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Abstract

This review focuses on recent progress in noncomputational methods to introduce catalytic
function into proteins, peptides, and peptide assemblies. We discuss various approaches to creating
catalytic activity and classification of noncomputational methods into rational and combinatorial
classes. The section on rational design covers recent progress in the development of short peptides
and oligomeric peptide assemblies for various natural and unnatural reactions. The section on
combinatorial design describes recent advances in the discovery of catalytic peptides. We present
the future prospects of these and other new approaches in a broader context, including implications
for functional material design.
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1. INTRODUCTION

Enzymes catalyze a number of chemical reactions with high efficiency and selectivity under
ambient conditions. Much effort has been dedicated to developing new enzymes and
changing the scope and selectivity of existing enzymes. Over the past 30 years, many
different approaches have emerged to design new catalysts for various chemical reactions.
Most recently, the design of a novel enzymatic function was complemented with efficient
computational techniques (1). However, despite advances in design methodologies, we are
still unable to create an efficient catalyst from scratch for a given chemical transformation
(2). In addition to computational approaches to enzyme design that have been the focus of
many recent reviews (3, 4), the “old school” rational designs, as well as advanced high-
throughput combinatorial techniques, have had many recent successes. Here we review the
latest progress in noncomputational methods to introduce catalytic function into proteins,
peptides, and peptide assemblies.
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Rational design utilizes basic fundamental knowledge of enzymatic function, often in
combination with structural information, to create new activity or alter the stereochemistry
and regioselectivity of the existing enzymes by introducing a fairly small number of
mutations (5, 6). Although it is hard to draw a clear line between the rational and
computational approaches (as computational approaches are rational by definition), for the
purpose of this review we define the computational approach as the one that engages
complex algorithms to quantitatively predict the effects of mutations on the overall stability
and function of the protein scaffold.

The combinatorial approach mimics natural evolution, in which mutation and selection
cycles are repeated and appropriate candidates propagate and improve through trial-and-
error loops. Therefore, structural information about the target enzyme and its reaction
mechanism are not required for this approach. A large library of random mutations is
created; subsequently, mutant enzymes are screened for altered activity and/or specificity.
The selected enzymes are subjected to several cycles of mutagenesis and screening, yielding
enzymes with better properties. This design method requires that the link between the
phenotype (enzymatic properties) and its genotype (DNA sequence encoding the enzyme) be
maintained throughout the many cycles of the selection process.

Combinatorial phage display uses bacterial phage templates (e.g., M13, M9, and lambda) to
display randomly mutated peptides or proteins on the phage surface by means of genetic
engineering. The DNA sequence encoding the displayed proteins is encapsulated in the viral
protein shells; therefore, the phenotype and genotype are not separated. Additionally, it is
easy to amplify the selected phage to generate a new library in the subsequent round.
Because the selection process is based on the binding properties and is quite easy to
perform, this system has been widely used to identify artificial antibody-like proteins (7),
ligands (8), enzyme substrates(9), and peptides bound to inorganic material (10). In contrast,
direct selection based on catalytic properties is hard to perform using the phage-display
method. Conjugation of an enzyme and its substrate together on phages is one of the
proposed strategies to overcome this difficulty (11). Substrates that are covalently (12) or
noncovalently (13) bound to the enzyme-displaying phages are converted to specific
products, and subsequent selection steps are performed with affinity supports that
specifically bind the product but do not have affinity toward the original substrate. Although
these phage-display systems are suitable for handling huge libraries of mutants, a critical
drawback is that the screening process often results in nonspecific binding and, thus, false-
positive selection. The size of the enzymes that can be displayed on phages represents
another limitation of this approach. If the fused enzymes are too bulky, then self-assembly of
the phage shell can be disrupted.

Selection based on fluorescence-activated cell sorting (FACS) has recently been used as an
alternative method for high-throughput screening of catalytically improved enzymes (14). In
this method, a target enzyme and its substrate are conjugated on/in micrometer-sized objects
(microcompartments), such as yeast cells (15, 16), emulsion droplets (17), or polyelectrolyte
shells(18), which also contain a DNA sequence encoding the mutated enzyme in order to
preserve a phenotype—genotype link. Catalytic conversion of substrates provides fluorescent
readout that is used to select for microcompartments exhibiting high catalytic activity.
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Modern cell sorters enable the screening of enzyme libraries as large as 108 variants (14,
17). Because formation of the fluorescent product is directly related to the catalytic activity
of the target enzyme, FACS-based screening is a straightforward way to select enzymes with
desired properties.

The combinatorial screening systems described above are powerful tools used to evolve
enzymatic activities. However, it remains impossible to completely explore all possible
enzyme sequences in the search for the best catalytic properties (e.g., when a target enzyme
is composed of 230 amino acid residues, a typical size of a TIM barrel protein, its peptide
sequence space is 20230 ~ 10300 combinations). In order to circumvent the difficulty of
covering a huge space, only the limited domains that are essential to enzymatic functions are
randomized (6). The amino acid positions to be randomized are predicted on the basis of
deep knowledge of the target enzyme, such as features of peptide sequence and three-
dimensional (3D) structure (19). This strategy combines the advantages of both rational and
combinatorial approaches and is therefore referred to as a semirational approach.
Knowledge-based restriction of randomized sequences can minimize the size of the mutation
library to 103 clones (19), allowing investigators to efficiently redesign the target enzymes.

In contrast to enzymes, catalytic peptides have only recently emerged as biomolecular
catalysts. They have potential for broad applications ranging from materials to drug
development. In this review, we define catalytic peptides as short oligopeptides with
catalytic functions. Therefore, this review does not cover catalytic antibodies that bind to
and stabilize the transition state in order to catalyze chemical reactions (20, 21), catalytic
peptide dendrimers that are artificially synthesized peptidic dendrimers composed of densely
packed catalytic amino acid residues (22,23), or ultrashort catalytic peptides capable of
asymmetric catalysis (24). We describe methods currently used to design catalytic peptides
and discuss the advantages and future prospective of catalytic peptides as compared with
enzymes.

2. RATIONAL DESIGN

2.1

In the broadest sense, the rational design of enzymatic activity uses a priori knowledge of
protein/peptide structure and/or a basic mechanistic picture of the chemical reaction being
catalyzed. Such a broad definition includes several very general bioengineering and directed
evolution techniques (25-27); thus, our review focuses on rational approaches that either
utilize de novo designed scaffolds or completely alter the function of existing proteins.

Rational Designs That Utilize Metal lons as Cofactors

Historically, rational designs featuring metal cofactors have been the most successful. One
can easily introduce metal ions into proteins by making very few mutations; moreover,
proteins can tolerate the incorporation of complex cofactors and even entire small-molecule
metal complexes already preconfigured to catalyze chemical reactions. The past several
years have witnessed significant improvements in established approaches to rational design,
as well as the emergence of peptide self-assembly as a versatile tool for creating catalytic
activity. Overall, rationally designed metalloenzymes can be placed into two broad (and
partially overlapping) categories discussed in the following two subsections.
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2.1.1. Introduction of metal cofactors into de novo designed scaffolds.—De
novo designed helical bundles present a robust and well-controlled environment for
functionalization (28). Recent progress in this field has led to more diverse functional
designs and an improved ability to control the design.

Ghirlanda and colleagues (29) introduced eight cysteine residues into the hydrophobic core
of a de novo designed homodimeric helical protein, DSD, to create two binding sites for
iron—sulfur clusters. The resulting protein, DSD-Fdm, binds two [4Fe-4S] clusters with high
yield and can transfer electrons to cytochrome ¢. These authors subsequently changed the
selectivity of the protein to bind [3Fe—4S], a different type of iron—sulfur cluster (30).

Pecoraro and colleagues (31) recently reported an efficient, de novo designed catalyst of
carbon dioxide hydration with greater activity than that of any small-molecule catalyst for
this reaction. Although the activity of this metalloenzyme is about an order of magnitude
lower than that of a different enzyme created earlier by the same group (32), the scaffold
used in the newer design requires no extra structural sites and offers greater potential for
subsequent evolution. The simplicity of the metal coordination spheres formed by peptides
that self-assemble into helical bundles allowed these authors to utilize the trimeric coiled-
coil scaffold to design Cu(TRIL23H)3, a functional copper nitrite reductase model (33). The
authors further optimized the redox potential of the copper site in Cu(TRIL23H)3 by
rationally engineering charge patterns around the active site (34).

Even the simplest scaffolds offer opportunities for multiple functionalities. Farid et al. (35)
designed a self-assembling four-a-helix protein capable of light-activated intraprotein
energy transfer and charge separation, approximating the core reactions of photosynthesis,
cryptochrome, and photolyase.

2.1.2. Introduction of metal cofactors into existing proteins.—The
reprogramming of an existing metalloprotein to achieve new functions allows access to
highly specialized metal folds and often provides a wealth of information about the structure
and function of the existing protein. For example, Lu and coworkers (36) redesigned the
oxygen carrier myoglobin (Mb) into a heme—copper oxidase by introducing a copper-
binding site into a distal pocket of Mb. Later, the same group engineered favorable
electrostatic interactions between this functional oxidase model and the native redox partner
of the oxidase enzyme (37). The oxygen reduction rate of the resulting Mb-based oxidase
(52 s71) is comparable to that of a native cytochrome ¢ oxidase (50 s™1) under identical
conditions.

Bren and colleagues (38) created a molecular electrocatalyst that reduces protons to
dihydrogen in neutral water under aerobic conditions with near quantitative Faradaic
efficiency. The biomolecular catalyst was created by substitution of iron for cobalt in a
water-soluble heme-undecapeptide derived from the horse cytochrome ¢ protein.

Kuhlman and colleagues (39) showed that rational design can create catalytic sites on
protein—protein interfaces. Song & Tezcan (40) perfected this approach by constructing an
artificial metallo-p-lactamase via self-assembly of a monomeric redox protein into a
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tetrameric assembly with catalytic zinc sites in its interfaces. This protein is functional in the
Escherichia coli periplasm and enables the bacteria to survive treatment with ampicillin.

Direct engineering of new sites in proteins is not the only way to create new functional
activity. Highly advanced small-molecule metal catalysts can be tethered to proteins using an
array of techniques. This approach combines metal complexes’ high reactivity with proteins’
regio- and enantioselectivity and compatibility with water. Several groups recently used
rational protein design to develop water-compatible catalysts for olefin ring-closing
metathesis, illustrating advances in these techniques. For instance, Mayer et al. (41)
introduced a cysteine residue onto the rim of the heat-shock protein MjHSP, and Okuda and
colleagues (42, 43) engineered a cysteine residue at the entry of the pore of the p-barrel
protein FhuA. In both cases, small-molecule catalysts bearing a thiol reactive group (e.g.,
maleimide) were then covalently linked to the proteins. In a different approach, Ward and
colleagues (44) attached a Grubbs—Hoveyda catalyst to avidin by linking the catalyst to D-
biotin, and Hirota and colleagues (45) used a so-called Trojan horse coupling strategy to
covalently attach a ruthenium catalyst to a-chymotrypsin. In all of these cases, the resulting
protein—catalyst conjugates catalyzed the desired reaction with only a modest effect on
regioselectivity. Although these results are encouraging, they demonstrate a need for
improvement in a priori predictions of efficient tethering sites in different protein scaffolds.

Various tethering techniques have been applied to other types of scaffolds and chemical
reactions. Ward and colleagues (46, 47) used sulfonamide inhibitors to attach iridium
complexes to various proteins to create enantioselective hybrid hydrogenation catalysts, and
investigators have recently reported protein—small molecule hybrid catalysts for other
reactions, such as rhodiumcatalyzed polymerization (48, 49) and olefin cyclopropanation
(50), manganese-promoted epoxidation (51, 52) and sulfoxidation (53), and epoxide ring
opening catalyzed by scandium (54).

2.2. Supramolecular Approach to the Rational Design of Catalysts

Even very small peptides have enantioselective catalytic properties (55) and can self-
assemble into “protein-like” large aggregates. For these reasons, self-assembling peptides
present an exciting opportunity for rational design of catalytic activity.

We recently showed that small seven-residue amyloid-forming peptides can be designed
from first principles to form efficient catalysts of ester hydrolysis whose activity is
comparable to that of the best small-molecule and peptide catalysts reported to date (Figure
1) (56). These results represent the first demonstration of substantial catalytic activity in
simple peptide amyloids and, from a practical perspective, will enable the design of highly
stable, robust, and easily varied enzyme-like catalysts. Moreover, by mixing different
peptides we observed synergistic interactions that increased activity even further. The ability
to screen multiple stable arrangements of functional groups in a single fibril provides
essentially limitless opportunities for high-throughput screening for functional activity by
mixing peptides with different sequences. We showed that this catalytic system can
hydrolyze even highly challenging substrates, such as paraoxon (Figure 1). Friedmann et al.
(57) combined rational design with high-throughput screening to identify several peptide
sequences capable of catalyzing hydrolysis in a mechanistically different fashion; these
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results suggest that even very simple amyloid-like peptide assemblies can promote different
chemical reactivities. Zhang et al. (58) and Huang et al. (59) used an analogous approach to
develop self-assembling hydrolases for peptides of various lengths without the aid of metal.

The ability of self-assembled peptidic structures to promote catalysis is not limited to
hydrolytic reactions. Escuder and colleagues (60) recently developed proline-containing
peptide assemblies for an enantioselective aldol reaction. Liu and colleagues (61) created a
copper-binding bolaamphiphile that self-assembles in water to catalyze the Diels—Alder
reaction. Moreover, supramolecular assemblies can be designed to maintain multiple
functionalities. Weingarten et al. (62) created a hydrogel that combines a light-absorbing
chromophore with a small-molecule nickel catalyst for light-driven hydrogen production.
Fry et al. (63, 64) showed that carefully designed self-assembling peptides can support
charge transfer between light-harvesting metalloporphyrins and titanium dioxide
nanoparticles.

3. COMBINATORIAL APPROACHES TO IDENTIFY CATALYTIC PEPTIDES

3.1. Screening of Catalytic Peptides That Promote Growth of Inorganic Nanocrystals

The phage-display system has become a powerful tool to perform screening for functional
peptides. Pioneering research in this field employed high-throughput screening to identify
the peptides promoting inorganic nanocrystal growth, using the ability to bind to target
inorganic materials for the selection of positive clones. Investigators discovered peptides that
exhibit selective affinity to inorganic surfaces (10), some of which catalytically promote
growth of noble-metal nanocrystals [e.g., silver (65, 66), nickel (67, 68), and copper (67,
69)], metal alloys [e.g., cobalt—platinum (66)], metal oxides [e.g., zinc oxide (ZnO) (70)],
and metal sulfides [e.qg., zinc sulfide (71)]. However, the peptides selected on the basis of
binding are not necessarily the best promoters of the target inorganic nanocrystal nucleation.
Therefore, it is desirable to establish a direct method to isolate catalytic peptides on the basis
of their nanocrystal-growing property rather than their binding property.

The Matsui group (72) developed a novel strategy to isolate catalytic peptides by utilizing
the so-called anchor effect of nanocrystals. Figure 24 highlights the basic strategy of this
method, in which ZnO crystallization was used as a proof of concept. The phage-displayed
library and the zinc precursor were coincubated, and some of the peptides on the phage
template accelerated the growth of ZnO nanocrystals. These crystals served as anchors and
increased the total weight of the phage—ZnO complexes. Thereafter, the phage-ZnO
complexes were retrieved from the library through centrifugation. After washing to remove
nonspecific phages, the residual phage viruses were released from the ZnO anchor with an
acid treatment and amplified. After the selection step was repeated three times, the
sequences of the catalytic peptides displayed on the phage template were identified by DNA
sequencing. One of the two peptides identified (ZP-1 peptide; GAMHLPWHMGTL) was
determined to be the predominant sequence for room-temperature growth. Note that
completely soluble precursors must be used. The use of zinc precursors that tend to form
amorphous zinc hydroxide will yield mainly the Zn(OH) , intermediate and its affinity
phage, rather than the target peptide capable of promoting nanocrystal formation.
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Peptide ZP-1 was confirmed to catalyze ZnO nanocrystal growth without a phage template
by incubating the same zinc nitrate precursor and pure peptide for 4 days. High-resolution
transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED)
analyses demonstrated that these nanocrystals were wurtzite ZnO with a diameter of 20-100
nm (Figure 2b). In the absence of the ZP-1 peptide, no particles were observed. These results
indicate that the biopanning method can indeed isolate catalytic peptides that promote
inorganic nanocrystal growth. Interestingly, the ZP-1 peptide facilitated ZnO crystallization
in an unusual direction; the nonpolar (100) and (110) faces were preferentially developed, in
contrast to the conventional development of polar (001) and (00-1) faces. The tendency of
ZnO to grow along unusual directions had previously been observed when the precursor’s
access to the crystallization sites was insufficient (73). Although the mechanistic details of
the peptide-promoted development of nonpolar (100) and (110) faces have yet to be
determined, the charged groups on the ZP-1 can preferentially attach to the polar (001) and
(00-1) faces of wurtzite, which would quench the anisotropic growth along these directions.

Hydrogel-Based Screening of Catalytic Peptides

The key step in the screening method described above is the deposition of anchor materials,
which enables separation of the specific phage-displaying catalytic peptides from the peptide
library. This strategy could be used to discover catalytic peptides promoting a wide range of
chemical reactions if those reactions could promote anchor aggregation. In collaboration
with Ulijn’s group (74-76), we used peptide hydrogel as an anchor material. This hydrogel
is formed by condensation of 9-fluorenylmethoxycarbonyl-threonine (Fmoc-T-OH) and
leucine—methyl ester (L-OMe), which are amphiphilic peptide hydrogelators that are
completely soluble prior to enzymatic reaction (Figure 3a). The addition of protease
catalyzes reverse hydrolysis of a peptide bond driven by thermodynamically favorable self-
assembly of the resulting dipeptide product, Fmoc-TL-OMe (Figure 3a). The self-assembly
of the peptide hydrogelators is stabilized by hydrogen bonds and a r—m stacking network,
which favor peptide synthesis over hydrolysis. Finally, the Fmoc-TLOMe peptide product
assembles into nanofibers, thereby producing a hydrogel (74). Instead of a protease, a phage-
display peptide library was used in the same system (Figure 3b). Some of the catalytic
peptides mimicking protease function generated a peptide bond between Fmoc-T-OH and L-
OMe, and the resulting hydrogel was deposited at the catalytic site (Figure 3b). The phages
with the hydrogel were centrifuged, and the phage from the deposited hydrogel was eluted
through the addition of an esterase that hydrolyzed the ester bond in Fmoc-TL-OMe. The
hydrolysis of ester bond generated a hydrophilic carboxyl group, causing disassembly of the
hydrogel. After this biopanning process was repeated, catalytic peptides exhibiting protease
function were identified (77, 78).

Although there is no obvious sequence similarity among the identified catalytic peptides,
most of the selected peptides contain amino acids that are typically associated with
nucleophilic catalysis (e.g., histidine, serine, aspartate, and glutamate) (Figure 3c), as
observed in natural proteases(79), and they could play a role in catalytic function.
Additionally, natural proteases demonstrate esterase activity because these two types of
enzymes share the same catalytic center, which is referred to as a catalytic triad (79). This
fact encouraged us to analyze whether the protease-mimicking peptides (CP1-CP4) could
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catalyze ester hydrolysis. A colorimetric assay using p-nitrophenyl acetate (pNPA) revealed
that all of the protease-mimicking peptides tested (CP1-CP4) have esterase properties, with
CP4 peptide (SMESLSKTHHYR) being the most active.

A critical advantage of this biopanning strategy for screening catalytic peptides is that it
allows one to examine numerous catalytic activities by changing the types of hydrogel
precursors for which different chemical reactions can trigger the gelation. In addition to
condensation/hydrolysis of the peptide bond, ester hydrolysis (76) and dephosphorylation
(80) reactions also trigger hydro-gelation and can be used to screen esterase- and
phosphatase-mimicking peptides, respectively. Improvements to the molecular design of
hydrogel anchors will likely allow the identification of peptides with desirable catalytic
functions.

As described above, our biopanning method represents a general and promising strategy to
isolate catalytic peptides with desired functions. However, the catalytic performance of the
peptides selected using this genetic evolution method is still lower than that of enzymes
developed through natural evolution. For example, the protease and esterase activities of the
peptides identified in the hydrogel-based phage approach exhibited catalytic activities that
were seven orders of magnitude lower than those of natural enzymes (77). This might be due
to the lack of well-defined structures in the peptides. Thus, in order to make practical
catalysts it is necessary to develop strategies that address the inherent shortcomings of
peptides relative to larger proteins.

3.3. Catalytic Peptides for Material Synthesis in Nonaqueous Environments

A potential way to turn this weakness into strength involves the stability of peptides in harsh
environments, where enzymes cannot maintain their functional properties. Enzymes are
excellent catalysts in biological aqueous environments; however, their functional
conformations tend to become denatured in abiotic nonaqueous environments, such as
organic solvents. By contrast, flexible catalytic oligopeptides with no rigid 3D structures
could maintain catalytic activities in such harsh environments. To test this hypothesis,
investigators examined the catalytic ability of CP4 peptide (Figure 3c) to crystallize an oxide
semiconductor material (82). Ester elimination(83) can synthesize various nanocrystalline
materials, such as ZnO (83-85), CoO (86), CuO (87), Fe304/Fe;03, and CoFe,0O4 (88).
Equation 1 shows the formation of ZnO via the solvothermal esterification reaction (83).

Zn(CHyCOO0), +2CH;0H = ZnO + 2CH;COOCH; + H,0
Step1:CH;COO™ + CH;0H = OH™ + CH;COOCH;. (1)

Step2:Zn** + 20H™ = ZnO + H,0.

Metal acetate is dissolved in alcohol, followed by generation of a hydroxide intermediate
and subsequent crystallization of the metal oxide. Although several combinations of metal
acetate precursors and alcohol systems have been explored in order to create various
functional metal oxides, the heating process [to ~100-300°C (83)] is still necessary to
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facilitate the reaction and growth of the metal oxide. Biomolecular catalysts that promote
this ester elimination at room temperature can aid the synthesis of the oxide semiconductor.
However, the growth of the nanocrystals should be concomitant with the reverse hydrolysis
of the ester bond, as shown in Equation 1, and such reverse hydrolysis reactions are favored
and more efficient in organic solvents. Therefore, it is necessary to develop biomolecular
catalysts that can tolerate organic solvents for the growth of highly crystalline metal oxide
nanocrystals via reverse hydrolysis.

To achieve this goal, we tested the ability of CP4 peptide to promote ZnO formation in
methanol. Zinc acetate precursor dissolved in methanol was mixed with CP4 peptide
(Figures 3c and 4a) (82). After incubation for 3 days at room temperature, flake-shaped ZnO
formed (Figure 4b). HRTEM and SAED analyses revealed that the resulting ZnO
nanocrystals were polycrystalline (Figure 4c). Without the peptide, no crystal formation was
observed, indicating that CP4 peptide has a catalytic function. A by-product, methyl acetate
(Equation 1), was detected with gas chromatography—mass spectrometry, supporting the idea
that ZnO was formed through an ester elimination reaction. To examine the advantages of
oligopeptide biocatalysts over natural enzymes in organic solvents, we reacted the same
precursor solution with a pro-tease/esterase enzyme, subtilisin (Figure 4a). Subtilisin-
crystallized ZnO has inferior crystalline properties compared with ZnO crystallized in the
presence of CP4 (Figure 4d). The result clearly indicates that CP4 peptide, which was
evolved through hydrogel-based combinatory screening, catalyzed better growth of ZnO
nanocrystals with higher crystallinity in an organic solvent in comparison to the protease
enzyme. The ester elimination reaction catalyzed by CP4 peptide can be a general way to
synthesize industrially important metal oxides. CP4 peptide also catalyzes the crystallization
of the spinel ferrite MnFe,O4 (Figure 4e,f) (88a), which is used in electrode materials in
lithium ion batteries (89, 90), magnetic storage (91), ferrofluids (92, 93), catalysts (94), and
biomedical applications (95; Y. Maeda, J. Fang, Y. Kezoe, D. Pike, V. Nanda & H. Matsui,
manuscript submitted). In a methanol-benzyl alcohol solvent system (50% volume ratio),
CP4 peptide can crystallize MnFe,0O,4 nanoparticles under ambient temperature. According
to super-conducting quantum interference device (SQUID) analysis, these MnFe,0y4
nanoparticles exhibit superparamagnetism. The blocking temperature at which the transition
between superparamagnetic and paramagnetic states occurs in the MnFe,O4 nanoparticles
produced using CP4 peptide is similar to that of the conventional spinel ferrite nanoparticles
synthesized at high temperature (96).

3.4. Catalytic Peptides That Assist Self-Assembly

A combination of rational design and combinatorial selection of oligopeptide catalysts is
another possible strategy to improve catalytic properties. The lack of a rigid 3D structure and
a defined substrate-binding pocket lined by hydrophobic groups (97, 98) could be
responsible for low catalytic function in aqueous environments. To address this issue, we
fused a fragment (FFKLVFF) of the amyloid-p (AB) peptide to CP4 to simulate a
hydrophobic pocket adjacent to the CP4 active site. In addition to providing hydrophobicity,
the AP peptide led to self-assembly into amyloid fibrils (Figure 5a) (99-101). Such
crowding effects could stabilize catalytically active conformations of the oligopeptide. We
confirmed that CP4-Ap (SMESLSKTHHYRFFKLVFF) assembled into a nanofibril
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structure (Figure 5b), and its esterase activity was enhanced fourfold. These results suggest
that both hydrophobicity and crowding effects benefit the catalytic activity (Y. Maeda,J.
Fang, Y. Ikezoe, D. Pike, V. Nanda & H. Matsui, manuscript submitted). Note that fusion to
collagen (a different type of macromolecular crowding assembly system) did not improve
the esterase activity. Therefore, the mode of AR self-assembly might specifically induce the
formation of a catalytically active conformation. Indeed, detailed all-atom simulations
suggest that CP4—Ap has a greater propensity to form incipient catalytic triads in
comparison to CP4 alone, a finding that is consistent with experimental results.

The combinatorial approach using a phage-display peptide library is a powerful tool for the
design of catalytic peptides for both organic and inorganic reactions. An advantage of this
approach is its versatility, allowing one to explore various types of catalytic peptides simply
by changing hydrogel precursors. Once promising catalytic peptide candidates are
discovered in peptide libraries, their activity could be further enhanced by varying the
solvent or folding them into catalytically active conformations. These new strategies could
lead to the creation of de novo catalytic peptides for use in various fields. A disadvantage of
the combinatorial approach is that the selected peptides still have a lower catalytic activity
than that of natural enzymes. However, self-assembly of catalytic peptides into larger
assemblies with the appropriate conformation can give rise to practical peptide catalysts.

Designed catalytic peptides are not the first constructs to mimic protein functions using
high-throughput methods. Some of the most successful examples are artificial antibodies (7,
102), which are engineered to stabilize a reaction’s transition state. For instance,
investigators have engineered affibodies, composed of a-helical Z domain scaffolds
decorated with affinity residues, by passing them through the screening cycles that
randomize affinity residues and selecting the ones showing higher affinity (7). This
approach, which utilizes rigid scaffolds, resembles our amyloid fusion strategy, and
numerous scaffolds are available (103). Combination of screening via multiple selection
rounds with approaches that rely on amino acid patterning (104) might produce catalysts
with even better properties.

4. FUTURE PROSPECTS FOR NONCOMPUTATIONAL DESIGN OF
CATALYTIC FUNCTION

The de novo design of efficient catalysts is a long and difficult process. Despite decades of
effort and the development of sophisticated tools, we are still unable to design highly
efficient catalysts that rival those created by nature. Nonetheless, progress in our
understanding of enzymatic function has been significant. Even the introduction of a
strategically placed single mutation into a nonenzymatic protein scaffold can lead to nascent
catalytic activities (105-108). Thus, the application of even crude design concepts can lead
to significant levels of catalytic activity, enough to use it as a starting point for subsequent
directed evolution. From a practical standpoint several major challenges for protein design
remain. Ability to simultaneously sample a large number of potential candidates is one of
them. Indeed, screening (computationally or otherwise) the space of all 10390 possible
sequence combinations for a TIM barrel protein is impossible. But is investigating this
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enormous and mostly empty sequence space in detail even necessary? Why can’t we limit
our search to rationally preselected catalyst candidates to identify new catalysts?
Unfortunately, neither our ability to identify potential enzyme candidates with an adequate
degree of accuracy nor the technology to experimentally evaluate large enough protein
libraries is currently sufficient.

The use of short oligopeptides as alternatives to large folded proteins has recently emerged
as an efficient catalyst design tool. Not only are oligopeptides the building blocks of
enzymes; they can serve as catalysts that promote a number of chemical reactions. A critical
advantage of catalytic peptides is their small size in comparison to conventional enzymes,
enabling easy molecular design. Moreover, existing high-throughput screening methods such
as phage display can cover enough sequence space to completely probe all sequence of
peptides containing as many as 8-10 residues. Although the catalytic enzymes’ properties
are less favorable than those of their natural enzyme counterparts, several strategies can turn
this weakness into strength, as described above. The ability of short peptides to assemble
into large supramolecular structures provides additional advantages from a standpoint of
practical applicability. Additionally, self-assembly allows one to simultaneously screen a
large number of possible arrangements of functional groups by simply mixing peptides with
different amino acid sequences, thereby accelerating the discovery process.

The near future will undoubtedly bring novel high-throughput combinatorial and
computational techniques together with rational design to evolve peptide-based catalysts for
practical use. In particular, recent advances in applying traditional high-throughput
screening tools (e.g., ribosome display) to searches for catalytic activities could greatly
expand our ability to design new catalytic functions (109).
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Figure 1.
Catalysis assisted by catalytic amyloids. (&) Overall approach to the design of peptide-based

fibrils and the chemical reactions they catalyze. (6) p-Nitrophenyl acetate (pNPA) hydrolysis
by catalytic amyloid peptides (CAMPS) (gray circles) compared with a monomeric control
peptide (red squares) (56).
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Figure 2.
Combinatorial phage-display approach to the identification of peptides that crystallize zinc

oxide (ZnO) at room temperature.(&) Screening of a phage-display peptide library. (/i) The
phage-displayed library and the zinc precursor (10 mg/mL zinc nitrate solution) were
coincubated for 3 days at room temperature. (///) Some of the peptides on the phage template
accelerated the growth of ZnO nanocrystals. (/V) The phage-ZnO complexes were retrieved
from the library by centrifugation. (1) After washing to remove nonspecific phages, the
residual phage viruses were released from the ZnO anchor with an acid treatment and
amplified. (v/) The selected peptide ZP-1 can catalyze ZnO nanocrystal growth without a
phage template by incubating the same zinc nitrate precursor and pure peptide. (6)
Microscopy studies of ZnO mineralization process promoted by ZP-1 peptide. (/)
Transmission electron microscopy (TEM) image of ZnO nanoparticles after 4 days’
incubation in the precursor solution. (/nsef) Magnified image of the area within the red
square. (7/) High-resolution TEM (HRTEM) image of the square region in panel /, showing
nanoparticle domains with (100) faces (white dashed lines) oriented in random directions.
(#f7) TEM image of ZnO nanocrystals after 3 weeks’ incubation in the precursor solution
with the peptide. (/nsef) Nanobeam electron diffraction pattern of this nanocrystal showing
single crystallinity, with a [0001] transmission direction. (/1) HRTEM image of panel /7,
resolving (100) faces (white dashed lines) and (110) faces (red dashed lines). Faces are
indicated by arrows.
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Name Sequence

cP1 TDHTHNKGYANK
cpP2 TSHPSYYLTGSN
CcP3 SHQALQEMKLPM
CcP4 SMESLSKTHHYR

Hydrogel-based phage-display approach to the identification of enzyme-mimicking catalytic
peptides. (&) A hydrogelation process triggered by an amide bond formation between 9-
fluorenylmethoxycarbonyl-threonine (Fmoc-T) and leucine—methyl ester (L-OMe). ()
Identification of catalytic peptides using a phage-display peptide library. (¢) Catalytic
peptides displayed on the selected phage templates.
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Subtilisin CP4

Figure4.
Metal oxide crystallization mediated by catalytic peptide in methanol. (&) (Lef?) The natural

protein subtilisin and (right) the catalytic oligopeptide CP4. Microscopic studies of ZnO
nanocrystals synthesized through ester elimination with (b,c) CP4 peptide and (&) subtilisin
at room temperature. (¢,/ Transmission electron microscope images of crystalline MnFe;Og4
prepared using an ester elimination reaction catalyzed by CP4.

Annu Rev Biomed Eng. Author manuscript; available in PMC 2019 January 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Maeda et al. Page 21

a  Weak catalytic
activity\/") )

[

LA
Catalytic peptide

+
Amyloid peptide

Self-assembly

Strong catalytic
activity

Figureb.
Self-assembling strategy to enhance the esterase activity of CP4 peptide. (8) A schematic

illustrationand (6) a transmission electron microscope image of a de novo designed fusion
peptide (SMESLSKTHHYRFFKLVFF), where the catalytic peptide CP4 is fused with the
amyloid-p (AB) peptide.
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