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Abstract

Therational design of artificial enzymes either by applying physio-chemical intuition of protein
structure and function or with the aid of computation methods is a promising area of research with
the potential to tremendously impact medicine, industrial chemistry and energy production.
Designed proteins aso provide a powerful platform for dissecting enzyme mechanisms of natural
systems. Artificial enzymes have come along way, from simple a-helical peptide catalyststo
proteins that facilitate multi-step chemical reactions designed by state-of-the-art computational
methods. Looking forward, we examine strategies employed by natural enzymes which could be
used to improve the speed and selectivity of artificial catalysts.

In the fifties and sixties, the advent of the semiconductor transistor and the integrated circuit
transformed digital computers from powerful curiosities into pragmatic, cost-effective tools.
Along with advances in numerical methods, computers revol utionized the design and
construction of aircraft, allowing engineers to simulate complex, non-linear systems that
integrated aerodynamics, propulsion, control, etc., thereby pushing aircraft technology well
beyond what was possible with previous analytical models. Today, aBoeing 747 isan
incredibly complex machine with over 6,000,000 parts. As such, computers have become
indispensable in the aerospace industry. Although much smaller in size, the mechanistic
complexity of enzymes and challenges associated with their design (Box 1) argue that they
are as sophisticated as passenger airliners, and it is expected that computational methodsin
chemistry and biology will promote a similar revolution in the design of artificial catalysts.

The promise of constructing enzymes that are capable of efficiently catalyzing virtually any
chemical reaction is a tremendous motivator for researchers in the protein design field.
Enzymes catalyze difficult chemical reactionsin mild, aqueous environments, often with a
speed and specificity unrivaled by synthetic catalysts. Designing an enzyme from scratch is
also the most rigorous way to test our understanding of how natural enzymes function.
Several recent designs have been stripped-down or rebuilt versions of natural enzymes,
providing powerful tools for dissecting molecular contributions to enzyme structure and
reactivity.

Enzyme design isinextricably linked with the design of protein structure. Advancesin
protein design are often rapidly followed by attempts to apply new technologies to artificial
enzymes. Therefore, thisis as much areview of protein fold design as of catalyst design.
However, it should be noted that complex protein topologies are not a prerequisite for
catalysis. Proline alone can catalyze aremarkable array of reactions including aldolase-like
formations of carbon-carbon bonds through enamine intermediates with high yields and
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substantial product enantiomeric excess. Other processes including asymmetric epoxidations
and acylations are achievable using short peptides. The impressive catalytic properties of
proline and small peptides have been extensively reviewed previouslyl: 2 and are not
covered here. Few designed enzymes have achieved the catalytic utility of such small
peptides, and much remains to be done before designer enzymes find practical applications.
However, the remarkable selectivity, rate-enhancements and product specificity of natural
enzymes under agueous conditions warrants more work in developing powerful molecular
design technologies.

The complexities of enzyme design can be quite daunting. Examining high-resolution
structures of natural enzyme-substrate complexes, reveals that the conformation of active
siteamino acidsis exquisitely poised to facilitate catalysis. Second-shell interactions tune
the reactivity of the active site through networks of direct interactions with primary ligands
and long range electrostatic forces. Designing such molecules from scratch presents a host
of computational challenges (see Box 1). To accurately model important forces in the active
site requires quantum mechanics (QM) calculations. Unfortunately, it is not feasible to
perform QM cal culations on molecules the size of even the smallest enzymes. Design also
requires the rapid evaluation of alarge number of candidate structure/sequence
combinations and QM calculations are very demanding on computational resources.
Effective treatment of water molecules and their interactions with active site residues and
reactants also can significantly increase the complexity of calculations. Along with high
resolution design of the active site residues, candidate enzymes must maintain overall
structural integrity, and in some cases, incorporate large scale protein motions which may
support catalysis. Integrating all of these factors into a design is aformidable challenge.

It is reasonable to ask what one gains through such sophisticated computation. After al, a
number of novel folds and catalytically active proteins have been built without such tools. In
thisreview, we survey several designed, artificial enzymes that have been devel oped with
varying degrees of computational involvement. These include de novo enzymes, where both
the protein topology and the active site are built from scratch, and active site design, where
surfaces and cavities on existing proteins are repurposed for catalysis. We build on previous
reviews of this field3 by including a deeper discussion of computational challenges
associated with enzyme design. Additionally, we look to the future of design, such as
introducing multiple substrates, protein motion, allostery into artificial enzymes, and
expanding protein design principlesto a broader class of structured, catalytically active
polymers.

The Helix and the Enzyme

A fundamental paradigm in biochemistry isthe link between a protein’s function and its
three dimensional fold, which in turn depends on its amino acid sequence. Getting from
seguence to structure to function is the common goal unifying all work in the field of protein
design. Some of the earliest model proteins were built with the a-helix as the fundamental
unit of structure. A seven-residue repesting sequence, @ OO @@®COO, where the first and
fourth amino acids are non-polar (@) and the rest polar (O), will characteristically form
multimeric, left-handed coiled-coil assemblies of amphipathic a-helices; non-polar
sidechains associate between helical elements to form a hydrophobic core.#8 Specific homo
and heterooligomers of a.-helices can be achieved by rational design of core packing
interactions and surface electrostatics.®11 The power of this simple idea was demonstrated
in aclever design where the super-helical twist was inverted by changing the motif to an
eleven residue repest, @ OO @OOO@®OOO, thus maintaining a continuous hydrophobic
core in aright handed coiled-coil .12 This was an example of atrue de novo design with no
known natural counterpart at the time it was constructed.
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The mgjority of early attempts at enzymes used an amphipathic a-helix as the principle
structural component. ‘Helichrome' was designed to function as a hydrolase, using four a-
helices to form a hydrophobic substrate binding pocket over one face of an iron porphoryn
to which the helices were covalently tethered.13 Helichrome could convert aniline to o
aminophenol in the presence of NADPH with a A of 0.02 min! and Ky, of 5.0 mM.

In work by Barbier and Brack, it was found that regular copolymers of leucine and lysine
could hydrolyse polyribonucleotides.14 15 Poly(Lys-L eu) and poly(Leu-Lys-Lys-Leu) had
superior hydrolysis rates to random copolymers or those incorporating both o.-Leu and o..-
Lys, demonstrating that either B-sheet structure (formed by a poly-@O pattern1®) or a-
helical structure played a significant role in improving activity. The regular structure
provided a cationic surface to support binding of negatively charged substrates such as
nucleic acids. Repulsive electrostatic interactions between adjacent lysine sidechains served
to depress the pK 4 of the amino group, making it a better catalytic base.

These features were exploited in the design of ‘oxaldi€’, afifteen-residue a-helical peptide
comprised mostly of leucines and lysines that catalyzed decarboxylation of oxal oacetate to
pyruvate through an imine intermediate (Figure 1).17 Possible amine donors in the covalent
intermediate were lysine sidechains and the backbone amino terminus. The activity of the
peptide was concentration dependent, suggesting that a helical multimer was the active
form. Inserting a helix-breaking proline into the center of the peptide significantly reduced
activity, affirming the relationship between structure and activity. Rate enhancements of 103
to 10% over free amines were observed.

Oxaldie was designed on the premise that the a-helix would raise the basicity of the active
site, whether it was the amino terminus through interactions with helix macrodipole, or the
amino groups of lysine through electrostatic interactions between sidechains. This made it
possible to rationally improve activity by targeting structure. In one strategy, lysines were
placed on the solvent exposed face of avian pancreatic peptide, a 36-amino acid protein with
ahelix packing against an extended polyproline chain. The resulting oxaldie-3 was
monomeric unlike its predecessor, eliminating the need for high peptide concentrations to
elicit catalysis.18 Modest improvementsin k. and K, were also achieved. In oxaldie-4, a
bovine pancreatic peptide scaffold with intrinsic disulfides further stabilized the fold,
resulting in even better kinetic parameters and activity at higher temperatures.® The same
scaffold was adapted to make a miniature esterase.20

The self-replicating peptides are an interesting case of a-helical enzymes where the catalyst
does not form covalent intermediates with reactants.2l: 22 The enzyme is a 32-residue
amphipathic helix with a hydrophobic Leu/Val rich face which binds two 16-residue
peptides that are N and C-terminal halves of the same sequence. Binding reduces the
entropic costs of chemical ligation between a C-terminal thioester leaving group and an N-
terminal cysteine. The product also serves as atemplate, resulting in progressive
amplification of catalytic activity. Although computational methods have not been applied
in the design of these systems, they could potentially be used to improve catalytic efficiency,
by developing sequences that balance the competing processes of template formation and
product inhibition.

The a-helix continues to be a useful tool in the rational design of enzymes without the need
for sophisticated computation. The polar/nonpolar sequence periodicity of the helix serves
as a simple mechanism for promoting multimer associations, and for spatially clustering
active site residues. B-hairpins and small sheets have not been used extensively as a platform
for developing small peptide catalysts, given the increased difficulty of designing folded -
structures, which are stabilized by interactions well-separated in the primary sequence.
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Significant progress in -sheet design may soon change this.23-25 There are limitations to the
chemical complexity one can achieve on the face of asingle helix. As such a number of
enzyme designs have made use of more complex protein topologies, combining multiple
helical elements.

Enzyme Models with Tertiary Structure

Vauable progress has been made in the design of catalytic proteins where active site and
second shell residues are donated by multiple structural elements. This significantly
enhances the potential for chemical diversity, aswell as providing space for binding sites to
improve affinity and specificity. One productive scaffold is the helix-loop-helix motif,
where a short turn connects two amphipathic a-helices, which then dimerize into afour-
helix bundle.26 Because the two helices are part of the same peptide, they can host a greater
diversity of chemical groups. The Baltzer lab has used this motif to target a number of
reactions involving model RNA-like substrates (Figure 2). Functionalizing one face of a
helix-loop-helix at four sites with a zinc-triazacyclononane amino acid resulted in a peptide
capable of catalyzing transesterification of 2-hydroxypropyl-p-nitrophenyl phosphate 380
times faster under saturating conditions.2” The same scaffold has been used to hydrolyze
phosphodiester bonds using histidine as a general acid/base instead of metals.28 29

A three helix design (helix-loop-helix-loop-helix) with a single tryptophan or tyrosine in the
hydrophobic core was designed to measure how the protein environment modul ates the
stability of amino acid radicals, as inferred from electrochemical measurements. Amino acid
radicals are important in a number of fundamental biochemical reactionsincluding the
evolution of molecular oxygen from water by photosystem Il and the biosynthesis of DNA
from ribonucleotides by ribonucleotide reductase. The low dielectric environment inside the
protein was shown to significantly raise the reduction potential of both Tyr and Trp.3% The
structure of a3W also uncovered a cation-m interaction between the Trp and an Arg, which
modeling suggested would also raise its reduction potential .31 Although the a3Y/W peptides
have not yet been developed into a catalyst, they showcase an important function of protein
design —to provide minimal systems to help us understand the complex molecular forces
involved in enzyme function.

Binary Patterning-Based Design of an Artificial Oxygen Transporter

As discussed above for helichrome, oxalide and others, simple folds such as helical bundles
can be designed non-computationally with a high probability of success merely by placing
polar amino acid side chains at solvent exposed positions and nonpolar amino acids at core
positions, a process termed binary patterning.® Such design experiments typically result in
molten globules which exhibit stable secondary structure but lack a unique three
dimensional structure, most likely because the randomly selected core residues lack ‘knobs
and holes' type intercalation, allowing these stable elements of secondary structure to move
independently.32-34 Binary patterning coupled with explicitly designed polar interactions
buried within the protein core can fix these elements of secondary structure, lifting these
proteins into unique three dimensional conformations, either using internal hydrogen
bonding or metal-ligand interactions.34 35

This design approach been exploited in an artificial oxygen transport protein, HP-7.36 In this
protein one of the two ligand histidines of a bis-histidine heme binding site in a binary
patterned four helix bundle scaffold was destabilized by the addition of core glutamic acid
residues on the same helix. This intentional violation of the rules of binary patterning results
in the stabilization of an aternate conformation wherein the ligand histidine detaches and
the core glutamate residues rotate out into solution, opening a heme iron coordination site
for oxygen binding (Figure 3). This mechanism is similar to that observed for other
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hexacoordinate hemoglobins such as cytoglobin, neuroglobin or leghemoglobin,3” athough
the structure and sequence of HP-7 is unrelated to any natural oxygen carrier.

Measurement of the kinetic and thermodynamic constants for oxygen and carbon monoxide
binding by HP-7 demonstrates that it performs equivalently to natural globins, with the
unprecedented exception that HP-7 binds molecular oxygen tighter than carbon monoxide.
Thiswork not only demonstrates that an intuition-led approach like the modified binary
patterning method described here can lead to sophisticated biological function, it presages
protein design’s ability to exceed the capabilities of the proteins found in nature.

Computational Design of a de novo Enzyme

Designing effective enzymes requires the ability to design structure. Thisis an areawhere
computational methods have proven most useful. Fully automated designs of sequencesto
achieve target folds have been demonstrated multiple times over the past decade, from small
proteins such as a zinc-finger like structure that folds without metal38 to Top7,3° anovel
mixed a/p fold with no natural counterpart. Although the fully automated design of an
enzyme from the ground up has yet to be accomplished, recent work on computationally
designed metalloenzymes have made significant advances in this area.

Computational design played an appreciable role in the DF series of proteins (ale ferro,
Italian for “two iron™). These were inspired by a class of natural oxygen activating enzymes
with dinuclear iron clusters.?? A retrostructural analysis of metalloenzymes such as the R2
subunit of ribonucleotide reductase and methane monooxygenase revealed asimple
underlying D, symmetry of the protein backbone, an antiparallel four helix bundle, which
reflected the symmetry of the active site metals and substrates (Figure 4).41 This made it
possible to generate a scaffold de novousing an ideal a-helix and symmetry operations.2
Key metal ligands (called keystone interactions) and second-shell interactions were placed
on the scaffold. The protein was designed using a combination of manual and automated
modeling. One of the computational tools used was ROC (Repacking of Cores), a program
that optimizes a design by evaluating structure/sequence candidates on van der Waals
energies of sidechain packing.*3 The final model was afour helix bundle composed a
homodimer of helix-loop-helix chains, much like those of Baltzer. The atomic structure of
the design was solved by X-ray crystallography in the presence of zinc. Comparison of the
structure and the model demonstrated that many of the design elements were successfully
implemented. DF1 provided a clear link between sequence, structure and function, making it
arich platform to understand how this class of proteins functions.

The structure of DF1 suggested that any potential catalytic activity was hampered by the
presence of two leucines at the metal site. These were mutated to alanine in DF2, providing
asubstrate channel capable of binding small aromatic molecules.** Upon adding 4-
aminophenal, it was shown that DF2 could catalyze two-€electron oxidation to benzoquinone
monoimine through a diferric intermediate in the presence of oxygen; multiple turnovers and
thousand-fold rate enhancements over the uncatalyzed reaction were observed.#> Using an
electron-rich phenol such as 4-AP provided afacile substrate for establishing structural
features necessary for binding and catalysis. Additional optimization through combinatorial
libraries or directed evolution could be used to develop more powerful metalloenzymes.

The DF series has also proven to be a useful tool in understanding how natural
metalloenzymes may fold and function. One important feature of natural enzymes
recapitulated by DF is preorganization. Preorganization of active site residues improves
catalytic activity by reducing the entropic cost of forming the enzyme-substrate complex. It
also alows the enzyme to dictate the configuration of the complex, which may be important
for targeting transition states and high-energy intermediates. In the absence of metal, the
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fold was highly similar and key metal binding residues were constrained close to the active
site.46 Another feature that distinguishes enzymes from small molecule catalystsis their
faculty to couple reactivity to protein motion, such as allosteric conformational changes that
toggle an enzyme between active and inactive states. In high resolution structures of DF1
bound to manganese, two coordination environments were found in the asymmetric unit: one
where a solvent molecul e bridge the two metals, and a second where two solvent molecules
bound trans to protein ligands.#”: 48 This was coupled with a shift between the two helix-
loop-helix motifs, suggesting that alarge-scale sliding motion could tune active site
reactivity.

DF has also proved useful in furthering general computational methods in enzyme design
and simulation. In work to create asingle chain protein, DFsc, it was found that correctly
modeling the turn residues between helices could significantly improve design stability. This
lead to an in-depth characterization of helix-turn-helix structuresin the Protein Data Bank
(PDB), identifying key turn motifs that correlated to specific geometries of helix-helix pairs.
A de novo computational simulation of charge-pair interactions on the surface of DF was
used to design sequences that formed a 2A:2B heterotetramer between four separate
helices.? It was even possible to build an A:B:2C heterotetramer from three peptides using
surface electrostatics.®® This will facilitate combinatorial approaches to develop better
enzymes by mixing libraries of peptides and screening for activity. High resolution active
site design has been initiated with DF1, subjecting a chemically simplified metal siteto Car-
Parrinello molecular dynamics simulations.! Snapshots from these simulations correspond
well to high-resolution structures of DF1. Simulation methods could be used to generate
structures of transition states and high-energy intermediates in catalysis. These could then be
included as constraints in the redesign of DF1 for novel catalytic activity.

Theretrostructural analysis strategy has also been applied to the computational design of a
[B-sheet metalloprotein and a four-helix bundle that binds arrays of non-natural porphyrin
cofactors.52 53 K ey features such as focusing on keystone interactions, binding site
preorganization by second-shell ligands, and mirroring of protein fold and active site
symmetry have been implemented in these systems. Integration of computation and
chemical intuition in the de novodesign of proteins will further our understanding of the
basic relationship between sequence, structure and reactivity.

Computational de novo Active Site Design

Although the concurrent design of structure and catalysis promises to broadly expand the
scope of artificial enzymes, thisareais still in itsinfancy. Even state of the art designs such
as DF still depend heavily on biological motifs and helical topologies. Thus, a number of
labs have pursued the more tractable target of designing novel enzymatic functionality into
existing protein scaffolds. Two major challenges in de novo active site design are (1)
identifying optimal locations on a protein to introduce the active site residues and (2)
modeling the active site with sufficient accuracy to enable appropriate reactivity. These
issues represent along standing conflict in protein design between speed and accuracy.
Approximations in energy calculations and coarse-grained sampling methods may speed
simulations, allow broader sampling of sequence/structure combinations. However, the
tradeoff with accuracy may reduce the ability to discriminate between successful and
unsuccessful designs.

Software such as METAL SEARCH®*56 and DEZY MERS7 successfully introduced metal
binding sitesinto novel locations on protein surfaces. Starting with a high resolution
structure of the target protein, sitesin the backbone were selected based on their capacity to
present metal binding residues presenting thiol, carboxylate or imidazole ligands. These
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were then modeled onto the structure in various rotameric configurations to determine
whether the coordination geometry of the metal was satisfied.

Despite the comparatively large energy of metal-ligand bond formation relative to other
intramolecular forces in proteins, accurate design of metalloproteins presents a number of
challenges, particularly with regards to specificity. For example, DEZY MER was used to
convert the substrate binding region of Maltose Binding Protein (MBP) into a zinc-binding
site. MBP has two large domains connected by aflexible hinge region, allowing a cavity
between the two domains to open and close. Maltose binds to this cavity and stabilizes the
closed state (Figure 5). Marvin and Hellinga systematically modeled groups of amino acids
in the domain interface as potential zinc ligands, until a set of four amino acids were
identified, two from each domain, which could potentially bind zinc when MBP wasin the
closed conformation.>8 The best design bound zinc with micromolar affinity. Subsequent
biophysical and structural characterization revealed an unanticipated mode of zinc binding
which involved the open state.>® Two histidines of the four designed amino acid
substitutions were shown to bind the zinc. A nearby aspartate carboxylate sidechain was
found within four angstroms of the metal, too far to form direct, strong ligand-metal bonds.
However, mutation of this Asp to Ala abolished affinity for zinc, indicating somerolein
binding. Thus akey challenge in metalloprotein design is understanding the role of second
shell and potentially weak first shell interactions in affinity and specificity. The large-scale
conformational transitions in MBP between open and closed states highlights another
challenge —that of negativedesign. By optimizing sidechain metal-ligand geometries,
programs seek to maximize the stability of atarget state, usually using a crystal structure as
a starting point. Negative design seeks to account for competing, off-target conformations
and either explicitly or implicitly destabilize them. Thisis extremely difficult without a
detailed knowledge of the structure of conformational microstates. Optimization of sequence
over an ensemble of target and off-target protein conformations also exacerbates the already
formidable number of statesto be sampled. Thisis currently avery active areain protein
design.

A series of HisgFe sites were introduced to thioredoxin in various environments classified as
grooves, shallow pockets, and a deep pocket, allowing them to study the effect of the protein
microenvironment on ‘ nascent’ enzymatic activity.50 61 Superoxide dismutase (SOD)
activity, the conversion of superoxide radical into molecular oxygen and hydrogen peroxide,
correlated with local electrostatic interactions, where a net positive charge at the binding site
was hypothesized to attract the O, species. Further structural characterization of these
designs could be very informative, as the previous MBP example emphasizes. Where
possible, an atomic resolution structure of a de novo functional protein is an important step
in understanding how design elements correlate to mechanism.

A similar approach was used to build a non-metal proto-enzyme site into a thioredoxin
scaffold that catalyzed the hydrolysis of paranitrophenol acetate (PNPA) into PNP and
acetate.52 This was accomplished by a histidine nucleophile that formed a high-energy
transition state with PNPA. In order to computationally model this reaction, a composite
sidechain comprised of the histidine covalently linked to PNPA was introduced and
conformationally sampled around accessible bond rotations. Adjacent amino acids to the site
of the His-PNPA were alowed to mutate to alanine to facilitate substrate binding and
recognition. The conformations of His-PNPA and surrounding sidechains were optimized
using Dead End Elimination, a powerful algorithm which significantly reduces the
combinatorial complexity of multi-site optimizations by eliminating pairwise states that are
provably incompatible with the global energy minimum.®3 The top two scoring candidates,
PZD1 and 2 were synthesized. PZD2 demonstrated significant rate enhancements over the
uncatalyzed reaction and saturation kinetics with increasing substrate concentration.
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Although the thioredoxin derived metalloenzymes and PDZ2 had kinetic parameters well
below those of natural enzymes and even catalytic antibodies, they were key first stepsin
developing computational methods for enzyme design. Important advances in the efficiency
of computational methods such as Dead End Elimination are proving crucial in making these
design problems tractable.* Although initial extension of these computational methods to
the design of atriose phophate isomerase turned out to be unsuccessful, many important
ideas put forth in these studies were incorporated into the recent, successful design of
chemically ambitious artificia enzymes.

In parallel with computational advances, active site designs continue to progress using
rational, intuition-based strategies. Esterase activity was introduced to human carbonic
anhydrase (HCAIII) through both protein and substrate engineering.5> HCAIII affinity for
benzenesulfonamide containing molecules was used to model a substrate such that the
scissile bond was positioned within a cleft in the protein. Grafting a His dyad from previous
de novo helix-loop-helix designs resulted in an HCAIII variant with enhanced esterase
activity over wild-type.

The ROSETTA Enzymes

ROSETTA isasuite of computational tools developed in the laboratory of David Baker for
protein structure prediction, protein-protein complex prediction and protein design. One of
the key innovationsin ROSETTA isits utilization of high-resolution structuresin the PDB
asa'partslist’. Small fragments around ten residues in length are assembled into larger
molecules, drastically reducing the conformational degrees of freedom to be sampled. This
approach rests on the assumption that structure and stability information isimplicitly
encoded locally within each fragment.34 The global stability of adesign is evaluated based
on a scoring potentia that combines physics based energy terms such as van der Waals
packing and knowledge based energy terms derived from statistical analysis of amino acid
interactions the PDB.56 Recently, ROSETTA was used to develop artificial enzymes that
catalyzed aretro-aldol reaction (Figure 6) and a Kemp elimination.”: 68 These designs were
impressive in the extent to which the relationship between structure and reactivity was
modeled and characterized.

In the retro-aldolase, the goal was to break a carbon-carbon bond in a non-natural substrate,
4-hydroxy-4-(6-methoxy-2-napthy!)-2-butanone.®° The intended reaction was significantly
more complex than previous designs, involving multiple transition states and intermediates
to cleave the substrate and regenerate the active site. The reaction proceeded through an
imine intermediate involving alysine as a Schiff base, similar to the oxaldie decarboxylation
of oxaloacetate. In oxaldie, the lysine nucleophile was stabilized through el ectrostatic
interactions with other charged sidechains or the helix macrodipole. The same mechanism
was used in the first of four reaction motifs attempted by placing a second lysinein the
vicinity of the first. The other three used a hydrophobic pocket to lower the pK of the
lysine. A general acid/base was included to trigger cleavage of the carbon-carbon bond.
Each motif utilized a different base: | —aLys/Asp dyad, Il —tyrosine, 111 —aHis/Asp and IV
—awater molecule. Attempting designs based on several reaction motifs not only increases
the chance of a successful outcome, but also demonstrates how design can be used to test
various hypotheses for catalysis.

As previously discussed, two challenges in computational enzyme design are accurate
modeling of active site interactions and sufficient sasmpling of candidate backbone templates
on protein scaffolds. In order to meet the first challenge, quantum mechanics calculations
were performed on aminimal chemical representation of the protein-substrate complex.”®
To simplify active site construction, a composite transition state was constructed that
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combined optimal geometries of the carbinolamine alcohol and the bond breaking state. The
remainder of the active site sidechains were then built and sampled for rotameric degrees of
freedom. After all active site and second shell residues were modeled in, atotal of anywhere
from 1013 to 1018 potential sequence/structure combinations were generated, depending on
the reaction motif considered.

At this point in the design, the researchers had built a huge ensemble of disembodied active
sites. The next challenge was to compare these active sites to a set of potential scaffoldsin
seventy protein structures. These structures represented a diverse set of protein folds
including triose phosphate isomerase (TIM) barrels, jelly rolls, p-propellors, lipocalins and
periplasmic binding proteins. To model 108 active sites onto all possible combinations of
backbone positions would be computationally intractable. An algorithm called

RosettaM atch, made use of geometric hashing to reduce the problem to one that scaled
linearly with the number of states.’: 72 For avery readable review of geometric hashing, we
recommend reference 3. Still, this was an immense calculation, and other resources such as
distributed computing over thousands of personal computers volunteered through the
Rosetta@Home project made this possible. After the first stage of matching, the number of
designs was around 180,000. This was further reduced by computational redesign of
adjacent amino acids surrounding the active site, in order to maintain structural integrity of
the overall protein fold.

After an extensive computational vetting process, searching through four reaction motifs, a
billion billion active site configurations and a diverse set of scaffolds, seventy proteins were
synthesized. Each design contained anywhere from eight to twenty mutations relative to the
wild-type protein. Impressively, nearly half showed some aldolase activity. Interestingly, the
successful enzymes were not equally distributed over mechanism or fold. Only motifs il
and 1V which used histidine or water as the general acid/base were successful, suggesting
the other mechanisms were either chemically unfeasible or difficult to design. Similarly,
only the jelly-roll and TIM barrel were productive, indicating these folds may haveintrinsic
geometric properties favoring the design of catalytic sites (the capacity for afold to
accommodate multiple sequencesis referred to as designability, and quantifying this
parameter has been attempted for simple systems).’# 7> Rate enhancements of up to 10*
were achieved. Structures of designs solved by X-ray crystallography showed the atomic
accuracy of the computational models, an essential feature for furthering rational design of
these enzymes. Designs were verified by mutagenesis of active site residues to ablate
catalysis. Careful analysis verified saturation kinetics. Although these designs fall short of
retro-aldolase activity seen in catalytic antibodies,%°: 76 they remove a number of constraints
on the design of artificial enzymes, opening the possibility for reactivity on a broad
spectrum of protein scaffolds.

This approach can also be combined with /n vitro evolution to improve catalytic efficiency,
as was shown with a set of Kemp elimination enzymes also designed with the ROSETTA
platform.58 The computational approach to designing Kemp elimination enzymes was very
similar to the retro-aldolase. Kemp elimination is a model reaction for proton abstraction
from a carbon. Successful designs were again found in TIM Barrel folds, with rate
enhancements of up to 10°, saturation kinetics in certain cases and greater than seven
turnovers. /n vitroevolution of one the design KEQ7 by cycles of mutagenesis and activity
screening resulted in a 200-fold improvement in Ao/ K. Residuesinvolved in catalysis
were unchanged; rather, most mutations were found in amino acids adjacent to the active
site. High resolution crystal structures of KEO7 were superimposable on the computational
model, allowing the researchers to devel op specific hypotheses regarding the mechanism of
improved enzymatic function by evolution. This highlights the potential advantage of
combining rational design with directed evolution.
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As with retro-aldolase designs, KEO7 only demonstrates kinetic parameters equivalent to or
below that of catalytic antibodies’’, or even nonspecific reaction rates with * off the shelf’
proteins such as bovine and human serum albumins’®. The real success of the ROSETTA
enzymesis not in the computational design of catalysts of practical value, agoa which has
till to be achieved by any group. Rather, they are among the earliest demonstrations of the
ability to harness the three-dimensional protein fold to stabilize energetically unfavorable
active sites,” for example by locating a general base in a hydrophobic microenvironment.
Thisis an important component of enzyme design.

A two pronged approach combining laboratory evolution with structure-based computation
may increase the likelihood of designing synthetic enzymes with activities approaching
those of natural counterparts. One strategy is to reduce the number of sequencesto be
experimentally characterized. This has been approached in multiple ways: identifying
positionsin a protein that can tolerate mutationsS?, identifying protein domain boundariesin
order to generate libraries of permuted chimeric species?! and predicting amino acid
substitutions that preserve function while maximizing chemical diversity of sampled
sequences.82 The Tidor laboratory took an inverse approach, using computational sequence
optimization to enhance antibody binding after affinity maturation against two targets
(lysozyme and human epidermal growth factor receptor).83

Moving enzyme design out of the active site

KEO7 models a potentially powerful strategy of combining computational design and
laboratory evolution toward novel enzymes. Below, we highlight other areas where rational
methods may introduce new functionality that would be difficult using laboratory evolution
alone.

The designed enzymes to date have each focused on the creation of atransition state-
stabilizing active site as the basis for their catalytic function. Thus, they necessarily have the
same limitations in scope as has been noted for catalytic antibodies elicited with transition
state analogues 75, in particular their modest catalytic rate accelerations which pale in
comparison to the values of up to 1023 observed in natural enzymes 84, Thisis at least in part
due to the fact that catalysts which bind to transition states too tightly suffer from product
inhibition, setting alimit on the maximal rate acceleration possible using this method

aone . For rationally designed enzymes to surpass these limitations, additional strategies,
many derived from natural enzyme mechanism, must be employed 86. While these strategies
incur an additional level of complexity in rational design, they are also responsible for much
of the additional catalytic power observed in protein catalysts. Some of these additional
mechanistic enhancements may offer an entryway into catalytic complexity that is not only
impossible in catalytic antibodies but also not accessible to directed evolution approaches.
Furthermore, it seems likely that many of these strategies are themselves open to
implementation using chemical intuition.

Multiple substrates

Perhaps the simplest mechanism by which enzymes accelerate chemical reactionsis by
utilizing binding energy to compensate for the entropy loss incurred in bimolecular

reactions 8. Merely holding two substrates in proximity to each other at the correct
orientation for a productive reaction can engender a 108—fold rate acceleration in the absence
of any transition state-stabilizing protein-substrate interactions. Such a strategy proved
successful in the self-replicating peptide system 2. This, coupled with transition state-
stabilization, could elevate rate enhancements to levels similar to those observed in natural
enzymes. Designing a single active site which will bind, orient and activate two substrates
simultaneously is, however, a more difficult problem. It seems likely that simpler bi-
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substrate mechanisms, either an ordered mechanism with a covalent intermediate, or asingle
protein with two active sites coupled by the channeling of an intermediate, would be more
accessible to current design technology 3.

Timing in multiple substrate reactions

An important facet of the mechanism of many of nature’s more complicated catalystsisthe
temporal control of substrate binding and transfer events. One merely hasto look at the
exquisite engineering apparent in the multiple electron and proton transfersin
photosynthesis, respiration and nitrogen fixation to see the advantages conferred by the
ability to control the timing and energetics of the intermediates in multiple substrate
reactions 88. As these reaction mechanisms would require the simultaneous optimization of
several different catalytic events at severa different sites, it isunlikely that such would arise
from laboratory time scale evolution. A more likely scenario is one where an initial
enzymatic scaffold is designed explicitly and then the kinetics and thermodynamics of the
intermediates are further optimized using directed evolution.

Small scale enzyme motions

The analysis of hydrogen tunneling in enzymes has established unequivocally that protein
dynamics can play alarge rolein rates of enzymatic catalysis 8%. Computational analysis of
enzyme-substrate complexes using molecular mechanics has estimated the role of the
dynamics of ‘near attack complexes' in catalytic function in the absence of atomic tunneling
to be as high as 103 9. However, these nanosecond time-scale motions are an intrinsic
property of all biopolymers. It is not clear to what extent choreograohedfast dynamics
promotes catalysisin different natural enzymes. A recent report of the dynamic analysis of
each intermediate state in the catalytic mechanism of dihydrofolate reductase 9
demonstrated that in each kinetic intermediate, the protein accessed only the conformations
present in the current state and the states immediately before and after. These findings
indicate that for at least some enzymes such dynamics are considerably choreographed.

Because the origins and even the consequences of these motions are not well understood,
this contribution to catalysis will be difficult to reproduce. As the optimization brought
about by directed evolution techniques is often aresult of mutations distal to the active site
which may impact protein motions, it seems that this method is currently the best approach
for increasing catalytic efficiency with small scale dynamics. Designed enzymes offer a
uniquely adaptable scaffold upon which to test our ideas about such dynamic motions, and
artificial proteins will no doubt prove to be central in the development of our understanding
of enzyme dynamics.

Large scale enzyme motions

Multi-Angstrom, millisecond time scale protein motions are a critical component of many
natural enzyme mechanisms 92. One well-characterized example is the Q loop governing the
function of adenylate kinase 93 94, where this loop has an open conformation, competent for
substrate binding and product release, and a closed conformation, competent for catalysis
(see Figure 7). This hinge opening motion on a‘lid’ over the active site is a common motif
in protein function, particularly the TIM-barrel family of enzymes %. There are even larger
motions, involving entire protein domains, utilized by much complex multidomain enzymes
—the *escapement’ mechanisms which have been well characterized in the cytochromes bc;
and the flavocytochrome P59 BM 3 % are simple large scale motions. I ntuitive approaches
can be envisioned for incorporating large scale motions into a protein design, such asthe
introduction of flexible loops. Such features are unlikely to result directly from laboratory
time scal e evolution approaches without some degree of initial design.
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The helical rotation discussed above in the mechanism of the artificial neuroglobin HP-7, is
exemplary of the types of problems de novo enzyme design can target relative to catalytic
antibody formation or directed evolution. Antibodies are relatively inflexible and
evolutionary methods are unlikely to generate multiple conformations simultaneously. As
such conformational switching isan essential component of the function of many protein
catalysts; these motions are best incorporated at the design level.

Cooperative phenomena are fundamental in many biological functions such as oxygen
transport, metabolic and transcriptional regulation®’. The ability to incorporate allosteric
regulation into artificial enzymes will enable the creation of medicinally useful /n vivo
catalysts which can be regulated either by metabolites or using exogenous small molecule
effectors. Such behavior isin most cases a more complicated version of the large scale
conformational switching described above, only in this case the large scale protein motion is
actuated by the binding of an effector molecule.

Keeping energetic intermediates from the cellular environment

Anyone who has observed a bioinorganic chemist at work in adry glovebox can appreciate
the fragility of metalloenzyme active sites. Such enzymes employ reactive intermediates that
must be screened from water, oxygen and reactive speciesin the cellular environment such
as glutathione and superoxide. In fact, the failure of many initial attempts at metalloenzyme
design can be attributed to the desire to make these model proteins as small as possible %,
Larger proteins have sufficiently sized hydrophobic cores that they can completely

encapsul ate these intermediates in a nonreactive environment, screening them from solution
and lengthening their lifetimes.

Catalytic Foldamers

Despite the intensive focus on protein enzymes, the first catalytic biomolecules may have
been based on RNA rather than amino acids %°. Nucleotides can carry out metal-assisted
reactions, act as general acid-bases and function to orient substrates and isolate them from
solvent, much like the most sophisticated catalytic proteins 190, Catalytic activity has also
been found in certain bacterial carbohydrates 191, Evidently, proteins do not have a
monopoly on biological catalysis. Although the successful design of anew proteinisa
rewarding experience in itself, often real advances are in our understanding of the basic
molecular forces that guide structure and function. Given that catalysisis not limited to
proteins, it isimportant for us to ask whether insights gained from current de novo proteins
areidiosyncratic to proteins, or whether we are learning broader |essons about molecular
design. Thisisthe goal of ‘foldamer’ research, the development of novel polymeric systems
that fold into unique, three dimensional structures 102 103,

Toward designing a functional foldamer, it isimportant to remember the lessons of oxaldie
and other catalytic peptides— afirm grasp of molecular structure is an important prerequisite
to introducing function. Computational studies of foldamers are till in their infancy. Several
groups have used simulation approaches to study the conformational space available to
peptidomimetics incorporating D-amino acids'% 105 or B-amino acids!% 197 aswell as
completely non-biological foldamers such as 7+phenylene ethylenes (mPE) 108, These
studies establish non-natura scaffolds which can then be functionalized to facilitate
reactivity. mPEs are promising due to their capacity to form helical cavities which can be
functionalized with catalytic residues and serve to isolate substrate from solvent 199, Thisis
an exciting new direction for molecular design.
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Although the Wright brothers did not use a computer to build the first airplane, the
aerospace industry has since greatly benefitted from sophisticated simulation and design
software. Clearly, both the chemist and the computer will play important rolesin the future
of artificial enzymes. Design by chemical intuition tests our understanding of basic rules, i.e.
binary patterning, molecular forces, metal coordination, catalytic mechanisms. These rules
are then codified to allow the computational design of increasingly complex systems.
Designer enzymes are a useful test of our understanding of how proteins fold and function.
They also provide arational path toward inexpensive, non-toxic catalysts that perform novel
chemistry.
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BOX 1

Hen Egg White Lysozyme (HEWL) was the first enzyme atomic structure to be solved
by X-ray crystallography in 1965 119, The three dimensional structure highlights many of
the physical characteristics of enzymes which make them unusually challenging proteins
to design. HEWL functionsin antibacterial defense and cleaves glycosidic linkages found
in bacterial cell walls. The active site consists of two amino acids, a glutamic acid which
functions as a general acid/base and an aspartic acid nucleophile. These are placed at the
bottom of a deep substrate cleft which confers specificity and poises the substrate over
the active site. Many small molecule catalysts function better in organic solvents, where
the low bulk diel ectric enhances electrostatic interactions. The cleft mimics this by
isolating catalytic groups from bulk water, strengthening local electrostatic interactions.
Accurate modeling of catalytic residue conformations and local electrostatics are key in
designing effective artificial enzymes. Quantum mechanics methods have been useful in
moving this area of design forward.

The protein fold must be sufficiently stable to form this cleft and preorganize active site
residues, which is why enzymes are much larger than natural catalysts. The
computational design of proteins with partially buried polar active sitesis especially
challenging. The protein fold must be able to absorb the energetic cost of desolvating
polar active site groups and stabilizing electrostatic interactions that favor catalysis.

Anatomy of an Enzyme: Lysozyme
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Figure 1. From Sequenceto Structureto Function
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(A) A repeating seven residue pattern of nonpolar (@) and polar (O) residues will create a

hydrophobic surface on one face of the helix. These surfaces can drive associations of

helices, forming a hydrophobic core. (B) The oxaldie enzymatic peptides!’ make dual use of
this repeating pattern, creating one hydrophobic, leucine rich face and one cationic, lysine

rich face. Spatial clustering of lysines lowers their pK, and provides a surface for the

negatively charged oxal oacetate substrate to bind. L = leucine (grey), K = lysine (red), A =

alanine(white).
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HN1 o3W

Figure 2. Helical designswith tertiary structure

Using short connecting loops, multi-helical structures provide the potential for greater
chemical diversity at the active site, abinding surface for defining substrate specificity and a
core for controlling the microenvironment of key catalytic residues. Two examples are the
HN1 ribonuclease?® with an active site of two histidines and four arginines (model
structure), and a3W 31, athree helix bundle which tunes the reduction potential of a
tryptophan radical in the bundle core.
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Figure 3. Step-wise oxygen binding to a binary-patterned four helix bundle

In the HP-7 maquette®®, heme binding requires rotation of a-helices to present histidines
(green) in the proper geometry. Thisforces the unfavorable buria of glutamates (red
triangles) inside the nonpolar protein core. Release of one of the axia histidines allows the
glutamates to interact with solvent and provides an open coordination site on the heme for
oxygen binding. (Figure adapted from reference )
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ribonucleotide metal site
reductase R2 symmetry

Figure 4. Retrostructural analysis and design of a dinuclear metalloprotein

The DF series of designed metalloenzymes were built from structural analysis of dinuclear
metal sitesin proteins such as ribonucleotide reductase 41. The two metals, two histidines
and four glutamates that formed the active site could be described by two half-sites related
by a C2 symmetry axis. The same symmetry was found locally in the natural
metalloenzymes and was used in the de novo design of a helix-loop-helix dimer, DF-1.
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Design (A63H, R66H, Y155E, W340E) Structure

Figure5. Design versus Structure of a Zn2+ Binding MBP

(A) Using the computer program DEZYMER?®/, four substitutions were designed into closed
form of the Maltose Binding Protein (MBP) which conferred affinity for zinc. Mutations (in
yellow) were in the maltose binding site (white spheres). (B) Crystal structures of the MBP
variant demonstrated binding was in fact to a conformation closer to the open form, only
involving half of the residues and an additional aspartate ligand (green). A = alanine, R =
arginine, Y = tyrosine, W = tryptophan, E = glutamate, D = aspartate, H = histidine.

Nat Chem. Author manuscript; available in PMC 2012 September 17.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Nanda and Koder

Page 24

Motif Ill '0’(

Scaffold set e Matches "\%

TIM barrel

Figure 6. Assembly linefor the ROSETTA Enzymes

(A) A reaction motif is sketched, outlining key intermediates, general acid base ligands, and
strategies for modulating catalytic residue pKzs, (B) QM calculations are used to optimize
the geometry of atransition state model including truncated active site residues. (C)
Elaboration of catalytic residue rotamers creates an ensemble of active sites. (D) These are
matched to complementary surfaces on afamily of target protein scaffolds. (E) Promising
designs are synthesized and characterized for activity. (Figure adapted from reference 111).
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Figure 7. Millisecond time-scale motions in adenylate-cyclase

Adenylate cyclase maintains intracellular concentrations of adenylate nucleotides by
converting an ATP and an AMP into two ADP molecules. Binding and catalysis requires a
significant conformational rearrangement.93: %4
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