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Catalytic Peptide Assemblies 

O. Zozulia,† M. A. Dolan† and I. V. Korendovych* 
 

Self-assembly of molecules often results in new emerging properties. Even very short peptides can self-assemble into 

structures with a variety of physical and structural characteristrics. Remarkably, many peptide assemblies show high 

catalytic activity in model reactions reaching efficiencies comparable to those found in natural enzymes by weight. In this 

review, we discuss different strategies used to rationally develop self-assembled peptide catalysts with natural and 

unnatural backbones as well as with metal-containing cofactors.  

1. Introduction 

While the thermodynamic difficulties in promoting chemical 

reactions, i.e. where to get energy for a particular chemical 

transformation, can appear quite formidable, the real 

challenge lays in channeling this energy into a particular 

direction. The Earth receives more than enough energy from 

the Sun to sustain any human demands.
1
 Moreover, nature 

has evolved tools to harvest light to ultimately convert its 

energy into making and breaking chemical bonds with 

extraordinary efficiency and selectivity. At the same time, the 

ever-expanding demand for new commodities, 

pharmaceuticals and materials drives discovery of new 

catalysts for reactions nature has not deemed necessary for 

life. 

Incredible catalytic efficiency as well as regio- and 

stereospecificity exhibited by enzymes is truly remarkable, as 

few industrial catalysts can match their performance.
2
 On the 

other hand, such efficiency comes at a price – many enzymes 

are large polypeptides that can be difficult and expensive to 

produce and utilize. Intuitively, it seems that complex enzymes 

must have evolved from much less complex molecules after 

many iterations in a bottom-up approach. Amino acids, one of 

many key ingredients of the “primordial soup”,
3
 can be 

produced from inorganic compounds.
4
 These basic building 

blocks of proteins have been hypothesized to condense into 

larger peptides
5-8

 potentially proceeding via an “amyloid 

world”.
9-11

 As even very short peptides can catalyze quite a 

variety of chemical transformations
12-14

 it seems quite logical 

that their subsequent improvement can yield incredibly 

efficient enzymes. While many gaps remain in our 

understanding of prebiotic chemistry (and it is entirely possible 

that we will never be able to truly deduce enzymes’ origins 

with certainty), it is plausible that assembly of small building 

blocks into larger, more complex structures has played a 

significant role on early Earth. 

Self-assembly of molecules has long been known to result 

in new emerging properties and the rapid rise and prominence 

of nanotechnology is a testament to its major practical and 

fundamental significance.
15

 Peptides provide many routes for 

self-assembly due to the interplay between van der Waals 

forces, hydrogen bonding, electrostatic, and stacking 

interactions
16

 to allow for formation of various supramolecular 

structures driven by subtle changes in hydrophobicity, charge, 

and size of the peptides. As a result, peptides can form coil-

coiled bundles,
17-20

 amphiphilic amyloid peptides,
21-23

 

hydrogels
24-26

 as well as other motifs
27-29

 in a controlled 

manner. Synthetic modifications beyond the naturally 

available amino acids (e.g. installing alkyl tails, or aromatic 

groups capable of π-stacking) provide additional opportunities 

to create a large variety of supramolecular architectures 

including sheets, twisted or linear fibers, spheres, tapes, and 

tubes.
30

 

Despite the obvious appeal, creating efficient catalysts 

through self-assembly of peptides is far from easy. Indeed, the 

very same factors that favor the existence of self-assembled 

peptide catalysts can be detrimental to their rapid 

development. Developing meaningful structure-activity 

relationships can be difficult given the hyperastronomical 

sequence spaces possible even with small sequences, 

especially in the absence of accurate modeling tools. 

Moreover, the incredible diversity of possible tertiary and 

quaternary structures can be difficult to characterize using 

traditional “small molecule” tools. Thus, at the moment the 

interface of the fields of catalysis, self-assembly and peptides 

appears to be quite limited (Figure 1).  
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Figure 1. Number of references produced in response to keyword queries of 

“peptides”, “self-assembly”, and “catalysis” as well as their overlaps returned by 

SciFinder on March 5th, 2018. 

On the bright side, development of computational tools 

(e.g. Rosetta) for protein design together with advances in 

electron microscopy and nuclear magnetic resonance (NMR) 

allowed for a rapid growth of the field that has been covered 

previously in some or all aspects in several excellent reviews.
31-

35
 In this paper, we will discuss recent progress in developing 

self-assembling peptide catalysts with and without additional 

cofactors. 

2. Self-assembled peptide catalysts forming 

distinct oligomers 

Understanding of the basic principles of peptide self-assembly 

in the 1970s and the 1980s drove the first attempts to produce 

catalysts. The application of the concept of self-assembly to 

catalyst design was particularly appealing since relatively large 

assemblies can be predictably modeled and put together using 

small building blocks that are easy to produce and 

characterize. In the earliest example of this approach Benner 

and co-workers
36

 rationally designed a 14-mer alpha-helical 

peptide that formed helical bundles capable of catalyzing 

decarboxylation of oxaloacetate to pyruvate. The rate of 

formation of the imine by the artificial catalyst is three to 

four orders of magnitude faster than that of an amine 

molecule. 

 The use of four-helix bundles to catalyze various chemical 

reactions was pioneered by Baltzer et al. who designed KO-42, 

a 42-residue polypeptide that folded into a helix-loop-helix 

hairpin motif. KO-42 dimerizes into an antiparallel four-helix 

bundle as shown by NMR, circular dichroism (CD) spectroscopy 

and ultracentrifugation and catalyzes hydrolysis of p-

nitrophenyl esters (Fig. 2).
37

 The catalysis is promoted by 

histidine residues engineered on the surface of the folded 

polypeptide. The reaction follows second-order kinetics in 

water or water-trifluoroethanol mixtures, with rate constants 

that are 10
3
 times larger than those shown by 4-methyl 

imidazole and five orders of magnitude above the rate of the 

non-catalyzed reaction. 

 Subsequent attempts to better understand the mechanism 

of KO-42’s catalysis resulted in development of modified 

variants JN-42, MN-42 as well as MKNR. These peptides 

contained either fewer histidine residues or additional 

arginine, lysine or glutamine moieties to stabilize the transition 

state. While the modified variants showed lower efficiency for 

p-nitrophenyl ester hydrolysis, they showed chiral substrate 

recognition: p-nitrophenyl ester of D-norleucine was 

hydrolyzed faster than its L-enantiomer.
38

 Subsequent 

sequence optimization and kinetic studies highlighted the 

importance of the pKa of the active histidine as well as the 

geometry of the active site in catalyzing ester hydrolysis.
39, 40

 

 

Figure 2. (Top left) Representative model of helix-loop-helix peptide KO-42 showing the 

catalytically active histidines. (Top right) Representative model of T-16, a modified 

variant to KO-42 peptide, with corresponding mutations. Only side chains of the 

residues used for catalyst optimization are shown. (Bottom) Interactions designed to 

promote aldimine binding by T-4 and T-16. 

 The helical bundles formed by the helix-loop-helix motif 

can be used for hydrolysis of more challenging substrates such 

as phosphodiesters.
41

 The active site was constructed to 

include two histidine and four arginine residues, with the 

capacity to provide general acid, general base, and/or 

nucleophilic catalysis as well as transition state stabilization. 

The resulting peptide catalyst catalyzed hydrolysis of uridine 

3’-2,2,2-trichloroethylphosphate, a mimic of RNA, with a 

second order rate constant of 2.5 × 10
-2

 M
-1 

min
-1

, an increase 

of 300-fold over the imidazole-catalyzed reaction. Further 

improvement of the catalytic activity was achieved by 

introducing tyrosine residues close to the active site.
42

 

Baltzer and co-workers expanded their approach in 

creating self-assembling catalysts to other types of reactions as 

well. Aldimine binding sites were introduced into the peptides 

of the KO-42 family to catalyze conversion of aldimine into 

ketamine, emulating the biosynthesis of amino acids. The 

design process employed incorporation of His residues capable 

of facilitating the rate-limiting 1,3-proton transfer step of the 

transamination reaction. Introduction of charged residues to 

stabilize negatively charged substituents on the aldimine was 

another important feature of the design. The resulting 

catalysts T-4 and T-16 bound the aldimines with mM affinity 

and catalyzed conversion of aldimine into ketamine with the 
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rates that are more than three orders of magnitude faster than 

that of imidazole (Fig. 2, bottom).
43

 

Self-assembly of carefully engineered subunits can result in 

formation of highly complex and versatile catalysts. Matille 

and co-workers designed octiphenyl-based rigid-rod staves
44, 45

 

to which leucine-histidine pentapeptides with the sequence of 

LHLHL were covalently attached (Fig. 3). The monomers self-

assemble into supramolecular β-barrel esterases with 

hydrophobic exterior and histidine-rich pore interior of the 

catalytic pores.
46, 47

 The catalytic activity of these 

supramolecular assemblies extends to RNA hydrolysis,
48

 amide 

and carbonate hydrolysis as well as cofactor-promoted 

chemospecific but not enantioselective esterolysis.
49

 The 

catalytic pores can be embedded in phospholipid vesicles 

forming highly stable, multifunctional ion channels.
50

 

 

Figure 3. A model of rigid-rod supramolecular β-barrels. Reproduced from ref. 46 with 

permission from the American Chemical Society, copyright 2001. 

Efficient catalysis promoted by supramolecular assemblies 

does not require large macromolecules. Tagging of proline 

with an amido naphthyridine (Nap) by Clarke and co-workers 

yielded Pro-Nap, a minimal peptide that can hydrogen bond to 

a variety of organic molecule co-catalysts providing a library of 

asymmetric assemblies capable of enamine catalysis (Scheme 

1).
51

 Good yields, good to excellent diastereomeric ratios (dr), 

in some cases good enantioselectivity was achieved using 

these catalysts in nitro-Michael reaction with various 

substrates.  

 

 

Scheme 1. Self-assembly of Pro-Nap with co-catalysts. Reproduced from ref. 51 with 

permission from the Royal Society of Chemistry, copyright 2011. 

From a single functional group to concerted action of multiple 

functional groups 

The catalysts described above employed a very simple 

approach to achieving catalysis: a single functional group is 

placed in a self-assembling scaffold to achieve substrate 

binding; additional secondary interactions are then introduced 

and optimized in an effort to further improve the reactivity. 

Considering that natural proteins rely on precise three-

dimensional arrangement of functional groups, it is not 

surprising that the resulting activity of de novo designed 

catalysts is inferior to that of the enzymes. While much is 

known about the concerted action of multiple residues in 

enzymes, replicating such arrangements is very difficult.
52

 

Woolfson and co-workers developed an artificial esterase 

based on homo-heptameric assembly of de novo designed 

helices.
53

 The toroid topology of the self-assembled catalyst 

should facilitate substrate binding and turnover (Fig. 4).  

 
Figure 4. Artificial esterase based on heptameric assembly of α-helical peptides. 

Glutamic acid, histidine, and cysteine were introduced into a previously reported non-

catalytic self-assembling peptide (red) to produce a mutant (blue) that self-assembles 

into catalytic heptameric structure (PDB code 5EZC for an X-ray crystal structure of the 

heptamer). 

A catalytic triad consisting of a glutamate, a histidine and a 

cysteine was introduced into each α-helix to face the 

hydrophobic interior of the assembly as confirmed by X-ray 

crystallography. The resulting assembly hydrolyzes para-

nitrophenyl acetate (p-NPA) in a two-step, enzyme-like multi-

turnover process, where fast acylation of the active 

nucleophile is followed by a rate-limiting hydrolysis, with an 

overall enzymatic efficiency that is comparable to those of 

other reported designed esterases.
54
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Catalytic assemblies with metal cofactors 

The use of metallocofactors to facilitate catalysis in coiled 

coils was pioneered by DeGrado. Metals facilitate various 

chemical transformations and promote self-assembly at the 

same time. Homomeric peptide assemblies greatly simplify the 

development of catalysts since only one polypeptide chain 

needs to be designed. Despite the seeming simplicity, very 

complicated structures that provide well-defined primary and 

secondary coordination spheres can be obtained by this 

approach. Incorporation of the secondary interactions is 

crucial as polar metal-coordinating residues must be properly 

positioned not just to bind the metal ions but to keep the 

hydrophobic core of the bundle from falling apart. 

Kaplan and DeGrado developed a heterotetrameric coiled-

coil DFtet comprised of two different “A” and “B” subunits 

from the first principles.
55

 When mixed together in the 

appropriate stoichiometry the peptides self-assemble to form 

an asymmetric helical bundle that binds two iron(II) ions in its 

active site. The resulting assembly catalyzes two-electron 

oxidation of 4-aminophenol to the corresponding quinone 

monoimine by dioxygen. The high catalytic efficiency (kcat/KM = 

1,500 M
-1

 min
-1

) and substrate recognition of DFtet can be 

further tuned, illustrating the specificity of the design.
56

 Based 

on the lessons learned from DFtet, the DeGrado lab developed 

a single chain version of the bundle (DFsc) that promotes a 

wide range of chemical transformations (Fig. 5).
57, 58

 

 

Figure 5. Evolution of metallopeptide designs. The original DFtet, a heterotetrameric 

assembly, serves as a starting point for development of DF1, a homodimer of two  

helix-loop-helix subunits. DFsc is a single chain protein that is based on DF1. The 

structure of DF1 was determined by X-ray crystallography (PDB code 1JMB), the 

structure of DFsc was determined by NMR (PDB code 2HZ8). 

Pecoraro and coworkers have greatly advanced the 

understanding of the basic principles that drive self-assembly 

of helices into catalytic three-helix bundles. The 3-fold 

symmetry of the bundle is well suited for binding metal ions 

that prefer lower coordination numbers. Incorporation of 

cysteine residues into the hydrophobic region of the bundle 

allowed for creation of well-folded, highly stable (Kassoc> 10
7 

M
-

1
) peptide-metal complexes of cadmium, lead and mercury. 

Modification of the primary sequences of the resulting parallel 

bundles offers additional fine-tuning of metal ion properties 

and enables incorporation of multiple metal-binding sites.
59-61

 

Taken together, the stability of the bundle provided by 

tight association of thiolates with mercury and ability to 

provide multiple metal binding sites allowed for creation of an 

artificial metallohydrolase (Fig. 6, top). The de novo designed 

enzyme [Hg(II)]S[Zn(II)(OH
-
)]N(TRIL9CL23H)3 utilized a histidine-

bound zinc cofactor to hydrolyze p-NPA and to catalyze CO2 

hydration. Its catalytic efficiency of 1398 ± 18 M
-1

 min
-1

 in p-

NPA hydrolysis compared favorably to previously reported 

artificial hydrolases and is only two orders of magnitude lower 

than that of carbonic anhydrase. The ability of 

[Hg(II)]S[Zn(II)(OH
-
)]N(TRIL9CL23H)3 to facilitate CO2 hydration 

reaction is also quite remarkable: the catalytic efficiency 

reaches 1.08 ± 0.18 x 10
7
 M

-1
 min

-1
 at pH 9.5. This rate is over 

70-fold faster than that of any previously reported model and 

within 500-fold of carbonic anhydrase.
62

 The structure of the 

metallohydrolase solved by X-ray crystallography confirmed 

the design (Fig. 6, bottom). 

 

 

Figure 6. (Top) X-ray crystal structure (PDB 3PBJ) of an artificial metalloenzyme 

[Hg(II)]S[Zn(II)(OH
-
)]N(TRIL9CL23H)3 with multiple metal-binding sites. (Bottom left) 

Binding of thiolates to Hg(II) provides stability to metalloenzyme. (Bottom right) The 

catalytic zinc site. 

Subsequent systematic optimization of  

[Hg(II)]S[Zn(II)(OH
-
)]N(TRIL9CL23H)3 showed that while the 

active site location for the catalytic His3O-Zn(II) site influences 

the maximal rate, substrate access, and metal binding affinity, 

the catalytic activity is preserved in all cases.
63

 This finding 

allowed Pecoraro and co-workers to move beyond the original 

parallel helix arrangement by utilizing a3D protein, an anti-

parallel 73-residue 3-helical bundle protein developed in the 

DeGrado lab.
64

 Three of the core leucine residues of a3D were 

mutated to histidines to create a new active site capable of p-

NPA hydrolysis and CO2 hydration (Fig. 7).
65

 The resulting 

metalloenzyme Zn(II)α3DH3 shows somewhat lower activity 

compared to that  of [Hg(II)]S[Zn(II)(OH
-
)]N(TRIL9CL23H)3, 

however it is likely to have higher evolvability potential due to 

its single polypeptide chain. 
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Figure 7. Overall view (left) of the X-ray crystal structure of Zn(II)-binding protein (PDB 

2A3D) α3DH3 and its zinc-binding site (right). 

 The simple coordination spheres of de novo designed 

trimeric coiled coils can accommodate metals other than zinc. 

Copper provides access to redox chemistry, but development 

of efficient redox catalysts can be challenging due to the 

necessity of tight binding of the active site metal ion in all 

oxidation states along the catalytic cycle. Pecoraro and co-

workers showed that copper-binding trimeric coiled coils 

satisfy this stringest requirement by designing 

Cu(I/II)(TRIL23H)3, a functional model for the CuT2 center of 

copper nitrite reductase (Fig. 8).
66

 

 

 

Figure 8. (Top) The model of the peptide Cu(I/II)(TRIL23H)3 based on a crystal structure 

of a related protein [Hg(II)]S[Zn(II)(OH
-
)]N(TRIL9CL23H)3 (PDB code 3PBJ). (Bottom left) 

Top-down perspective of the metal binding site in metallopeptide. (Bottom right) 

Comparison of the metal binding sites with Zn (gray) and Cu (brown). Water molecules 

from two different structures are shown as magenta and cyan spheres. 

 Upon self-assembly the copper ion binds three histidine 

residues of TRIL23H, a close relative of TRIL9CL23H that has 

cysteines reverted back to leucine residues, leaving two sites 

open to substrate/reductant coordination. The active site in 

the model enzyme was experimentally found to be similar to 

that of the CuT2 center; with nM-µM affinity for the Cu(II) and 

pM affinity for the Cu(I). At the optimal pH of 5.8, 

Cu(II)(TRIL23H)3 catalyzes reduction of nitrate to nitric oxide by 

ascorbate for at least five turnovers with no loss of catalytic 

efficiency after 3.7 h. While activity of Cu(II)(TRIL23H)3 is still 

about six orders of magnitude less that that found in the 

natural enzymes
67

 this de novo designed water-soluble 

homogeneous catalyst can likely be substantially further 

evolved by directed evolution. 

Coiled coils can also accommodate complex metal-

containing cofactors. Metalloporphyrins offer incredible 

functional versatility as well as additional possibilities for non-

covalent interactions with the peptide bundle. The basic 

principles that drive assembly of helical bundles has been well 

established both for soluble
68

 and membrane
69

 peptides. 

Ghirlanda and co-workers have reported the first example 

of self-assembling membrane peroxidase ME1 that takes 

advantage of dimerization of a eukaryotic protein glycophorin 

A (GpA). Introducing a histidine residue into the peptide 

derived from the transmembrane domain of GpA created a 

binding site with sub-micromolar affinity for hemin. The ME1–

heme complex (Fig. 9, left) solubilized by dodecyl 

phosphatidylcholine (DPC) promotes oxidation of 3,3′,5,5′-

tetramethylbenzidine (TMB) by hydrogen peroxide (H2O2) in 

two successive one-electron processes with the rate 2-fold 

above the background. 

           

I

F (or A)

W

P

OCH3

V

F (or A)

H

G

Myr

D

  

Figure 9. (Left) Model of ME1 complex with hemin based on NMR structure of 

glycophorin A (PDB 1DWR). Flanking histidine residues on neighboring chains allows 

coordination of heme. (Right) Sequence of the rationally designed β-hairpin peptide 

with turn indication between 
D
Pro-Gly segments. 

Mahajan and Bhattacharjya demonstrated that rationally 

designed β-hairpin peptides can functionally bind hemin in the 

membrane environment to provide peroxidase activity.
70

 The 

peptides, termed IV8 and IV8FA, were designed to contain a 

membrane anchoring myristoyl (Myr) group, a 
D
Pro-Gly 

segment for the nucleation of a type I’ or type II’ β-turn and a 

heme binding histidine residue (Fig. 9, right). Additionally, a 

Trp residue was introduced to interact with the groups at the 

water-lipid interface. The peptides bind heme in DPC micelles 

with 2:1 stoichiometry and the resulting assemblies catalyze 

oxidation of TMB by H2O2 with activity comparable to that of 

ME1 despite its much smaller size. Neither the heme nor 

peptide independently showed any detectable peroxidase 

activity. 

 Of note is the work of Anderson et al. who have designed 

an artificial heme-dependent peroxidase C45.
71

 This peptide, 

while not a self-assembling bundle itself, is based on the 

previously reported tetrameric parallel coiled-coil developed 

by Dutton.
72

 C45 showed very high activity in oxidizing model 

substrates surpassing those of some naturally occurring 

peroxidases. This artificial enzyme is extremely robust, 

thermostable and tolerant of organic solvents (Fig. 10). 
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Figure 10. Schematic representation of secondary elements of C45: His to Phe 

mutations help to stabilize the desired structure and direct heme binding to a histidine. 

The repertoire of metals that can be employed in self-

assembling peptide catalysts is quite versatile. Laungani and 

co-workers
73

 developed complementary C- and N-terminal 

phosphane-functionalized peptides to bind noble metals 

(Pt/Rh) (Fig. 11). Upon mixing, the peptides and appropriate 

metal salts form β-sheet assemblies that can do asymmetric 

hydroformylation of styrene with quantitative yield and 

excellent (in some cases as high as 95:5) regioselectivity but 

modest (up to only 38% ee) enantioselectivity. 

 

Figure 11. Phosphane-functionalized peptides capable of noble metal binding and 

formation of β-sheets. Reproduced from ref. 73 with permission from Wiley-VCH Verlag 

GmbH & Co. KGaA, copyright 2008. 

Design of metal sites on protein interfaces 

Catalytic sites can be computationally engineered at the 

interfaces of existing peptides and proteins to drive 

assembly. In attempt to design a zinc-mediated protein-

protein interface Kuhlman and co-workers
74

 discovered that 

the resulting assembly MID1 was capable of catalyzing ester 

and phosphoester hydrolysis. MID1-zinc hydrolyzes p-NPA 

with a kcat/KM of 3.78 x 10
4
 M

-1
 min

-1
, and p-nitrophenyl 

phosphate (p-NPP) with a kcat/KM of 840 M
-1

 min
-1

, a quite 

remarkable acceleration for a serendipitously found, 

unoptimized catalyst. X-ray structural studies revealed 

three-coordinated catalytic zinc located at a homodimer 

interface cleft (Fig. 12).  

 

Figure 12. A crystal structure of an artificial esterase MID1 (PDB code 3V1C). 

 Song and Tezcan reported an artificial hydrolase Zn8:AB34 

constructed by designing zinc binding sites on a monomeric 

redox protein cyt bc562 (Fig. 13A).
75

 Upon addition of zinc 

Zn8:AB34 tetramerizes with eight metal ions bound (Fig. 13B, C) 

and promotes hydrolysis of p-nitrophenol esters, nitrocephin 

and ampicillin. E. coli expressing the catalyst in the periplasm 

showed survival on antibiotic plates with low concentration of 

ampicillin. Subsequent optimization of the catalyst using 

rational design and directed evolution led to limited 

improvement in catalytic efficiency.
76

 

 

Figure 13. (A) A crystal structure of the catalytically active artificial hydrolase, Zn8:AB34 

(PDB 3IQ6). Two types of sites – structural and catalytic- are indicated (only half of the 

bundle is shown for clarity). (B) Enhanced view of the structural zinc coordination 

sphere. (C) Enhanced view of the catalytic zinc coordination sphere.  

Peptides with unnatural backbones 

Lessons learned from working with α-peptides can be 

extended to polypeptide structures formed by unnatural 

amino acids. β-peptides, formed by β-amino acids that have 

three carbons in the main chain with a branching point in 

position 3 (next to the amino group, Fig. 14A), are arguably the 

most characterized group of these foldamers.
77, 78

 Recent 

advances in computational modelling allowed for creation of 

well-defined self-assembled 314-helical bundles in various 

oligomeric states
79-82

 and even mixed α-peptide/β-peptide 

assemblies.
83

 In terms of catalysis, however, there are only 

two examples of catalytic assemblies emerging from self-

assembly of β-peptides. 

Gellman, Hilvert and co-workers
84

 used conformationally 

rigid ACHC (trans-2-aminocyclohexanecarboxylic acid)-based 

scaffold with heptanoyl tails to create a highly robust dimeric 

structure (Fig. 14A). Incorporation of β-Lys residues into the β-
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peptide conferred ability to catalyze retroaldol reaction onto the 

foldamer. The foldamer’s activity in a model cleavage of β-

hydroxyketone can be described by a Michaelis-Menten formalism 

with kinetic parameters of kcat and KM of 0.13 ± 0.01 min
-1

 and 5.0 ± 

0.6 mM, respectively. This level of activity compares well to the 

state-of-the-art computationally designed retroaldolase.
85

 

 

Figure 14. (A) Retroaldol-catalyzed reaction of 1 by catalytic assemblies 4-6 derived 

from ACHC-scaffold or assembly 7. A helical-wheel diagram of the β-peptide (left) and 

cartoon representation of the assembly (right) are shown. (B) Helical diagrams of β
3
-

peptide assemblies (1
st

, 2
nd

, and 3
rd

 generations) tested in the hydrolysis of pyrene 

trisulfonate esters. Reproduced from ref. 84 and 86 with permission from Wiley-VCH 

Verlag GmbH & Co. KGaA (copyright 2008) and from the American Chemical Society, 

(copyright 2014). 

Schepartz and co-workers designed a series of β
3
-peptide 

octameric bundles capable of both substrate binding and ester 

hydrolysis. The best catalyst βEst-28-2R (3
rd

 generation catalyst 

design) promoted hydrolysis of 8-acetoxypyrene-1,3,6-

trisulfonate to form fluorescent pyranine (Fig. 14B) with 

catalytic efficiency of 6446 M
-1 

min
-1

 and a kcat/kuncat value of 

820. Importantly, the activity was shown to originate from 

concerted action of multiple residues located on different 

strands that comprise the octameric bundle.
86

 

3. Self-assembled peptide catalysts forming large 

oligomers 

Proline-based catalysts 

The incredible progress documented in the previous 

chapter suggests great promise for the emerging catalytic 

properties of self-assembled peptides. Distinct low order 

oligomers with catalytic properties can be relatively easily 

structurally characterized providing mechanistic insight and 

spurring subsequent optimization. At the same time, the very 

nature of these oligomers imposes quite a few restrictions on 

the design process. For example, in coiled-coils too many 

charged residues in the hydrophobic core of the bundle can 

lead to unfolding and additional stabilization is then required, 

which can take a lot of time and effort. Moreover, while in 

principle all three positions per heptad not involved in 

assembly can be used to introduce catalytic residues, only the 

residue facing the interior of the bundle is typically employed. 

Alternatively, one can envision self-assembly driven 

without regard to formation of a predetermined molecular 

structure. In the simplest case a residue with a functional 

group can be linked to a peptide fragment that strongly 

promotes self-assembly and the resulting supramolecular 

structure gains improved activity, efficiency, selectivity, etc. 

(Scheme 2).  

 

Scheme 2. Overall approach to creating self-assembling peptide catalysts.  

Proline is arguably the most versatile single amino acid 

residue from the 20 translationally incorporated ones. It has 

been extensively (and successfully!) used for catalysis,
87-96

 thus 

it is not surprising that it was in the focus of early work on self-

assembled peptides. 

Miravet, Escuder and co-workers covalently linked a Pro-

Val dipeptide with various alkyl fragments to induce gelation 

and to promote enamine based catalysis (Fig. 15). Efficient and 

stereoselective conversion of substrates was only observed if 

the peptide catalyst self-assembled into long fibrils and 

required an aliphatic tail of at least 12 carbon atoms in the 

case of a single chain or 8 atoms when connecting two 

dipeptide moieties (14 and 15, Fig. 15).
97,98

 Rheologically, the 

self-assembled peptides behave as hydrogels: the 

representative G’ and G” values for 15 in nitromethane at 10 

mM were equal to 100 and 1000 Pa respectively, whereas at 

20 mM the same compound demonstrated a 10
4
 increase in G’ 

and G” values. The effects of increasing temperature, aging 

time, ultrasound, and change of pH on morphology have been 

extensively studied. Depending on the preparation conditions, 

the hydrogel catalyst 14 was found to have three different 

characterized polymorphic structures, however all of them 
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converted substrate to the aldol product with similar yields, 

stereo- and enantioselectivity after 24 hours. Moreover, 

catalytic hydrogels can be reused without major losses in the 

activity or selectivity. 
 

 
Figure 15. Representative catalytic gelators developed by Escuder, Miravet and co-

workers. 

The proline-based self-assembled peptide hydrogels have 

also been used to catalyze direct aldol reaction,
99-101

  

1,4-conjugated addition of ketones to alkenes,
102

 and the 

Mannich reaction.
103

 While the early examples of reactions 

catalyzed by these assemblies showed no diastereoselectivity 

and enantioselectivity,
99

 quantitative yield with 92:8 anti/syn 

ratio and 90% enantiomeric excess (ee) was observed in some 

cases.
101, 102, 104

 

Supramolecular proline-based peptide assemblies have 

been successfully applied to more complex transformations 

such as one-pot deacetalization–aldol tandem reactions 

(Scheme 3) and asymmetric Mannich reaction (Scheme 4, 

reaction [7]).
103, 105

 Interestingly, when mixtures of peptide 

catalysts were used to catalyze tandem reactions the best 

diastereoselective conversion (up to 91% yield, anti/syn ratio 

of 90:10 and 91% ee ) of the starting material was achieved 

only when the catalyst was comprised of self-sorted fibrils and 

not co-assembled ones (Scheme 3). This effect was explained 

by deactivation of the reactive sites in co-assembled fibrils. 

When the same system was used in Mannich reaction 

excellent yields and diastereoselectivity was observed (94% 

yield, anti/syn ratio of 95:5 and 60% ee). 

 

 
Scheme 3. Self-sorting versus co-assembly in tandem deacetalization/aldol coupling 

reaction. Randomly assorted fibrils that “self-sort” facilitate conversion of the acetal to 

the aryl aldehyde and its subsequent aldol coupling with cyclohexanone. Co-assembled 

fibrils do not promote aldol coupling. Reproduced from ref. 105 with permission from 

the Royal Society of Chemistry, copyright 2016. 

The approach of attaching long hydrophobic tails to 

proline-containing peptides is quite permissive in respect to 

the primary sequence of the catalyst. A Pro-Arg-Trp tripeptide 

with C-terminal palmitoyl tail (PRW-C16) was shown to self-

assemble into spherical micelles that catalyzed aldol reaction 

between cyclohexanone and p-nitrobenzaldehyde in water. 

Under optimized conditions quantitative yield, high 

diastereoselectivity (92:8) and good enantioselectivity (up to 

85% ee) were reported.
106

 Liu and co-workers observed that 

amphiphilic peptide Pro-Trp with alkyl chains on amidated C-

terminus catalyzes asymmetric aldol reaction of 

cyclohexanone with p-nitrobenzaldehyde in water.
108

 The 

enantioselectivity of the reaction is dependent on morphology 

of the assembly - the nanospheres provide higher selectivity 

than nanofibers. Compressed carbon dioxide allows for 

regulation of peptide self-assembly leading to excellent dia- 

and enantioselectivity in some cases.
109
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Figure 16. Pro-Phe-Glu-based catalysts capable of aldol reaction catalysis.  

 Self-assembly can be also achieved via attachment of 

various peptide sequences known to drive aggregation. P(FE)n 

or P(EF)n peptides with long alkyl chains at C-termini easily 

form hydrogels that catalyze direct aldol reaction dia- and 

enantioselectively (Fig. 16).
107

 The hydrogels showed good 

stereoselectivity in promoting self-condensation of α-oxy-

aldehydes and phenylalkyl aldehydes. Interestingly, the 

reaction kinetics cannot be described by the typical Michaelis–

Menten in this case. Mechanistic studies performed on this 

system suggest that the presence of hydrophobic regions aids 

substrate solubilization, and the active site accessibility is the 

key factor for the observed differences in reaction rates. 

 

 
Scheme 4. Various standard chemical transformations known to be catalyzed by self-

assembled peptide catalysts. 

Parquette and co-workers attached 1,4,5,8-

naphthalenetetracarboxylic acid diimide (NDI) to a  

proline-lysine dipeptide. The resulting molecule assembled 

into catalytic nanotubes formed by bilayers of peptides, where 

proline residues are accessible along both the inner and outer 

surface of the assembly (Fig. 17).
110

 The nanotubes show 

moderate to good yields, diastereoselectivity and in some 

cases even good enantioselectivity in aldol reactions with 

nitroaldehydes. Importantly, these catalytic assemblies are 

reusable following a cycle of ultracentrifugation-resuspension. 

 

Figure 17. A model for catalytic nanotubes formed by Pro-Lys-NDI. Adapted from ref. 

110 with permission from the Royal Society of Chemistry, copyright 2015. 

Histidine-based self-assembled peptides 

Much attention has been given to development of self-

assembling catalysts for hydrolytic reactions due to their 

practical importance and the ease of measurement. While a 

single amino acid histidine on its own is capable of promoting 

hydrolysis, the catalytic efficiency is very low. However, 

incorporation of histidine into self-assembling structures has 

emerged as a powerful strategy for creating artificial 

hydrolases. 

 Guler and Stupp installed two histidine residues into self-

assembling peptide amphiphiles that contain a short peptidic 

sequence with an alkyl chain covalently attached to the N-

terminus. The resulting nanofibrils hydrolyze activated 

substrates such as 2,4-dinitrophenyl acetate.
111

 Importantly, 

non-fibrillated structures showed poor catalytic activity for the 

same reaction. 

The lessons learned by Escuder, Miravet and Ulijn in 

creating proline-based self-assembled catalysts described in 

the previous chapter were applied to the development of fibril 

esterases. Replacing imidazole with proline in the Pro-Val 

moiety allowed for moderate hydrolytic activity towards p-

NPA and non-activated aminoacyl esters (16, Fig. 15).
112

 

Dejugnat and co-workers designed a series of tripeptides 

containing lypophilic fragments on either termini
113

 which 

catalyzed hydrolysis of p-NPA upon self-assembly (Fig. 18A).  

Liu and coworkers fused histidine to an Fmoc-FF motif that 

strongly drives aggregation and demonstrated that Fmoc-FFH-

CONH2 self-assembles into catalytic nanotubes capable of 

facilitating p-NPA hydrolysis with the rate of ca. 500-fold 

above the background.
114

 These fibrils can be used directly for 

catalysis or as hybrid capsules with glutaraldehyde crosslinked 

cationic polyethyleimine.
115

 Addition of Fmoc-FFR-CONH2 to 

Fmoc-FFH-CONH2 results in additional improvement of 

catalytic activity in a synergistic fashion presumably due to 

stabilization of the transition state by the guanidyl group of 

the arginine residue. The dependence of the initial rate on 

substrate concentration can be fit to a Michaelis-Menten 

model with kcat and KM of 8.28 x 10
-2

 min
-1

 and 0.76 mM, 

respectively, at 1:20 ratio of Fmoc-FFR-CONH2 to Fmoc-FFH-

CONH2. 
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He and co-workers took this approach further and mixed 

Fmoc-FFH-CONH2 with Fmoc-FFS-CONH2 and Fmoc-FFD-CONH2 

at various ratios in an attempt to create an artificial hydrolase 

with the catalytic Ser/His/Asp triad upon peptide self-assembly 

into nanofibers (Fig. 18B).
116

 Synergistic increase of activity in 

p-NPA hydrolysis was observed upon peptide mixing and 

substrate imprinting. At the optimal ratio of 40:1:1 (Fmoc-FFH-

CONH2 to Fmoc-FFS-CONH2 to Fmoc-FFD-CONH2) catalytic 

efficiency reached 11.16 M
-1

 min
-1

, a ~2-fold improvement 

over the activity of the fibrils formed by Fmoc-FFH-CONH2. 

Guler and co-workers used a similar approach to create 

catalytic triads for hydrolysis of p-NPA and acetylthiocholine 

using peptide amphiphiles.
117

 Mixing of peptides with C-

terminal serine, histidine and aspartate residues produced 

peptide nanostructures capable of efficient catalysis. 

Assemblies formed by combining all three peptides showed 

the highest activity followed by dual systems suggesting 

synergistic interactions between multiple residues. 

 

Figure 18. Selected examples of C- and N-protected histidine-based tripeptides used to 

form self-assembled catalysts. (A) Tripeptides with C- and N-terminal lipophilic 

attachment and (B) Fmoc-protected tripeptides as a source of catalytic activity upon  

assembly. 

The Fmoc group or lypophilic tails are not absolutely 

necessary to promote self-assembly but may enhance the 

propensity for peptide to self-assemble. Garcia and co-workers 

reported formation of a thermoreversible hydrogel by 
L
H

D
F

D
F.

118
 Notably, this peptide which does not have any 

capping groups and contains D-amino acid residues self-

assembles and catalyzes p-NPA hydrolysis at concentrations of 

10 mM and higher. Following similar strategy, longer peptides 

Q11H (H2N-HSGQQKFQFQFEQQ-CONH2) and Q11R (H2N-

RSGQQKFQFQFEQQ-CONH2) were co-assembled together at a 

10:1 ratio to produce nanofibers (Fig. 19) capable of p-NPA 

hydrolysis.
119

 

 

Figure 19. TEM Images of the Q11 family peptides indicating the presence of distinct 

fibrillar network in all cases. (A) Q11G, (B) Q11H, (C) Q11R/H = 1:20, (D) Q11R/H = 1:15, 

(E) Q11R/H = 1:10, (F) Q11R/H = 1:2, (G) Q11R/H = 1:1, (H) Q11R/H = 2:1, (I) Q11R/H = 

10:1, (J) Q11R. Reproduced from ref. 119 with permission from the American Chemical 

Society, copyright 2014. 

Using even more complex motifs for aggregation allows for 

development of extra functionalities. Ulijn and coworkers
120

 

created a switchable hydrolase by introducing a N-terminal 

histidine in the β-hairpin peptide MAX1 developed by 

Schneider (Fig. 20).
121-123

 The resulting gel-forming peptide 

VK2H is pH-responsive just like the parent compound and 

upon formation of a hydrogel catalyzes hydrolysis of p-NPA 

with catalytic efficiency of 1151 M
-1

 min
-1

. 

 

Figure 20. Self-assembling peptide VK2H formed by attaching a catalytic His (blue) to 

MAX1 with a Ser-Gly linker (green). 

Biocompatibility of peptides allows for utilizing powerful 

biological techniques for screening for catalytic activity. Matsui 

and Ulijn
124

 applied phage display to identify hydrolytic 

peptides (Fig. 21). Several catalytically active peptides capable 

of promoting p-NPA hydrolysis as well as amide bond 

formation were identified in a random library of 10
9
 12-residue 

peptides. Subsequent fusing of one of the catalytic peptides 

(CP4) to the core sequence of Aβ peptide resulted in additional 

4-fold increase in catalytic efficiency of p-NPA hydrolysis upon 

self-assembly.
125

 The activity of CP4-Aβ was attributed to 

formation of a Ser-His-Glu triad in the assembled state.
125, 126
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Figure 21. Illustration of screening phage libraries for catalytic activity. (A) Four cycles 

of phage replication were necessary to generate an expansive library of sequences. (B) 

Dipeptides formed by condensation of Fmoc-Thr with leucine derivatives aggregate 

driving the equilibrium to the right. Reproduced from ref. 124 with permission from the 

American Chemical Society, copyright 2014. 

Self-assembling peptides can be adapted to form hybrid 

materials with carbon nanotubes (CNT). Covalent attachment 

of SHELKLKLKL, a catalytic triad mimicking hydrolytic peptide, 

and WLKLKLKL, a peptide designed to promote substrate 

association, to CNT produced catalytic materials capable of 

hydrolyzing p-NPA albeit with modest catalytic efficiency of 30-

36 M
-1 

min
-1

 (Fig. 22).
127

 

 

Figure 22. A proposed arrangement of components in a hybrid nanomaterial based on 

self-assembly of CNT and peptides. The peptide-CNT assembly allows for a bilayer of 

peptides to assemble through covalent interaction first by a random-mixed assembly of 

SHE and W peptides. Reproduced from ref. 127 with permission from the Royal Society 

of Chemistry, copyright 2016. 

Histidine-based self-assembling hydrolases facilitate 

chemical reactions beyond hydrolysis of p-nitrophenol esters. 

Numata and co-workers
128

 developed self-assembling peptides 

Ac-FFSGHFDFF-CONH2 (PC3) and Ac-FGFHFSFDF-CONH2 (PC4) 

that upon fibril formation hydrolyzed an amide bond in L-

alanine-p-nitroanilide. Liu, Wang and co-workers 

demonstrated that assemblies of seven-residue peptides 

facilitate hydrolysis of cellobiose, a glucose dimer connected 

by a β-1,4-glycosidic bond.
129

 Peptide PC5 (Ac-FEFEAEA-

CONH2) showing the highest activity under optimal conditions 

(pH 3.0, 25 °C) does not contain histidine residues, thus 

cellobiose hydrolysis must proceed via an alternative 

mechanism.  

Self-assembled peptide catalysts with metal cofactors 

Formation of large oligomeric structures in the presence of 

(or driven by) metal ion cofactors leads to highly efficient 

catalytic assemblies. Miravet and co-workers utilized self-

assembly of pyridine-containing peptides 17 and 18 (Fig. 15) 

and Pd(OAc)2 to produce gels capable of catalyzing benzylic 

alcohol oxidation. Interestingly, Pd(II) can be only functionally 

added after the gel was already formed.
130

 

A nanotube produced by self-assembly of  

N,N’-hexadecanedioyl-di-L-glutamic acid in the presence of 

Cu(II) ions was reported in 2013 by Liu and co-workers.
131

 The 

nanostructures function as an asymmetric catalyst for Diels-

Alder cycloaddition between cyclopentadiene and aza-

chalcone and provide a 92% yield after 24 hours, dr (endo/exo) 

of 95:5 in combination with a 47% ee (Scheme 5). 

  

Scheme 5. Formation of catalyst by self-assembly of monomers into multi-layered 

nanotubes (blue cylinders) in the presence of Cu(II) (blue spheres). Reproduced with 

permission from ref. 131. Reproduced from ref. 131 with permission from the 

American Chemical Society, copyright 2011. 

Very active self-assembling metallocatalysts can be 

designed de novo using basic principles. Short seven-residue 

peptide Fmoc-LKLKLKL-CONH2 with alternating hydrophobic 

and hydrophilic residues forms β-sheet structure on the water-

air interface.
132

 We have modified the sequence of this peptide 

to incorporate a metal-binding site by substituting two of the 

lysines by histidines, all possible hydrophilic residues were 

tested in the remaining lysine position. The resulting peptide 

library was screened for the ability to catalyze hydrolysis of p-

NPA in the presence of zinc. Several of the designed peptides 

showed high catalytic activity and subsequent structure-

activity relationships established by mutagenesis of the 

original set of peptides allowed for further rational 

improvement to reach catalytic efficiency (kcat/KM)max of 19,200 

M
-1

 min
-1

.
133

 This level of catalytic activity rivals those shown 

by natural hydrolytic enzymes by weight. Importantly, the 

active peptides form amyloid-like fibrils and their catalytic 

activity correlates with the degree of assembly, as monomeric 

peptides are essentially inactive in this reaction. 

Mixing of peptides with different sequences allows for 

production of heterogeneous fibrils with multiple 

combinations of functional groups. In most cases this 

arrangement has a synergistic effect (positive or negative) and 

it allows for extremely high-throughput screening of peptide 
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combinations to identify and further improve the most 

productive ones (Fig. 23). 

 

Figure 23. Illustration of synergistic effect in catalytic amyloids. Fibrils formed from a 

mixture of peptides (left) show higher activity than homomeric peptide mixtures 

(right). Reproduced from ref. 133 with permission from Nature Publishing Group, 

copyright 2014. 

Catalytic amyloids show very high homogeneity at the 

molecular level as evidenced by solid state NMR (ssNMR) 

experiments. This allowed us to determine the structure of the 

most active catalytic amyloid using ssNMR.
134

 The backbone 

dihedrals were obtained through chemical shifts using TALOS+, 

the rotameric states of the coordinating histidine residues 

were obtained from Rotational-echo, double-resonance 

nuclear magnetic resonance (REDOR) experiments and the 

relative orientation of the strands was established using 2D 
13

C-
13

C correlation experiments. Interestingly, the structure 

showed a zig-zag pattern of zinc atoms connected by bridging 

histidines (Fig. 24, right). The bridging nature of histidines was 

additionally confirmed by measuring 
15

N-
1
H dipolar couplings. 

The structure was validated by statistical analysis of histidine 

rotamers on all reported structurally characterized zinc-

containing proteins. 

 

Figure 24. The structure of catalytic amyloids deduced from ssNMR showing tight 

packing of the hydrophobic core (left) with characteristic zigzag pattern of zinc atoms 

(right), PDB code 5UGK. Reproduced from ref. 134 with permission from National 

Academy of Sciences, copyright 2017. 

Zinc-containing catalytic amyloids show the ability to 

hydrolyze a wide range of various substrates from activated 

amino acid esters
135

 to highly challenging phosphoesters such 

as paraoxon (Scheme 6, bottom right) by three orders of 

magnitude over the background rate.
136

 Moreover, being 

essentially heterogeneous catalysts they can be easily 

deposited on various surfaces and exploited in flow devices 

enabling multiple passes of the reaction mixture over the 

catalyst.
136

 Catalytic amyloids formed by Ac-LHLHLRL-CONH2 

and Ac-IHIHIQI-CONH2 in the presence of Zn(II)
 
preserve their 

structure in the wide range of pressures (0.1-400 MPa) and 

temperatures (20-60 °C). Moreover, the esterase activity of 

the fibrils increased up to 4-fold at higher temperatures and 

pressures. Interestingly, the KM was practically not affected by 

the pressure increase, whereas both KM and kcat were affected 

by temperature change.
137

 

Serpell and co-workers
138

 showed that a peptide  

Ac-IHIHIYI-CONH2 at pH 8 and in the presence of Zn(II) 

demonstrated impressive catalytic efficiency in p-NPA 

hydrolysis with reported kcat/KM values reaching  

21,300 ± 900 M
-1

 min
-1

. A structural model for the peptide 

assemblies was devised based on X-ray fiber diffraction (X-

RFD) data (Fig. 25). 

 

Figure 25. Proposed structure based on X-RFD data for the peptide assemblies formed 

by Ac-IHIHIYI-CONH2. Reproduced from ref. 138 with permission from the Royal Society 

of Chemistry, copyright 2017. 

Catalytic amyloids can be produced using naturally 

occurring sequences. Fusing a highly conserved motif found in 

RNA polymerases (NADFDGD) to an amyloidogenic fragment 

QMAVHV yielded catalytic amyloids that can hydrolyze ATP 

with a kcat value of 2.3 ± 0.2 x 10
-4

 min
-1

, and catalytic 

efficiency of kcat/KM = 3.3 ± 0.22 x 10
-6

 M
-1

 min
-1 

in a metal-

dependent manner (Mg(II) or Mn(II)).
139

 

The ability of catalytic amyloids to promote chemical 

reactions is not limited to hydrolysis. A generic nature of their 

metal coordination spheres allows for binding of other metal 

ions. Screening of a library of catalytic amyloids identified 

several peptides that efficiently promote redox-mediated 

dimerization of 2,6-dimethoxyphenol (DMP) in the presence of 

dioxygen and Cu(II) (Scheme 6, top). Formally this reaction 

proceeds via a C-H bond activation and C-C bond formation 

and thus it presents an exciting opportunity to expand on the 

catalytic repertoire of catalytic amyloids.
140

 

Given copper’s ability to promote hydrolytic reactions in 

addition to redox chemistry, catalytic amyloids containing 

Cu(II) promote cascade reactions. In a proof-of-concept 

experiment fluorescin diacetate was hydrolyzed and oxidized 

by copper-containing catalytic amyloids (Scheme 6, bottom 

left). Kinetic parameters of the reaction are consistent with 

two simultaneous processes without substrate dissociation 

between the two steps.
136
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Scheme 6. Representative model of copper-binding catalytic amyloids capable of 

catalyzing oxidative (top), hydrolytic (bottom right) and cascade (bottom left) reactions. 

Reproduced from ref. 136 and ref. 140 with permission from the American Chemical 

Society (copyright 2017) and from Wiley-VCH Verlag GmbH & Co. KGaA (copyright 

2016). 

Greenwald, Riek and co-workers took a comprehensive 

approach to identification of catalytic amyloids for productive 

catalysis.
141

 Screening a large library of peptides with systematically 

varied sequences yielded a number of catalysts for p-NPA hydrolysis 

in the presence of zinc. Zinc coordination by His-X-His emerged as a 

motif that is crucial for catalysis. Interestingly, p-NPA hydrolysis was 

also observed at lower pH facilitated by peptides that do not 

possess the His-X-His motif suggesting a completely different 

mechanism of the reaction.  

While His-X-His motif in peptides provides structure and rigidity 

associated with efficient catalysis, it is possible to promote chemical 

reactions using larger spacers. Lee and co-workers showed that 

histidyl bolaamphiphilic molecule bis(N-α-amidohistidine)-1,7-

heptane dicarboxylate self-assembles into “blob-like” structures 

with catalytic zinc sites (Fig. 26).
142 

 

Figure 26. Artistic rendition of bolaamphiphilic histidine-based peptides self-assembling 

into the blob-like structures capable of catalytic CO2 hydration. Reproduced from ref. 

142 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2014. 

The resulting assemblies catalyze p-NPA hydrolysis at pH 7 

in the presence of 1 μM Zn(II) with catalytic efficiency (kcat/KM) 

of 79.2 M
-1

 min
-1

. Additionally, they catalyze CO2 hydration 

with catalytic efficiencies of 165, 413 and 661  

M
-1

 min
-1

 at pH 7, 8 and 9, respectively. 

The bolaamphiphilic assemblies can be modified to include 

fluorescent probes by co-assembling histidine and tyrosine-

containing peptides.
143

 The modified assemblies shared similar 

morphology as the parent ones, and were able to hydrolyze p-

NPA with the same efficiency. The hydrolysis product 

quenched the tyrosine photoluminescence providing an 

additional handle for reaction monitoring and mechanistic 

studies. 

Guler et al. reported that peptide amphiphiles with the 

sequence lauryl-VVAGHH-CONH2 in the presence of Cu(II) self-

assemble into nanofibers that catalyze a bioorthogonal click 

reaction.
144

 The nanofiber showed the highest activity among 

all tested compounds (including L-histidine-copper complex 

reported as the most active in copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) reactions) in click reaction between 

phenylacetylene and benzylazide at room temperature in 

water. Sequestration of copper by the self-assembled ligands 

reduced the toxicity of copper, making the catalyst 

biocompatible, as shown by efficient cell labeling. 

Biocompatibility and catalytic properties of peptide 

amphilphiles can be applied to induce bone regeneration that 

relies on alkaline phosphatase activity.
145

 Lauryl-VVAGHH-

CONH2 shows phosphatase activity using p-nitrophenyl 

phosphate  

(p-NPP) as a substrate with a kcat value of 1.1 × 10
-5

 min
-1

, and 

catalytic efficiency of 0.0414 M
-1

 min
-1

. The nanofiber provides 

not only catalysis but serves as a bone-like nodule inducing 

scaffold. The nanofibers induce in vitro osteogenic 

differentiation without additional support (Fig. 27). A rapid 

maturation of osteoblast-like cells and mesenchymal stem cells 

(MSCs) into osteoblasts was observed. 
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Figure 27. A model for catalytic phosphatase-like peptide assembly with additional 

bone regeneration function. Reproduced from ref. 145 with permission from the 

American Chemical Society, copyright 2016. 

Fry and coworkers employed simple peptide amphiphiles 

with the sequence palmitoyl-xyL3K3-CO2H, where xy represents 

various residues constituting the heme binding region, to 

demonstrate that supramolecular assembly mode regulates 

the heme binding and consequently peroxidase activity of the 

resulting catalysts.
146

 The amphiphiles contain positively 

charged trilysine headgroup that serves as a pH trigger capable 

of inducing fiber assembly. The palmitoyl moiety is included to 

promote hydrophobic collapse and the three leucine residues 

provide a β-sheet structural motif that favors the formation of 

long-aspect ratio nanofibers. The amphiphiles can produce 

assemblies of different morphologies in the presence of heme 

(fibrils vs micelles) depending on pH conditions. While heme is 

accessible to small molecules in both cases, significantly higher 

peroxidase activity was observed in heme-containing micelles 

(Fig. 28). 

 

 

Figure 28. Proposed model of heme-binding peptide amphiphile catalytic assemblies 

that are regulated by pH. Reproduced from ref. 146 with permission from the American 

Chemical Society, copyright 2017. 

Interestingly, heme-based self-assembling catalytic 

structures can be obtained by mixing very simple building 

blocks such as Fmoc-protected phenylalanine and lysine with 

hemin. The resulting gel promoted oxidation of pyrogallol to 

purpurogallin in either water or toluene (Scheme 7). Addition 

of the histidine to the structure leads to an additional 

synergistic increase in peroxidase activity from kcat = 19.9 min
-1

 

to 49.7 min
-1

.
147

 

 

Scheme 7. Building blocks (A) self-assemble into catalytic network (B). Oxidation 

reaction catalysed by the resulting assembly (C). Reproduced from ref. 147 with 

permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2007. 

Catalytic assemblies do not have to rely exclusively on 

peptides for self-assembly. Ding and co-workers reported the 

design of a catalytic heme-containing nanoparticle with 

peroxidase activity assembled from nucleic acid and peptide 

components.
148

 The spherical nanoparticles produced by 

association of a long positively charged polyhistidine peptide 

(H32) and folded guanine-rich DNAzyme-I 

(GGGTAGGGCGGGTTGGG; DzI) in the presence of hemin 

catalyze oxidization of ABTS (2,2′- azino-bis-(3-

ethylbenzothiazoline-6-sulfonic acid)) by H2O2. The observed 

kcat value of 180.6 min
-1

 is less than an order of magnitude 

lower that of horseradish peroxidase (approximately 1092  

min
-1

). The catalytic efficiency (kcat/KM) of the hemin-

containing nanoparticle was almost identical to that of 

myoglobin. 

4. Peptide self-replication 

Autocatalytic templating and self-assembly of biologically 

relevant peptides has been an inspiration to the field. Indeed, 

if short peptides can promote catalytic reactions and template 

their own structure one can envision a highly efficient system 

capable for replicating and even evolving itself!  

The first example of sequence specific replication reported 

by Ghadiri et al. took advantage of templated native chemical 

ligation. A 32-residue α-helical peptide was designed based 

on the leucine-zipper domain of the yeast transcription 

factor GCN4 to autocatalytically accelerate its own synthesis 

by condensation of 15- and 17-residue fragments in neutral, 

dilute aqueous solutions (Fig. 29).
149

 Subsequent studies 

showed that the self-replicating system functions in a 

hypercyclic fashion wherein two or more self-replicating 

catalytic species cooperatively improve the other peptides 

production.
150, 151
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Figure 29. Self-replicating system that promotes native chemical ligation in a 

hypercyclic fashion using an α-helical peptide template.  

Self-replicating peptide sequences are not limited to α-

helical structures. Ashkenasy and co-workers
152, 153

 reported 

preferential self-replication of 12-residue peptides from short 

complementary structures (a 5-mer with a thioester and a 7-

mer) in the presence of 12-residue template (Scheme 8). 

Moreover, when using mixtures of peptides with different 

stereochemistry, an enhanced formation of the one product 

(with the same stereochemistry) was observed. In the absence 

of fibrillating templates, a mixture of products with various 

morphologies and stereochemistry was formed and only two 

of them formed fibrils.
154

 

 

Scheme 8. Peptide monomers self-assemble into β-sheets followed by fibrils and, 

finally, nanotubes. The autocatalytic process demonstrates elongation of β-sheets. 

Reproduced from ref. 153 with permission from the American Chemical Society, 

copyright 2012. 

Greenwald, Riek and co-workers showed that amyloid 

assemblies formed by short peptides can direct the sequence-

selective, regioselective and stereoselective condensation of 

amino acids. The addition of activated racemic arginine and 

phenylalanine to the peptide RFRFR-CONH2 in the presence of 

the complementary template peptide Ac-FEFEFEFE-CONH2 

selectively yields the product FRFRFRFR-CONH2 with only L-

stereochemistry (Fig. 30). In the absence of the template the 

reaction produced only single and double additions of mixed 

stereochemistry.
155

 

 

Figure 30. Schematic representation of a template-assisted condensation of activated 

amino acid. Reproduced from ref. 155 with permission from Nature Publishing Group, 

copyright 2018. 

The next logical step in development of self-replicating 

peptides is to attempt to do it on functional structures. Lynn 

and co-workers constructed a peptide K1 (Ac-KLVFFAE-CONH2) 

using the nucleating core of Aβ peptide (LVFF). This peptide 

self-assembles into nanotube-like structures (Fig. 31) and 

demonstrates retroaldolase activity with a four-order of 

magnitude higher activity as compared to lysine alone. 

Subsequent sequence modification that results in subtle 

structural morphological changes provided additional rate 

acceleration (up to 10-fold) in the stereoselective conversion 

of methodol to fluorescent 6-amino-2-naphthaldehyde.
156

 

Templating additional stages of polymer synthesis using the 

methodology developed in the Lynn lab
157

 is likely to enable 

construction of more efficient catalytic materials. 

 

 

Figure 31. Self-assembled structures formed by peptide K1. The model is based on 

computational studies and cryo EM data. Reproduced from ref. 156 with permission 

from Nature Publishing Group, copyright 2017. 

5. Conclusions 

The idea that multiple molecules can come together in a 

predetermined fashion to produce an assembly with emerging 

catalytic properties is truly fascinating. Peptides have been at 

the forefront of experimental validation of this concept due to 

availability of extremely chemically versatile building blocks, 

simplicity of synthesis, and access to multiple secondary, 

tertiary, etc. structures. Much effort has been dedicated to 

establishing the basic principles that would allow at least 

somewhat accurate prediction of molecular structures that can 

accomplish this feat. Early successes in the field almost 

exclusively were based on discreet, well-defined and readily 

characterizable structures that fold in a very predictable 

manner. Especially in the presence of metal cofactors, such 

peptide assemblies showed substantial increase in catalytic 

activity over the rate of uncatalyzed reaction. However, having 

the peptide designed to fold in a specific and very stable fold 

imposes constraints on the sequence. Besides, is our 

understanding of catalysis sufficient to predict the structure of 
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a perfect catalyst de novo? Multiple failures of computational 

tools to achieve high rate of catalysis while getting the 

designed structure with subatomic precision suggests 

otherwise. Thus, advances of the past decade have been linked 

with a very minimalist approach, which can be summarized in 

the following way. Let’s introduce very basic catalytic handles 

into a structure prone to self-assembly and let the chips fall 

where they may. Despite the seeming naiveté this concept has 

been extremely successful. The relatively short sequences of 

peptides employed in such assemblies allow for rapid 

screening of a large number of possibilities and establishing 

meaningful structure activity relationships that can be used to 

improve upon the existing catalysts rationally. Additionally, the 

non-covalent nature of the assemblies allows for mixing 

peptides with different sequences providing even higher 

throughput opportunities in addition to possibilities to evolve 

via self-replication. Advances in the field are aided by 

improved characterization techniques – the ongoing explosive 

expansion of cryoelectron microscopy and ssNMR provides 

insight simply impossible to obtain just a few decades ago. 

More is undoubtedly to come. Composite materials that 

contain nanoparticles
158-172

 and dendrimers offer additional 

functional advantages.
173

 While most of reactions described 

above are considered to be model (and for which there are 

traditional catalysts available) there is every expectation that 

new highly efficient self-assembling catalytic materials will be 

soon available for industrially relevant processes. Robustness, 

heterogeneity, low cost and potential ability to self-replicate 

will undoubtedly make them a popular tool in a chemists’ 

toolbox. 
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