon the
addition of Cu(ll), the spectrum changed drastically into a typical a-helical coiled coil
spectrum. Mass spectrometry and proton NMR experiments also confirmed that the
introduction of Cu(ll) drove the hydroxamic moiety to assemble into a metallacrown, which
acted as a template for the formation of a coiled coil peptide.

Protein conformational switches are involved in important biological processes that
modulate the function of proteins in various ways.896-811 |t is still unknown how whether
certain protein sequences can inherently adopt more than one stable conformation. Some
conformational changes are initiated by the introduction of metal ions for transport or
regulatory purposes.812-814 |n addition, research has shown that along with pH, specific
mutations, and oxidative stress, the metal ions directly impact neurodegenerative diseases,
such as Alzheimer’s and Parkinson’s disease, by inducing conformational changes on the
relevant oligomeric peptides.81%816 Herein, we review the examples of de novo designed
protein systems that undergo conformational changes between two stable structures upon
association/dissociation of metal ions in the context of understanding the fundamental
interactions between metal ions and proteins that direct conformational switches. It is
undoubtedly a challenging task, as the design requires inherent structural ambiguity and
stability, as well as metal-binding functionality.

The Woolfson group reported the design of ZiCo, a polypeptide that forms 3SCCs in the
absence of Zn(Il) and a monomeric structure upon binding Zn(11).817 The reverse switch
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from the Zn(11)-bound structure back to the a-helical coiled coil was achieved by adding
EDTA to extract Zn(l1) from the peptide. The recovery of the apo-peptide features was
observed using CD spectroscopy. Furthermore, Kuhlman and co-workers used
computational design to create a similar switch Sw2.818 Using biophysical characterization,
they demonstrated that Sw2 undergoes a reversible conformational change from a-helical
oligomers to a ZF monomeric structure upon binding Zn(ll).

An important type of conformational switch design originated from the motivation to
understand the amyloid formation process and its role in neurodegenerative diseases. Pagel
et al. used de novo principles to design a peptide that changes its secondary structure upon
binding Cu(I1) or Zn(11).81° The peptides i+2 and i+4 were designed on the basis of a heptad
repeat approach, where the numbers represent the positions of the His binding residues in
the sequence. His at i and i+2 positions bind to Cu(ll) or Zn(Il); however, the formation of
the complex distorts the peptide backbone, thus disrupting the helix. In the absence of the
metal ions, peptide i+2 slowly transitions from a coiled coil structure to amyloids. The
addition of 2 equiv of Cu(ll) disrupts the amyloid formation, while Zn(lIl) accelerates its
formation. On the contrary, peptide i+4 rapidly converts to a f-sheet structure in the absence
of the metal ions, and switches to an a-helical coiled coil structure upon addition of either
Cu(ll) or Zn(I1). This work demonstrates that the position of the metal-binding residues
influence the structural switch, while the nature of the metal ions plays a key role in
determining the conformation.

3.3. De Novo Designed Functional Metalloproteins: The Grail Quest of Protein Design

3.3.1. De Novo Designed Hydrolytic Centers

3.3.1.1. Mononuclear Zinc Center at Dimeric Interfaces: Although most designed
enzymes rely on monomeric structures with metal sites inserted into their cores, Der and co-
workers serendipitously discovered that a designed Zn(l1) site at the interface of a
homodimer (MID1-Zn) could effectively catalyze pNPA and p-nitrophenyl phosphate
(PNPP) hydrolysis (Table 1).211.820 The motivation behind the design was to use metal-
binding sites at a designed protein interface to improve computational design protocols for
protein—protein interactions. Given that metals form stronger interactions with the side
chains of residues such as His, Cys, Asp, and Glu than do protein—protein hydrogen bonds
or van der Waals contacts, it is reasonable to postulate that metal-binding interactions should
overcome suboptimal hydrogen-bonding patterns or packing at the interface in a design.

The design was based on a two-residue Zn(I1) binding site on a monomeric protein (derived
from the Rab4-binding domain of rabenosyn), which was then dimerized and
computationally optimized to form what was intended to be two ZnHis, binding sites at the
interface of a homodimer.820 The design model, which also included interactions between
Met38, Tyr41, and Phe42 on both chains for forming a hydrophobic core at the interface,
was named MID1 (metal interface design 1). As intended, MID1 forms a dimer at high
micromolar concentrations both with and without Zn(11) present, but the dissociation
constant in the presence of Zn(11) is more than 100-fold stronger than it is in its absence (Ky
< 30 nM). X-ray crystallography demonstrates that MID1-Zn closely resembles the model,
although with some key differences (Figure 37). One difference is that only three His
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residues coordinate each Zn(ll) ion at the interfaces. The coordination sphere is completed
either by carboxylate groups from the C-terminal Asp or by a symmetry-related molecule or
tartrate from the crystallization buffer. A small deviation in the binding orientation and in
the protein—protein interface contacts was also observed. Despite these differences, a high
affinity metal-mediated homodimer site was prepared using only computational design
without any optimization by directed evolution.

Although the original intention was to obtain a ZnHis, site, Der et al. observed that the
presence of tartrate in the ZnHis3 represented a small binding pocket (~6 A wide and 4 A
deep), suggesting that the interface metal site may display esterase activity toward substrates
like pNPA and pNPP. Indeed, MID1-Zn effectively catalyzes pNPA hydrolysis with more
than 50 turnovers and a rate of 0.22 s™1 and Ky = 0.47 mM at pH 8.5.211 The reaction is pH-
dependent (increasing efficiency with increasing pH) and has a kinetic pK; of 8.2 £ 0.1 and
a maximal efficiency of 630 + 90 M1 s71. Control experiments using the apo version of the
homodimer, a mutated version with no His binding residues, the WT monomer on which the
design was based mutated with His residues, and free zinc all demonstrated no significant
activity above the background, confirming that the interface pocket and Zn(1l)-binding site
are both required for catalysis. Further, mutation of some of the surrounding His residues to
Glu demonstrated a loss of activity because the open coordination site was closed (His12Glu
and His35Glu). Despite the original design intention of two Zn(ll) sites, only one active site
is observed in the crystal structure (only one tartrate is bound to one Zn(ll) site), and the
dimer is fully formed with 1 equiv of Zn(ll) for 2 equiv of monomer (no additional activity
is observed with more Zn(I1) present). Although pNPP is intrinsically less reactive, MID1-
Zn still effectively catalyzes its hydrolysis with an efficiency of 14 M1 s~ at pH 8.5. The
K for this reaction, 12 UM, is 40 times lower than that for pNPA because of favorable
electrostatic interactions between the negative phosphate group and positive Zn(l1) active
site. The authors discuss the importance of the binding cleft in achieving these efficiencies.
However, while enhancing efficiencies, it is expected that such an open catalytic site is
likely to exhibit significant product inhibition, which has been a bane to small molecule
model compounds. Synthetic models are relatively ineffective given that they have no
binding cleft, although this can be improved somewhat in apolar solvents, which can
simulate the apolarity of an active site cleft.821 Further discussions and comparisons will be
made in a later section where the de novo design of a ZnHis30 site in a 3SCC is described.
Regardless, this study of a minimalist engineered enzyme demonstrates that cleft formation
at protein interfaces provides another effective strategy for the rational engineering of new
catalytic activities.

3.3.1.2. Multifunctional Metal Centers: Structural and Catalytic Sites in One Design:
Despite the prevalence of multisite metalloproteins in nature, there are few reports of
designed two-site metalloproteins in which two different metals exist in separate binding
sites,32:212.213,792 Of these, only one has reported catalytic activity (Table 1).212:213 This de
novo designed 3SCC contains two metal sites, one for structural stabilization (HgSs) and the
second for hydrolytic activity (ZnN3O) within just a few hundred-fold of the native CA.
Although the design of this metalloprotein has been previously reviewed,23:822 it is
appropriate to summarize the initial work before reviewing more recent developments.
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To design a 3SCC, which discriminates two different metals in two different sites, the
peptide TRIL9CL23H was used together with a metal ion with high affinity for thiolate
ligands but low affinity for His (Hg(l1)). Previous work demonstrated that Hg(I1) can be
used to induce folding in unfolded peptides and increase thermodynamic stability in
prefolded peptides (as demonstrated by CD denaturation studies).38:212.213 Additionally,
Hg(ll) provides a well-studied spectroscopic tag for the formation of a 3SCC (UV-vis

and 199Hg NMR differentiate between linear HgS, found in a 2SCC and trigonal HgS3).”2°
In the presence of this highly stable Hg(l1)peps complex, Zn(lI1) then binds solely to the His3
site. One motivation behind the development of a Zn(l11)N3 site was to model the active site
of CA, which catalyzes the reversible hydration of carbon dioxide and is one of the fastest
known and most well-studied zinc metalloenzymes, making it an excellent system for de
novo design mimicry studies. X-ray crystallographic studies on the Hg(I1)Zn(1l) complex of
the related peptide sequence CSL9PenL23H (the CS sequence has properties similar to
those of TRI in solution) confirmed the presence of Hg(ll) in the sulfur site (fully trigonal in
one of the 3SCCs in the asymmetric unit and T-shaped in the second) and a Zn(l11)N3X site
in both 3SCCs in the asymmetric unit, analogous to that found in CA (Figure 38).213 This X-
ray structure was significant for two reasons. First, it demonstrated that the proposed
trigonal Hg(ll) center for Hg(I1)(TRIL16C)3™ existed as was predicted (vide supra) and
provided the first structural model for the Hg(ll) binding site in the metalloregulatory
protein MerR.873-676 Second, this work demonstrated that the native protein fold of CA was
not necessary to achieve a closely similar structural model for the first coordination sphere
of the Zn(11)(His)3(H,0O) center. One can conclude that for the first coordination sphere, this
type of center can be accommaodated in protein structures as varied as a twisted f-sheet with
a long water channel as found in the native enzyme or in the hydrophobic interior of an a-
helical coiled coil as shown for [Hg(11)]s[Zn(I1)(OH,/OH™)]N(TRIL9CL23H)3™ . Finding
that the structural similarity of the Zn(ll) site to that in CA is limited to the first coordination
sphere allowed (Figure 39), for the first time, to begin to address what is the minimal unit
required for catalytic activity in this type of system. To do this, Pecoraro and co-workers
initially looked at whether the construct could catalyze the hydrolysis of pNPA, the non-
physiological substrate of CA often used for analysis of its reactivity as compared to
mutants and small molecule model complexes. Analysis of these reactivity studies
demonstrates that hydrolysis of pNPA by [Hg(11)]s[Zn(11)(OH/OH™)]n(TRIL9CL23H)3"*
follows enzyme-like saturation kinetics with a maximal keyi/Kp 0f 31 +4 M1 571 about
550-fold more efficient than comparable small molecule model complexes.212:213,823-825
Further, it is within ~100-fold of the maximum efficiency of CAIll and has a similar pH-
dependent profile (increasing with increasing pH), yet the pKj, is shifted ~2 units higher (9.0
+ 0.1 versus 6.8 for CAIll).826.827 |mportantly, the model compares even more favorably
with CA mutants such as Thr199Ala in which the Thr residue that forms a hydrogen bond to
the Zn(I1)-bound solvent is replaced by Ala and as a result loses ~100-fold of its catalytic
efficiency along with an increase in pK, of about 2 units.182:828.829 Therefore, it is
reasonable to assume that the design of further secondary interactions similar to those found
in CA is needed to bridge the differences between this design and the native enzyme
(assuming it is possible in this alternate scaffold). One other designed Zn(I1)N3 site
(discussed in the previous section) catalyzes pNPA with a ke;t/Kp ~20-fold faster than
[Hg(1N]s[Zn(11)(OH2/OH)]n(TRILICL23H)3™ and has a pK, of 8.2 + 0.1.211 CA’s
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physiologically relevant reaction, CO, hydration, was also examined, which yields an
efficiency of ~1.8 x 10° M1 s71 (pH 9.5) that is within ~500-fold of that of CA and faster
than any reported small molecule complex.213:830-837 There are no reports of CO, hydration
by other designed protein systems.

Having demonstrated that a significant amount of hydrolytic activity can be achieved simply
by removing an active site from its native scaffold and placing it into a 3SCC, the next
major aim was to incorporate secondary interactions to modulate the properties of this site
(activity, pKj, binding afinity). As mentioned above, the design of H-bonding channels so
often found in native proteins is likely necessary. However, this advanced design will likely
require changes to the location of the active site within the 3SCC to retain stability and
potentially allow for improved substrate access. To this end, Pecoraro and co-workers
recently reported the systematic variation of the Zn(ll) active site along the TRI
sequence.?12 It is important to note that, although the properties of the Zn(11) site remain
roughly the same in the absence of the Hg(11)S3 site, they chose to retain the structural site
when moving the active site along the linear sequence to take advantage of the Hg(11)S3
chromophore’s utility as a spectroscopic tag to ensure that the oligomeric state (trimer)
remained. The first variation in sequence involved switching the locations of the two
different metal sites to generate [Zn(11)(OH»/OH™)In[Hg-(1N]s(TRIL9HL23C)3" .
Assuming that the general orientation of the Zn(11) site remains constant (with the Zn(ll)-
bound solvent molecule oriented toward the N-terminus), it was expected and found that the
substrate access was improved. This was further confirmed through inhibition studies using
one of the products, acetate, and fitting the pNPA kinetic data for competitive inhibition.
The K,’s for the Zn(Il) sites in (TRIL2WL23H)3 and [Hg(I1)]s(TRIL9CL23H)3™ are similar
(0.34 £ 0.01 and 0.32 £ 0.01 M, respectively), while that for [Hg(I1)]s(TRILOHL23C)3™ is
0.20 + 0.01 M.212 Despite the improved substrate access, however, the catalytic rate is
decreased relative to the original model. Overall, the maximal catalytic efficiency is about
the same as the original model with and without the structural site (24 + 3 M~1s71). The
second variation in sequence involves moving the Hisg site from the 23rd position closer to
the N-terminus of the coiled coil and into a d site to yield TRIL9CL19H. Analysis of the
hydrolysis of pNPA by the metal-bound complex of this peptide showed that while maximal
catalytic efficiency is approximately the same as for those previously described, the
substrate access is slightly worse, while the maximal catalytic rate is improved. The most
drastic difference with this sequence, however, is that the kinetic pKj shifted up to 9.6 (all of
the others are approximately the same within error, ~9-9.2). It is unclear whether this is due
to the altered orientation of the His ligands (from a site to d site) or simply the change in
location. The K, of acetate inhibition for this model is approximately the same as for the
L23H peptides, 0.36 £ 0.01 M. The apparent dissociation constants of Zn(ll) to the Hisz site
for all of the above-described complexes vary from ~0.2 uM (L23H sites) to 0.4 uM (L19H)
to 0.8 uM (L9H) at pH 9, demonstrating some location-dependence. Generally, these
binding affinities indicate that the designs bind Zn(1l) well and are in the same range as for
similar designs with three binding ligands; however, they remain weak as compared to
native Zn(l1) enzymes (Kq4 ~ hanomolar to picomolar).19.31,182,759,839-846
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In summary, despite drastic variation in the location of the active site along this 3SCC,
significant catalytic efficiency for hydrolysis is retained, suggesting that this may represent
the “baseline” activity in this type of model. Further, Pecoraro and co-workers have shown
that location can be used to control binding affinity, pKj, catalytic rate, and substrate and
solvent access (and selectivity). Although there are very few studies examining the effects of
the protein matrix on the active site in this way,® such a systematic approach is very
important to future design endeavors, especially when deciding on the placement of the
active site. As a whole, these studies demonstrated that replicating the exact protein fold of
the native system was unnecessary to achieve a structural and functional model; however,
maximal catalysis may still be critically dependent on the native protein structure as the
incorporation of water channels, H-bonds for activation or stabilization of the substrate or
intermediates, and H-bonds to metal coordinated amino acids may be best facilitated by /-
sheet structure rather than a-helices.

3.3.1.3. Hydrolytic Phosphate Cleavage Catalyzed by De Novo Designed
Metallonucleases: Many native nucleases contain metal ions such as Mg(ll), Ca(ll), Cu(ll),
and Zn(11),847-852 which enhance catalytic activity by acting as Lewis acid catalysts or
activators for either the nucleophilic attack or the leaving group departure.847-850,853-862
Early attempts to incorporate a Zn(ll) binding moiety in a peptidic scaffold to carry out
hydrolytic phosphate cleavage reactions were performed by the Scrimin group.863.864 They
installed 2 equiv of an azacrown functionalized amino acid, (S)-2-amino-3-[1-(1,4,7-
triazacyclononane)]propanoic acid (ATANP), into a water-soluble heptapeptide chain that
adopts a 31g-helix structure. This peptide binds up to 2 equiv of Zn(ll) at the azacrown sites,
which cooperatively catalyze the cleavage of an RNA model substrate 2-hydroxypropyl-p-
nitrophenol phosphate (HPNP) (Scheme 17, Figure 40). This represents the first example of
a short, water-soluble 3;p-helix peptide with catalytic activity. Further studies involved
binding other divalent metal ions such as Cu(ll) and Ni(ll) to the azacrown site of the same
scaffold with minor adjustments to the amino acid side chains and examination of their
reactivity toward HPNP cleavage. Although all three metal-bound peptides exhibit catalytic
activity, the Zn(1l)-peptide has the highest activity, more than 3-fold faster than the Ni(ll)-
and Cu(ll)-peptides. It was shown that the dinuclear metallo-peptide complex with a 34¢-
helix structure has higher activity than the smaller dipeptide without any secondary structure
due to the proper positioning of the substrate. It was thought that only upon binding two
metal ions 6.3 A apart, as is the case occurring in a 31o-helix peptide, could an HPNP
molecule be properly activated and subsequently cleaved.864 With the incorporation of an
interchelating moiety (an acridine ring) at the N-terminus for DNA binding, the dinuclear
Zn(I1)-peptide was able to perform hydrolytic cleavage of plasmid DNA pBR322.865

On the basis of the same principle, Scarso et al. designed a peptide template T(P1)3 that is
capable of binding 4 equiv of Zn(11).866 This peptide template consists of three copies of
P1a, which is a designed 319-helix heptapeptide chain that has one azacrown Zn(ll) binding
moiety (Figure 41A), and a tris(2-aminoethyl)amine (Tren) moiety as a platform onto which
three peptide strands were attached. Because Tren can bind 1 equiv of Zn(ll) itself, the fully
Zn(11)-bound complex contains 3 equiv of Zn(ll) bound to the peptide and 1 equiv of Zn(ll)
at the Tren center (Figure 41B). This complex was able to carry out the transphosphorylation

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Page 74

of HPNP (Scheme 17) with the highest rates when 4 equiv of Zn(1l) were bound. In
addition, allosteric control of Zn(l1) binding to Tren was observed for T(P1)3, which led to
the cooperative interactions between the Zn(ll)-azacrown moieties, previously demonstrated
to be critical to the rates of the cleavage reaction.863.864 Oligomeric RNA cleavage was also
attempted with Zn(11)4(T-(P1)3), but proved to be less efficient than the more flexible apo-

(T(P1)3).

The same Zn(11)(1,4,7-triazacyclononane) moiety was also integrated into a de novo
designed helix-loop-helix (HLH) motif.867 The 42-residue peptides PR I-I11 were designed
on the basis of the sequence of SA-42 and KO-42 that Baltzer and co-workers previously
reported.868-870 PR| has two ATANP on each helical strand at the i/(i+4) positions,
assuming the peptide adopts an a-helical conformation, yielding four Zn(ll) binding sites.
PRII has two ATANP on one helical strand at the i/(i+4) positions, and PRIIII has one
ATANP on each strand. All three peptides adopt predicted HLH conformations at a neutral
pH range. The apparent second-order rate constant of Zn(I1)4-PRI toward HPNP cleavage
was improved by 3-fold as compared to the first Zn(I1)-peptide with the aridine ring (k, =
0.16 M1 571 for Zn(11)4-PRI and 0.05 M~ s71 for Zn(11),-31).863:864 Zn(l1),-PRII and
Zn(11),-PRI11 showed comparable second-order rate constants (ko = 0.094 and 0.084 M1
s71, respectively), both smaller than that of Zn(I1)4-PRI. Rossi et al. also showed
cooperativity between at least two Zn(l1) ions in the metal-loaded peptides. They proposed
two possible pathways for the hydrolysis reaction to proceed coorperatively, both of which
involve two Zn(Il) ions acting together to interact with the substrate hydroxyl or Zn(ll)-
bound water molecules.867

3.3.2. De Novo Designed Electron Transfer Centers

3.3.2.1. Heme Electron Transfer Centers: The most progress in designing de novo
proteins has come from working in a-helical scaffolds, which are known to form the
secondary structures of numerous heme proteins in nature. This convenience, coupled with
the wide array of accessible reactions catalyzed by heme, has made them the subject of
study for those particularly interested in electron transfer, oxygenases, and peroxidases. As
far back as 1989, amphipathic a-helices were used to construct a heme peptide capable of
hydrolytic activity.871 Efforts quickly began to focus on imparting native-like folding and
native-like activity to designed proteins. The collaborative effort between Dutton and
DeGrado is noteworthy for its success in developing heme-binding “maquettes” with
cooperative binding, physiologically relevant redox potentials, and conformational
specificity. These efforts were focused initially on hemes involved in electron transfer,
which are symmetric and have no open coordination sites, as de novo design worked to
overcome the challenges posed by self-assembly and the rigorous symmetry this imposes.
The progress in heme systems followed in lockstep with developments in de novo design as
greater control was achieved in these systems. One of the first redox-active de novo heme
constructs was published in 1994872 and progressed quickly with structural characterization
and a demonstration of proton-coupled electron transfer properties.8’3 Investigations in this
field mirrored those on native proteins as these designed constructs were examined on
surfaces and electrodes, and in monolayers to explore their potential applications.874-880 |n
particular, a series of four helix bundles were designed with the goal of having them orient
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vectorally in a bilayer. These peptides were developed to study electron transfer between
hemes in bilayers, and thus were designed to have hydrophobic and hydrophilic domains to
orient and stabilize construct-bilayer interactions, termed amphiphilic membrane-
associating redox magquettes (AP) redox maquettes.88! Several mutants of AP peptides were
designed.880-883 ApQ and AP1 can bind porphryins in their hydrophilic portions,882:883
while AP2 and AP3 bind porphryins in their hydrophobic regions.88° AP0 and AP2 are
capable of binding nonbiological cofactors containing extended 7 systems, and AP2 shows a
preference for bacteriochlorophyll. Clearly, these investigations were driven by a desire to
understand both soluble electron transfer proteins as well as membrane-bound electron
transfer centers. The design of transmembrane proteins toward functional systems has been
reviewed by Ghirlanda.88* A model of CcO, with both heme a and heme b cofactors, was
reported by Gibney et al. and is capable of enzymatic reduction by NAD(P)H and
subsequent oxidation by 0,.88% Cytochrome bc; was also successfully modeled, with an
unusual perpendicular arrangement of the ligating His residues with respect to the hemes.
This water-soluble model recapitulated the b subunit of cytochrome bcqy by mimicking the
residues around the heme-binding sites and incorporating a Gly residue and a Thr residue to
allow close contact of the heme with the backbone and H-bonding to fix the position of the
His residue.886

More recently, these designs were combined to synthesize a transmembrane protein PRIME
(porphyrins in membrane), which consists of four de novo designed helices arranged into a
D,-symmetric bundle that binds to 2 equiv of non-natural iron diphenylporphyrin
(Fe(111)DPP), whose planes are aligned almost parallel to the helical axis.261887 PRIME
binds to the cofactor Fe(I11)DPP in phospholipid bilayer in the predicted stoichiometry as
confirmed by the position of the Soret band monitored by UV-vis spectroscopy. EPR
spectroscopy was used to investigate the structural details around the heme site and suggests
that the angle between the His imidazole planes is greater than 60°, resulting in a “highly
anisotropic low spin” iron EPR signal. A potentiometric titration showed two redox signals
with apparent E1p[Fe(lIDFe(HID/Fe(l1Fe(11)] and Eq/o[Fe(lINFe(1)/Fe(1D)Fe(11)] of —97
(£3) mV and -168 (+3) mV vs NHE, respectively.261 This design brings us closer to the
ultimate goal of creating artificial electron transfer centers that can shuttle electrons across a
membrane. Photosynthesis and respiratory chains are important examples of the
transmembrane electron transfer process. In these cases, directional electron flow is
facilitated by changes in dielectric based on sequence differences going across the
membrane. For this reason, a single chain version that can easily accommodate asymmetry
was developed.888 The peptide PAgc was prepared by taking a previous design (PATgT),
which was the same base as for PRIME (vide supra), and computationally linking it with
loop regions and numerous designed H-bonds to orient the coordinating His residues. In
addition to incorporating heme into this construct, a Zn(11)DPP version was also prepared88?
because Zn(l1)-porphyrins do not favor bis-His coordination. This resulted in a less
symmetric construct [Anis:BThr: (DPP)Zn]. Surprisingly, while binding Zn(11)DPP, it did
not bind FeDPP or Zn(I11)PP1X. Because Zn(ll)-porphyrins are emissive, one can use optical
methods to probe the chromophore’s environment using steady-state emission, transient
absorption, and fluoresence spectroscopies. The Anis:B1hr:(DPP)Zn(1l) has a normal
excited-state singlet and triplet, but the latter has a 5 ms half-life. This triplet is significantly
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longer lived than that of Zn(I1)-porphyrins exposed to water, proving that the porphyrin is
embedded in the designed protein.

The de novo design and synthesis of multiheme proteins began with incorporating heme
cofactors into four helix bundles. DeGrado’s group has described a few such heme-proteins
that place heme iron ligands and hydrophobic contacts in the proper three-dimensional
arrangement for binding.872:890.891 These studies laid a solid foundation for the future
design of heme proteins, yet they have been extensively reviewed! so we will not go into
details here. Gibney and coworkers successfully demonstrated the incorporation of a bis-
pyridine coordination to heme iron in a de novo designed protein environment. Upon
introducing an unnatural amino acid 4-/4-(pyridyl)-L-alanine (Pal) to a previously reported
four-a-helical bundle [A7-Hqgl14121]2 maquette and incorporating heme iron cofactor, they
were able to evaluate the difference between bis-pyridine and bis-His coordinated heme
iron.263 This particular unnatural amino acid increased the redox potential of the heme
center by 287 mV as compared to the bis-His ligated counterpart.

With all of the success in designing electron transfer hemes, engineering asymmetry and
open coordination spheres with either a displaceable water molecule or an open coordination
site became a key challenge in de novo design. Early efforts succeeded in achieving a five-
coordinate heme iron by introducing steric bulk on the His ligand in the form of 1-
methylhistidine (H1y,), yielding a ferrous heme center that coordinates to N% of His. The
dimeric peptide [A7-Hym1ol14l21]2 binds Fe(ll)(protoporphyrin IX), generating a five-
coordinate high-spin ferrous heme center, which is an excellent spectroscopic model for the
deoxy state of Mb. This particular modification decreased the ferric heme affinity
dramatically, resulting in a well-defined ferrous heme center that binds CO but not O,.264
The construct containing two 3-methyl-histidines, [AH3m],, was used to examine the roles
of the side chains on heme a, which differs from heme b by the presence of a C-2
hydroxyethylfarnesyl group and a C-8 formyl group.2%° The affinity, spectroscopy, and
electrochemistry were compared between heme b and a heme a mimic,
diacetyldeuterioporphyrin IX (DADPIX). While the binding of the ferrous forms of the two
porphryins is the same at both sites in the construct, there is a marked difference in binding
affinity in the ferric state for the construct containing DADPIX, which is attributed to the
+160 mV (vs NHE) shift in redox potential. Thus, the function of the electron-withdrawing
groups on the porphyrin ring, such as the formyl group, is to raise the reduction potential by
destabilizing the ferric form.265 This work was extended by incorporating heme a itself.892
The presence of the farnesyl tail on hemes a and o introduced hydrophobic interactions,
which increased the binding affinity by 6.3 kcal mol~1 in both the ferrous and the ferric
forms. The net effect of both the formyl group and the hydroxyethylfarne-syl is to raise the
affinity of heme a relative to heme b in both the ferrous and the ferric forms by 2.1 and 6.3
kcal mol~2, respectively.892

A template-assembled synthetic protein (TASP) approach was employed to design a bis-
heme binding helix bundle.893:894 TASP is a de novo design approach that entails a
combinatorial assembly of peptides that are linked to a preorganized template.893-897 As a
result, this strategy bypassed the entropically unfavorable nucleation step in the assembly of
secondary structures, producing the desired peptidic scaffold for further
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functionalization.895-897 Bromoacetylated helical peptide chains Br-H1 and Br—H2 were
synthesized and coupled onto a cyclic decapeptide template, forming a protein assembly
Modular Protein 1 (Mopl). Four helices were implanted in an antiparallel manner onto the
template, forming an ABAB arrangement. CD spectra of both the apo- and the holo-proteins
showed characteristics of a helix bundle. Mop1 binds heme with a 1:2 stoichiometry, and the
complex has a Soret band at 412.5 nm for the oxidized form and 426.5 nm for the reduced
form. Two distinct midpoint reduction potentials were reported (-106 (+8) and —170 (+8)
mV vs NHE), the difference between which was attributed to the poor equilibration by the
redox mediators.893 This potential was significantly higher than the bis-His ligated single
heme center in a helix bundle (-220 mV vs NHE).872 The two heme centers in Mop1,
however, cannot be distinguished either from UV-vis absorption or from redox titrations.

Light-induced electron transfer was demonstrated in the Mop derivatives.267 A Ru(bpy),Cl,
complex was assembled by coupling to a deprotected Cys residue on the helix surface.
Mop2 and Mop3 were designed, with a Ru(bpy), complex attached to the Cys residue at the
16th and 13th positions, respectively (Figure 42). Rau et al. showed that the introduction of
the ruthenium complex did not alter the absorption features of the heme-Mop assembly. The
redox potentials of heme-Ru-Mop2 and heme-Ru-Mop3 were determined to be =170 and
-164 mV (vs NHE), respectively. Electron transfer capability between the ruthenium
complex and the heme center was demonstrated for both assemblies upon laser excitation.
Specifically, the rate constants determined from a two-exponential decay for heme-Ru-
Mop2 were 4.8 and 2.2 us™1, comparable to those for Ru-Cyt ¢ complex (6.2, 2.7 us™3).
Besides the two-exponential decay with rate constants of 9.5 and 1.9 ps~1, heme-Ru-Mop3
also had a fast component with a rate constant of 3.6 ps™L. The authors attributed the
complex kinetics of heme-Ru-Mop3 to the different conformations of the ruthenium
complex, one of which led to a shorter pathway corresponding to the faster portion of the
electron transfer process.287 Taking a step further, Rau et al. attached the heme-protein
assembly to a cellulose membrane.894 By modifying the membrane with 4Ala, to which a
linker 3-maleimidopropionic acid (Mp) was attached, they introduced the Mops through the
selective coupling of Mp and unprotected Cys residues on the cyclic template. A library of
helices Aj and Bj was examined to ensure the antiparallel orientation of the helices. The
midpoint redox potentials were estimated by the reduced fraction at =95 mV (vs NHE) by
comparing the absorbance of the partially reduced form, fully oxidized form, and fully
reduced form using the Nernst equation. No apparent trend between redox potentials and the
amino acid residues was observed; however, it seemed that the more packed were the
residues, the higher was the redox potential due to the exclusion of water molecules at the
heme site.

3.3.2.2. Nonheme Electron Transfer Centers

3.3.2.2.1. Non-heme Iron Electron Transfer Centers: The ubiquity of iron—sulfur [Fe-S]
clusters in proteins from all branches of life and their use in energetically interesting systems
such at Photo-system I and hydrogenases have promoted the study of their chemical and
biochemical properties.838:898-902 Bjo|ogical centers comprised of iron and sulfur span from
mononuclear Fe(S—-Cys)4 (rubredoxin) sites, to [2Fe-2S], Rieske Fe-S clusters, [3Fe-4S],
and [4Fe-48] sites.%93 While rubredoxin sites represent structurally the simplest type of site,
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they are not necessarily the easiest to study. [4Fe—4S] clusters can self-assemble in solution
from inorganic sulfide and iron, and for this reason are thought to have comprised some of
the earliest catalysts that were incorporated into primordial proteins in an anaerobic
environment.838

An early attempt to use de novo principles to design a rubredoxin site was only marginally
successful, as the Fe(l11) form was not stable in aqueous solution and had to be measured in
methanol instead.9%4 More recently, two designs that largely mimic the fhairpin secondary
structure around native rubredoxin’s metal site have been reported. One of the major
challenges in designing a rubredoxin center is to create a construct that has sufficient
stability in both oxidation states. Nanda et al. designed a C,-symmetric metal site inspired
by the three strand sections of P. furiosis rubredoxin linked by a highly stable hairpin
motif.995 This construct RM1 is capable of binding Zn(l1), Co(l1), and Fe(111) with 1:1
stoichiometry, and the UV-visible features of Zn(l1)- and Fe(111)-RM1 are consistent with
the mimetic and native rubredoxin systems. The midpoint redox potential is +55 mV (vs
NHE), a little higher than the range observed for native rubredoxins (—90 to +50 mV vs
NHE).996.907 The holo-RM1 is stable for 16 rounds of oxidation and reduction, representing
the longest redox cycling of de novo designed rubredoxin mimic systems. Jacques et al. 998
recently reported a cyclic peptide model Lz for rubredoxin. The fold and spectroscopic
features of rubredoxin are almost perfectly reproduced with the exception of the reduction
potential, which is +140 mV (vs NHE), rather than the —90 to +50 m\/996.907 generally
found in native rubredoxins. This is likely due to the model’s small size and greater relative
solvent accessibility.

There are two categories of [4Fe—4S] clusters: ferredoxin-type and HiPIP. Both are similar,
but the protein fold and environment changes the redox potential drastically, with ferredoxin
centers accessing the [4Fe—4S]2*/[4Fe-4S]* couple at around —250 to —400 mV (vs NHE)
and the HiPIPs accessing the [4Fe-4S]3*/[4Fe-4S]2* couple at +150 to +350 mV (vs
NHE).999 The first instance of a [4Fe-4S] cluster incorporated into a de novo designed heme
protein was reported by Gibney et al.?1% They designed and synthesized both a protein with
a ferredoxin site (FdM, ferridoxin maquette) and one with a heme and a ferredoxin cluster
(HLH-FdM, standing for HLH ferridoxin-heme magquette). UV-vis, CD, and EPR
spectroscopy techniques were used to characterize the apo- and holo-peptides. It is worth
mentioning that the HLH-FdM peptide, which has FAM incorporated into the tetra-a-helix
bundle, binds hemin readily without perturbing the properties of the [4Fe-4S] cluster,
indicating that these two redox centers behave independently. The reduction potential of the
[4Fe—4S] cluster (—-350 mV vs NHE) correlates with that of a typical ferredoxin cluster
(—250 to —400 mV). This work, the HLH-FdM in particular, represents the first example of
incorporating different functional redox cofactors in a single de novo designed protein,
which heralds the further advancement in the protein design field toward multifunctional
metalloenzymes.

Recently, small 16-amino acid peptide models were designed that mimic the [4Fe-4S]
binding site of Fa and Fg of Photosystem | (PSI) by incorporating the cluster-binding
residues and nearby active-site residues and were successful in recapitulating the more
negative reduction potentials found in PSI.%21 Antonkine and co-workers reported a redox
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potential for the iron-bound form of Fa mimic (sequence: TEDCVGCKRCKPECPW) to be
-440 (£30) mV and Fg (sequence: YDTCIGCTQCKPECPW) to be —-470(x30) mV (vs
NHE), which correlated very well with the their native counterparts. A [4Fe—4S] center
incorporated in a de novo designed a-helix bundle was previously shown to have a midpoint
redox potential of 442 mV (at pH 8.2, vs NHE).%12 They attributed the decreased redox
potential as compared to the other mimetic system to the H-bond interactions of sulfur atoms
in the cluster with the backbone amide protons, and the easy solvent accessibility of their
models revealed by ESEEM and 2H ENDOR. Furthermore, they showed that these models
can bind to the native P700-F, core and participate in the light-induced electron transfer.

Further attempts have been made to incorporate [4Fe—-4S] clusters into a-helical bundles,?13
a non-natural fold for the site. Gryzb et al. reported the design of a [4Fe—4S] binding peptide
CCIS (coiled coil iron sulfur protein) based on a computational approach. Several iterations
were performed to increase the stability, helix propensity, and proper charge pairing after the
first generation of the protein. UV-vis and EPR spectra for all of the variants of the holo-
CCISs were indicative of the presence of a [4Fe—4S] cluster.

Most recently, Ghirlanda and co-workers reported a de novo design bis[4Fe—4S]-binding
protein.%14 The peptide DSD is a homodimeric three-helix bundle, with each monomer being
a helical hairpin, in which one of the helices is about twice the length of the other. They
incorporated a CXXCXXC...C motif in the monomer by replacing Leu with Cys so that
three Cys residues from one helix and one Cys from the other helix can form a Cyss-binding
pocket. Because the peptide has a pseudo 2-fold symmetry, 2 equiv of [4Fe-4S] were bound.
The holo-protein showed typical iron—sulfur cluster spectroscopic features. The UV-vis
absorption spectrum had absorption bands at 410, 324, and 280 nm for the oxidized state,
while the reduced state lost the band at 415 nm. The CW EPR spectrum of the reduced form
of the holo-protein showed g values of 1.879(gy), 1.943(gy), and 2.058( g), similar to what
was reported for native [4Fe—4S]* clusters.915 The design of iron—sulfur clusters toward
artificial hydrogenase for sustainable energy sources has been reviewed by Ghirlanda and
coworkers, 916

3.3.2.2.2. Copper Electron Transfer Centers: Copper electron transfer centers play
important roles in enzymatic reactions. In native proteins, copper electron transfer centers
are, in most cases, embedded in a Greek f-barrel fold (vide supra). By creating a copper
electron transfer center in a-helical bundles, people can start to address the question of
whether the f-sheets are necessary to facilitate electron transfer. In addition, the de novo
design of copper electron transfer centers provides critical insight into how the geometric
constraints influence the spectroscopy.

Schnepf et al. were the first to report a T1Cu center embedded in an antiparallel four-helix
bundle using TASP.917.918 Topological templates on the surface were used to covalently
attach peptide strands to a predetermined packing arrangement. One can incorporate an
asymmetric metal-binding site, such as a T1Cu center, within the helix bundle that is
rationally designed to accommodate such functionalities. The design of the helices was
based on the backbone structure of the natural supercoiled four helix bundle Repressor of
Primer (Rop) protein.®1® The helices were attached to the template using similar chemistry
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as introduced in the previous section, forming an antiparallel helix bundle (Figure 43). A
few modular proteins (Mop) variants were synthesized to explore the possibility of forming
a T1Cu binding site. One of these variants, in which the copper binding site was buried in
the hydrophobic core, exhibited stability toward Cys oxidation. UV-vis absorption spectra
were collected for the Cu(ll) complexes of Mop5, Mop6, and Mop7, revealing strong
absorption bands at 410, 401, and 379 nm, respectively, indicating a tetragonal coordination
geometry. The strong absorption features were assigned as a sulfur to copper charge transfer,
which was further confirmed by rR spectroscopy. Meanwhile, the EPR hyperfine coupling
constants of these Cu(ll)-proteins were similar to what was reported for a type 1.5 copper
center.337:428 On the basis of the first generation of de novo designed four-helix bundle
copper proteins, Schnepf et al. further investigated the modification on the secondary
coordination sphere and its influence on the overall stability, copper coordination, and
spectroscopic properties.918 They synthesized a library of proteins mutated from Mop5, the
most stable copper-binding protein in the first design cycle,917 and examined the copper-
binding capabilities. The design of the second generation of proteins focused on modifying
the secondary coordination sphere by introducing residues of differing polarity, bulkiness,
and flexibility to achieve two goals: to stabilize the copper center further and to enforce the
variation of copper coordination by changing the sterics around the copper binding site.
Three types of copper centers were found in the initial screening step. Specifically, nonpolar
residues such as Leu or a combination of Leu/Ala were placed above the His,Cys site to
yield Mop23 and Mop21, respectively. In Mop22, a Met residue was introduced above both
of the His ligands, providing a putative weak axial ligand as found in T1Cu centers. Further
analyses of the absorption, EPR, rR, and MCD spectra of Cu(l1)-Mop21, Cu(ll)-Mop22, and
Cu(lI1)-Mop23 suggested that Cu(l1)-Mop21 contains a tetragonal Cu(ll) center, whereas
Cu(lI)-Mop23 has a T1Cu center with a distorted tetrahedral geometry, which was attributed
to the difference in the steric hindrance above the copper site. Interestingly, Mop22, with an
additional Met substitution at Z13 position, was able to accommodate a purple Cup center,
as revealed by various spectroscopic techniques. In particular, the complex displayed an
absorption band at 774 nm, indicative of a Cu—Cu transition. The rR marker band at 345.5
cm~1 was in good agreement with a native Cua center,920-922 and a relatively small
hyperfine coupling constant supported a delocalized unpaired electron at a binuclear site.
The MCD spectrum of Cu(ll)-Mop22 was also remarkably similar to that of the native Cup,
site?69 (Table 5).

Also taking a de novo design approach, Tanaka and co-workers incorporated a His,Cys core
motif in a four-stranded a-helical coiled coil scaffold to adopt a T1Cu site.923.924 |_jkewise,
the amino acid sequence was based on a heptad approach, containing Lys and Glu residues
to form electrostatic interactions and nonpolar residues such as Ala and Leu to establish a
hydrophobic interior. The His,Cys residues replaced Leu residues in three of the four
helices, forming a preorganized trigonal planar binding site.%23 The apo-AM2C folds into an
a-helical secondary structure in an agueous environment, and the incorporation of copper
ions does not perturb the secondary structure. The AM2C-copper complex exhibited a strong
absorption feature at 616 nm, assigned to a sulfur()-to-copper LMCT, and a weak band at
474 nm, corresponding to a sulfur(o)-to-copper LMCT.351:923 The hyperfine coupling
constant of AM2C-copper complex was unusually small and was not resolved in the X-band
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EPR. Using CV, the reduction potential was determines to be +328 mV (vs NHE), a value
that falls in the 180-800 mV range of T1Cu proteins.326:351 Moreover, XAS techniques
were employed to gain further information of the copper coordination. The edge structures
of Cu-AM2C were similar to those of the T1Cu center in Az, and the EXAFS fittings
resulted in a 2.3 A copper sulfur bond and a 2.66 A copper chloride bond when chloride was
added as an exogenous ligand. This coordination environment mimics the unusually short
Cu-Scys and long axial Cu-Sye bond observed in native T1Cu centers.925:926 Further
tuning of the copper coordination geometries by variation of the axial interactions was
demonstrated by the same group.%24 A gradual change of complex color from blue to green
was achieved by choosing various exogenous ligands to bind to the axial position to the
copper center. At the same time, the Ala residue right above the His,Cys site was substituted
to a Glu or a Phe, resulting in two mutants AM2C-E5 and AM2C—F1, to modulate the
interaction of the axial ligand with the copper center. The intention of introducing a
negatively charged Glu resiude was to exclude anionic ligand binding to the copper center
(Figure 44). As the strength of the axial ligand increased, the color of the solution changed
from blue to green, indicative of the change of copper coordination from a trigonal planar to
a tetrahedral-like geometry. This work beautifully demonstrates how to rationally tune the
spectroscopic features of a T1Cu center by modulating the coordination geometry,
particularly the strength of the axial ligand.

Using the same protein scaffold, Tanaka and co-workers modified certain residues to
accommodate a Cua center.927 Similar to their T1Cu construct, the coordinating ligands in
the new protein, bi-AM2C, included four His residues and two Cys residues as equatorial
and bridging ligands, respectively, and were devoid of the axial (Spjet and Oxx) ligands as
found in native Cup proteins. The addition of excess Cu(ll) into apo-bi-AM2C resulted in an
intense purple color, with an absorption spectrum similar to that of the engineered purple
copper center in Az.39 The EPR spectrum showed unresolved hyperfine splitting in the g,
region. In addition, the EPR signal transformed into a mononuclear-like signal when the
temperature was raised, indicating that the copper bound bi-AM2C has a binuclear copper
center due to the short relaxation time of the binuclear center. Furthermore, XAS techniques,
including both EXAFS and XANES, confirmed the Cup coordination environment of Cu,-
bi-AMC2 possessed ligand—metal and metal-metal distances similar to those of the native
Cup centers#67 (Table 5).

3.3.3. Other Catalytic Centers

3.3.3.1. Heme Catalytic Centers: Catalytic heme proteins require a five-coordinate heme
center. Pavone’s group has pioneered these types of hemes, particularly with their
microperoxidase series. They designed a series of helix-heme-helix complexes named
mimochromes, which feature the covalent attachment of a heme and the helical nature of the
polypeptides and were based on the F helix of hemoglobin (Figure 45).268.928-930 gqrly
studies focused on the design, synthesis, and spectroscopic characterization of the complex,
in particular the stabilization of the helices and the control of the A <+ A interconversion
(Scheme 18, reproduced from ref 930 with permission) of the heme iron/cobalt center.928 It
was demonstrated that Fe-mimochrome IV has a redox potential of —80 mV (vs NHE) at pH
7, which was also modulated by pH conditions.2%8 This pH-dependence of redox potentials
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was attributed to the association of the His residues with the heme iron center, replacing an
iron-bound axial water, and the deprotonation equilibrium of the other axial iron-bound
water to an iron-bound hydroxide. Fe-mimochrome VI contains a 14-residue peptide with a
His coordinating residue at the sixth position and a 10-residue peptide without an Fe-
coordinating ligand, creating an asymmetric iron heme center. Fe(111)-mimochrome VI
showed catalytic activities toward the oxidation of several substrates with H,O, as an
oxidant.217 In particular, the catalytic efficiency of the oxidation of ABTS and guaiacol is
comparable to that of native HRP. Additionally, it also catalyzes the conversion of phenol to
nitrophenol in the presence of NO,™ and H,O,. Mimochrome VI was then immobilized on a
self-assembled monolayer (SAM)-coated gold electrode, and its electronic properties were
studied with CV.931 Mimochrome V1 showed a quasi-reversible one-electron process. In
particular, varying scan rates revealed that there are two conformers of mimochrome V1 that
possessed a high potential (=106 mV vs NHE) and a low potential (-131 mV vs NHE),
respectively, which were hypothesized to correspond to the A and A conformations of the
iron heme cofactor based on an analysis of the Cotton effects of the heme Soret band by CD
spectroscopy. To introduce more functionalities around the heme center, particularly H-
bonding residues to the proximal His ligand and a distal Arg site, they moved on to use a
four-helix bundle to accommodate the desired heme site. Most recently, Faiella et al.
reported Fe-MP3 (MiniPeroxidase 3), which has an ay-heme-a, motif, providing a
functional catalyst for HRP activity.21® On the basis of the four-helix bundle, structural
complexity was imparted by incorporating an Asp near the proximal His for H-bonding and
a distal Arg for transition state stabilization. The Fe-MP3 exhibits a high turnover (Kcat =
535 s71), only 8-fold less than that of the native HRP, representing the first de novo
designed four-helix bundle peptide with a covalently attached heme center that has HRP
activity comparable to that of its native counterpart. Now, this peptide is being studied for
applications in nanostructured detection devices.

Taking a different approach, Hecht and co-workers designed a series of heme-binding four-
helix bundles that exhibited peroxidase activities. On the basis of a binary patterning
strategy, which refers to designing a stable polypeptide sequence by assigning the polar and
nonpolar residues into binary codes while not specifying the identity of the side chains to
create combinatorial diversity,932 they created a library of sequences and demonstrated that
some of the polypeptides were capable of binding heme due to the presence of His and/ or
Met residues.?33 Detailed selection of the protein sequence and characterizations were
reviewed previously.14:659.661 Thjs strategy provides interesting insight into the design of
novel sequences in general because the stable proteins generated from the binary codes are
not subject to evolution or rational design, thus representing the most natural or “default”
state. Peroxidase activities of a small library of heme proteins were screened by monitoring
the oxidation of TMB by H,0,.934 Several proteins exhibited peroxidase activity, out of
which protein n86 had the highest activity with a turnover frequency of 17 000 min~1, which
was still much lower than that of the native HRP (~60 000 min~1).93% These heme proteins
were also able to bind small gas molecules such as CO, exhibiting spectroscopic features
similar to those from the native heme-containing proteins with a narrower range of the
spectroscopic parameters, which was thought to be the “default” starting point of a heme
center.936 At the same time, the midpoint redox potentials were measured for these heme

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Page 83

proteins by redox titrations using various redox mediators.%3” These potentials range from
-112 to —174 mV, which again was an unbiased assessment of the default reduction
potential of a heme protein.

One protein, S824, a 102-residue protein designed to fold into a four-helix bundle, was
engineered with a Gly-Gly-Cys linker at the C-terminal end, leading to S824C. S824C was
immobilized onto a maleimide-functionalized gold electrode for electrochemical studies.289
The redox potential was found to be pH- and ionic strength-dependent. Because the heme
iron has a displaceable axial ligand,%37 they investigated the influence of binding an
exogenous ligand on the redox potential of the heme/S824C. The binding of imidazole and
its derivatives decreased the reduction potential, while the addition of pyridine and its
derivatives increased the potential for both heme/S824C and an immobilized isolated heme.
These two types of heme centers, however, responded to the ligand binding to a different
extent, which was attributed to the partial burial of the heme center in the heme/S824C
assembly. Moreover, the sterics of the exogenous ligand also influenced the binding
affinities of the heme iron, thus modulating the redox potential of the system.269 Das et al.
also showed that a series of these immobilized de novo designed heme proteins exhibit
peroxidase activity, with protein n86 possessing the highest activity, one-half that of the
native HRP.938

Various enzymatic activity screenings were performed on a family of unevolved binary
patterning generated proteins. While some of the apo-proteins had esterase and lipase
activities in solution,939:940 80% of the heme-bound protein exhibited HRP activity in
solution, several of which showed 105-10%-fold enhancement in rates as compared to the
background reaction.94? Taking evolutionary principles from nature, directed molecular
evolution was performed on two previously characterized proteins S824 and S836 to achieve
a higher peroxidase activity.941 Random mutations were carried out, and the resulting
mutants were screened for peroxidase activity. While a large percentage of the mutants were
deleterious in either the folding or the enzymatic activity, there were a few mutants that had
higher activities than the parent proteins. In particular, two variants 1-2B11 and 2-2H12 had
nearly 3-fold higher catalytic efficiency than the parent protein S836. What distinguishes
this from other directed evolutional designs is that the starting point of the evolution was a
novel sequence that was generated simply on the basis of polar—nonpolar interactions of the
side chains, instead of a native protein. One can think of this approach as an evolutionary
paradigm that starts from a randomly assembled stable sequence and evolves gradually to
achieve desired functional constructs.

In 2010, Koder et al. incorporated many lessons learned over the previous 20 years to
modify bis-His ligated heme bundles to promote oxygen binding.242 The authors describe a
four-step plan for the design and optimization of their constructs beginning with the
assembly of a simple, robust, and generic construct. This construct was then modified to
introduce cofactor-binding amino acids, improve the structural resolution, and then fine-
tuned by iterative testing and redesign. They introduced strain at the distal His by
introducing three Glu residues to exclude binding to the heme center and create an entatic
state, which favors exogenous ligand binding. Further designs to exclude water from the
active site enabled the stabilization of the oxy-ferrous form of heme. The resulting highly
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successful HP-7 construct is capable of binding oxygen with affinities on time scales that
mirror native globins, except that for HP-7, the oxygen binding is tighter than carbon
monoxide binding. The mechanism of heme binding to HP-7 has also been reported.266 It
was shown that a three-state model that involves both a pentacoordinate heme and a
hexacoordi-nate heme accurately describes how the entatic state of HP-7 contributes to its
function (Figure 46). When the Glu residues, which were introduced to preclude distal His
binding, were mutated to Ala residues, the distal His showed a higher affinity for the heme
iron. The free heme is first bound as pentacoordinate and then as hexacoordinate; however,
the overall heme binding affinity is lower in the mutants, which is ascribed to a lower level
of pentacoordinate heme interaction.

In the context of heme protein engineering, these works beautifully manifest the strength of
de novo design in modulating the redox potentials and reactivities of a particular system.
Especially for designs with unnatural amino acids, it is relatively easy to incorporate such
functionalities in solid-phase peptide synthesis for relatively short sequences, while it might
be challenging to engineer them into an existing protein system. The difference between the
heme-coordinating ligands is exhibited noticeably from the variation of redox potentials and
catalytic activities (Table 2). These efforts provide interesting insight into the design of
heme systems as well as the general strategies of tuning the properties of an engineered
redox-active metalloprotein.

3.3.3.2. Type 2 Copper Centers: (A review on de novo designed copper-peptides was
recently accepted, see ref 1004) Copper enzymes are involved in many important metabolic
pathways and are among the most efficient biological redox catalysts.’40:943-945 |
particular, redox-active copper centers that are involved in catalysis are ideal targets for de
novo metalloprotein design. The study of native copper redox proteins does not necessarily
reveal the subtle interplay between the protein dielectrics, H-bonding interactions, and van
der Waals contacts in the protein environment due to their structural complexity. Synthetic
models, on the other hand, lack proper dielectrics to associate with biologically relevant
redox potentials. De novo designed systems with catalytic copper centers play a unique role
in understanding the structure—function relationship in their native counterparts. Not only
have researchers obtained stable functional catalytic copper centers using de novo design
strategies, they have also investigated the modulation of redox properties and activities. One
of the challenges to obtain a stable catalytic copper center is to design a peptide with a
coordination environment suitable to stabilize copper on both oxidation levels. The
coordination geometry of Cu(l) is usually linear, trigonal (T-shaped), or tetrahedral, while
for Cu(ll), distorted square planar, tetrahedral, pyramidal, and octahedral geometries are
commonly observed.%46 However, in copper proteins, coordination numbers of four or
higher (involving weak interactions between the copper ion and distal ligands) are
prevalent.947 At the same time, the two principal oxidation states (+1 and +2) of copper have
different hard—soft behaviors: while Cu(l) is a soft metal, Cu(ll) has a more intermediate-to-
hard character. The general strategy to design a defined copper binding site is to mutate the
hydrophobic residues into coordinating residues such as His, Met, Cys, Asp, or Glu in the
interior of the two- to four-stranded coiled coils. T2Cu centers, in particular Cu(His)3
centers, play multiple roles in native proteins. Their functions span from electron transfer to
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cofactor-assisted oxygen activation to nitrite reduction.”42:948-955 For example, in
peptidylglycine a-hydroxylating monooxygenase (PHM), the Cuy center [Cu(His)3] is

involved in shuttling electrons to a Cuy, copper center 12.5 A away where oxygen activation
occurs, 950,956,957

The first case of de novo designed 3SCCs with a T2Cu center CuHisg was reported in
1993.792 The construct consists of a 19-amino acid peptide based on the heptad repeat
approach. It contains a 4,4’-bpy moiety at the N-terminus, a His residue for Cu(ll) binding at
the C-terminus, and a Tyr residue adjacent to His as a spectroscopic probe (sequence: 4,4'-
bpy-GELAQKLEQALQKLAAAHYNHS,).”92 When reacted with RusCl,27, three helices
came together, forming a homotrimeric a-helix bundle from the template created by the
fac-,™ unit at the N-terminus.”1:7%3 The presence of [Ru(bpypep)3] this stable Ru(ll)
(bpypep)3 unit assisted the formation of an a-helix apo-(peptide)s construct, which contains
a preorganized (His)3 site at the C-terminus available for copper binding. Indeed, the
addition of Cu(ll) to the Ru(I1)(peptide)3 led to Cu(ll)Ru(I1)(peptide)s with a dissociation
constant of ca. 3 x 10~/ M determined by the change of Tyr emission. Ru(Il)-(peptide)s
possessed a high degree of helical content; the addition of Cu(ll) to the Ru(ll)(peptide)s did
not change the CD spectrum even when Cu(l1) was 20-fold in excess compared to Ru(ll)
(peptide)s. Spectroscopic studies revealed that the Cu(I1)Ru(11)(peptide)s complex has a
ligand-field band centered at 495 nm (¢ = 300 M~1 cm™1) monitored by UV-vis
spectroscopy and an Ay value of 173 G in the EPR spectrum, fully consistent with the
presence of a tetrahedral or square planar T2Cu site in a (His)3 environment.”2 This work
represents the first example of a stable T2Cu center in a de novo designed a-helical coiled
coil scaffold, laying a solid foundation for the development of catalytic T2Cu centers.

CuNIR, expressed in algae and fungi, promotes a one-electron reduction of nitrite (NO,™) to
nitric oxide (NO) at its T2Cu center, where copper is coordinated to three His and a water
molecule.?8 A de novo designed structural and functional model for CuNiR was recently
reported by Pecoraro and co-workers, representing the first stable Cu(His)3 center that
exhibits NiR activity in a peptidic environment in agueous solutions.214 This copper peptide
was designed on the basis of the TRI family peptides previously introduced (section 3.2.1:
Heavy Metal Toxicity). The Leu23His mutation leads to TRIL23H (Table 4) with His as the
copper-binding residue. The Zn(I)-bound form of (TRIL23H)3; was demonstrated to be a
very efficient structural and functional model of CA in aqueous solutions.?12:213 Because
Zn(11) is isoelectronic to Cu(l), the same peptide construct was used to obtain a stable Cu(l)
(TRIL23H)3* peptide with a Cu(l)(His)3 coordination. A comparison between the model of
Cu()(TRIL23H)3* peptide based on the Zn(I1)(His)3(H,O/OH") site and the T2Cu center of
NiR reveals remarkable structural similarities (Figure 47).213.214.958 A Trp residue was
introduced at the second position as a spectroscopic tag in addition to the His mutation,
leading to TRIL2WL23H. Apo-(TRIL23H)3 (and apo-(TRIL2WL23H)3) binds both Cu(ll)
(above pH 5.8) and Cu(l) (above pH 4.5), forming Cu(I1)(TRI(L2W)L23H)32* and Cu(l)
(TRI(L2W)L23H)3*, respectively. In both oxidation states, copper is bound to three
imidazoles.24 Characterizations of both oxidation states were carried out, delineating the
structural details of the copper center. The Cu(ll)-bound peptide showed typical
spectroscopic features of a T2Cu center, with a weak visible ligand field absorption at ca.
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640 nm, and an Ay value of ca. 186 G in the EPR spectrum, consistent with a Cu(ll)
(His)3(OHy)1_, coordination with three imidazoles on the quasi-equatorial plane. XAS data
indicates that Cu(l) exists in a trigonal planar environment, coordinated by three imidazoles
from His23. This stoichiometry was confirmed by a titration of Cu(l) into apo-3SCCs
monitored by 1H NMR. Copper ions of both oxidation states bind to the apo-3SCCs with
relatively high affinities, with dissociation constants in the picomolar range for Cu(l) and
micromolar to nanomolar range for Cu(ll) at different pH conditions. The redox potentials
of the copper center, calculated based on the K values, are in 400-500 mV (vs NHE) range
at pH 5.9 (dependent on the counteranion used) and ca. 430 mV (vs NHE) at pH 7.4, higher
than those reported for the T2Cu centers in NiR (218 mV at pH 6.0 and 137 mV at pH 8.4
for R. sphaeroides,?>8 220-310 mV at pH 7.0 for A. cycloclastes and A. xylosoxidans, 959 vs
NHE). It was suggested that the high redox potentials for the Cu(TRI(L2W)L23H)3"*
peptides originate from the strong stabilizing effect of the trigonal planar structure of the
Cu(l)(His)3 site within the coiled coils and the high energy barrier associated with the redox
process due to the change of the coordination number of the copper center.214

The reduction of Cu(I1)(TRIL23H)32" into Cu(l)-(TRIL23H)3* occurred when sodium
ascorbate (E° ca. 100 mV, two-electron donor) was added as a reductant in the pH range
5.8-7.4.214 The reduction monitored by the disappearance of the ligand field band of the
copper center was quantitative with 0.5 mol of ascorbate per mol of Cu(Il)-(TRIL23H)32*,
and it occurred within mixing time. Cu(1)-(TRIL23H)s* could be reoxidized using nitrite, as
expected on the basis of the formal E° of the latter (ca. 1.3 V at pH 6.0).9%° The reoxidation
of the Cu(l)(His)3 site was relatively slow (45-60 min), which could be tracked by
monitoring the reappearance of the ligand field band of Cu(11)(TRI L23H)32* upon the
addition of 1 equiv of nitrite to a Cu(l)(TRIL23H)3"* solution. More importantly, the
reduction of nitrite is a one-electron process, which only produces NO, with a negligible
amount of N,0.214

The reaction Cu(l)(TRIL23H)3* + NO,™ + 2H* = Cu(I1)(TRIL23H)32* + NO + H,0 was
studied as a function of the pH under catalytic (i.e., substoichiometric) conditions.214 The
rates of nitrite reduction under catalytic conditions increased as pH decreased. Most
importantly, the reduction of nitrite was observed for substoichiometric quantities of Cu(ll)
(TRIL23H)32* with respect to both the oxidant (ca. 160-fold excess relative to Cu(I1)) and
the sacrificial reductant (ascorbate, ca. 13-fold equiv per Cu(ll)). Under these conditions,
Cu(I)(TRIL23H)32* exhibits NiR activity corresponding to up to 5 turnovers in 3.7 h at pH
5.8. Although the NiR activity of Cu(I1)(TRIL23H)32* is significantly lower than that of the
native NiR (ca. 1500 s™1 at pH 5.8 for Alcaligenes faecalis NiR with Pseudoazurin as the
electron donor909), the Cu(I1)(TRIL23H)32* construct is an effective functional NiR model
in aqueous conditions.

One should be cautious that the mechanism of this model may differ from that of the native
CuNiR because the oxidation states for copper during turnover conditions are not the same.
In CuNiR, nitrite binds to Cu(ll) followed by electron transfer, which initiates the reduction
of the substrate.961-963 Under turnover conditions in this designed system, however, the
rapid reduction of Cu(ll) by ascorbate ensures that the resting form of the enzyme is Cu(l).
Thus, the interaction of nitrite with the reduced Cu(l) likely initiates catalysis. On the other
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hand, in the synthetic small molecule studies, it is usually observed that nitrite binds Cu(ll)
via the oxygen atoms in a bidentate mode, while it prefers binding Cu(l) via the nitrogen
atom.964-967 |f this is true for this de novo designed system, the actual chemical conversion
may not follow the same pathway as that in the native NiR. Nonetheless, these alternate
reaction schemes suggest that the de novo designed Cu(11)/(1)(TRIL23H)32*"* may provide
a unique approach to evaluate both types of chemistry within the same framework. Thus,
one may evaluate nitrite reduction from the cuprous form using existing protocols, but probe
the chemistry of nitrite reduction from the cupric enzyme by photoinducing electron transfer
after the nitrite has bound to Cu(ll).

An extensive body of work for the synthesis of model complexes of NiR (e.g., using
tetrahedral-enforcing ligands such as scorpionates) has been reported in the literature in the
past two decades,964.966.968-971 cy(11)(TRIL23H)32" is, however, the first de novo designed
metallopeptide for which the NiR reactivity is observed (Table 1). It represents an advanced
model of NiR with a stable and functional Cu(His)3 site in an aqueous solution. The
robustness and product specificity of this model solidifies its status as an excellent starting
point for NiR model chemistry in de novo designed systems.

Despite its importance in redox-active processes such as electron transfer and catalyzing
oxidation/reduction of small molecules, systematic studies of the factors that govern the
properties of a Cu(His)3 site are scarce. Yu et al. reported the first systematic modulation of
the redox properties and activities by changing the charged residues on the second
coordination sphere of a Cu(His)3 center in a stepwise manner.%72 In the native redox-active
proteins, it is often the case that one change around the active site would lead to a cascade of
events that results in the modulation of the redox properties; however, it is challenging to
track the specific role of each event. A de novo design strategy provides a simplified
functional model, an ideal system to study the influence of different factors that govern the
redox-properties and related activities. Based on the same scaffold TRI-H (TRI-H =
TRIL2WL23H), the positively charged residue Lys at the 22nd position was substituted to a
Glu, resulting in a difference of -6 in charge as compared to the parent peptide (assuming
that the Lys is fully protonated and the Glu is fully deprotonated). Taking TRI-EH (TRI-
EH = TRIL2WK22EL23H) as the basic scaffold, modifications were made to the charged
residues at the 24th and 27th positions to yield a series of peptides with charge 0, -3, -6, -9,
and —12 different from TRI-H (Table 4, Figure 48). This series of designed peptides aims to
understand how the local electrostatics influences the redox properties and reactivities of the
T2Cu center Cu(His)s.

Similar to the parent peptide TRI-H, all peptides in the TRI-EH series bind both Cu(l) and
Cu(Il) with relatively high affinities, mimicking well the coordination of the T2Cu center in
the native CuNiR. The modifications changed the peptide matrix around the copper center
from a relatively positive environment to a relatively negative one (in the order of peptides
D, E, C, F, G in Figure 48), leading to a direct impact on the protonation equilibra of the
Cu(Il)-peptides. Specifically, for Cu(l)(TRI-EH)32* and Cu(l1)(TRI-EHK24E)32*, as the
pH was raised, an additional deprotonation process was observed as compared to Cu(ll)
(TRI-H)32*, which was attributed to the deprotonation of Glu22, forming a better H-bond
acceptor. The interaction among residues on the 22nd, 24th, and 27th positions was thought
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to be an important factor that changes the H-bonding scheme around the Cu(His)3 center.
For TRI-EHE27K, with the most positive charge in the series, Glu22 can form an H-bond
with His23 (or a water bridging the two residues); meanwhile, Lys27 can form an
interhelical salt-bridge with Glu22, weakening the H-bond interaction between Glu22 and
His23 (or a water bridging the two residues). The other extreme is TRI-EHK24E with the
largest negative charge. In this peptide, the putative H-bond between Glu22 and His23 (or a
water molecule bridging the two residues) does not experience perturbations from other
neighboring residues besides charge repulsion. Between these two situations is TRI-EH,
which can have the H-bonding interaction between Glu22 and His23 (or a water bridging the
two residues), together with interhelical salt-bridging interactions. These interactions are
postulated to be the reason for the change of the protonation equilibra of Cu(ll)-peptides.
They can also lead to changes of Cu(ll) affinities, structural perturbations of the Cu(l)(His)3
site, and differences of Cu(l) affinities at a particular pH across the series.

Based on the affinities of both Cu(l) and Cu(ll) to the peptides, redox potentials were
calculated from the Nernst equation. Similar to the previously reported construct Cu(l1)/ (1)
(TRI-H)3%2*"*, the redox potentials of these peptides are in the range of 400-600 mV, higher
than those reported for the native T2Cu center in CuNiR,%58 probably due to the high
stability of the reduced-form of the peptide. The calculated potentials correlate very well
with the charge mutations around the active site, forming two linear trends at pH 5.8 and pH
7.4, the distance between which is 100 mV. As a result, the mutation of the charged residues
led to a ~200 mV variance in redox potential under different pH conditions. Furthermore,
modulation of NiR activity was demonstrated. The more positively charged peptides,
Cu(TRI-EHE27Q)3 and Cu(TRI-EHE27K)3 with higher redox potentials, exhibited lower
rates than Cu(TRI-H)3, while the more negatively charged peptides with lower redox
potentials showed higher rates. Similar to the parent peptide Cu(TRI-H)3, the rates of all of
the mutated peptides were pH-dependent, which was associated with a single-proton rate-
determining step. By changing the charged residues in a stepwise fashion, the NiR rates can
be tuned by 4-fold at pH 5.8.

As reviewed previously, the systematic tuning of potentials of a specific redox site has been
extensively studied for both heme and cupredoxin centers; however, similar investigations
on T2Cu centers are lacking despite their functional importance and versatility in the native
systems. This work represents the first systematic modulation of the second coordination
sphere charged residues, leading to varied pH profiles, copper afinities, redox potentials, and
NiR rates, demonstrating the critical role of ionizable residues in tuning the functional
properties of a redox-active center, which brings us one step closer toward the goal of
improving catalysis of this designed system.

3.3.3.3. A Di-iron Peptide: Due Ferri: DeGrado and coworkers have used retrostructural
analysis of the active sites of several carboxylate-bridged di-iron proteins to design a family
of artificial metalloproteins as models for enzymes such as RnR and bacterioferritin.973-978
Despite a low sequence identity (<5%) and overall complex protein folds, the active sites of
these proteins are all found within a simple antiparallel D,-symmetric four-helix bundle.®”>
The Due Ferri (two-iron, DF) proteins, designed to understand how solvent accessibility,
polarity, and electrostatic environment influence the properties, are comprised of a binuclear
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metal site with two chelating Glu residues, two His residues, and two bridging Glu residues.
These primary ligands are buried in the interior of the scaffold with metal geometries
stabilized by a network of hydrogen bonds to second-shell ligands. The parent model, DF1,
is an antiparallel dimer of noncovalently associated HLH maotifs, each 48 residues in
length.97® The design was approached by first carefully defining the above-described
dimetal coordinating site and second shell residues and then incorporating mainly
hydrophobic core residues for packing and hydrophilic interfacial residues to define the
topology. The design was first structurally characterized as a di-Zn(Il) complex (but also
binds Fe(I1) and Co(ll) in solution), confirming the presence of the dimetal cofactor near the
center of the dimer.97® The subsequent apo-DF1 NMR structure demonstrated that the metal
site is largely preorganized.%”® Each metal is five-coordinate with a sixth vacant site lying
on adjoining faces of the two metal ions to provide a potential binding site for small
molecules. Complete characterization of DF1 was not possible due to low solubility and
extreme stabilization (the scaffold had to be unfolded and refolded to bind metal). Further,
Leu residues 13 and 13" were found to block dimetal site access. DF2 was subsequently
designed to increase solubility (more surface hydrophilic residues were incorporated, and, in
a similar model DF2t, a longer interhelix loop was introduced for stabilization and
minimization of aggregation) and to allow for access of small molecules to the metal site (by
replacing Leu residues with Ala and Gly).976:978-982 The crystal structures of di-Mn(l1)-
L13A-DF1976 and di-Mn(11)-L13G-DF198! confirm the presence of the designed cavity
(which increases in size going from the larger Ala to Gly) filled with ordered water
molecules. Notably, the asymmetric unit of di-Mn(11)-L13G-DF1 has four independent
dimers, three of which have bridging water molecules and intermetal distances of 3.6 A and
one with two terminal water molecules and an intermetal distance of 4.2 A 981
Superimposition of the structures revealed that two copies of the N-terminal helices have
shifted in opposite directions, leading to the increased metal-metal bond length. Dubbed the
sliding-helix mechanism, it is postulated that this mechanism could occur in native systems
for signal transduction, but it would be difficult to observe this effect experimentally.

Having developed a construct with improved properties and a larger active site cavity, a
combinatorial approach was undertaken to search for a functional assembly. To this end,
DFtet, a noncovalent assembly of four separate helices that could easily be varied, was
designed.983 One of the resulting heterotetramers, DFtet A,B5,%83 with all Gly residues
replacing the Leu and Ala residues in the active site cavity (G4-DFtet), could perform the
rapid two-electron oxidation of 4-amino-phenol to benzoquinone monoamine with a keat/Kp
of 25.7 M~1 s71 and a rate enhancement of ~1000-fold relative to the background reaction
(and no detectable intermediates).216 Further, this de novo design approach also
demonstrates that the activity is sensitive to changes of the size of a methyl group in the
active site cavity (substituting Gly for Ala decreased the rate up to 5-fold). The diferrous
form of another resulting heterotetramer, DFtet AA’B,, reacts with oxygen to form a
peroxo-bridged diferric species similar to an important reactive intermediate found in many
native proteins.9* Given difficulties involving complex stoichiometry and unwanted ligand-
exchange reactions with G4-DFtet, DF3 was designed on the basis of the original DF1
sequence with all Gly residues around the active site to accommodate the substrate and with
modified loop residues to stabilize the resulting fold.21® Like DFtet, DF3 is a phenol oxidase
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for the substrates 4-aminophenol (keai/Kym of 23 M1 s71), 3,5-di-tert-butyl-catechol (3,5-
DTBC, keat/Kym 0f 100 M~1 s71) and p-phenylenediamine (keat/Kyv 0f 14 M1 s71) (Table 1).
No phenol oxidase activity was observed for o-phenylenediamine. These results are
consistent with crystallographic analysis of the size of the cavity. The active site cleft
created by the Gly mutations, at its narrowest, matched the width of the phenyl ring and, in
wider sections, substitutions at the 3 and 5 positions could be accommodated. A single chain
DF protein, DFsc (with Ala residues around the active site), was also designed, and the
NMR structure of di-Zn(I1)-DFsc was obtained.85986 While rapid oxidation of the diferrous
center was observed, it was due to an off-pathway iron-tyrosinate complex and not the
important diferric intermediate observed for the other diferrous DF proteins.987.988
Substitution of the four Ala residues to Gly (G4-DFsc) led to the minimization of this
complex and a scaffold, which could also catalyze 4-aminophenol oxidation on the same
order of magnitude as DFsc was obtained.?8% Most recently, the DeGrado group has shown
that a single mutation (from lle) provides an additional coordinating His residue at the
dimetal center of G4-DFsc and results in a protein that can now catalyze the N-
hydroxylation of arylamines such as p-anisidine, an activity not detected for G4-DFsc.%89
Only three additional mutations outside of the coordination sphere were made to
counterbalance the steric clashes and unfavorable electrostatic interactions introduced by the
His residue. The design does not fold well in the absence of metal, but does adopt a fold
similar to those of the other DF proteins in the presence of divalent metals. It is particularly
striking that addition of a single metal-coordinating residue can result in complete loss of
one activity, phenol oxidation, and generate another, N-hydroxylation. This work is an
excellent example of how de novo design can be utilized to directly correlate structure with
function by removing much of the complexity of native proteins.

3.3.3.4. Dirhodium Peptides: Combining nonbiological metal catalysts with polypeptides
can generate new function while taking advantage of the natural chirality provided by amino
acids. Ball and co-workers have developed an arsenal of dirhodium(I1)-peptide complexes
that react with enzyme-like selectivity.’® Dirhodium(ll) complexes are known to catalyze a
number of reactions and provide unique differentiated coordination environments. Under
biological conditions, the strong equatorial ligands ensure stable metallopeptide complexes,
while the kinetically inert axial ligands provide the open coordination sites necessary for
catalytic activity.”8°

Having established the ability of dirhodium complexation to control secondary peptide
structure, 990991 Ball and co-workers explored the catalytic activity of dirhodium-
metallopeptides. Twenty-two metallopeptides that bind dirhodium(I1) with carboxylate
residues in the i and i+4 positions were screened as catalysts for the insertion of PhMe,SiH
into methyl a-diazophenylacetate (Figure 49).992 Computations suggest, and the peptide
library confirms, that mutations to positions i—1 and i+3 have the largest effect on
enantioselectivity. At the i+3 position, sterically bulky ligand residues gave the best
enantioselectivity, but the basis for selectivity at the i—1 position is not clear. The best
catalyst, RhyL215-is0B (L21 = KNDAAIDAK), produced silane in 92% ee and was further
screened against 10 a-diazoesters, with the best enantioselec-tivities resulting from meta-
and para-substituted substituents (90-99% ee). Pyrene excimer fluorescence identified
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Rh,L21,-is0B as having antiparallel helices.993 Enantioselectivities from the catalyzed
insertion of PhMe,SiH into methyl a-diazophenylacetate were improved by 5-18% for four
Chz-protected peptide sequences upon addition of triphenylphos-phite.%4

In the above enantioselective silane insertion reactions, the same enantiomer is always
produced in excess. Accessing both enantiomers of a product using naturally derived
chirality is challenging, necessitating the development of high-throughput screening
methods.%9%:99 Utilizing the silane-insertion library for the enantioselective
cyclopropanation of styrene, Rhy(L16), (L16 = KTDAALDLK) was quickly found to
produce tert-butyl (1S,2R)-1,2-diphenylcyclopropane-1-carboxylate in 93% ee. Ninety-four
unique [Rhy(peptide)(Oac),] monopeptide complexes, with peptide ligands exhibiting a
range of sterics and polarity, were prepared on polystyrene-polyethylene glycol resin beads.
Trends in the production of the opposite enantiomer, methyl (1R,2S)-1,2-
diphenylcyclopropane-1-carboxylate, highlighted successful mutations. These were then
incorporated into a second, 96-peptide screen, from which eight sequences that gave greater
than 45% ee were developed into [Rhy(peptide),]bis-peptide catalysts. The best performer,
[Rho(KQDNANDTK),-A], gave 83% and 92% ee for styrene cyclopropanation with methyl
a-diazophenylacetate and tert-butyl a-diazophenylacetate, respectively. This “on bead”
screening process significantly expedited the development of a new metalloenzyme.

Post-translational chemical modification of proteins is important for studying folding,
function, protein—protein interactions, and localization in living cells. Most methods of
modification rely on the reactivity of specific residues, but this can be problematic because
proteins typically contain many copies of each residue. Alternatively, a precise residue
within a complex environment may be targeted using molecular recognition to provide site-
specific modification. Equipping a promiscuous dirhodium catalyst with the molecular
recognition abilities of a-helices led to a general strategy for protein modification based on
molecular shape rather than side-chain functionality.%97:998 The well-established E3/K3 pair
of a-helices self-assembles into a heterodimeric two-stranded assembly. Modification of the
Lys-rich K3 peptide to include two coordinating glutamate residues allowed for the
formation of the metallopeptide K3, ¢Rh,. The complementary peptide, E3¢gW, positions a
Trp to flank the hydrophobic interface near the dirhodium center. Combination of these two
peptides with a diazo reagent resulted in the covalent modification of the Trp residue (10
mol %, >95% conversion in 2 h). A >103 rate enhancement was observed as compared to
control reactions using a free dirhodium reagent (100 mol %, 17% conversion in 20 h) or
peptides in which the Trp residue and the dirhodium center are not optimally spaced.%97
Additionally, K3, ¢Rh; catalyzes modification of Tyr and Phe residues in E34Y and E34F,
respectively, but with slower rates than the Trp (20 mol %, 50% conversion in 5 h).997 This
is the first reported example of Phe-specific post-translational modification, made possible
by the interaction of two designed peptides. The scope of reactivity of K3, ;Rh, was
expanded using a library of E3¢X peptides with different amino acid residues (X) in the
complementary position.9%8 Covalent modification was observed for over one-half of the
amino acids: Cys, GIn, Asn, Arg, and Glu were modified in >65% conversion in 24 h,
whereas Asp, His, Ser, and Lys showed conversion in lower yields, and Thr, Met, and alkyl
side chains did not react.9%8
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The specificity of the reaction was explored using a series of “matched” and “mismatched”
coils. Six K3Rh, metallopeptide variants and six E3W substrate variants were prepared
resulting in 36 heterodimers (Figure 50).29% When combined, six catalyst/substrate pairs
were matched both facially (catalyst and substrate on same side of coils) and axially
(catalyst and substrate in same heptad along the axes of the coils), six had facial mismatches
only, 12 had axial mismatches only, and 12 had both facial and axial mismatches. The
mismatched substrates were less reactive (10-17% conversion when facially mismatched, 1-
5% conversion when axially or axially/facially mismatched) than those that were matched
(23-83% conversion), with the highest selectivities observed when the catalyst was located
in the central heptad of the helix. Pairs of substrates, one matched and one mismatched,
were combined with a catalyst in competition experiments. In five out of six cases, the
selectivities improved further, typically in excess of 9:1. Overall, significant selectivities
were observed for matched peptide pairs, demonstrating that site-specific catalysis overrides
functional group reactivity. Like with natural enzymes, single-residue changes were
observed to have dramatic effects on selectivity.

This successful strategy for protein modification based on molecular shape was applied to
natural protein systems. Modification of the Trp residue on a helix fused to a recombinant
maltose protein (MBP-E342W) can be catalyzed by a dirhodium metallopeptide at
physiological pH within E. coli lysate. Lysozyme, which contains a Trp residue that is
known to react with free Rho(OAC)4, was unaffected, demonstrating the selectivity of the
catalyst in the presence of a mixture of natural proteins.1900 ysates from the expression of
MBP-E342W and a recombinant S-transferase with an orthogonal peptide sequence at the C-
terminus (GST-E3.2W) were combined with appropriate metallopeptides, and in each case
only one product was observed, demonstrating selectivity even in the complex lysate
environment, 999

The oncogenic product c-Fos has a bZip domain that forms a coiled-coil with c-Jun, thus
regulating transcription. The c-Jun variant Jun(Rh,) was designed to position a dirhodium
center near a GlIn residue on c-Fos during dimerization. Despite a significantly decreased
affinity for c-Fos, Jun(Rh,) catalyzes the modification of the targeted Gln residue yielding
88% conversion at —15 °C.998 This example establishes the ability of templated modification
to succeed, even in cases of transient assembly because the affinity between the catalyst and
substrate is very low. Further, dirhodium-containing metallopeptides, with designs based on
the MDM2-binding domain of p53, were found to inhibit MDM2.1901 Disruption of the
MDM2-p53 interaction is one approach to restoring p53 function, which regulates cell cycle.

The protein-tyrosine kinase signaling protein Fyn has been implicated in tumor development
and is an important therapeutic target. Fyn’s prototypical SH3 domain, which recognizes
and binds weakly to short, Pro-rich PPII-helix sequences, contains several aromatic residues
that are amenable to reaction with dirhodium catalysts. Out of a series of four designed
peptides containing monodentate dirhodium ions, three were found to bind the Fyn SH3
domain with relatively high affinities (K4 = 0.24-0.76 and 0.65 puM, respectively). All three
catalysts modified Trp42 of the SH3 domain effectively, showing that extensive
optimization is not necessary when applying this post-translational modification method to
natural proteins.999
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Further stabilization of E3/K3 pairs was achieved by the inclusion of Lewis-basic side
chains in E3¢X, which coordinate to Rh(11) in K3, ¢Rh,.1002 When E3¢X contained a His,
Glu, or Met residue, T, values were higher (66.1, 50.2, and 70.4 °C, respectively) than
when it contained a noncoordinating Phe (E34F, 39.5 °C). Cys led to decreased stability (Tr,
= 33.5 °C), which is consistent with models that show that Cys is too short to coordinate
Rh(11) without disrupting the coiled-coil. The relative positions of dirhodium and the
coordinating residues are important; K34 4Rh, actually binds E34H with lower affinity (Tp, =
54.4 °C) than E3¢F (T, = 58.7 °C).1003 Further, properly positioned residues inhibit
catalytic activity. E3gM and E3gH had significant inhibitory effects (IC5o = 3.7 and 0.5 UM,
respectively) as compared to the control peptide E34F (ICso = 79 uM) in the modification of
E3gW by K3, ¢eRh, and a diazo reagent. The improperly positioned dirhodium in K34 4Rh;
was not as severely inhibited by E3gH (ICsq = 34 UM).

This model of organic—inorganic cooperativity was extended to design inhibitors for
protein—protein interactions. The function of the cystic fibrosis transmembrane conductance
regulator (CFTR) is affected by the binding of PDZ domains (a family of peptide-binding
protein—protein interaction modules named for the first three members: PSD-95, Dlg, and
Z0-1) in several proteins, including CAL (CFTR-associated ligand), making CAL inhibition
a target. On the basis of sequences known to interact with the CAL PDZ domain, several
short dirhodium metallopeptides were designed.1902 The peptide ERP'VQSTRL is the best
inhibitor for CAL PDZ reported to date with submicromolar affinity (K; = 0.56 uM). The
dirhodium moiety in this metallopeptide specifically targets coordination by the His301
residue on CAL, and mutation of this residue to an Ala (CALP-H301A) led to a 16-fold loss
of affinity. By combining organic interactions and coordination chemistry, an inhibitor was
quickly developed for a challenging protein target, demonstrating the potential of this
approach for preparing inhibitors.

3.4. Summary

De novo design requires the construction of native-like, stable protein scaffolds with non-
native sequences that exhibit desired properties and functionalities. Unlike protein redesign,
which starts from native proteins, this “from scratch” design strategy considers the most
fundamental interactions responsible for maintaining stable, native-like protein scaffolds.
Hydrophobic interactions, H-bonding interactions, salt-bridges, van der Waals contacts, etc.,
contribute to the folding and topology of protein constructs. Early in the development of this
field, significant progress was made in establishing stable constructs with common
secondary structures, thus laying an excellent foundation for imparting functionality. The
most common method to design stable constructs is to use hydrophobic interactions of
amino acid side chains as a driving force to create self-assembled structures. In concert, the
architecture of salt-bridges and van der Waals contacts directs the topology of the
constructs. The concept of negative design, popularized by DeGrado and co-workers,10.643
has been highly employed to control the number of a-helical strands and parallel-versus-
antiparallel orientations in the design of coiled coils. Alternatively, stable constructs can be
built by attaching designed amphiphilic peptides onto preorganized templates to lower the
entropic penalty of protein folding.
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Starting from stable scaffolds, the next stage of de novo metalloprotein design involves the
incorporation of metal cofactor-binding sites while retaining aggregate stability and a native
folding state. Modifying the substitution pattern of hydrophobic residues by conversion into
metal-binding residues with desired ligating atoms can potentially lead to perturbations of
the protein structure. This can result in a decrease in protein stability, which illustrates the
importance of choosing a stable construct as a starting point. The control of metal
coordination through first and second coordination sphere interactions has been
demonstrated in many cases. Recently, the field of de novo protein design began progressing
toward the design of functional metalloenzymes, particularly those that aim to mimick
native protein active sites using a minimalist approach. In the past few years, several
successful examples have been reported, which possess the structural and functional
characteristics of their native counterparts. In addition, conjugate systems of nonbiological
metal complexes and de novo designed peptides have yielded new functions, some of which
have enzyme-like selectivity. In summary, the de novo design approach allows one to
employ knowledge learned from protein biochemistry, biophysics, coordination chemistry,
and organometallic chemistry to achieve desired functions in proteins with a high level of
precise control. It is truly a fantastic playground to showcase scientists’ creativity and
ingenuity.

4. PERSPECTIVE

This Review focuses on the construction of metal sites in designed protein scaffolds to
increase our understanding of heavy metal toxicity, to rationally modulate relevant
properties, to create highly efficient metalloenzyme mimics, and to confer novel functions.
The intrinsic complexity of proteins makes a full understanding of the structure—function
relationship elusive, yet protein design has contributed significantly to what we have
learned. Over the past three decades, we have witnessed a remarkable progress from
constructing stable metalloproteins to imparting functionalities. The cases presented in this
Review illustrate the depth of our understanding of the intricate interplay among various
factors that dictate protein functions. Protein redesign utilizes the secondary and/or tertiary
structure of native proteins, imparts desired functions into specific sites, and provides
important details about how specific interactions around the metal or metal complex binding
site influence functions. On the other hand, de novo design, a “bottom-up” approach,
involves constructing metallopeptides from scratch to carry out predicted reactions. The
minimalist approach often unveils the most important factors to building functional
metalloenzymes.

Most protein design systems, especially de novo designed metalloproteins, focus on the first
coordination sphere of metal cofactors. There are very few reported de novo designed
metalloproteins in which the second coordination sphere of the metal site is taken into
consideration with regard to modulating the properties of the metal center. One of the future
directions of de novo protein design should be the rational design of the second coordination
sphere. It is not uncommon to see in native proteins that specific residues not directly
coordinated to the metal centers play important roles in catalysis or electron transfer by
participating in H-bonding, electrostatic, and other interactions. These types of “remote”
interactions should be the focus of the next level of design. Another area that has not
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received sufficient attention in the field of metalloprotein design is the building and
optimizing of substrate binding sites. Because of the complexity of controlling metal
structure and function, most effort thus far has been invested in taming the metal ions.
However, regioselectivity, control of chirality, catalytic selectivity, and rate optimization are
critically dependent on substrate recognition near the metal center. Additionally, workers in
this field will need to evaluate more deeply the incorporation of dual functionality into
protein constructs. Incorporating multiple metal centers within one protein is appealing, and
native proteins with multiple metal-binding sites with cooperative fuctions are the targets for
such designs. Little work has been completed emphasizing protein—protein or protein—
nucleic acid recognition between designed metalloproteins. Because these types of
interactions are crucial for the regulation of many complex biological processes, workers
will need to learn how to dock, transfer electrons or substrates, and then release
multicomponent protein systems to mimic more holistically complex biological processes.
Finally, with the advent of chemical biology, future studies will require that metalloprotein
designers learn how to express their new creations within cells to modify directly the
behavior of organisms. Mastering the design of novel functional metalloprotein systems
opens fascinating opportunities for application in biotechnology, pharmaceuticals, and
diagnostics.

ABBREVIATIONS
2NA 2-naphthyl acetate
3SCCs three-stranded coiled coils
3,5-DTBC 3,5-di-tert-butyl-catechol
ABTS 2,2’-azino-di(3-ethylbenzothiazoline-6-sulfonic acid)
ALAD s-aminolevulinate dehydratase
Ant antennapedia homeodomain
AP amphiphilic membrane-associating redox maquette
ATANP (S)-2-amino-3-[1-(1,4,7-triazacyclononane)]-propanoic acid
Avi avidin
Biot biotin
BPMCN N,N’-bis(2-pyridylmethyl)-N,N’-dimethyl-trans-1,2-diaminocyclohexane
BPMEN N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)ethane-1,2-diamine
bPP bovine pancreatic polypeptide
bpy bipyridyl
BTC butane-1,2,3-tricarboxylate
CA carbonic anhydrase
CAL CFTR-associated ligand

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

CcO
CcP
CD
CFTR
Cs
CuNiR
Ccv
DAAO
DECP
DEPC
DF
DFM
DmsB
E. coli
EDTA
EDX
en
EPR
EXAFS
FdM
GIn-Onp
GpA
H-bonding
HbpA
HCO
Hcy
HiPIP
HLH
HPNP
HRP
LAAO
LCST
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cytochrome c oxidase
cytochrome ¢ peroxidase

circular dichroism

cystic fibrosis transmembrane conductance regulator

CoilSer

copper nitrite reductase

cyclic voltammetry

D-amino acid oxidase

diethyl 7-hydroxycoumarinyl
diethylpyrocarbonate

Due Ferri

difluoromethionine

dimethyl sulfoxide reductase subunit B
Escherichia coli
ethylenediaminetetraacetate

energy dispersed X-ray analysis
ethylenediamine

electron paramagnetic resonance
extended X-ray absorption fine structure
ferridoxin maquette

Boc-glutamine 4-nitropheny! ester
glycophorin A

hydrogen bonding

2-hydroxybiphenyl monooxygenase
heme-copper oxidase

homocysteine

high potential iron protein
helix—loop-helix
hydroxypropyl-p-nitrophenol phosphate
horseradish peroxidase

L-amino acid oxidase

low critical solution temperature
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LiP
LMCT
LmrR
MADH
MAO-N
Mb
MCD
MMO
MnP
Mop
MP
Mp
N,OR
nbd
NHE
Nle
NMR
NOR
NTA
OEC
OxM
PAC
PDB
PDZ
Pen
Phen
PNIPAM
pNPA
pNPP
PRIME
PSI
PSII
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lignin peroxidase
ligand-to-metal charge transfer
lactococcal multidrug resistance regulator
metholamine dehydrogenase
monoamine oxidase
myoglobin

magnetic circular dichroism
methane monooxygenase
manganese peroxidase
modular proteins
MiniPeroxidase
3-maleimidopropionic acid
nitrous oxide reductase
norbornadiene

normal hydrogen electrode
norleucine

nuclear magnetic resonance
nitric oxide reductase
nitrilotriacetic acid

oxygen evolving center
oxomethionine

perturbed angular correlation spectroscopy
Protein Data Bank

PSD-95, Dlg, ZO-1 modules
pennicillamine
phenanthroline
poly(N-isopropylacrylamide)
p-nitrophenyl acetate
p-nitrophenyl phosphate
porphyrins in membrane
Photosystem |

Photosystem 11
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RM
RnR
Rop
rkR
SALPN
SAM
Sav
Sec
SeM
SOD
T1Cu
T2Cu
TASP
TFM
tHisF
TMB
Tren
Trx
UV-vis
WT
XAS
ZF
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Figure 2.
Ribbon diagram of Zf1M. Reproduced with permission from ref 170. Copyright 1995

Nature Publishing Group.
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Estimated model of the relationship between the protein stability and Zn(11) binding upon
the conformational change in (A) Ant-F, and (B) Ant-F-H1. F and U stand for folded and
unfolded states, respectively. Reproduced with permission from ref 173. Copyright 2004
American Chemical Society.
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Figure 4.
CA H-bonding network based on the crystal structure of CA (PDB code: 3KS3).193
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Figure 5.
(A) Spatial clustering of WT and activity-enhancing residues in a Zn(l1)-containing mouse

adenosine deaminase. Residues in which computationally designed simultaneous
substitutions were essential for the emergence of organophosphate hydrolysis activity are
highlighted in blue. Deaminase residues retained in the most active variant of PT3 (purple),
and positions in which activity-enhancing mutations occur during directed evolution (green)
form two separate spatial clusters. Residue side chain identities are from the deaminase
crystal structure (PDB code: 1A4L), and the transition state model is shown in gray sticks.
(B) Superposition of the PT3.1 design model (gold) and the crystal structure (green, PDB
code: 3T1G) shows that, although the overall backbone similarity is high (backbone rms
deviation = 0.65 A), there are small shifts in two active site-proximal loops. Reproduced
with permission from ref 204. Copyright 2012 Nature Publishing Group.
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Schematic representation of the supramolecular hemopro-tein polymerization. The structure
of the WT-cyt bsg, was obtained from PDB (1QPU). Reproduced with permission from ref

234. Copyright 2007 American Chemical Society.
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Figure 7.
Crystal structures of the cofactor site for (A) reconstituted Cyt P450can With 6-methyl-6-

depropionatehemin bound (PDB code: 2ZAW);251 (B) reconstituted Cyt P450capm With 7-
methyl-7-depropionatehemin bound (PDB code: 2297);259 and (C) iron porphycene bound
to apo-swMb (PDB code: 2D6C).254
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Nonheme iron centers. Reproduced with permission from ref 270. Copyright 1991 Elsevier.
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Figure 9.
The active site of Fe(ll)-FegMb. Fe(ll)g is represented by a green sphere. The Fe(l1)-bound

water is represented by a red sphere. PBD code: 3K9Z. Bond lengths in the figure are in
angstroms.232
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Figure 10.
X-ray crystal structures of selected variants of Az. (A) N47S/M121L-Az (PDB code: 3IN2);

(B) N47S/F114N-Az (PDB code: 3JTB); and (C) F114P/M121Q-Az (PDB code: 3IN0).3

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Page 143

10004

- 1004
w

T

Disulfide 05 06 07 08 09 10 1.1
Driving Force (eV)

Figure 11.
(A) Calculated electron transfer pathway from the disulfide bond to the copper site in Az

mutants. Residues involved in electron transfer are in red. (B) Logarithm of the electron
transfer rate constants as a function of the driving force of the reaction (dots) and the
theoretically calculated bell-shaped curve. Mutants: 1, Phel14Pro/Met121Gln; 2,
Phell4Pro; 3, Asn47Ser/Phell4Asn; 4, Asn47Ser/Met121Leu; 5, Phell4Asn/ Met121L eu;
6, Asn47Ser/Phel14Asn/Met121Leu. Reproduced with permission from ref 393. Copyright
2013 National Academy of Sciences.
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The active site of a reconstituted Az-PNIPAM conjugate. Reproduced with permission from
ref 451. Copyright 2009 Wiley.
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Figure 13.
Cup center in No,OR from Pseudomonas nautica. The purple spheres are copper ions. PDB

code: 1QN].462
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Figure 14.
Proposed mechanism for copper binding to apo-Cua-Az. Reproduced with permission from

ref 457. Copyright 2011 American Chemical Society.
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Figure 15.

imiTyr residue. Reproduced with permission from ref 231. Copyright 2012 Wiley.
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Figure 16.
Comparison of (A) M2 mutant (the reaction center of the protein L and M subunit from

Rhodobacter sphaeroides, PDB code: 1293526) and (B) PSII (a and b chains of PSII from
Thermosynechococcus elongates, PDB code: 1S5L.529). Mn(ll) (purple sphere), Fe(l1) (red
sphere), (bacterio)chlorophylls, and quinone acceptors are shown. The manganese ions are
located at similar positions in both proteins.
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The assembly of an active achiral catalyst into a host protein. Reproduced with permission
from ref 539. Copyright 2003 Swiss Chemical Society.
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Search strategy to identify good catalystCprotein combinations. Reproduced with
permission from ref 552. Copyright 2006 American Chemical Society.
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(A) The conceptual approach to combine a basic residue and the catalytic biotinylated
RhCp*biotinC, to achieve a synergistic catalyst. (B) The structure of RhCp*PiotinCl, and the
reaction it catalyzes. (C) Proposed transition state for the C—H bond activation. (D) Auto-
Dock model showing the spatial relationship of the biotinylated RhCpPi°tin(OAc), catalyst in
the Sav tetramer active site. Reproduced with permission from ref 559. Copyright 2012

AAAS.
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Figure 20.
Schematic representation of a transition-state structure for an artificial cis-dihydroxylase

resulting from anchoring OsO4~ onto a host protein. Reproduced with permission from ref
561. Copyright 2011 Wiley.
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Figure 21.
(A) The crystal structure of Rh-Phebox-A71GMb (PDB code: 2EF2); and (B) comparison of

arrangement between Rh-Phebox (red) and heme (white). Reproduced with permission from
ref 583. Copyright 2007 American Chemical Society.
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Figure 22.
Schematic representation of insertion of a Cr(I11)-(salophen) complex into apo-Mb.

Reproduced with permission from ref 584. Copyright 2003 Wiley.
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Figure 23.
M-Salophen and M—Salen complexes. Reproduced with permission from ref 586. Copyright

2005 American Chemical Society.
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n-Pr Et Me

Figure 24.
Proposed interactions between the Mn Schiff base complex and thioanisole. Reproduced

with permission from ref 586. Copyright 2005 American Chemical Society.
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Figure 25.
(A) Schematic representation of the proposed artificial metalloenzyme in which a Cu(ll)

complex is grafted on the dimer interface of a protein scaffold. (B) Ligands used for grafting
on the dimer interface. (C) Pymol representations of dimeric LmrR in a ribbon and a space-
filling model (PDB code: 3F8B). Either position 89 (red) or position 19 (yellow) was used
for the covalent attachment of the copper-chelating ligands. Reproduced with permission
from ref 599. Copyright 2012 Wiley.
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Figure 26.
Preparation of Pd-apo-ferritin. Reproduced with permission from ref 622. Copyright 2004

Wiley.
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Apo-Fr Rh(nbd)-apo-Fr

Figure 27.
(A-C) Ribbon diagrams of L-ferritin taken from PDB entry 1DAT: (A) the 24-subunit

assembled cage; (B) the inner cavity; and (C) the 3-fold axis channel. (D) Schematic
representation of insertion of [Rh(nbd)CI], into the apo-Fr cage and polymerization
catalyzed by the Rh(nbd)-apo-Fr composite. Reproduced with permission from ref 624.
Copyright 2009 American Chemical Society.
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Figure 28.
(A) Preparation of Pd(allyl)-apo-rHLFr. (B) The crystal structure of 100-Pd(allyl)-apo-

rHLFr (PDB code: 22G7). Pd(allyl) complexes are located at the binding sites. The Pb
atoms are shown in green spheres. Reproduced with permission from ref 626. Copyright
2010 American Chemical Society.

Chem Rev. Author manuscript; available in PMC 2015 January 20.




duosnue Joyiny vd-HIN duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Yuetal.

Page 161

Figure 29.
Helical wheel diagram of (A) 2SCC, (B) 3SCC, and (C) 4SCC. Reproduced with permission

from ref 704. Copyright 2004 American Chemical Society.
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Figure 30.
As(I11) tris-thiolate site in As(I11)(CSL9C)3. (A) A topdown view from the N-terminus. (B)

A side view illustrating the pyramidal coordination of As(l11). Reproduced with permission
from ref 711. Copyright 2007 National Academy of Sciences.
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Figure 31.
PyMOL model of azDIV. Cys mutations are shown in spheres. The box represents the

“hydrophobic box”, which includes residues Leu21, Tyr70, Phe31, lle14, and 11e63. This
model is made based on the solution NMR structure of 3D (PDB code: 2A3D751).
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Figure 32.
Modeled structure of the minibody with predicted metal-binding site. Reproduced with

permission from ref 759. Copyright 1993 Nature Publishing Group.
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Predicted fsheet structure of each betabellin-15 chain viewed from the nonpolar face. t =
turn, r = reverse turn. Reproduced with permission from ref 764. Copyright 1999 Springer.
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Figure 34.
Unnatural amino acids synthesized by Imperiali and co-workers. Reproduced with

permission from ref 772. Copyright 1996 American Chemical Society.
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Figure 35.
Zn(Cys), site in Bacillus subtilis PerR (left), its schematic representation (middle), and the

model peptides L¢ and LT1¢. Reproduced with permission from ref 781. Copyright 2009
Wiley.
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Figure 36.
(A) Zn-Lyc complex; (B) Zn:-Lysp; and (C) a classic ZF site. The zinc ion is shown in

purple. Reprinted with permission from ref 782. Copyright 2010 American Chemical
Society.
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Figure 37.
X-ray crystal structure of MID1-zinc, a designed protein with a metal-mediated protein

interface. The red mesh represents the active site cleft above the open coordination site of
the ZnHis3 metal site. Reproduced with permission from ref 211. Copyright 2012 American
Chemical Society.
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Figure 38.
Ribbon diagrams of the [Hg(11)]s[Zn(11)(H20/OH™)]n(CSL9PenL23H)3™* parallel 3SCC

(one of two different 3-helix bundles present in the asymmetric unit) at pH 8.5. Shown are
the main chain atoms represented as helical ribbons (cyan) and the Pen and His side chains
in stick form (sulfur = yellow, nitrogen = blue, oxygen = red). (A) One of two trimers found
in the asymmetric unit of the crystal structure; (B) a top down view of the structural trigonal
thiolate site, Hg(11)S3, confirming the proposed structure of Hg(l1) in Cys-containing TRI
peptides.3® This metal site should mimic well the structural site in the metalloregulatory
protein MerR.876 (C) A side view of the tetrahedral catalytic site, Zn(11)N3O, which closely
mimics CA and matrix metalloproteinase active sites.838 All figures are shown with 2F, —
F. electron density contoured at 1.5¢ overlaid. Modified with permission from ref 213.
Copyright 2012 Nature Publishing Group.
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Figure 39.
Overlay of the Zn(I11)N30 site in [Hg(I11)]s[Zn(11)(H>O0/OH™)]n(CSLIPenL23H)3™ with the

active site of human CAII. [Hg(11)]s[Zn(11)(H,0/OH7)]n(CSL9PenL23H)3"* is shown in
cyan (PDB code: 3PBJ) and CAll in tan (PDB code: 2CBA). (A) Top-down view of the
overlay with CAll. The solvent molecule associated with [Hg(I1)]s[Zn(11)(HoO/
OH7)]n(CSLY9PenL23H)3™ is shown in red, and that associated with CAlI lies underneath.
(B) Side-on view of the overlay with CAIl. The model displays an excellent structural
overlay for the first coordination sphere atoms with CAlI; however, the orientation of the
imidazoles differs between the two proteins. Another subtle difference is that the present
structure has three £ amino nitrogens bound to the Zn(ll) ion, whereas CAIl has a mixed two
gand one J coordination sphere. Overlay was performed manually in Pymol. Adapted with
permission from ref 213. Copyright 2012 Nature Publishing Group.
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Figure 40.
Proposed cleavage mechanism of HPNP. Reproduced with permission from ref 863.

Copyright 1999 American Chemical Society.

Chem Rev. Author manuscript; available in PMC 2015 January 20.



duosnue Joyiny vd-HIN duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Yuetal.

Page 173

Figure 41.
Molecular models of (A) P1a-Zn(Il) complex top view and side view; and (B)

Zn(I1)4(T(P1)3) complex top view and side view. Reproduced with permission from ref 866.
Copyright 2002 National Academy of Sciences.
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Figure 42.
The cyclic template (left) and structural models of heme-Ru-Mop2 (middle) and heme-Ru-

Mop3 (right). Reproduced with permission from ref 267. Copyright 1998 National Academy
of Sciences.
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Figure 43.

Stepwise conversion of a linear peptide covalently attached to a cellulose membrane into a
cyclic decapeptide that incorporates four antiparallel helical appendages. The fragment T4-
Ay, was synthesized on a resin loaded with a peptide amide linker. Synthesis steps: (i) Pd(0)
in DCM, TBTU/DIEA in DMF; (ii) hydrazine in DMF; (iii) solid-phase synthesis; (iv) 19/1
TFA/DTT, HPLC; (v) phosphate buffer/acetonitrile (2/1), pH 8; (vi) DTT, pH 7.8, 10 equiv.
of helix By, pH ~ 8; (vii) Hg(OACc),, pH 4.0, 10 equiv of helix Cy, pH =~ 8, P(Ph)3 in n-
propanol/buffer, pH 7.8. Reproduced with permission from ref 917. Copyright 2001

American Chemical Society.
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Figure 44.
Copper-AM2C variants. (A) Phosphate bound; (B) chloride bound; (C) azide bound; (D)

imidazole bound; (E) AM2C-E1. Reproduced with permission from ref 924. Copyright 2012
Springer.
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Figure 45.
Schematic representation of the mimochrome chemical structures. Reproduced with

permission from ref 268. Copyright 2003 Wiley.
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Figure 46.

Proposed mechanism of heme binding to HP-7. Reproduced with permission from ref 266.
Copyright 2011 American Chemical Society.
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Figure 47.
(A) A model of Cu(TRIL23H)3%*/* based on the crystal structure of

Hg(11)sZn(11)n(CSL19PenL23H)3* (PDB code: 3PBJ213). Overlay of the Zn(l1)
(His)3(OH,/OH") site in Hg(11)sZn-(11)\(CSL19PenL23H)3* (protein ligands: dark blue;
zinc: dark blue sphere; zinc-bound water: red sphere) and the T1Cu center in CuNiR from R.
sphaeroides (PDB code: 2DY2.98 Protein ligands: light green and teal; copper: cyan
sphere; copper-bound water: light pink sphere). (B) Top view. (C) Side view. Adapted with
permission from 214. Copyright 2012 National Academy of Sciences.
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Figure 48.
PyMOL maodels of copper-peptides based on the crystal structure of

Hg(11)sZn(11)n(CSL19PenL23H);* (PDB code: 3PBJ).213 (A) TRI-H; (B) TRI-HK22Q;
(C) TRI-EH; (D) TRI-EHE27K; (E) TRI-EHE27Q; (F) TRI-EHK24Q; (G) TRI-
EHK24E. Reproduced with permission from ref 972. Copyright 2013 American Chemical
Society.
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Figure 49.
Tube and space-filling model for a dirhodium center bound to L12. Reproduced with

permission from ref 992. Copyright 2010 American Chemical Society.
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Figure 50.
Conceptual illustration of axial and facial match/mismatch in coiled coils. Reproduced with

permission from ref 999. Copyright 2012 American Chemical Society.
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Scheme 7.

(A) Reduction of Prochiral Imines 9-0x, 10-ox with Subsequent Deracemization of Cyclic
Amines; (B) Stereoinversion of Natural Nicotine (S)-11-red to (R)-11-red, Leading to the
Formation of the Chiral Alcohol 11-redol; (C) Formation of L-Pipecolic Acid (13) from L-

Lys (12); and (D) Hydroxylation of 2-Hydroxybiphenyl (14) Coupled to an ATHase-

Catalyzed NADH Regeneration Process?

34MAO-N, a monoamine oxidase; ATHase, an artificial transfer hydrogenase varian; LAAO,

L-amino acid oxidase; DAAQO, D-amino acid oxidase; HbpA, 2-hydroxybiphenyl
monooxygenase. Reproduced with permission from ref 555. Copyright 2013 Nature
Publishing Group.
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Scheme 12.560
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Scheme 13. Mn-Salen Complexes Used To Bind to HSAS722

aScheme used with permission from ref 572. Copyright 2009 Wiley.
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Scheme 14. Complexes A and B, the Iron Complexes with the Highest and the Lowest Affinity
for NikA, Respectively?

aScheme adjusted with permission from ref 581. Copyright 2012 Springer.

Chem Rev. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Scheme 15.

Chem Rev. Author manuscript; available in PMC 2015 January 20.

Page 197



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Yuetal. Page 198

o = \/\r\>—\
SH S ooet [ ’“‘
HSISH u NH j
0 y
o
FePP-maleimide
(FePP-MI)
(gp5 XIS351L), (gp27-gp5 X/S351L), FePP - 39 or FePP . 40
37: X=M3C 39: X =M3C
38: X =N7C 40: X = N7C

Scheme 16. A Schematic Drawing of the Conjugation Reactions of FePP-Maleimides and (gp5)3
or (gp27-gp5)3 Cys Mutants?

4Reproduced with permission from ref 637. Copyright 2008 Wiley.
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Scheme 17.8662
aReproduced with permission from ref 866. Copyright 2002 National Academy of Sciences.
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Table 2

Redesign and De Novo Designed Heme Proteins

Page 203

UV-vis absorption (Soret band

protein E°/mV vs NHE  for heme) other notes ref
ME1 -128+2 oxidized form: 413 nm K, app = (4.7 £1.2) x 1077 M, 2:1 227
peptide/hemin stoichiometry
reduced form: 427 nm
CugMb copper-free: 77, deoxy-CugMb: 434 nm oxygen reduction activity 229,260
Cu(I1)-bound: 80
oxy-CugMb: 418 nm (not 100%
conversion)
FegMb -46+2 deoxy-FegMb: 433 nm nitric oxide reductase activity 232
deoxy-Fe?*-FegMb: 434 nm
Fe-porphycene-Mb -190 £ 15 oxidized form: 387 nm enhanced O, binding affinity 253
reduced form: 375 nm
oxy-reduced form: 387 nm
6-propionate Mb 91.7+1.0 Met-rMb: 408 nm (1) Raman shift of deoxy-form: 220 248
cm™; (2) pKa(heme-bound water) = 8.67
+0.03
ferrous-rMb: 432 nm
oxy-rMb: 417 nm
7-propionate Mb 846+1.0 Met-rMb: 407 nm (1) Raman shift of deoxy form: 221 248
cm™; (2) pKa(heme-bound water) = 8.73
+0.03
ferrous-rMb: 431 nm
oxy-rMb: 417
heme-6-propionate Cyt P450cam oxidized form: 391 nm (in the (1) Raman shift of the ferric form: 251
presence of d-camphor) 351 cm™; (2) NADH oxidation rate
1150 UM/UM min enzyme™!
heme-7-propionate Cyt P450cam oxidized form: 417 nm (in the (1) Raman shift of the ferric form: 250
presence of d-camphor) 1503, 1489 cm™1; (2) NADH
oxidation rate 27 + 2 uM/uM min
enzyme™!
PRIME -97+3,-168+  oxidized form: 410 nm in palmitoyl oleoyl 261
3 phosphatidylcholine bilayers
[A7-Hygl14101]2 -222 oxidized form: 412 nm (131 000 KgFelD = 42 nM, KgpFeD =15 yM- 262
M-1cm™)
reduced form: 427 nm (209 000
M-1cem™)
[A7-Palygliglo]e 58+8 oxidized form: 410 nm (110 000 263
M-1cem™)
reduced form: 420 nm (144 000
M1cm)
[A7-Himaolialodlz reduced form: 431 nm (97 000 M1 vacant coordination site for CO 264
cm™) binding
Fe(PP1X)-[A7-H-H3m], -190 + 10 oxidized form: 412 nm (123 000 E° determined at pH 8.0 265

M~temD)

reduced form: 427 nm (191 00 M1
cm™)
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UV-vis absorption (Soret band
protein E°/mV vs NHE  for heme) other notes ref
Fe(DADPIX)-[A7-H-H3m], -30+10 oxidized form: 426 nm (89 000 M~1  E° determined at pH 8.0 265
cm™)
reduced form: 450 nm (110 000
M1 em™)
HP7-H7F -260+6 oxidized form: 414 nm (129 000 pKa (His) =7.3+£0.2 266
M1 em™)
reduced form: 428 nm (140 000
M- em™)
heme-Ru-MOP2 -170+6 oxidized form: 413 nm electron transfer demonstrated 267
reduced form: 428 nm
Fe-mimochrome IV -80 (pH 7.0) oxidized form: 398 nm 268
miniperoxidase 3 oxidized form: 391 nm HRP activity 218
immobilized heme-S824C -153 oxidized form: 413 nm binds to N-donor ligands 269
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