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Abstract

The field of protein design has grown enormously in the past few decades. In this review we
discuss the minimalist approach to design of artificial enzymes, in which protein sequences are
created with the minimum number of elements for folding and function. This method relies on
identifying starting points in catalytically inert scaffolds for active site installation. The progress of
the field from the original helical assemblies of the 1980s to the more complex structures of the
present day is discussed, highlighting the variety of catalytic reactions which have been achieved
using these methods. We outline the strengths and weaknesses of the minimalist approaches,
describe representative design cases and put it in the general context of the de novo design of
proteins.
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1.1 Introduction.

The field of protein design has grown enormously in the past few decades. A number of
excellent reviews have been written describing the incredible achievements made both in
term in practical applications and fundamental knowledge of protein function.1# However,
as it is often the case with new and rapidly evolving fields, many definitions of what protein
design actually encompasses are found in the literature. The protein part is clear — new
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proteins (polypeptides with well-defined secondary and tertiary structures) are to be made,
but what does the word “design” really mean? It seems quite logical that every protein
design problem begins with a purpose. Making large libraries of proteins with diverse
sequences is easy, but what one wants is a protein with a predetermined property. Common
examples of such properties include three-dimensional folds, catalytic function and target
molecule binding. The next step is to determine Aowto achieve this purpose. We believe that
most researchers would agree that methods that rely solely on screening or selection of a
functional protein with a particular property from large libraries of proteins (e.g. phage/
yeast/ribosome display and directed evolution) belong to the realm of protein engineering.
Thus, design must include a substantial amount of a priorirational input. Indeed, if one
wants to catalyze a chemical reaction, at least some knowledge of potential mechanisms is
required, which in turn will define the types of residues to be chosen. Protein design
combines both rational vision for the overall outcome and the process of its translation into a
sequence of amino acids. The commonly found characterization of protein design as a
reverse protein folding problem is therefore incomplete. What good is the ability to
accurately create a protein that does not serve the intended purpose? Similar to
Michelangelo’s David, which required both artistic vision as well as mastery of the
necessary tools to carve it out from a piece of marble with natural defects, scientists come up
with a broad strokes idea of what a particular protein function would require and then make
a protein that satisfies that vision making adjustments along the way (Figure 1). As such, in
addition to any practical value that the designed protein might have, the process itself serves
a tool to test (and advance) understanding of protein function.

To summarize, we define protein design as the rational creation of proteins with novel
activity, behavior, or purpose, with the ultimate goal to advance understanding of protein
function. There are several important conclusions to be drawn from this definition. First,
protein design is inherently rational. This, of course, does ot mean that no sampling of
multiple possibilities is taking place — quite the opposite, but the overall concept of what the
protein does and how it does this is decided in the very beginning. Second, the tools of
protein design, while incredibly important, are secondary to and potentially independent of
the rational input. Continuing with the David analogy, the statue can be either chiseled from
stone or 3D printed with the same esthetically pleasing result.

Catalysis has been the Holy Grail of protein design since the days of Emil Fischer.> The
efficiency and selectivity of enzymes have inspired many generations of scientists to come
up with approaches to create catalysts for reactions not found in nature, or to make new
ways of catalyzing reactions for which enzymes are already known. Despite much effort,
however, the problem of creating efficient protein catalysts a /a carte is essentially unsolved.
6 This is perhaps not surprising given the challenge of maintaining the intricate balance
between substrate binding, transition state geometry, product dissociation, overall protein
fold and dynamics all at once. Nonetheless, the progress in the field has led to the
development of methods that at the very least can produce useful starting points for
subsequent directed evolution.
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1.2 Approaches to the design of protein catalysts.

As we have mentioned above, there has been tremendous progress in repurposing existing
enzymes for new applications using directed evolution as well as other methods, the
advances in this fields have been extensively reviewed elsewhere.’- 8 In this review we will
focus only on protein catalysts that came from a non-natural protein/peptide scaffold OR a
case where a protein fold that served as a basis for the design had no detectable catalytic
activity of interest. For the purpose of this article we will refer to these protein catalysts as
de novo designs. These situations provide the most realistic estimates of the ability to create
enzymes from scratch and put understanding of enzymatic function to a real test.

Over three decades of work, quite a few successful examples of de novo designed protein
catalysts have emerged. Despite large variability in their structures and the types of chemical
reactions they catalyze, their design was accomplished using only several broadly defined
approaches (Figure 2).

Historically, the first protein catalysts were created by incorporating a large cofactor
(exclusively metal-containing) capable of promoting catalysis on its own into a protein to
gain a substantial increase in activity and/or selectivity.? The major advantages of this
docking approach are simplicity, high levels of activity and low computational cost.
Activities on par with those of natural enzymes can be achieved.10

In an approach we term minimalistic, very few (often one) residues/cofactors are introduced
into a protein (whether it is based on a de novo designed scaffold or not) without extensive
modeling, with the aim to establish the feasibility of catalysis rather than trying to create the
optimal environment. The advantages of this approach include generality (many different
types of residues and protein scaffolds can be sampled) and low computational and
experimental cost. Moreover, large libraries of different proteins can be designed and
experimentally characterized.

Separately, increased computational power allowed for the development of a theozyme
approach, where multiple interactions of the substrate with the active site residues are
modelled to achieve optimal geometry for the transition state first.11 The resultant active site
arrangement is then fitted in a range of protein scaffolds identified as suitable, followed by
optimization of the newly introduced interactions in the context of the designed protein.

While these approaches are fundamentally different in the way catalytic activity is achieved,
the tools used, and lessons learned can be combined to achieve the desired goal. The
progress in designing enzymes using the theozyme? 12-14 and the docking approaches®
have been comprehensively reviewed recently, thus we will focus this review on the
minimalist approach to design proteins with catalytic activity.

2.1 The minimalist approach.

The minimalist approach,1® originally described by DeGrado as ”sequences that are simpler
than their natural counterparts but, nevertheless, retain sufficient complexity for folding and
function”20 follows the evolutionary path. In nature, a low level of promiscuous activity
present in the vast majority of enzymes is improved stepwise to ultimately reach extremely
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high catalytic efficiencies. The difficulty is to achieve the levels of activity that are
significant enough for the evolution (directed or otherwise) to begin. Fortunately, even the
fairly limited chemical diversity of proteinogenic amino acids provides a sufficient set of
functionalities for a single mutation to offer enough reactivity for subsequent directed
evolution. This approach requires very little computation and is very general. It is often
applied in a hierarchal manner, where elements required to optimize or increase activity are
built in as needed from the initial simplified model.2L In this review we will outline the main
features of the minimalist approach and compare it to the other methods of creating protein
catalysts.

2.2 Single amino acid mutations can impart high catalytic activity onto a protein scaffold.

Early attempts to replicate enzymes were intrinsically minimalist: one residue that can
feasibly promote catalysis was introduced into a nascent hydrophobic cavity in a de novo
designed helical scaffolds. In one of the earliest examples of minimalist design of catalysts
Johnsson et. al. reported a lysine-containing helical bundle of 14-mers which was able to
catalyze the decarboxylation of oxaloacetate to pyruvate, 3—4 orders of magnitude faster
than their control amine catalyzed reaction.?2

Baltzer and co-workers designed KO-42, a polypeptide which folded into a helix-loop-helix
hairpin and dimerized.23 The histidine residues introduced onto the surface of the engineered
polypeptide catalyzed the hydrolysis of p-nitrophenyl esters and follow second-order
kinetics in water or water-trifluoroethanol mixtures, three orders of magnitude above the rate
of the same reaction catalyzed by 4-methylimidazole. Attempts to understand the
mechanism of KO-42 generated the JN-42, MN-42 and MKNR peptides, which either
reduced the histidine content of the peptides or added glutamine, arginine or lysine
mutations to stabilize the transition state.2* The mutants demonstrated reduced p-nitrophenyl
ester hydrolysis rates but showed an enantiomeric preference, with D-norleucine o
nitrophenyl ester being hydrolyzed faster than the L-enantiomer. The arginine modifications
were extended to a two histidine four arginine mutant which was capable of hydrolyzing
phosphodiesters such as uridine 3-2,2,2-trichloroethylphosphate, 2> with a second order rate
constant of 4.2 x 1074 M~1 s71, and the introduction of tyrosine residues close to the active
site increased the activity further.26

Not limited to ester hydrolysis, the KO-42 family of peptides was utilized for the conversion
of aldimine into ketamine, a model reaction to emulate the biosynthesis of amino acids.2’
This transamination reaction relies on aspartic acid as the donor and pyridoxal phosphate as
the acceptor. Cognizant of the rate limiting proton transfer step required, Baltzer and co-
workers employed histidine residues to facilitate the transamination, along with positively
charged residues to stabilize the negatively charged substituents present in the aldimine.
Designs T-4 and T-16 had millimolar affinity to the target aldimines and catalyzed their
conversion to ketamine with rates three orders of magnitude higher than the control
imidazole (Initial rates of 1.4-2.2 x 1076 571 respectively for the two designs, compared with
9.2 x 10719 571 for imidazole).
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2.3 The minimalist approach is suitable for installing catalytic activity into a diverse set
of protein architectures.

While de novo designed scaffolds represent the purest case of protein design, there are many
well-characterized natural proteins with design potential. The main advantage of these
proteins is access to a highly structurally and functionally diverse set of protein folds.
However, care should be taken to ensure that no catalytic activity is present in the original
scaffold. The use of stable proteins for initial starting points allows for the modification of
the protein without undue concern for the stability of the mutants. This builds on elements of
rational design but does not require extensive consideration of all elements of the protein. A
drawback with this approach is that it requires a substrate-binding, often hydrophaobic,
cavity. At the same time the typical hydrophobic core of a protein is well packed to prevent
interactions with water, so there are few protein structures with cavities within their
hydrophaobic core. Cavities can be introduced by replacing bulky hydrophobic side chains
with smaller amino acids (i.e. Leu/Phe to Gly) but this often leads to significant
destabilization of the protein.28 However, those proteins that already possess a cavity before
any mutation are also very stable, which makes them ideal targets for modification, as this
can compensate for any instability caused by the introduction of noncomplimentary amino
acids within the cavity.

We have shown the utility of this approach using Calmodulin (CaM), a highly stable,
allosterically regulated calcium binding messenger protein with no known catalytic activity,
as a scaffold.28 Kemp elimination (Table 1) has become a de facto benchmark reaction for
testing different approaches to protein design.® It is simple, it goes through a single
transition state and until very recently has been considered to be completely unnatural.2%-31
The minimal requirement for Kemp eliminase activity is an appropriately placed carboxylate
in a hydrophobic pocket that fits the desired substrate. In a three-step approach, the
hydrophobic pocket of CaM was computationally scanned to identify a site where a catalytic
carboxylate (Glu or Asp) could be accommodated (Figure 2) using Monte Carlo protocols
and CHARMM minimization.32 Then the substrate was docked into the protein with
AutoDock to ensure a properly positioned Michaelis complex.33 Finally, a group of super
rotamers was constructed by computationally linking the side chain carboxylate oxygen in
the standard rotamers of Glu and Asp to C1 of the substrate in a geometry predicted to be
optimal for the reaction (C-O distance of 2.9 A, N(substrate)C1(substrate)Og(Asp/
Glu)Cg(Asp/Glu) dihedral angle of 180°) to ensure the of the transition state feasibility. The
only position to satisfy these requirements was F92. The resulting protein, nicknamed
AlleyCat (for ALLostEricallY Controlled cATalyst) created by a single F92E mutation
showed activity comparable to the first catalytic antibodies as well as Kemp eliminases
designed using different approaches (5.8 M1 s71 vs 1.4-5,500 M~1 s71),18, 34,35 The
catalytic activity of the protein was further improved using directed evolution; after seven
rounds of mutations, a 220-fold increase in keai/Kym Was achieved.36 Importantly, both the
original AlleyCat and its evolved version AlleyCat7 preserve CaM allosteric regulation and
are only active in the presence of calcium.

Merski and Shoichet applied a similar approach in designing a Kemp eliminase from T4
lysozyme, a protein that shows no Kemp elimination activity. Rather than focusing on
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naturally occurring protein cavities, they took inspiration from the synthetic cavitands
introduced by Cram and Lehn.3” A fully apolar hydrophobic pocket was first generated
within the protein to accommodate the substrate, and the introduction of a single histidine
residue into the newly generated active site resulted into a 100-fold increase in Kemp
elimination activity.38

The minimalistic strategy of introducing a single highly reactive functional group in the
protein scaffold is not limited to Kemp elimination. In an effort to create a de novo designed
esterase, both enantiomers of a model substrate (p-nitrophenyl-(2-phenyl)-propanoate,
PNPP) was selected as a substrate and both were docked into calmodulin’s C-terminal
domain using AutoDock Vina to ensure that the substrate fits well in the hydrophobic
pocket.17. 33 Next, residues in close proximity to the docked substrate were computationally
mutated to histidine, a residue shown to promote ester hydrolysis,3° using Rosetta,*°
followed by pNPP docking into the model of the resulting mutants. The docking poses were
evaluated for suitable distances and geometry of the nucleophilic attack of the histidine
nitrogens on the carbonyl group of the substrate. Only a single mutation in the C-terminal
domain of CaM M144H satisfied the latter requirement and the resulting protein, AlleyCatE
(E stands for esterase) was used for further studies. AlleyCatE catalyzed pNPP hydrolysis
with efficiency that rivals that of catalytic antibodies in this reaction and was further
improved by 40% using a single round of saturation mutagenesis. In agreement with the
design, AlleyCatE showed kinetic preference for hydrolyzing the R-enantiomer. CaM
M144H, a version of AlleyCatE, that is based on the full length CaM shows abilitiy to
selectively transfer acyl groups onto calmodulin-binding targets.4!

To test whether a minimalist approach can be utilized to facilitate more complex
transformations, that proceed through multiple transition states, we modeled potential
accommodation of the Michaelis complex formed by methodol in a hydrophobic cavity of
the C-terminal domain of calmodulin using AutoDock Vina.#2 Seven residues had direct Van
der Waals contacts with the complex, and all these positions tolerated computational
mutation to lysine. Screening of the mutants demonstrated retroaldol activity in all cases
after a single lysine mutation, in some cases being high enough to display fluorescence in
the crude cell lysate.*3

By the very nature of minimalist protein design, the catalysts produced using these methods
can be quite promiscuous. The AlleyCat family of Kemp eliminases can promote ring
opening in related compounds, such as those found in leflunomide, opening the path for
using libraries of designed enzymes as a starting point for creating enzymes with different
functionalities.*4

2.4 The minimalist approach is suitable for designing large functional supramolecular

assemblies.

The minimalist approach can be applied to both the structural design of supramolecular
assemblies and the installation of catalytic activity using basic physico-chemical
considerations. The broader field of catalytic peptide assemblies has been comprehensively
reviewed very recently,%> thus we’ll only discuss few representative cases here and put them
into the overall context of design.
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Since the major goal of minimalist design is to obtain some level of initial activity rather
than accurately create a structure with highest possible activity, very simple approaches such
as creating a peptide structures with hydrophobic residues (e.g. Leu, lle, Val) alternating
with hydrophilic residues, including those that can tightly bind metal ions, can lead to
formation of functional catalytic assemblies (Figure 3). Amyloid-like fibrils formed by
peptides with as few as seven amino acid residues promote hydrolysis of p-nitrophenyl
esters with rates which rival those of naturally occurring hydrolases when compared by
weight.#6 Amyloid-like materials are extremely robust over a range of temperatures and
pressures, highlighting their tolerance to adverse conditions and suggesting they are
potentially useful for the development of catalysis beyond the tolerance of more sensitive
protein enzymes.4’ After the initial discovery of high catalytic activity in de novo designed
catalytic amyloids, different groups greatly expanded the sequence space of the peptides,
substrate scope and the repertoire of the reactions catalyzed.#8-50. Further, Lynn and co-
workers have demonstrated that amyloid assemblies can start from simple peptide self-
assembly and form structures capable of enantioselective chemical reactions.>! Small
changes in the individual residues, such as exchanging lysine for ornithine, changed the
selectivity of the system.

One of the difficulties in the rational improvement of these assemblies is the characterization
of the active fibril,52 53 so there is an element of high throughput screening in all catalyst
designs. Friedmann et. al. designed libraries of amyloid catalysts capable of p-nitrophenyl
acetate hydrolysis, with sequence variation from those previously reported.>* The broad
structural similarity of the amyloid fibrils seems counterintuitive when considering the range
of catalytic activities available from relatively small changes to the same structure but is
consistent with observations that small differences in amyloid structure can propagate to
generate large changes in the properties of the macromolecular assembly.>®

2.5 The minimalist approach can be easily adapted to use unnatural amino acids.

Functionalities offering the ability to promote chemical reactions beyond the repertoire of
the proteinogenic residues can be directly introduced. Moreover, a wide range of unnatural
amino acids can also now be expressed in proteins, allowing them to be used in the design of
large proteins, rather than restricting them to incorporation in peptides.>® 57 In one of the
earliest examples of this approach, Roy and Imperiali introduced an pyridoxamine-
containing unnatural amino acid into peptide S, one of the two fragments of RNase A
generated by subtilisin-promoted proteolysis.>® This engineered mutant promotes the
conversion of L-alanine to pyruvate 18-fold faster as compared to the blank when non-
covalently associated with Protein S, the other protelolytic fragment of bovine RNase A.
More recently, Liu and co-workers demonstrated that introduction of a single selenocysteine
residue into the allosteric domain of adenylate kinase in a minimalist manner results in a
creation of an enzyme with an antioxidative effect.>® A subsequent phenylalanine-arginine
mutation improved the activity of the catalyst by 20%. The resulting allosterically modulated
selenoenzyme has demonstrated activity at a subcellular level, offering potential /in vivo
applications.
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The introduction of unnatural amino acid residues is particularly productive for binding
metal ions, as a single functionality capable of effective caption of metals can be easily
introduced. The design of various metalloproteins using unnatural amino acids has been
recently comprehensively reviewed,50-62 so we’ll focus here on a representative case to
illustrate the approach.

The Diels-Alder reaction has incredibly high synthetic value. Until very recently,53 no
natural enzymes capable of promoting this transformation were known. At the same time,
fundamentally this transformation requires fairly little — strong Lewis acid alone is sufficient
for catalysis.%* Incorporating a Lewis acid functionality into a protein would allow for
increased stereoselectivity, and thus design of various Diels-Alderases was subject of many
studies. Designing enzymes for abiological reactions is challenging, but an important step in
the development of the protein design field. The easiest approach to introducing a Lewis
acid center into a protein core capable of operating under mild conditions in water is through
use a metal ion (most frequently Cu(ll)). Pyridylalanine residues can be introduced into
bovine pancreatic polypeptide which can then catalyze Diels-Alder cycloadditions.5® This
Lewis acid behavior can be extended to catalyse Michael additions and Friedel-Crafts
alkylations, with conversions and enantiomeric excess of up to 98%.55-67 These scaffolds,
which feature high stability, and availability of large (often hydrophobic) cavities for the
substrate to associate with, are a common theme in minimalist protein design, as they are
excellent fabulae rasaeto design enzymes with.

2.6 Minimalist approaches to protein design using metal ions.

Metal ions have been utilized for introducing catalytic properties into proteins since the very
early days of protein design. Indeed, metal ions provide a variety of different inherent
catalytic functionalities (especially when used in complex cofactors, such as
metalloporphyrins) thus greatly simplifying designer’s task. Excellent reviews exist on this
topic,58-70 so we will briefly put in the context of the overall design approaches. With few
notable exceptions,’! nearly all examples of designed metalloproteins are inherently
minimalist — indeed a single catalytic metal center is introduced into a protein with minimal
optimization of its properties (at most limited to redesign of the coordination sphere). While
metal ions can be readily introduced using unnatural amino acids, as was discussed in more
detail above, employing only the twenty proteinogenic amino acids offers access to easy and
inexpensive production of proteins in large quantities, and allows the use of the incredible
amount of structural information from the PDB to guide the design and thus presents an
attractive target in advancing protein design principles.

In addition to the inherent catalytic abilities metal ions provide, they can be used to drive
protein folding/assembly into a particular conformation.”2 Pecoraro et al. modified the
previously developed trimeric a3D scaffold by introducing cysteines in the core of the
bundle.”: 74 This created a binding site for Cd(l1), Hg(11) and Pb(I1). Such stable metal
coordination allowed for introduction of an additional tris(His) site for bind Zn(I1) binding
into the same metalloprotein. The resulting bimetallic construct promoted efficient pNPA
(paranitrophenyl acetate) hydrolysis and CO, hydration (Table 1).”® The related peptide
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TRIL2BH was designed using similar principles, binds copper (1) ions and possesses nitrite
reductase activity.’® 77

DeGrado and co-workers designed a Due Ferri (DF) family of four-helical bundles using a
genetic algorithm together with the CVFF forcefield for energy minimization (Figure 4).78
The original DF protein assembles as an antiparallel A,B heterotetramer in the presence of
iron(11) to catalyse oxidation of 4-aminophenol by dioxygen.”® The antiparallel geometry of
the bundle allowed for introduction of loops to link the helices into a single chain protein
DFg.. DFg is no longer subject to the constraints imposed by symmetry, and site directed
mutagenesis within the active site as well as in the second-sphere coordination environment
yielded an efficient N-hydroxylase for arylamines.80

2.7 Multiple amino acids can be simultaneously introduced to create synergistic
interactions and subsequently high activity.

To test whether new catalytic activity can be installed in a de novo designed scaffold,
Woolfson and co-workers introduced a catalytic triad comprised of Cys, His and Glu in the a
and ¢ positions of each helix in CC-Hept (Figure 5).8 This highly stable protein assembly
with no natural analogs was designed in a modular fashion using a toolbox of tectons,82-84
Importantly, the positioning of the triad members was not extensively optimized, they were
simply arranged in close proximity to each other. The stabilizing effects of the coiled coil
assembly overcame the destabilization caused by the incorporation of the catalytic residues
within the hydrophobic core of the barrel. While the single and double mutants had little or
no hydrolytic activity, the final design, CC-Hept-Cys-His-Glu facilitated p-nitrophenyl
acetate (ONPA) hydrolysis. The resulting catalyst created by simply placing of several
residues in a stable hydrophobic cavity of a coiled coil bundle is comparable to the best
examples of esterases created by other approaches (kca = 0.05 571 vs 0.05-4.2 s71).

2.8 The minimalist approach is well suited to effectively designing large libraries of
protein candidates.

Hecht and co-workers have pioneered an approach in which simple hydrophobic patterning
can be used to generate a large variety of different well-folded and stable proteins.85: 86
Recently they reported a novel helical bundle enzymatic protein, which sustains the growth
of £ coliin minimal media.8” This novel enzyme identified from a large library of
candidates hydrolyzes the naturally occurring ferric L-enterobactin siderophore with
efficiency sufficient to promote bacterial survival. The enzyme’s active site does not rely on
a metal center, nor the Ser-His-Glu triad utilized by naturally occurring enzymes of the same
reaction. Rather, a glutamate residue interacts with the t-NH of an adjacent histidine,
priming it for the base-catalyzed hydrolysis of the ester carbonyl of FeEnt. This shows the
applicability of protein design for synthetic biology applications.

2.9 The catalysts designed by the minimalist approach have high catalytic efficiency.

In the table below, we summarize Kinetic parameters reported for the de novo designed
protein catalysts using minimalist approach and compare them to enzymes designed by other
approaches. Catalytic efficiency (K.at/Kn) has been commonly used as a yardstick for
measuring success. One important caveat to keep in mind is that improving catalytic
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efficiency solely by decreasing the Ky can only go so far.88 Indeed, if an enzyme’s Ky, is
less that the practically used concentration of the substrate, improving it further has no
practical utility whatsoever in the observed reaction rates. The ratio of the turnover number
and the background rate of the reaction Keai/Kyncat provides a much more realistic measure of
design success.

While direct comparison of the activities of catalysts designed by different approaches
should be taken with a grain of salt, Table 1 provides an instructive insight into capabilities
of various methods. Kemp elimination and p-nitrophenol ester hydrolysis were extensively
used as model reactions for various design methodologies shedding light on their
performance. As can be seen from Table 1, the minimalist approach is on average
performing just as well as the theozyme method in terms of activity of designs (especially in
terms of k¢zt). Importantly, the predictive power of the minimalist approach is unrivaled — in
addition to much lower computational cost most minimalist designs were active (in some
cases simple computation was able to pinpoint the most active configuration with 100%
accuracy).

3- Conclusions.

The field of protein design has come a long way in the in the past decades. Many examples
of efficient, selective and robust enzyme-like de novo designed protein catalysts have been
reported. Subsequent directed evolution has led to further improvement in catalytic
efficiency to reach the levels of activity observed in naturally occurring enzymes. In addition
to its inherent practical utility, protein design has greatly advanced our understanding of the
fundamental principles that drive enzymatic catalysis. At the same time, there are still plenty
of challenges ahead. First, with the exception of the docking approach where the desired
chemical activity is available in the beginning, the progress in the field is limited to
promoting model chemical reactions. Second, despite the availability of tools to accurately
model protein structure, the current approaches produce catalysts with fairly modest
chemical activities. This is especially disconcerting given today’s impressive tools to
accurately design proteins with predetermined structures.¢ Indeed, while the design tools
have greatly evolved, the very same principles of minimalism and modelling ideal transition
states are still used to this day.1% 97 The first scenario follows evolutionary pathways and
thus are likely to be very general but is not always practical in the absence of truly high-
throughput selection or screening assays to evolve the original designs. The second scenario
does not account for the requirement for a//the steps in the enzymatic catalysis to be
appropriately tuned in energy.

Arguably, the most successful de novo designed protein catalyst to date is Kemp eliminase
reported by Hilvert, Mayo and coworkers.?8 It is quite instructive to look at its development.
The original design HG1 showed no activity and it took two rounds of rational development
using X-ray crystal structural information and MD simulations to create HG3, which was
subsequently improved using state-of-the-art directed evolution techniques to achieve
incredibly high turnover (ke of 700 s1). Similarly, evolved variants of other Kemp
eliminases show very high activity”: 99 and it is conceivable that given additional rounds of
directed evolution they could be evolved further. Recently, Hilvert, Kuhlman and co-workers
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have shown even a very simple, effectively minimalist metallopeptide MID1 with nascent
hydrolytic activity can be evolved to attain extremely high activity and stereoselectivity
(Keat/Kp 9.8 x 10°).93 This suggests that from a practical standpoint the problem of catalyst
design for the reactions suitable for high throughput screening is solved. This is certainly not
the case for most of chemical reactions, including those of high practical importance, and
better methods for designing catalysts for these reactions are needed. This is especially
important from the standpoint of better understanding of the principles of enzymatic
function. Moreover, resorting to improvement of activity by directed evolution assumes
defeat in the rational prediction of the optimal arrangement of functional groups for
catalysis.

The decades of work in the fields allowed for testing of various concepts and produced
several important lessons. First, it is quite clear that focus of the transition state alone is not
sufficient for creating efficient catalysts. High relative stabilization of the transition state
geometry can lead to product/substrate inhibition (as in the case of catalytic antibodies) and
low turnover (theozyme-based catalysts). Second, it is apparent from the location and
identities of the mutations identified in the course of directed evolution that consideration of
the active site alone without accounting for dynamics of the protein as a whole leads to
potentially low activity, especially when simultaneously introducing multiple residues into
the protein scaffold to achieve catalysis. Finally, are we there yet in terms of predicting the
optimal arrangement of the functional groups for catalysis in the first place? Consideration
of local electrostatics, vibrational modes, etc. can help improve the target design model
further. The inadequacy of a single step, “small molecule-like” approach to enzyme design
has been recognized for quite some time® and computational approaches to simultaneously
consider multiple states along the enzymatic path have been proposed.12 Undoubtedly, they
will lead to improved designs and better understanding of the mechanism of enzymatic
activity, especially with the development of more powerful and inexpensive computational
tools.

The principal approaches to design of protein catalysts have distinct features. The docking
approach is highly efficient in improving enantioselectivity and activity of existing small
molecule catalysts, especially when coupled with directed evolution.1%0 The method is very
broadly applicable, but its inherent disadvantage is the requirement of high initial activity.
The theozyme approach succeeds in achieving high kqq+/Kp values of the designed catalysts
but suffers from high cost and somewhat low success rate, perhaps contributing to the
declining number of its examples in recent years. This approach is arguably best for
practical testing of enzymological concepts. The minimalist approach is very
computationally and experimentally inexpensive, allows for easy modeling of all steps along
the Michaelis path. The initial catalytic efficiency is modest (although k., values are
comparable to those of other approaches) but can be improved by directed evolution. Its
applicability to complex multistep transformation remains to be established. Recent state-of
the-art examples of protein design combine the elements of all of these methods and studies
are likely to continue with this trend.
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.©
aa

Figurel.
Protein design requires consideration of the correct method to apply to materials for optimal

outcome.
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A. DOCKING APPROACH TO PROTEIN DESIGN

1. CONSIDER REACTION MECHANISM

<
2. Identify appropriate 3. Attach a linker appropriate for association with 4. Attachment to
small molecule catalyst appropriate protein scaffold protein

5. EXPERIMENTAL VALIDATION/DIRECTED EVOLUTION

ACS Catal. Author manuscript; available in PMC 2021 June 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Marshall et al.

Page 20

B. MINIMALIST APPROACH TO PROTEIN DESIGN

5. Do basic geometric

o i | 3 fi ibili if
2 de_m'fv SF?ﬁo d 2 .TESt o fgas'b'“w of 4, Test for feasibility of optimization of the 5_' .CheCk I the
potential positions for introduction of the 2 : s i transition state can be
: z 5 . the Michaelis complex  active site relative to
the active residue active residue accomodated

substrate

7. EXPERIMENTAL VALIDATION

C. THEOZYME APPROACH TO PROTEIN DESIGN

/
J

2. Create an optimal

3. Search for protein scaffolds i
arrangement of transition state capable of ac::mm odating the & |ntm:'iuce e theozv!rm_e ".‘m a
geometry using quantum pa E protein scaffold, optimize its
theozyme structure

mechanics, the "theozyme”
5. EXPERIMENTAL VALIDATION

Figure 2.
Schematic representation and representative cases of the A) docking approach with a

representative example from ref. 16; B) minimalist approach with a representative example
from ref. 17; and C) theozyme approach to design of protein catalysts with a representative
example from ref. 18.
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I ’

HYDROPHOBIC PATTERNING SECONDARY STRUCTURE FORMATION  (SELF) ASSEMBLY INTO COMPLEX STRUCTURES
Figure 3.

Hierarchical approach to create secondary structure elements by hydrophobic patterning
(green circles — hydrophobic residues, blue circles — polar residues) that can self-assemble or
be assembled in complex structures. This patterning can be applied to the formation of large
libraries which can be screened for activity.
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IDENTIFY SUITABLE INTRODUCE A MUTATION BIND METAL,
(OFTEN SYMMETRIC) TO CREATE A METAL-BINDING SITE PROMOTE CATALYSIS
PROTEIN SCAFFOLD

Figure 4.
Schematic representative of the general minimalist approach to creation of metalloproteins

using the trimeric coiled coils.
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IDENTIFY SUITABLE INTRODUCE A CATALYTIC SITE SELF-ASSEMBLY, CATALYSIS
(OFTEN SYMMETRIC) BY SIMPLY PLACING RESIDUE ABOVE
PROTEIN SCAFFOLD EACH OTHER IN HELIX
Figureb.

Minimalist design of a catalytic triad in a helical coiled coil bundle CC-Hept. Catalytic
residues are arranged in close proximity in a peptide that upon self-assembly from an
efficient p-nitrophenol esterase (PDB code 5EZC).
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Table 1.
A table listing the kinetic parameters of protein catalysts designed using the minimalist approach.
Representative examples of protein catalysts designed by other approaches are given for comparison.
Name Keat/Kuncat Kea/ Ky, M-1s-! Method Conditions Ref
o o]
Oxaloacetate . - o .-
decarboxylation RNz * Ho RNFz * 0
Xy o O o]
Oxaldie 1 423* 0.63 Minimalist pH 7,25°C 24
o]
0—<O "\fo O—<
Diels-Alder HOOC_@__/ e \ . r— Hooc{ >—/ :NWG
N <
MY
0.008 (diene)
DA_20_00 4 Theozyme pH 7.4,25°C 8
0.0002 (dienophile)
% @ R’
Diels-Alder RJ\/\R' > 2
R
3.5
Cu-bPPC¢ (from Kapp(car)/ Not reported Minimalist pH 6.5,5°C s
knpp(uncm))
O OH @]
O
Retro-aldol OO — J_+H Og
o~ o~
AlleyCatR >10¢ 0.038 Minimalist pH 7.0,22 °C 3
RA61 23 x104 0.74 Theozyme pH 7.5,25°C 0
H
O,N O,N CN
Kemp elimination 2 \CE&\I — i \CI
o OH
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91

HG-3 5.9 x 105 425 QM pH 725,27 °C
KE07 1.6 x 10* 122 Theozyme pH 7.25,25°C 1
KE59 25x 108 163 Theozyme | pH7.25,25°C | "
KE70 1.4 %108 783 Theozyme | pH7.25,25°C |
AlleyCat >106 5.8 Minimalist pH 7.0,22 °C %
T4 Lysozyme
=107 1.8 Minimalist pH 5.0, 23 °C *
L99A/M102H
CO, hydration CO, + Hy,0 == H,CO5 === HCO,
Hg"'sZn'y(TRIL9CL23H); not reported 1.8 x 10% Minimalist pH 9.5,25°C 75
0}—
i (o]
PNPA hydrolysis O O -
N (o} — OyN o =+
o2 A OH
Hg"sZn'y(TRILICL23H)s 340* 3.1 Minimalist pH 8,25 °C C
PZD2 130 27 Theozyme pH7,22°C »
MID1-Zn 9.4 x 105 40 Minimalist pH 8.0,25°C | 92%
CC-Hept-Cys-His-Glu 1407 3.7 Minimalist pH 7.0,22°C 5
AlleyCatE 540 55 Minimalist pH 7.5,22°C 17
KO-42 Not reported 18 Minimalist pH 6.2,22°C »
pH 8.0, 38 °C,
Ac-THIHIQI-NH; 1.6 x 10¢ 450 Minimalist 7
200 MPa
Ac-THIHIQI-NH; 1.7 x 10° 60+2 Minimalist pH 8.0,22°C 4
Ac-IHIHIYI-NH, 554 98 3.2 Minimalist pH 8.0,22°C “
Ac-YVHVHVAV-NH, 3n 7.38 £ 0.63 Minimalist pH 7.3,22°C s
o OH O,
PNPP hydrolysis \©\ \G\
°© NO, ° NO,
R-pNPP:200 R-pNPP: 80
AlleyCatE Minimalist pH 7.5,20°C 17
S-pNPP:83 S-pNPP: 28
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Oxidation of o-dianisidine

H,0,
) 2

FR29 Not reported™* 34% Theozyme pH 7.5,29 °C e
Aminophenol _@_ 0, =<z>=
. . — HN 0]
oxidation
G4-DF.. not reported Minimalist pH 7.0, 25 °C 7
L. L. _p-Anisidine ° Nso
p-anisidine oxidation HZN—®— .
H
3His-G4DFsc not reported not reported Minimalist pH 6.5,25°C 80
d d %
DMP oxidation HO@ HOOH
Q o P
Ac-IHIHIQI-NH, Not reported 17 Minimalist pH 7.9, r.t 49
ol
o™o OH
Paraoxon hydrolysis K
NOz NOZ
Ac-THIHIYI-NH; 3.5x 103 28+ 1x102 Minimalist pH 8.0,38 °C e
d % d %

D13A

not reported

77 £2x10° Minimalist pH 65,25°C | %

*

- rate enhancement (kcat/kuncat) values were calculated based on the data from ref 85

Aok

- only k2/Ks value reported
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