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SUMMARY

Natural enzymes catalyze biochemical transformations in superior catalytic effi-
ciency and remarkable substrate specificity. The excellent catalytic repertoire
of enzymes is attributed to the sophisticated chemical structures of their active
sites, as a result of billions-of-years natural evolution. However, large-scale prac-
tical applications of natural enzymes are restricted due to their poor stability, dif-
ficulty in modification, and high costs of production. One viable solution is to
fabricate supramolecular catalysts with enzyme-mimetic active sites. In this
review, we introduce the principles and strategies of designing peptide-based
artificial enzymes which display catalytic activities similar to those of natural en-
zymes, such as aldolases, laccases, peroxidases, and hydrolases (mainly the ester-
ases and phosphatases). We also discuss somemultifunctional enzyme-mimicking
systems which are capable of catalyzing orthogonal or cascade reactions. We
highlight the relationship between structures of enzyme-like active sites and
the catalytic properties, as well as the significance of these studies from an evolu-
tionary point of view.

INTRODUCTION

Various naturally occurring enzymes, which feature remarkable catalytic efficiency and substrate specificity,

can catalyze biochemical reactions under mild conditions and play a central role in the vast majority of

in vivo metabolic processes.1–4 Except for a few ribozymes5–7 and deoxyribozymes,8–10 most natural en-

zymes in living organisms are proteinaceous enzymes that are folded by one or more polypeptide chains.

These polypeptides are composed of at most twenty types of common amino acids and two rare amino

acids (selenocysteine11,12 and pyrrolysine13). The sequences of those amino acids composing the polypep-

tides are defined as the primary structures of peptides. The peptides can form the secondary structures

(e.g., a-helixes, b-sheets, or random coils) and the tertiary folding structures of the enzymes. In some en-

zymes, each polypeptide chain acts as a subunit and self-assembles into a high-order quaternary structure.

About one-third of extant natural enzymes take metallic ions14 as cofactors to provide thermodynamic fun-

damentals for the catalytic processes.

The secondary, tertiary, and quaternary structures of proteinaceous enzymes are maintained by noncova-

lent interactions, such as hydrogen-bonding, electrostatic, hydrophobic, p-p stacking, van der Waals inter-

actions, or metal-ligand coordination. The disulfide bonds also contribute to the folding structures of some

enzymes.15 The excellent catalytic repertoire of extant natural enzymes is attributed to the unique chemical

composition and three-dimensional pocket of their active sites, as a result of long-term evolutionary pro-

cess.16,17 Owing to the extraordinary catalytic efficiency and outstanding stereoselectivity, enzymes have

been broadly applied in the fields of bioengineering,18–21 biomedicine,22–24 food production,25,26 etc.

However, the large-scale practical applications of enzymes are restricted. On one hand, most proteina-

ceous enzymes are susceptible to the environmental changes, especially the harsh conditions that may

occur in the manufacturing process, such as high temperature, acidification/alkalization treatments, and

organic solvents. On the other hand, up to now, the discovered natural enzymes are limited in the types

of chemical reactions they catalyze to maintain the cell surviving, and it is difficult to modify the enzymes

because of the complexity of their architectures. Moreover, extraction and purification of natural enzymes

are generally high cost and time consuming.

The peptides, as fundamental building blocks of life, possess biocompatibility, programmability, as well as

abundant noncovalent-bond donors/acceptors, for self-assembling into functional supramolecular
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Figure 1. Constructing peptide-based supramolecular biomimetic artificial enzymes by emulating the active sites

of natural enzymes

(PDB code: 1F2J (aldolase), 1V10 (laccase), 1H58 (peroxidase), 1H58 (hydrolase)).
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materials. Inspired by the natural enzymes, a large number of peptide-based supramolecular catalysts have

been constructed during the last decades.27–32 In this review, we introduce the design principle of the

peptide-based supramolecular catalysts, by focusing on some representative peptide-based biomimetic

enzymes, including aldolases, laccases, peroxidases, and hydrolases (mainly the esterases and phospha-

tases). We also discuss some typical multifunctional peptide-based catalytic systems that were capable

of catalyzing orthogonal or cascade reactions. Finally, we conclude with the possible future directions

and challenges in this field.
DESIGN PRINCIPLE OF THE PEPTIDE-BASED SUPRAMOLECULAR CATALYSTS

Molecular self-assembly is omnipresent in nature. Natural evolution has led to many kinds of supramolec-

ular self-assembled paradigms, for example, cell membranes, DNA double helices, and proteins. The in-

tegrated entities as a result of spontaneous organization of simple components can be endowed with

emergent functions that any individual element does not own, which can be indicated by the catalytic su-

periority of natural enzymes generated via folding of polypeptides. Functional groups on the side chains of

the non-catalytic polypeptides (sometimes with cofactors) are drawn close and oriented precisely to form

the active sites of the enzymes.

The peptide-based supramolecular catalysts are constructed aiming to mimic the chemical structures of the

enzymatic active sites (Figure 1). Through elaborately designing the sequences of peptides and adjusting

the ratios between the constituents (sometimes including the cofactors), the arrangements of functional groups

in active sites along with the catalytic performances of artificial enzymes can be tailored. The intrinsic dynamic

features of noncovalent interactions allow the architectures of the supramolecular artificial enzymes to be

controlled by external stimuli such as pH changes, heating, light, and additives. In this way, the artificial enzymes

can be switched reversibly between the catalytically active and inactive states.
2 iScience 26, 105831, January 20, 2023



Figure 2. Representative peptide-based supramolecular aldolase mimics

(A) Retro-aldol cleavage of b-hydroxyketone to pyruvate and benzaldehyde catalyzed by a robust foldamer. Reproduced with permission from ref.,40

copyright 2009, John Wiley & Sons, Inc..

(B) L-Pro-based temperature-responsive supramolecular gel catalyzed Henry aldol reaction and the reaction mechanism. Reproduced with permission from

ref.,41 copyright 2009, American Chemical Society.

(C) Self-assembled amyloid-like nanotube to catalyze forward aldol and retro-aldol reactions. Reproduced with permission from ref.,42 copyright 2020, John

Wiley & Sons, Inc..
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It can be seen that the peptide self-assembly provides the possibility of constructing advanced enzyme-

mimetic supramolecular catalysts. The underlying catalytic mechanisms of these systems are of great value

in understanding correlation between the structures of active sites and the catalytic properties. This will

benefit the development of artificial enzymes and shed light onto the evolution of natural enzymes.33–35
Aldolases

Aldolases can catalyze the formation/cleavage of carbon-carbon (C-C) bonds to yield miscellaneous

organic molecules and play an important role in metabolic processes.36,37 There are two kinds of naturally

occurring aldolases, Class I and Class II aldolases, which have different architectures. Class I aldolases do

not rely on any cofactor, while Class II aldolases require a metallic cofactor.38 The structures and catalytic

mechanism of Class I aldolases have been extensively studied due to their ubiquity and ease of purifica-

tion.39 Class I aldolases employ a multistep reaction mechanism, which involves the formation of a Schiff

base between an active-site lysine (Lys) residue and a carbonyl group of substrate. Apart from the Lys in

active site, C-terminal tyrosine (Tyr) residue can also act as hydrogen-bond donor to assist the catalytic

reactions.

Inspired by the active sites of natural Class I aldolases and catalytic mechanism, a variety of peptide-based

supramolecular aldolase mimics have been constructed. Gellman, Hilvert, and co-workers designed a

robust catalytic foldamer (Figure 2A), which utilized trans-2-aminocyclohexanecarboxylic acid-based scaf-

fold and contained plentiful b3-homolysine (b3-hLys) residues.40 The clustering of b3-hLys residues

decreased the side-chain ammonium pKa values and facilitated the amine-catalyzed retro-aldol cleavage

of b-hydroxyketone to generate pyruvate and benzaldehyde. The catalytic reaction followed Michaelis-

Menten kinetics, and the activities conformed well to the computationally designed retro-aldol enzymes.43

Besides Lys, the proline (Pro) that is capable of forming enamine intermediate with the carbonyl group of

substrates is frequently incorporated into the peptide-based aldolase mimics as well. Escuder, Miravet,

and co-workers developed an L-Pro-based supramolecular gel (Figure 2B), which could work as a basic
iScience 26, 105831, January 20, 2023 3



Table 1. The kinetic parameters of the aldolase mimics

Catalyst Substrate kcat (min�1) kcat/Km (M�1 min�1) Reference

b3-homolysine foldamer b-Hydroxyketone 0.13 26.0 Müller et al.40

C10-FFVK nanotube/Fmoc-Y Methodol 4.93 3 10�3 Reja et al.42

Ac-KLVFFAL-NH2 R-methodol 2.45 3 10�3 Omosun et al.46

Ac-KLVFFAL-NH2 S-methodol 3.72 3 10�3 Omosun et et al.46
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catalyst at 5�C for the Henry nitroaldol reaction between nitroalkane solvent (nitroethane or nitromethane)

and benzaldehyde derivative (4-chlorobenzaldehyde or 4-nitrobenzaldehyde).41 During the reaction pro-

cess, the gelatinous catalyst adopted an ionic pair mechanism which was caused by nitroalkane deproto-

nation. The catalytic activity of the gel was attributed to the basicity boost of L-Pro residues as a result of

gelation. This was the first time that the gel phase served as an active phase. When the temperature rose

from 5�C to 25�C, the gel was transformed into a solution, accompanied by dramatic decrease of aldol con-

version and increase of reaction pathway leading to alkenes via iminium intermediates. In this research, the

amino acids played both structural and catalytic roles, which may shed light on the origin of life.

Wennemers and co-workers made use of a self-assembled amphiphilic tripeptide (H-D-Pro-Pro-Glu-NH-

C12H25) to catalyze asymmetric conjugate addition reactions of aldehydes to nitroolefins in water with

high stereoselectivity (ee: up to 91%) and yields (above 95%).44 Compared to the relatively low catalytic

stereoselectivity (ee: 73%) and yields (28%) of its parent tripeptide (H-D-Pro-Pro-Glu-NH2) system, this pep-

tide exhibited the importance of interior hydrophobic microenvironment to the efficient catalysis, like the

hydrophobic pockets of the enzymatic active sites. This research gave interesting enlightenment that hy-

drophobic compartments containing catalytically active residues may have played a critical role in the early

evolution of natural enzymes. Ashkenasy, Escuder, and co-workers reported aldolase-mimicking catalytic

hydrogels formed by amphiphilic P(FE)n or P(EF)n short peptides with C-terminal long alkyl chains.45 The

alkyl chains were designed to form hydrophobic regions which could facilitate the solubilization of hydro-

phobic substrates. The obtained hydrogels catalyzed aldol reaction between cyclohexanone and 4-nitro-

benzaldehyde in high efficiency (yields increased from 14% to over 99%) and stereo-selectivity (d.r. syn/anti

were between 10 : 90 and 20 : 80). Catalytic kinetics of this system did not conform to the classical Michaelis-

Menten model, indicating nonspecific substrate binding but just preferential gathering of substrates within

the hydrophobic regions.

In a significant development, Das and co-workers constructed an amyloid-like nanotube that was capable

of catalyzing both the retro-aldol and forward aldol reactions.42 They used an amphiphile peptide C10

-FFVK to assemble into the nanotube with exposed Lys residues, which showed obvious catalytic activity

toward the retro-aldol reaction of methodol to 6-methoxy-2-naphthaldehyde (6-MND) (Figure 2C). Inspired

by the cooperative catalytic function of adjacent Lys and Tyr residues in natural aldolases, they incubated

the Fmoc-Tyr with self-assembled C10-FFVK nanotube. Fmoc-Tyr molecules could adhere to the amyloid-

like nanotube through hydrophobic interactions, resulting in the high-density array of proximal Lys and Tyr

residues on its surface. Noncovalently bound Fmoc-Tyr enhanced the catalytic retro-aldol activities toward

methodol 4.9 times higher than that of the nanotube without Fmoc-Tyr. Moreover, the authors demon-

strated that, with the assistance of Fmoc-Tyr, the amyloid-like nanotube was able to catalyze cascade

retro-aldol and forward aldol reactions in the presence of methodol and different nucleophilic ketones.

This was the first reported peptide-based artificial enzyme that could catalyze a cascade reaction involving

both the cleavage and formation of C-C bonds.

The kinetic parameters of the aldolasemimics are listed in Table 1. In addition to the most common Lys and

Pro, other types of amino acids, such as arginine (Arg), phenylalanine (Phe), and glutamine (Gln), were also

used solely or associatively to construct the active sites of aldolase-mimicking artificial enzymes.47,48

Laccases

Laccases are a typical family of copper-dependent oxidase, which employ the oxygen as electron acceptor

to oxidize diverse organic substrates,49,50 particularly the aromatic compounds, such as phenol, bisphenol

A, or azo dyes. Therefore, laccases have always been considered as green catalysts and are widely applied

in degrading organic pollutants. As amulti-copper oxidase, the active site of laccase possesses four copper
4 iScience 26, 105831, January 20, 2023



Figure 3. Representative peptide-based supramolecular laccase mimics

(A) Copper-containing amyloid-like fibrils for DMP oxidation in the presence of oxygen. Reproduced with permission from ref.,54 copyright 2016, John

Wiley & Sons, Inc..

(B) Peptide-based laccase-mimicking artificial enzyme prepared through hydrothermal process and the catalytic mechanism. Reproduced with permission

from ref.,55 copyright 2019, Elsevier B.V..

(C) laccase-mimicking layered van derWaals crystals prepared by co-assembly of Phe and copper (II) ions. Reproduced with permission from ref.,56 copyright

2022, Springer Nature.
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ions, which are distributed in three types of binding sites termed Type I, Type II, and Type III.51 Among

them, Type I and Type II are both mononuclear and paramagnetic, while Type III is binuclear and antimag-

netic. In the Type I binding site, copper ion is usually coordinated to two histidine (His) residues and one

Cys residue. In some laccases from specific bacteria and plants, there is an additional weak coordinate

bond between the Type I copper and a neighboring methionine (Met) residue.52,53 In the Type II binding

site, the coordination sphere of copper ion contains two His residues and one water molecule. The Type III

binding site is binuclear, in which two copper ions are bridged through a hydroxide bridge, and each cop-

per ion is coordinated with three His residues. The Type II and Type III binding sites form a triangular tri-

nuclear copper cluster. The Type I copper ion accepts an electron from the reducing substrate and transfers

the electron to the trinuclear copper cluster comprising Type II and Type III binding site, which then binds

and reduces the oxygen to water. The catalytic activities of natural laccases rely on the spatial distribution

of copper ions and their ligands. Emulating the chemical structures of copper binding sites in natural lac-

cases is the key to design peptide-based supramolecular laccase mimics.

Korendovych and co-workers de novo designed a library of short peptides containing alternate His resi-

dues (Figure 3A), which could self-assemble with copper ions to catalyze the oxidative dimerization of

2,6-dimethoxyphenol (DMP) using oxygen as an oxidant.54 After experimentally screening, they found

the heptapeptide Ac-IHIHIQI-NH2 displayed the highest catalytic activity, accompanied by the strongest
iScience 26, 105831, January 20, 2023 5



Table 2. The kinetic parameters of the laccase mimics

Catalyst Substrate kcat (s
�1) kcat/Km (M�1 s�1) Reference

Ac-IHIHIQI-NH2/Cu
2+ DMP 6.6 3 10�3 31 Makhlynets et al.54

CH-Cu 2,4-DP + 4-AP 3.18 3 102 7.58 3 102 Wang et al.55

CA-Cu 2,4-DP + 4-AP 4.41 3 102 3.68 3 103 Xu et al.59

Phe/Cu2+ 2,4-DP + 4-AP 11.9 62.65 Makam et al.56
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tendency to form b-sheet secondary structures and amyloid-like fibrils. The catalytic performance was

calculated to be 65-fold higher than that of free copper ions in buffer. In comparison, the non-fibril-forming

control peptide NH2-IHIHIQI-COOH (the same sequence but uncapped) exhibited lower catalytic activity

than that of blank control group. The low-temperature EPR (electron paramagnetic resonance) measure-

ment proved the coordination sphere of copper ions bound to the most active heptapeptide was akin

to that in the Type II binding site of laccase. This research reported the first catalytic amyloid that was

capable of fostering redox-mediated chemical reaction, which supported the amyloid-first hypothesis of

enzymes evolution.57,58

Given the fact that the copper ions in natural laccases are mainly coordinated with His and Cys, Huang, Qi,

and co-workers hydrothermally synthesized a laccase-mimicking artificial enzyme employing self-assem-

bled Cys-His dipeptide and copper chloride as precursors.55 The chromogenic reaction between

4-aminoantipyrine (4-AP) and 2,4-dichlorophenol (2,4-DP) was used to evaluate the catalytic property of

the nanocatalyst (Figure 3B). In comparison with laccase, this artificial enzyme showed higher catalytic ac-

tivity at the same mass concentration and better tolerance to diverse harsh conditions, such as extreme pH

(pH 3-9), high salinity (500 mMNaCl), and high temperature (up to 120�C). They also fabricated another lac-

case-mimicking artificial enzyme through the similar synthetic method but used Cys-Asp instead of Cys-His

as the dipeptide precursor.59 The resultant Cys-Asp-based artificial enzyme displayed higher catalytic per-

formance than that prepared using Cys-His dipeptide.

Recently, a minimalist strategy was employed to construct supramolecular laccase mimics by taking advan-

tage of single amino acid molecules instead of the peptides. Makam, Gazit, and co-workers demonstrated

the self-assembled layered van derWaals crystals (Figure 3C), which were composed of single Phe and cop-

per (II) ions, possessed laccase-like activities56 toward catalyzing oxidation of 2,4-DP. In-situ Raman mea-

surements and computational studies demonstrated the transfer of H atom to the carboxylate (-COO)

group of F-Cu was the crucial step of the catalytic process. Moreover, the self-assembled amino acid crys-

tals showed stability against extreme environment, such as extreme pH, high ionic strength, long storage

time, and high temperature, and were more recyclable than the laccase. The authors claimed that this

research might supplement a missing link in seeking the prebiotic catalysts.

The kinetic parameters of the laccase mimics are listed in Table 2.

Peroxidases

Peroxidases can catalyze the oxidation reactions between the peroxides and the reducing substrates.60 A

large proportion of peroxidases are essentially the proteinaceous enzymes employing heme as cofactor,

for instance, horseradish peroxidase (HRP), cytochrome c peroxidase (CCP), and lactoperoxidase (LPO).

The active site of peroxidase normally consists of one heme cofactor (a few peroxidases contain two

heme cofactors in the active site, such as the di-haem cytochrome c peroxidase61) and some reactive res-

idues around heme. Taking HRP as the example, in its active site, the cofactor heme is coordinated with a

proximal His residue (His170), and the His42 and Arg38 residues are located on the distal side of heme.62

These three residues act synergistically to promote activation of heme and formation of the intermediate

compound I. On account of the hydrophobic pocket afforded by the residues around heme (Phe, His, Gly,

Pro, etc.), HRP utilizes a lot of aromatic compounds as reducing substrates. Inspired by the chemical struc-

tures of active sites in natural peroxidases, a variety of peptide-based peroxidase-mimicking artificial en-

zymes have been constructed.

Chang, Xu, and co-workers fabricated a hemin-containing hydrogel by the co-assembly of hemin, Fmoc-

Phe, and Fmoc-Lys.63 This hydrogel was able to catalyze the oxidation of pyrogallol to purpurogallin in
6 iScience 26, 105831, January 20, 2023
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both water and toluene. After introducing unmodified His as the fourth constituent, the peroxidase-like cat-

alytic activity of the hydrogel was further improved. The highest catalytic efficiency, about 60% of the initial

activity of HRP in water, was achieved using toluene as solvent. The authors proposed that the catalytic ac-

tivities of such hydrogels emanated from the localization of hemin, which protected it from dimerization

and oxidative degradation. In a subsequent research, they prepared a similar hydrogel utilizing Fmoc-

Phe, Fmoc-Lys, and a chemically modified hemin as gelators.64 The consequent supramolecular hydrogel

also showed the highest catalytic efficiency in toluene, which reached approximately 90% of the initial ac-

tivity of HRP in water.

Bhattacharjya and co-workers reported two kinds of b-hairpin peptides, named IV8 and IV8FA, could

display peroxidase-like activity after binding heme in the micellar environment.65 Both the peptides con-

tained myristyl chain for membrane anchoring, DP-G segment for nucleation of type I0 or type II0 b-turn,
His residue for heme binding, and tryptophan (Trp) residue for anchoring peptide into the water-lipid inter-

face. The catalytic activities of the self-assembled entities toward 3,30,5,50-tetramethylbenzidine (TMB)

oxidation were comparable to that of ME1 protein and protein 86. In a further study, this group designed

a series of four-stranded b-sheet miniproteins containing heme cofactors.66 Owing to introduction of bis-

histidine ligands and creation of the hydrophobic binding pocket, the optimized heme-binding affinity of

these miniproteins was comparable to that of natural hemeproteins. These miniproteins showed the high

stability against high temperature and denaturant, while their peroxidase-mimicking activities did not in-

crease with higher heme-binding affinity.

In viewof the coordinate bondbetween heme andHis residue in the active site of HRP, Zou, Yan, and co-workers

constructed the amino acid-based peroxidase-mimicking nanozymes (adjustable diameter range: 50–120 nm)

through co-assembly of Fmoc-His (FH) and hemin.67 The morphologies and structures of the nanozymes, as

well as the resultant peroxidase-like catalytic activities, could be tailored by changing the molar ratio of FH to

hemin (Figure 4A). Notably, the optimum catalytic performance (FH/hemin = 4 : 1) of the nanozyme (kcat/Km/

M = 1.33 (gL�1)�1s�1) was comparable to that of HRP (kcat/Km/M = 1.73 (gL�1)�1s�1).

Instead of heme, Wang, Qi, and co-workers employed ferrocene (Fc) as prosthetic group to construct pep-

tide-based peroxidase-mimicking artificial enzyme.70 The artificial enzyme was prepared by self-assembly

of ferrocene-modified tripeptide (ferrocenyl-Phe-Phe-X), in which the X referred to Phe, Asp, His, or Arg.

Through adjusting the type of X residue, the morphologies and catalytic activities of the artificial enzymes

varied. When using Phe or Asp as the third residue, nanofibers with low peroxidase-like performance were

obtained. Nevertheless, when using His or Arg, nanospheres with high catalytic activities were observed.

His and Arg are exactly the essential residues in the active site of HRP. The generation of hydroxyl radicals

(,OH) intermediate was observed during the catalytic process, and the steady-state kinetics analysis

demonstrated that this ferrocene-based catalytic system followed a ping-pong multiple substrate mecha-

nism. That meant the artificial enzyme first reacted with one H2O2 to generate an ,OH intermediate, and

then the ,OH reacted with the reductive substrate TMB.

Peptoids, or poly-N-substituted glycines, have tailorable side chains and greater stabilities over the pep-

tides. Most recently, Zhang and co-workers assembled the designed peptoids with hemin into crystalline

tubular peroxidase mimetics.68 The chemical composition of the active sites and the catalytic properties of

these peroxidase mimetics were modulated by altering the terminal ligands and side-chain groups of the

peptoids (Figure 4B). A peptoid-based mimic containing N-(2-carboxyethyl)glycine terminal ligands and

pyridyl side chains showed the highest catalytic activities, with the Vmax/Km value toward TMB oxidation

reaching 5.813 10�3 s�1. Kinetic analysis indicated the catalytic reaction followed a ping-pongmechanism,

in which H2O2 and the reducing substrate bound to the metal center sequentially. The H2O2 oxidized the

hemin to generate the compound I, which accepted the electrons from the reducing substrate for the

oxidation. This peptoid-based mimic efficiently catalyzed the depolymerization of a biomass substrate, or-

ganosolv lignin, under mild conditions, in the presence of H2O2. These peroxidase mimetics also displayed

improved initial catalytic velocity at high temperature (up to 90�C), indicating their robust catalytic

properties.

In addition to the heme-dependent peroxidase-mimicking catalysts, many efforts have been made to explore

the fabrication of cofactor-free peroxidase mimics, which helps understand the early evolutionary pathway of

natural enzymes. Very recently, we reported a heme-free peptide-based peroxidase-mimicking catalytic
iScience 26, 105831, January 20, 2023 7



Figure 4. Representative peptide-based supramolecular peroxidase mimics

(A) Peroxidase-mimicking nanostructures prepared by co-assembly of FH and hemin, with molar ratio-dependent morphology. Reproduced with permission

from ref.,67 copyright 2021, John Wiley & Sons, Inc..

(B) Molecular representation of peptoid sequence and its co-assembly with hemin into crystalline tubular peroxidase mimetic. Reproduced with permission

from ref.,68 copyright 2022, Springer Nature.

(C) Hierarchical self-assembly of oligohistidines into planar crystal nanostructures with peroxidase-like catalytic activities. Reproduced with permission from

ref.,69 copyright 2021, Springer Nature.
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system.69 We constructed a series of supramolecular artificial enzymes using oligohistidines of different

lengths (as short as dipeptide). The self-assembled cofactor-free artificial enzymes exhibited crystal-like lat-

tices composed of b-sheet secondary structures and peroxidase-like catalytic activities in the oxidation of

various reducing substrates (TMB, NADH, or homovanillic acid [HVA]) by H2O2 (Figure 4C). Catalysis kinetics,

EPR, and quantum chemical calculations results showed the simultaneous adsorption of TMB and H2O2 to the

catalyst on its facet (010). The formation of ternary complex reactive intermediate was a key event leading to
8 iScience 26, 105831, January 20, 2023



Table 3. The kinetic parameters of the peroxidase mimics

Catalyst Substrate kcat (s
�1) kcat/Km (M�1 s�1) Reference

hemin(Phe + His) Pyrogallol 17.42 Wang et al.63

Gel-6 Pyrogallol 25.95 Wang et al.64

Peptide 4 ABTS 295.88 2.75 3 103 D’Souza et al.66

FH: Hemin = 4 : 1 TMB 0.160 2918 Geng et al.67

Fc-FFR NSs TMB 3.4 3 10�3 23.42 Feng et al.70

H15 TMB 1.322 3 10�4 0.704 Liu et al.69

Ac-VHVHVQV-NH2 OPD 1.9 3 10�4 0.45 Zozulia et al.71

H5-SG4-Q11 TMB 1.038 3 10�3 2.91 Liu et al.72
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the subsequent catalytic reactions. Notably, the cofactor-free artificial enzymes could be switched between

active and inactive states after cycled thermal or acid treatment, implying the reversible assembly and disas-

sembly of the active sites. After ten or more cycles, the catalytic performance was recovered, demonstrating

the robustness of the cofactor-free artificial enzymes. These findings provided a possible model for primitive

enzymes andmay explain how the early biocatalysts survived under prebiotic conditions. Korendovych and co-

workers reported the self-assembled peptide (Ac-VHVHVQV-NH2) also displayed peroxidase-like activity in

the absence of any cofactor.71 They speculated such catalytic activity may stem from the change in redox po-

tential of the substrate after adsorption to the self-assembled peptides. In a further research, we assembled a

His-rich pentapeptide (NH2-HHHHH-COOH) into amyloid-like structures by conjugating the oligohistidine

segment to a fibril-forming peptide (NH2-QQKFQFQFEQQ-CONH2).
72 The amyloid-like structures possessed

one order higher catalytic efficiency than the oligohistidine assembly. The kinetic parameters of the peroxidase

mimics are listed in Table 3. Besides the peptide-based cofactor-free peroxidase mimics, we have also de-

signed other peroxidase-mimicking artificial enzymes through the co-assembly of peptides, DNA, and he-

min.73–77 In these supramolecular systems, we demonstrated remarkable synergistic effects of peptide and

DNA in the enhancement of the catalytic activities.
Hydrolases

Hydrolases are hydrolytic enzymes that break some specific chemical bonds with water, resulting in the

disintegration of large molecules into small pieces. Typical hydrolases in nature include esterases, phos-

phatases, proteases, etc. Most natural hydrolases included at least one His residue in the active site, which

assists in abstracting proton from the water to enhance nucleophilic reactivity of the remaining anion. This

His residue is also allied with other residues to form a catalytic dyad (e.g., Cys-His78 and Asp-His79) or triad

(e.g., Ser-His-Asp80 and Cys-His-Asp81), or in some cases, allies itself with two other His residues to coor-

dinate with metallic ion as cofactor (e.g. Zn2+).82,83 Numerous efforts have beenmade through peptide self-

assembly to reconstruct the active sites of hydrolases for the catalytic properties.

In a pioneering research, Stupp and co-workers synthesized a peptide amphiphile that consisted of a short

peptide sequence (including two His residues) and a palmitoyl group.84 This peptide amphiphile self-

assembled into ordered nanofibers with high aspect ratio and exposed His residues on the surface. This

catalyst exhibited considerable esterase-like activity in the hydrolysis reaction of 2,4-dinitrophenyl acetate

(DNPA). The control samples that contained two His residues but only formed less ordered spherical ag-

gregates showed lower hydrolysis rates.

Inspired by the fact that many natural hydrolases employ Zn2+ ion as cofactor, De-Grado, Korendovych, and

co-workers designed a series of amyloid-forming heptapeptides containing two separate His residues and

alternating hydrophobic residues.85 The His residues bound the Zn2+ ion which helped stabilize the amy-

loidal structures and also served as cofactor to catalyze hydrolysis reactions. In the presence of Zn2+ ions,

amyloidal nanofibrils with b-sheet secondary structures were formed through self-assembly (Figure 5A).

With p-nitrophenyl acetate (p-NPA) as the chromogenic substrate, they investigated the esterase-like cat-

alytic activities of the self-assembled nanofibrils formed by divergent peptide sequences. The Ac-IHIHIQI-

CONH2 sequence was found to be the most active, possessing hydrolytic efficiency rivalling that of natural

carbonic anhydrase by weight. These results indicated the catalytic amyloids might be the intermediates in

evolutionary journey of contemporary esterases. In another study, Serpell and co-workers found both the
iScience 26, 105831, January 20, 2023 9



Figure 5. Representative peptide-based supramolecular hydrolase mimics

(A) Computationally simulated models of the amyloidal structures consisting of Ac-IHIHIQI-CONH2 peptide and Zn2+ ions. Reproduced with permission

from ref.,85 copyright 2014, Springer Nature.

(B) Probable catalytic mechanism for the hydrolysis of p-NPA with the assistance of co-assembled Q11H/Q11R nanofibrils. Reproduced with permission from

ref.,86 copyright 2014, American Chemical Society.

(C) Schematic illustration of the pH responsivity of hydrolase mimic based on the conformation change of VK2H peptide. Reproduced with permission from

ref. 87, copyright 2017, John Wiley & Sons, Inc.

(D) Design principle of the helical heptapeptides and the process of their hierarchical self-assembly into fibrillar nanostructures with phosphatase-like

catalytic activity. Reproduced with permission from ref.,88 copyright 2021, American Chemical Society.
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binding of Zn2+ ions and the periodic assembly of peptides were crucial to the catalytic activities of

esterase-mimicking amyloids.89

The co-assembling peptides with different sequences have also been utilized to construct hydrolase-

mimicking artificial enzymes. In a typical research, Liu, Liang, and co-workers synthesized two kinds of

peptides, the Q11H (NH2-HSGQQKFQFQFEQQ-Am) and Q11R (NH2-RSGQQKFQFQFEQQ-Am), by

modifying the fibril-forming Q11 peptide (QQKFQFQFEQQ) with a His and an Arg at the terminal, respec-

tively (SG was used as spacer).86 They observed the esterase-like activity of the nanofibrils formed by co-

assembling Q11H and Q11R was higher than that of the nanofibrils assembled from Q11H or Q11R. The

higher catalytic performance of the co-assembled system was dependent on the cooperation between

the imidazolyl group of His residue and the guanidyl group of Arg residue. The latter favored stabilization

of the transition state of substrate by binding the oxide ions of intermediate complex, as well as assisted in

cleavage of the C-O bond to release product and recover the active site (Figure 5B).

Through introducing stimuli-response units to the peptides, the structures and catalytic activities of the

artificial enzymes can be dynamically regulated by external triggers, such as pH and light. Ulijn and
10 iScience 26, 105831, January 20, 2023
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co-workers constructed a pH-responsive esterase mimic based on peptide self-assembly.87 They synthe-

sized a peptide, VK2H, composed of a His residue, a flexible spacer SG, and two pH-responsive segments

of Val-Lys repeats linked via a DPPT turn sequence (Figure 5C). With the pH changed from 6.0 to 9.0, the

secondary structures of VK2H peptides were transformed from random coils to b-sheets. This resulted in

the rearrangement of His residues from unordered to well-ordered distribution, and accordingly, the tran-

sition of this esterase mimic from catalytically inactive to active state. Such changes were reversible.

Wang, Qi, and co-workers fabricated a peptide-based light-switchable esterase mimic through covalently

modifying a tripeptide (GFG) with light-responsive azobenzene (Azo) group and catalytic His residue at its

N- and C-terminus, respectively.90 The Azo-GFGH peptides self-assembled into regular nanofibers under

visible light, which led to the close-packed array of the peptides and basicity enhancement of the His res-

idues exposed on the surface. This lowered the pKa of H2O and stabilized the remaining anions for nucle-

ophilic attack on the p-NPA substrates. Moreover, the hydrophobic microenvironment that stemmed

from azobenzene and phenylalanine molecules enhanced the interaction between p-NPA and the active

sites, which accelerated the catalytic process. However, after UV irradiation, the nanofibers partially dis-

assembled into amorphous aggregates because of the trans- to cis-isomerization of Azo, accompanied

by a decline in catalytic efficiency. Such morphological and catalytically active changes were fully

reversible.

Inspired by the Ser-His-Asp catalytic triad in hydrolases, Qi and co-workers co-assembled the Fmoc-FFS,

Fmoc-FFH, and Fmoc-FFD peptides into nanofibers.91 At an optimal ratio of 1 : 40: 1 (Fmoc-FFS/Fmoc-

FFH/Fmoc-FFD), the co-assembled nanofibers displayed the highest catalytic performance in hydrolysis

of p-NPA, which was approximately 2-fold of that of the assembly made up of Fmoc-FFH. Moreover, after

molecular imprinting using the p-NPA as template, the optimal catalytic performance could be further

enhanced by 7.86 times. In another research, Guler and co-workers reconstructed the S/H/D catalytic triad

by the co-assembly of three types of lipopeptides that contained the key residues (Ser, His, and Asp).92 The

resultant co-assembly also showed significant synergy between the three key residues in enhancing hydro-

lysis of p-NPA or acetylthiocholine.

Das and co-workers reported an amyloid nanotube formed by Im-KLVFFAL-NH2 peptide (Im-KL).93 The

self-assembled nanotube catalyzed hydrolysis of ester substrates by virtue of the formation of reversible

covalent bonds. In the elaborately designed peptide sequence, the terminal-adjacent Lys residue and

imidazole group were exposed on the surface of nanotube upon self-assembly. The Lys residue assisted

in anchoring substrate via formation of a Schiff imine, and the imidazole group hydrolyzed the ester

bond of the substrate. Replacement of the Lys residue with Arg, ornithine, or Glu resulted in dramatic

decrease in esterase-like catalytic activities of the self-assembled nanotube.

A few studies about peptide-based phosphatase mimics have also been reported. Razkin, Baltzer, and co-

workers developed a helix-loop-helix motif folded by a 42-residue peptide, which self-dimerized to turn

into a four-helix bundle.94 The four-helix bundle exposed active site composed of two His and four Arg res-

idues on its surface and exhibited the ability to catalyze hydrolysis reaction of phosphodiesters. Employing

uridine 30-2,2,2-chloroethyl phosphate, a mimic of RNA, as substrate, the second order rate constant was

more than two orders of magnitude larger than that of the reaction catalyzed by imidazole groups alone.

Subsequently, they introduced two Tyr residues into the active site to make the His residues flanked by Arg

and Tyr residues, resulting in further improvement of the phosphatase-like catalytic activities.95

Considering that the catalytic activity of alkaline phosphatase (ALP) arose from the imidazole groups of His

residues in the active sites,96 Tekinay, Guler, and co-workers synthesized a peptide amphiphile (Lauryl-

VVAGHH-Am) that was able to self-assemble into nanofibers with high-density His residues at the periph-

ery.97 The nanofibers showed significant phosphatase-like catalytic activities using the p-nitrophenyl

phosphate (p-NPP) as substrate. The nanofibers also promoted the hydrolysis of b-glycerophosphate

(b-gly) to inorganic phosphate for CaP mineralization and served as bone-like nodule inducing scaffold

to induce in vitro osteogenic differentiation.

By emulating the a-helix structures in the catalytic domain of metal-free natural phosphatase, Wang, Qi, and

co-workers designed a helical heptapeptide (Hept-SH) consisting of two hydrophobic Phe residues, three non-

coded a-aminoisobutyric acid (Aib) residues, one Ser residue, and one His residue.88 This Hept-SH heptapep-

tide self-assembled into fibrillar nanostructures, which displayed markable catalytic activities in the hydrolysis
iScience 26, 105831, January 20, 2023 11



Table 4. The kinetic parameters of the hydrolase mimics

Catalyst Substrate kcat (s
�1) kcat/Km (M�1 s�1) Reference

Peptide amphiphile DNPA 1.67 3 10�2 19.76 Guler et al.84

Ac-IHIHIQI-CONH2/Zn
2+ p-NPA 2.6 3 10�2 62 G 2 Rufo et al.85

Ac-IHIHIYI-NH2/Zn
2+ p-NPA 8.26 3 10�3 355.00 Al-Garawi et al.89

Q11HRmax p-NPA 2.64 3 10�3 0.15 Zhang et al.86

VK2H p-NPA 0.07 19.18 Zhang et al.87

Azo-GFGH (Before UV) p-NPA 3.67 3 10�3 0.23 Zhao et al.90

Azo-GFGH (After UV) p-NPA 3.00 3 10�3 0.18 Zhao et al.90

CoA-HSDmax p-NPA 3.00 3 10�2 1.86 3 10�1 et al.91

D/H/S p-NPA 4.41 3 10�3 126.62 Wang et al.92

Im-KLVFFAL-NH2 p-NPA 2.4 Sarkhel et al.93

Lauryl-VVAGHH-Am p-NPP 1.83 3 10�5 0.69 Gulseren et al.97

Hept-SH p-NPP 18.33 3 10�5 0.70 Wang et al.88

Hept-SH p-NPA 2.40 3 10�2 1.07 Wang et al88

1TB p-NPA 1.07 3 10�3 1.71 Singh et al.98

Phe/Zn2+ p-NPA 76.54 Makam et al.100

HY9 p-NPA 0.35 3 10�2 1.64 Dı́az-Caballero et al.101

7IY Paraoxon 8.0 3 10�5 2.83 3 10�2 Lengyel et al.102

Ab42 fibrils p-NPA 1.89 3 10�3 0.64 Arad et al.103
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of p-NPP (Figure 5D). Density functional theory (DFT) calculation indicated the phosphatase-like activity was

derived from the helical dipole moment, which favored the substrate binding. Molecular docking (MD) and

filtration/sedimentation experiments revealed the significance of peptide self-assembly to the formation of

active sites. Furthermore, this peptide-based phosphatase mimic could substitute for some natural phos-

phatases in specific physiological functions, such as ATPase in an ATP cleavage reaction and ALPase in a cal-

cium-deposition process. This metal-free phosphatase mimic may provide a probable model for the helical

peptide-based primitive enzymes.

Recently, by incorporating the similar amyloid-forming peptide fragment (VFFA), Pal and co-workers

designed two kinds of peptide amphiphiles (Fmoc-VFFAHH and Cou-VFFAHH).98 The His residues at

C-terminal served as active sites for catalyzing the hydrolysis reactions, and the Fmoc- and Cou- groups

at N-terminal were used as stimuli-response units. Both peptide amphiphiles exhibited pathway-driven

self-assembly behaviors to form diverse nanostructures, which were interconvertible via external stimuli

such as heat, light, and chemical cues, leading to tailorable esterase-like catalytic activities toward p-NPA

hydrolysis. The same group also demonstrated chirality-driven self-sorting of the VFFA fragment and

seed-promoted elongation of homochiral nanofibers from enantiomeric peptide amphiphiles (C10-L/D
-VFFAKK).99 This provided the possibility of constructing peptide-based supramolecular active sites with chi-

ral configuration, which might display high catalytic stereo-selectivity.

The kinetic parameters of the hydrolase mimics are listed in Table 4.

MULTIFUNCTIONAL PEPTIDE-BASED SUPRAMOLECULAR CATALYSTS

It is believed that primitive enzymes could catalyze a wide range of biochemical transformations to estab-

lish the protometabolic reaction networks, and the substrate specificity of modern enzymes is a result of

long-term natural evolution and selection.104–106 However, it is difficult to identify the evolutionary path-

ways from promiscuous primitive enzymes to functionally specific extant enzymes. Constructing the pep-

tide-based artificial enzymes with multi-specificity toward substrate may provide some clues. In recent

years, many multifunctional supramolecular catalysts that were able to catalyze orthogonal or cascade re-

actions have been fabricated by means of peptide self-assembly.

Lynn and co-workers designed a short peptide K1 (Ac-KLVFFAL-NH2) based on the nucleating core

sequence (LVFF) of Amyloid-b (Ab) peptide.46 This K1 peptide can self-assemble at neutral pH into
12 iScience 26, 105831, January 20, 2023



Figure 6. Multifunctional peptide-based supramolecular catalysts capable of orthogonal or cascade catalysis

(A) Self-assembly of K1 peptide into homogeneous amyloidal nanotube with exposed Lys (blue) and Leu (gray) residues. Reproduced with permission from

ref.,46 copyright 2017, Springer Nature.

(B) Co-assembly of Zn2+ ions and Phe for both CO2 hydration and p-NPA hydrolysis. Reproduced with permission from ref.,100 copyright 2019, Springer

Nature.

(C) Self-assembled amyloid-like nanostructures for catalytic hydrolysis of p-NPA and electrocatalytic oxidative polymerization of pyrrole in the presence of

Cu2+ ions. Reproduced with permission from ref.,101 copyright 2021, American Chemical Society.

(D) Copper-containing peptide nanofibrils for paraoxon hydrolysis and cascade hydrolysis/oxidation reactions of DCFH-DA. Reproduced with permission

from ref.,102 copyright 2018, American Chemical Society.
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homogeneous amyloidal nanotubes, on the surfaces of which high-density catalytic Lys residues and par-

allel cross-b grooves were uniformly arrayed (Figure 6A). Such self-assembled amyloid nanotubes exhibited

the ability to catalyze different types of chemical reactions, including the water-mediated dimeric conden-

sation of 6-amino-2-naphthaldehyde and enantioselective retro-aldol cleavage of methodol to 6-methoxy-

2-naphthaldehyde. The enantioselectivity of the reactions arose from the chiroselective binding of R- and

S-methodol by the cross-b grooves. For the retro-aldol reaction, the amyloid nanotubes showed an initial

rate more than four orders of magnitude larger compared to the Lys alone.

Carbonic anhydrases (CAs) are a typical type of extant natural multifunctional metalloenzymes, which play a

vital role in regulating internal pH and maintaining the acid-base homeostasis.107 Natural CAs have the ca-

pacity for catalyzing both the reversible hydration of carbon dioxide (CO2) and the hydrolysis of es-

ters.108,109 The active site of most CAs contains a Zn2+ ion that is coordinated with three His residues. Gazit

and co-workers constructed a catalytic amyloid-like crystal structure through the co-assembly of Zn2+ ions

and Phe under alkaline condition (Figure 6B), which could foster the CO2 hydration as well as the p-NPA

hydrolysis.100 Notably, on the basis of molecular mass, the hydrolytic activity toward p-NPA of this self-

assembled CAs mimic was even 8-fold greater than that of the natural CA II enzyme. Owing to the asym-

metric arrangement of Zn2+ ions and Phe molecules in the crystal lattice, this CAs mimic displayed high

stereoselectivity in the hydrolysis of L/D-Boc-phenylalanine 4-nitrophenyl ester (L/D-pNPA) enantiomers.

Specifically, the hydrolysis rate of L-pNPA was four times higher than that of D-pNPA. Moreover, this

CAs-mimicking artificial enzyme possessed remarkable substrate specificity, thermal stability, and reus-

ability. This catalyst might supplement a link between the prebiotic amino acids and the primitive precursor

enzymes.
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Ventura and co-workers demonstrated that the short peptides consisting of repeated His-Tyr units at

higher concentrations (seven to nine residues) can self-assemble to form amyloid-like nanofibrils or hydro-

gels.101 These amyloid-like structures were capable of catalyzing both the hydrolysis reaction of p-NPA and

the electrocatalytic oxidative polymerization of pyrrole in the presence of Cu2+ ions (Figure 6C). The hydro-

lytic activities were mainly dependent on the proximally located His residues, while the electrocatalytic ac-

tivities basically arose from the adjacent Tyr residues and the Cu2+ ions. The architectures and the catalytic

activities of this system were pH-responsive. It was catalytically active in self-assembled b-sheet nanofibrils

at pH 8 but inactive in disassembled random coils at pH 4.

In consideration of the role of Cu2+ ions in both hydrolysis110 and redox reactions, Korendovych and co-

workers developed self-assembled amyloids consisting of the amyloid-forming heptapeptides (Ac-IHIHIYI-

NH2) and Cu2+ ions.102 They observed the hydrolytic activity of the catalytic amyloids by employing

paraoxon, a highly toxic organophosphate pesticide.111 They used 20,70-dichlorofluorescin diacetate

(DCFH-DA) to investigate the cascade catalytic properties of this amyloid (Figure 6D). There were two

different pathways of transforming the DCFH-DA into fluorescent end-product 20,70-dichlorofluorescein
(DCF), hydrolysis-oxidation or oxidation-hydrolysis. The overall rate of the second reaction pathway was

slower. In another research, Das and co-workers fabricated a short peptide-based (Ac-HLVFFAL-CONH2

) amyloid nanotube with exposed His residues on its surface to bind hemin.112 The adjacent His residues

could serve as hydrolase mimic, and the His/hemin complex could act as peroxidase mimic. Using the

2-methoxy phenyl acetate (MPA) as substrate, cascade hydrolysis/oxidation reactions from MPA to end-

product tetraguaiacol were observed.

Very recently, Jelinek and co-workers reported that themature amyloid fibrils self-assembled from naturally

occurring Ab42 peptide efficiently catalyzed the hydrolysis of p-NPA and acetylthiocholine (a well-known

surrogate for acetylcholine), as well as the oxidation of dopamine and adrenaline.103 In comparison with

the Ab42 peptide, the monomers/oligomers or the fibrils comprised of Ab42 subdomains displayed

much lower catalytic activities toward the hydrolysis or oxidation. Noticeably, the acetylcholine, dopamine,

and adrenaline are neurotransmitters, and the Ab42 fibrils are the characteristic hallmarks of Alzheimer’s

disease (AD). The reaction products of these neurotransmitters, especially melanin (product of dopamine

oxidation), have been identified in Parkinson’s and AD patients. Therefore, this work implicated a possible

relation between the natural peptide aggregation and in vivo pathological reactions.

The kinetic parameters of multifunctional enzyme mimics are listed in Table 1 (aldolase-like activities) and

Table 4 (hydrolase-like activities).
Conclusions

In this review, we introduced the basic principle of constructing peptide-based supramolecular biomimetic

catalysts through self-assembly of peptides. We discussed a variety of representative peptide-based arti-

ficial enzymes, which were fabricated aiming to mimic the active sites and catalytic properties of natural

enzymes, such as aldolases, laccases, peroxidases, and hydrolases (mainly the esterases and phospha-

tases). Moreover, we described some multifunctional enzyme-mimetic system that were capable of cata-

lyzing orthogonal or cascade reactions. The catalytic efficiency of several enzyme mimics rivaled, even

outperformed, that of natural enzyme by weight. Some artificial enzymes displayed remarkable stability un-

der harsh conditions or response to environmental stimuli. Furthermore, we highlighted the significance of

these studies from an evolutionary point of view.

Despite some substantive progress, this field is at its preliminary stage. First, the catalytic efficiency of most

peptide-based artificial enzymes is hardly on a par with their natural counterparts because the active sites in

natural enzymes, especially the spatial position and orientation of reactive groups, are difficult to repro-

duce. Novel self-assembly strategies, with precise control over the distribution of reactive groups, are

required. Second, the catalytic activities of peptide-based artificial enzymes are restricted to emulate

only a few types of natural enzymes. We need to develop new peptide sequences and cofactors, as well

as to exploit the co-assembly of multicomponent peptides, to expand the catalytic repertoire of supramo-

lecular artificial enzymes. This may provide the possibility of constructing superior peptide-based multi-

functional catalysts to realize cascade catalysis and even chemical reaction network. Third, there is still

lack of well-defined structure-activity relationships that can instruct us to design the peptide-based

artificial enzymes. On one hand, this requires advanced characterization techniques, for example, the
14 iScience 26, 105831, January 20, 2023
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solid-state NMR (Nuclear Magnetic Resonance) and cryo-electron microscopy, which are able to provide

detailed or even real-time structural information of the active sites. On the other hand, artificial intelligence

(AI) and innovative theoretical simulation methods will also contribute to solve this problem.
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