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residues for phosphoesterase like activity†
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Herein, we report that short peptides are capable of exploiting their anti-parallel registry to access cross-

b stacks to expose more than one catalytic residue, exhibiting the traits of advanced binding pockets of

enzymes. Binding pockets decorated with more than one catalytic residue facilitate substrate binding

and process kinetically unfavourable chemical transformations. The solvent-exposed guanidinium and

imidazole moieties on the cross-b microphases synergistically bind to polarise and hydrolyse diverse

kinetically stable model substrates of nucleases and phosphatase. Mutation of either histidine or arginine

results in a drastic decline in the rate of hydrolysis. These results not only support the argument of short

amyloid peptides as the earliest protein folds but also suggest their interactions with nucleic acid

congeners, foreshadowing the mutualistic biopolymer relationships that fueled the chemical emergence

of life.
Introduction

Extant enzymes achieve synchronized interactions with specic
substrates via the use of multiple residues that are precisely
arranged in binding pockets. The native states of enzymes that
feature such binding sites result from the folding of chains of
hundreds of amino acids. Billions of years of evolution have led
to such specic folding pathways to generate the native state,
which is an ensemble of closely related, complex three-
dimensional structures. The hydrophobicity, pH, polarity,
hydrophilicity, and charge of the binding pockets are modu-
lated by the precise yet conformationally exible spatial
arrangements of multiple proximally located amino acid resi-
dues. Such a through space arrangement of amino acid residues
facilitates proton channeling and stabilization of intermediates
required to carry out chemical reactions with high activation
barriers. For instance, enzymes such as serine proteases,
protein kinases, and phosphatases exploit catalytic dyads or
triads of amino acids to facilitate bond-breaking and bond-
forming processes involving highly kinetically stable
substrates.1–4 The emergence of such remarkable capabilities in
modern-day enzymes that can catalyse a myriad of kinetically
unfavourable biochemical transformations remains an unre-
solved puzzle. Recent studies have demonstrated the catalytic
competence of amyloid-based peptide assemblies supporting
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the Royal Society of Chemistry
the argument that short amyloid peptides might have been the
earliest protein folds.5–13

Hydrolysis of activated carboxylic esters is among the most
widely explored chemical transformations by using short
peptide-based assemblies.14–16 Activated aromatic esters have
been extensively targeted due to their kinetic lability, and the
presence of histidine residues on the solvent-exposed surface of
the assemblies is oen sufficient for this hydrolytic step which
has a relatively lower activation barrier.17–20 In contrast, natural
hydrolases use a combination of multiple residues (e.g., serine,
histidine, and aspartate) and hence, reports on the hydrolysis of
substrates with extreme kinetic stability (e.g., phosphate ester
bonds, amide bonds, and so forth) by short amyloid peptides
remain scarce. This is due to the fact that the catalytic amyloid
microphases reported thus far mostly expose a single catalytic
residue on the surface limited by the short length of the
sequence which is insufficient to fold in ways that can expose
multiple residues required for binding and catalysis.

In this regard, extant DNase, RNase, and phosphatase utilize
their long peptide chains to expose multiple residues and
cofactors for specic binding and lower the activation energies
required to cleave the kinetically stable phosphate ester bonds
of diverse origins.4,21 The molecular recognition of nucleic acids
seen in such DNA and RNA binding proteins and their decora-
tive relationships even in ribosomes suggest a biopolymer
mutualism that is argued to be necessary for the emergence of
cellular life.22,23 It will be intriguing to probe whether short
peptide-based assemblies can expose multiple residues on the
surface to bind and lower the activation barrier of phosphoester
hydrolysis. Herein, we report that the paracrystalline stacks of
cross-b sheets accessed from short amyloid peptides can expose
Chem. Sci., 2022, 13, 9225–9231 | 9225
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and importantly, utilize more than one catalytic residue for
cleaving stable phosphate esters in the absence of any co-
factors. Utilizing antiparallel b-sheet stacks to proximally
locate specic amino acid residues, the amyloid microphases
fostered the hydrolytic cleavage of phosphate bonds, expanding
the catalytic diversity of primitive short peptide-based folds.
Results and discussion

The short fragment17LVFF21A of the Ab(1–42) sequence associ-
ated with the brillar protein deposits seen in Alzheimer's
disease was used. At rst, we started with the question whether
a single catalytic residue can catalyse the hydrolysis of phos-
phate ester at all. Histidine and arginine were chosen as cata-
lytic residues for checking phosphoester hydrolysis.

So, arginine or histidine was installed separately at the N-
terminal of the sequence while the C-terminal was coupled to
leucine, yielding the peptide sequences Ac-RLVFFAL (RL) and
Ac-HLVFFAL (HL) respectively (Scheme 1). These peptides self-
assembled to form nanotubular morphologies with surface-
Scheme 1 Schematic representation of the design of peptide sequenc
structures of the amyloid sequences used are shown in the box.

9226 | Chem. Sci., 2022, 13, 9225–9231
exposed cationic guanidinium (RL) or imidazole (HL) moieties
(Fig. S1†).11,18 The nuclease activities of these peptide assem-
blies were probed with an anionic RNA model substrate 2-
hydroxypropyl-4-nitrophenylphosphate (HPNPP, Scheme 1).
The cationic guanidinium groups were expected to bind to the
anionic HPNPP and facilitate the cleavage of the phosphoester
bond.24–32 The imidazole moiety of histidine is known to facili-
tate phosphoester hydrolysis by acting as a general acid/base
catalyst or by acting as a nucleophile.33,34 The rate of hydro-
lysis was monitored with the help of UV-vis spectroscopy by the
change of absorbance at 405 nm. Despite the presence of
catalytic residues on the surface of the morphologies, addition
of the substrate did not show any noticeable enhancement of
hydrolytic rates compared to the background (Fig. S2†). In this
context, it is important to note that a combination of arginine
and histidine with other amino acids and suitable co-factors is
used by contemporary nucleases for cleaving the phosphoester
bonds.35 Hence, arginine and imidazole were installed at the N-
terminal and leucine was installed at the C-terminal of the core
sequence 17LVFF21A, yielding Im-RLVFFAL (Im-RL, Scheme 1,
es for mimicking RNase, phosphatase and DNase activity. Chemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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see the ESI for details†). Im-RL formed nanotubular morphol-
ogies with surface-exposed arrays of imidazole and guanidi-
nium residues (Fig. S1 and S3,† FTIR suggested antiparallel b-
sheet arrangement).15 Indeed, close to a three-fold enhance-
ment of the hydrolytic rate was registered compared to HL and
RL (Fig. S2†). At this point, we speculated that if the peptide can
utilize its antiparallel b-sheet packing to locate the two residues
proximally, catalysis might be facilitated (Scheme 1).

Specically, if the sequence features guanidinium and
imidazole at the extreme termini, interstrand arrangement
would possibly provide more degrees of freedom and plasticity
to the catalytic moieties as opposed to intrastrand arrangement
in Im-RL (Scheme 1). Hence, the sequence was modied by
incorporating arginine and histidine at the N and C terminals of
Fig. 1 TEMmicrographs (a) and AFM topographic image (b) of RH (inset s
bound-RH, (d) PXRD of RH assemblies. (e) van der Waals surface of the
(blue). TEM micrographs of negatively charged gold nanoparticles with R
HPNPP in different self-assembled systems, [catalyst] ¼ 100 mM, and [su

© 2022 The Author(s). Published by the Royal Society of Chemistry
the sequence 17LVFF21A to access Ac-RLVFFAH-NH2 (RH,
Scheme 1). RH self-assembled into sheet-like morphology,
characterized by TEM (Fig. 1a) and atomic force microscopy
(AFM, Fig. 1b; the average height of the assemblies was 4.94 �
0.8 nm). Confocal microscopy performed in the presence of
coumarin-343 dye revealed uorescent structures which sug-
gested the capability of the RH microphases to bind small
molecular guests (Fig. 1c). The antiparallel b-sheet conforma-
tion of the peptide assembly was indicated by FTIR and circular
dichroism (CD, Fig. S4†). Powder X-ray diffraction (PXRD)
showed d-spacings of 10.3 Å and 4.78 Å, corresponding to H-
bonded b-sheet laminate and interstrand distances respec-
tively (Fig. 1d). In order to investigate the structural features of
RH assembly, molecular dynamics (MD) simulations were
hows the height profile). (c) Confocal microscopy image of coumarin-
RH assembly displaying solvent-exposed arginine (pink) and histidine
H at (f) pH 7 and (g) pH 5.5. (h) Bar diagram of initial hydrolysis rates of
bstrate] ¼ 500 mM.

Chem. Sci., 2022, 13, 9225–9231 | 9227
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performed. The simulations revealed that both imidazole and
guanidinium moieties are surface exposed via antiparallel
packing (Fig. 1e). The mean laminate distance varied between
10.0 to 10.5 Å and themean interstrand distance was close to 5.3
Å which corroborated the experimental PXRD ndings (d-
spacings of 10.3 Å and 4.78 Å respectively, for details see ESI,
Fig. S5 and S6†). The studies done with negatively charged
AuNPs revealed an ordered array of AuNPs bound to the
assemblies of RH at pH ¼ 7, indicating the presence of posi-
tively charged residues on the surface (Fig. 1f and S7†). To
conrm the presence of both imidazole and guanidinium resi-
dues on the solvent-exposed surface, AuNPs were incubated
with the assembly at pH 5.5, which is lower than the pKa of both
moieties. The higher density of AuNPs observed in the case of
pH 5.5 on the surface of assemblies compared to pH 7 indicated
the presence of both the catalytic moieties on the surface of the
microphases (Fig. 1g and S7†).

Aer exploring the self-assembling properties of the
designed peptide RH, we investigated its phosphodiester
cleaving ability. The catalytic nature of the RH assembly was
assessed by UV-vis spectroscopy [vi¼ (23.76 � 7.63) � 10�10 M
s�1, Fig. 1h and S2†]. Kinetics at different substrate concen-
trations typically followed the Michaelis–Menten equation and
allowed the determination of the Michaelis–Menten parame-
ters; KM ¼ 0.70 � 0.20 mM and kcat ¼ (4.45 � 0.54) � 10�5 s�1

(Fig. S8, 2a and Table S1†). The catalytic rate was �2.22 � 102

fold higher compared to the uncatalyzed reaction (kuncat¼ 2.0�
10�7 s�1, Fig. 2a, Table S1†). Interestingly, the rate of hydrolysis
of HPNPP was six-fold higher compared to Im-RL (Fig. 1h and
S2†) despite the presence of guanidinium and imidazole in both
Fig. 2 (a) Summary of kinetic parameters of RH with different
substrates. (b) Bar diagram of initial rates of hydrolysis of BNPP in
different self-assembled systems, [catalyst] ¼ 100 mM, and [substrate]
¼ 500 mM (see the ESI for details†).

9228 | Chem. Sci., 2022, 13, 9225–9231
sequences. The signicant difference in rates, along with the
results of the simulations, suggested that the antiparallel
packing in RH facilitated the closer proximity of imidazole and
guanidinium moieties which is exigent for catalysis. The
stability of the microphases at the experimental temperature
was probed by incubating the assemblies at 40 �C for more than
24 hours. TEM of the incubated sample revealed that the
morphology was retained (Fig. S9†). Furthermore, the role of
a self-assembled surface was probed by using an HFIP treated
RH assembly (see details in the ESI†). Hydrolytic activities
decreased drastically following HFIP mediated disassembly
(Fig. 1h). These results suggested that the co-localization of the
catalytic moieties on the surface of the microphases helped in
facilitating RNase activity in a cooperative manner.

Aer demonstrating the RNase activity by RH, the catalytic
versatility was monitored by exposing it to different substrates
of varying reactivity. 4-Nitrophenyl phosphate (PNPP, Scheme
1), a well-known model substrate to probe the phosphatase
activity, was used. The double negative charge on the substrate
was expected to lead to improved binding with the positively
charged surface of the assemblies to facilitate hydrolysis. When
mixed with the substrate PNPP, the RH assemblies showed
appreciable rates of hydrolysis. The catalytic rate constant (kcat)
was found to be (10.9 � 0.30)� 10�5 s�1 (kuncat ¼ 7.5 � 10�7 s�1

at 40 �C), indicating an �1.46 � 102 fold rate acceleration in the
presence of the self-assemblies (Fig. 2a, S10 and Table S2†).
Controls with RL and HL displayed signicantly lower hydro-
lytic rates compared to RH, suggesting the importance of both
guanidinium and imidazole side chains (Fig. S11†). However, in
contrast to HPNPP, the activity with Im-RL was only �1.2-fold
lower compared to that with RH (Fig. S11†). The HFIP treated
assemblies showed no signicant hydrolysis due to the absence
of the assemblies (Fig. S12†).

At this point, we sought to explore DNase-like activity by
using cofactor-free short peptide-based amyloid assemblies.
Bis(4-nitrophenyl)phosphate (BNPP), a well-known DNA model
substrate was selected. Unlike HPNPP, BNPP lacked a hydroxyl
group and was comparatively more stable towards hydrolysis.
The rate constant (kcat) of the RH catalysed reaction was found
to be (2.88 � 0.32) � 10�5 s�1 and the Michaelis–Menten
constant was 0.05 � 0.02 mM (Fig. 2a, S13 and Table S3†).
Similar controls, as done before, showed a decrease in activities,
again underpinning the role of the self-assembled surface with
the exposed imidazole and arginine (Fig. 2b and S14†). A
comparison of the kinetic parameters of RH with other peptide-
based self-assembled systems reported in the literature for the
hydrolysis of PNPP is shown in Table 1. To the best of our
knowledge, no report thus far shows short peptide-based self-
assembled catalysts that can hydrolyze three different phos-
phoester based substrates.

An equilibrated model of the assembly from the MD simu-
lation trajectory revealed the presence of the catalytic residues
guanidinium and imidazole in close proximity, resulting from
the antiparallel b-sheet packing (Fig. 3). To gain insights into
the catalytic prociency of RH assembly, we performed molec-
ular docking of the substrate molecules HPNPP, BNPP and
PNPP on the surface of the assembly (Fig. 3d and S15†). It is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic analysis for enzyme-like hydrolysis of PNPP

Catalyst kcat ( � 10�5 s�1) KM ( � 10�3 M) k2 (M
�1 s�1) Ref.

RLVFFAH 10.9 � 0.30 0.069 � 0.010 1.58 This work
HEPT-SH 18.33 � 0.00 0.26 � 0.00 0.70 � 0.01 39
KVYFSIPWR VPM-
NH2

1 14 � 4 (4.0 � 0.3) � 10�4 40

Lauryl-VVA GH-Am 1.83 � 0.13 26.2 � 15.5 (0.69 � 0.09) � 10�3 41
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notable that the predominant docking mode of all the
substrates was in the cross-b grooves between the imidazole and
guanidinium groups that are exposed on the bril surface
owing to the anti-parallel packing. Redocking of the substrates
to the dominant binding sites of the RH assembly yielded
binding affinities of �5.6 kcal mol�1, �5.3 kcal mol�1 and
�6.5 kcal mol�1 for HPNPP, PNPP and BNPP, respectively.
Docking of phosphate esters on the catalytic microphases
shows the favourable proximity of the ester and the imidazole
and guanidinium moieties in the binding grooves. Such prox-
imity has been argued to be critically important for catalysis.36

As depicted in Fig. 3a–c, these substrates form a variety of
Fig. 3 (a–c) Binding interactions of HPNPP, BNPP and PNPP with catalyt
HPNPP substrate molecules on the surface of the RH assembly model
catalyzed and uncatalyzed reactions of BNPP.

© 2022 The Author(s). Published by the Royal Society of Chemistry
interactions such as salt-bridges, hydrogen bonds, p-stacking
interactions and hydrophobic interactions with the imidazole
and guanidinium side chains of histidine and arginine. These
observations, along with the fact that disassembled peptides
show diminished activities, underpins the crucial role of the
antiparallel arrangement for the interaction with the substrates
leading to hydrolysis.

To probe the role of the catalytic moieties in phosphoester
hydrolysis, we mapped the reaction pathways using density
functional theory (DFT) with BNPP andHPNPP substrates in the
presence and absence of RH assemblies (see the ESI†). Bond
dissociation enthalpies (BDE) of BNPP (93.8 kcal mol�1) and
ic moieties on the surface of the RH assembly. (d) Molecular docking of
led via MD simulations. (e) Comparison of transition state energies of

Chem. Sci., 2022, 13, 9225–9231 | 9229
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HPNPP (98.7 kcal mol�1) calculated as the standard enthalpy
change resulting from homolytic cleavage of the phosphoester
bond were found to be only marginally different (Fig. S16†). To
understand the low rates of hydrolysis of BNPP compared to
HPNPP, we discerned the energetics of the uncatalyzed reaction
pathway by following the transition states of phosphoester bond
cleavage. Free energy of activation for BNPP was found to be
50 kcal mol�1 while that for the –OH mediated transition state
for HPNPP for phosphoester bond cleavage was only
18.4 kcal mol�1 which explains the enhanced rates of hydrolysis
in HPNPP over BNPP despite the marginal difference in BDE
(4.9 kcal mol�1, Fig. S17†).37,38

Next, a substrate along with truncated peptide binding
pockets (MD simulations, Fig. 3a–d) were used to investigate the
underlying energetics in the catalytic systems by modelling the
transition state (see the ESI for details†). Optimised structures
revealed several points of contact between BNPP and the cata-
lytic guanidinium and imidazole moieties (Fig. S18†). We per-
formed an analysis of the closest guanidinium and imidazole
residues to the substrate as potential catalytic centres. The
analysis suggested that the guanidinium moiety facilitated the
nucleophilic attack of imidazole on the phosphorous centre by
forming H-bonds with phosphate anions.42 The transition state
corresponding to phosphoester bond cleavage and imidazole–
phosphorus bond formation (1.9 Å) gained stabilisation by
forming multiple H-bonds between the dissociated p-nitro-
phenolate anion and positively charged guanidinium
(Fig. S18†). It showed a signicantly lower free energy activation
barrier of 20.5 kcal Mol�1, i.e., 28.7 kcal Mol�1 lower than that
of the uncatalyzed reaction which explains the higher hydrolytic
rates in the presence of a catalyst (Fig. 3e). We could not obtain
the transition states of HPNPP due to the complex nature of the
potential energy surface (Fig. S19†).
Conclusions

The collaborative mutualism between nucleic acids and short
peptide assemblies has been argued to initiate the dynamic
evolving network in cellular life that catalyses and carries
information based on specic recognitions via non-covalent
interactions. The present study demonstrates the capability of
short peptides to capitalize the paracrystalline packing and the
antiparallel arrangement to bind diverse phosphate esters and
subsequently utilize more than one catalytic residue for
cleavage. This work is among the rst examples where the
registry and consequently the plasticity of a paracrystalline
amyloid assembly are exploited to access advanced binding
pockets to interact with nucleic acid congeners, which eventu-
ally leads to the cleaving of phosphodiester bonds with high
kinetic stability. The versatility of the minimal self-assembled
catalyst towards kinetically unfavourable chemical trans-
formations, supports the argument of their role as primitive
catalytic folds and also hints towards their involvement in
biopolymer co-evolution.43–45 Furthermore, within the limits of
a short sequence such exibility along with the utilisation of
a peptide registry can, in principle, process more challenging
9230 | Chem. Sci., 2022, 13, 9225–9231
chemical transformations which were thus far believed to be
achievable only by extant enzymes.
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