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Exploring the Esterase Catalytic Activity of Minimalist

Heptapeptide Amyloid Fibers

L. Roldan,” L. Rodriguez-Santiago,*™ J. Didier-Marechal,” and M. Sodupe*®

This paper investigates the esterase activity of minimalist
amyloid fibers composed of short seven-residue peptides,
IHIHIHI (IH7) and IHIHIQI (IH7Q), with a particular focus on the
role of the sixth residue position within the peptide sequence.
Through computational simulations and analyses, we explore
the molecular mechanisms underlying catalysis in these
amyloid-based enzymes. Contrary to initial hypotheses, our
study reveals that the twist angle of the fiber, and thus the
catalytic site’s environment, is not notably affected by the sixth
residue. Instead, the sixth residue interacts with the p-nitro-
phenylacetate (pNPA) substrate, particularly through its —NO,

Introduction

Amyloids fibrils are ordered nanostructures resulting from the
self-assembly of amyloid proteins. Although they have been
traditionally associated as the end product of pathological
misfolding in several human diseases,"” recent discoveries have
revealed that they also play a role in functional biological
processes.”” Amyloids have also been invoked to be plausible
early precursors to enzymes in the evolution of life, due to their
ability to self-replicate and catalyse chemical reactions,®>* and
nowadays they are emerging as promising building blocks for
new supramolecular structures and advanced materials.”!
Amyloid fibrillar assemblies are characterized by a “cross-f”
quaternary common structure, in which B-sheets are parallel to
the fibril axis and their strands perpendicular to it.® This
architecture is a robust supramolecular structure in which -
sheets come into contact forming a tightly packed solvent
excluded core region, known steric zipper. Such architecture is
stabilized by backbone hydrogen bonds between neighboring
B-strands, and by other non-covalent interactions, such as n-n
stacking, van der Waals, electrostatic and hydrophobic inter-
actions. Final supramolecular structures” fall within to one of
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group, potentially enhancing catalysis. Quantum mechanics/
molecular mechanics (QM/MM) simulations of the reaction
mechanism suggest that the polarizing effect of glutamine
enhances catalytic activity by forming a stabilizing network of
hydrogen bonds with pNPA, leading to lower energy barriers
and a more exergonic reaction. Our findings provide valuable
insights into the intricate interplay between peptide sequence,
structural arrangement, and catalytic function in amyloid-based
enzymes, offering potentially valuable information for the
design and optimization of biomimetic catalysts.

the eight classes of steric zippers and are driven by subtle
changes in hydrophobicity, charge, and size of the peptides.

Several recent studies have revealed that amyloid architec-
tures can provide scaffolds for enzyme-like catalysis.®'? In
particular, the pioneering work of Korendovych et al."? showed
that short seven-residue amyloid peptides can self-assemble
and create active sites that are able to bind zinc and catalyze an
esterase reaction, i.e. the hydrolysis of p-nitrophenylacetate
(pPNPA). These peptides exhibit alternating hydrophobic (lle, Leu
or Val) and polar (His) residues to create an amphiphilic g-strand
that could further aggregate via hydrophobic interactions, while
keeping His exposed to the solvent and interacting with Zn*".
In addition, new peptides in which the His at position six is
replaced by acidic (Asp, Glu), basic (Lys, Arg) and polar or
aromatic (GIn, Tyr) residues were explored to evaluate how
acid/bases from neighbouring side chains, serving as secondary
ligands, influence the catalysis. Results showed a marked
dependence on the nature of the residue at position six, the
presence of GIn leading to the most active IHIHQH peptide,
(ket/Ky=62 M~'s™") The metal ion’s proper coordination was
shown also to be crucial, since a single His/Ala mutation
resulted in an around 60-fold decrease in esterase activity.
Importantly, catalytic activity correlated with the degree of
assembly, monomeric peptides being essentially unable to
catalyze this reaction.

Overall, results from these works indicate that the catalytic
activity of these nanofibers is closely linked to their ability to
self-assemble and produce the proper active sites within the
three-dimensional fibrillar structure. Within this context, compu-
tational studies can provide very useful information to unravel
the intricacies of such catalytic processes, including the
influence of the sixth residue position. While Dong et al."® have
contributed valuable insights into the molecular mechanisms
driving esterase activity with amyloid fibers, the explicit role of
the sixth position remains unaddressed.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Hydrolysis reaction of p-nitrophenylacetate.

This paper aims to provide a comprehensive computational
study regarding the esterase activity of minimalist amyloid
fibers, focusing on the role of the sixth residue position. Our
investigation will encompass a detailed examination of the
structural characteristics of IHIHIHI (IH7) and IHIHIQI (IH7Q)
fibers, along with an exploration of the NPA hydrolysis reaction
mechanism. Through this study, we aim to shed light on the
intricate interplay between peptide sequence, structural ar-
rangement, and catalytic function in amyloid-based enzymes.

Results and Discussion

As mentioned, Korendovych et al™ showed that minimalist
amyloid fibres formed by seven residue amphiphilic peptides
exhibit enzyme-like catalysis, particularly the hydrolysis of pNPA
(Scheme 1), in the presence of Zn** ion.

The active sites reported at these Zn’* -fibers mimic those
in Zn?"-metalloenzymes of carbonic anhydrase,"** and exhibit
the Zn** ion coordinated to three His and one OH~, which
originates from deprotonation of a water molecule, in a
tetrahedral coordination. For these systems, deprotonation
toward the deprotonated N of uncoordinated His has been
estimated to have a AG of 4.3 kcalmol™'" and is expected to
be similar for both IH7 and IH7Q. Thus, from now on we will
focus on the nucleophilic attack of the hydroxide ion bound to
Zn*" to pNPA, which leads to the formation of a tetrahedral
oxyanion intermediate that subsequently evolves to p-nitro-
phenol and acetate (Scheme 1).

Experimental findings suggest that the catalytic process is
influenced by the nature of the residue located at the sixth
position of the fiber, with glutamine demonstrating the highest
catalytic efficiency."”” It has been hypothesized" that this
specific residue might impact the fiber's twist angle, conse-
quently altering the local environment of the active site.
However, analysis conducted on the final 100 ns of the MD
simulation of metal-bound fibers, once the system has achieved
stability (Figure S1 of SI), reveals that the average twist angle
between neighbour strands, as described in the computational
methodology section, is similar in both Zn**-IH7 (12.4+3.8)
and Zn?"-IH7Q (12.545.0) fibers. A distribution of angles along
the last 100 ns of the molecular dynamics simulations is
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provided in Figure S2 of the SI. Thus, the sixth position does not
appear to induce notable variations in the fibre's twist angle
that could influence its catalytic site and efficacy; for instance,
by favouring the interaction of pNPA with two neighbours Zn>*
ions. Therefore, the most intriguing yet unresolved aspect
remains how the sixth position of the fiber impacts its catalytic
activity despite not being directly engaged in the Zn>* binding.
Two working hypotheses based on the direct interaction
between the sixth position and pNPA have been explored
(Figure 1): i) the —OCOCH, ester group of pNPA or ii) the —NO,
group of the pNPA interact with the residue in the sixth
position. In both hypotheses, the side chain of the 6" residue
would establish H-bond contacts between the proton donor
group of GIn with the —-NO, or —OCOCH, groups of pNPA, which
could further activate the substrate favouring the OH~
nucleophilic attack, thereby enhancing the hydrolytic activity.
The main focus is to investigate the transient catalytic
interactions of pNPA with its surrounding environment, partic-
ularly with the sixth residue. To achieve this, the pNPA substrate
was docked using Gold software onto a central Zn** ion of the
fiber, with at least 8 strands on each side. However, since
preliminary quantum mechanics (QM) studies, considering only
the active site, identified the oxyanion species resulting from
the nucleophilic attack of OH™ on NPA as an intermediate in the
hydrolysis process, this intermediate (Figure S3 of SI) was
overlapped with the docked position of pNPA and parametrized
in a bonded manner, so that MD simulations could be
performed. PCA and RMSD values obtained for these pNPA-

Figure 1. Potential interactions between the sixth residue of the heptapep-

tide and a) the —OCOCH; group and b) the —NO, group of pNPA for IH7Q.
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Figure 2. Intermolecular distances between the N atom of His (in IH7) and GIn (in IH7Q) of the 6™ position and the N atom of —NO, (left) and C atom of

—OCOCH; (right) of pNPA.

Zn?*-IH7 and pNPA-Zn’*-IH7Q simulations are given in Fig-
ure S4 of Sl. This approach enables the simulation of potential
interactions that may occur between the substrate and the
surrounding environment.

To properly assess the interactions between pNPA and the
sixth position, either from the same strand as the coordinating
ion or the adjacent ones, the distances between the sixth
residue and —NO, or —COOCH, groups of pNPA (Figure 1) were
measured on the final 100 ns of the MD simulation. Such
distances were determined by considering the N atom of NO,
or the C atom of the ester group and the N atom of GIn (in
IH7Q) and His (in IH7). According to QM calculations the
threshold value was set to 5 A. Values smaller than 5 A indicate
potential contacts that could influence the catalysis.

Figure 2 shows the intermolecular distances with the —NO,
and —COOCH; groups of pNPA for both IH7 and IH7Q for the
last 100 ns of the simulation. First, it can be observed that both
for IH7 and IH7Q no suitable distances between the ester group
and the sixth residue (Figure 2, right images) were identified,
discarding our second hypothesis. Indeed, almost all along the
trajectory the measured distances were larger than 5 A thereby
indicating that, if present, they should be weak, which is not
expected to largely influence the catalysis. On the contrary, the
—NO, group can reach feasible distances with the sixth position,
particularly with GIn in IH7Q. Notably, contacts with Gln were
present approximately 44% of the simulation time in IH7Q,
compared to only 1% in IH7. Such difference arises from the
length and nature of the side chain, which is larger and more
flexible in GIn than in His.

The hypothesis of the interaction of the NO, from the pNPA
substrate with the 6™ position was then shown to be feasible.
Consequently, ONIOM(QM/MM) calculations were performed to
obtain the energy profile of the reaction for either IH7 and
IH7Q, to describe the impact of the 6™ residue on the catalysis.
The starting geometry was, in both cases, a frame from MD
simulations, in which pNPA was closest to the sixth residue. It
should be noted that several possible orientations of pNPA,
particularly of the —OCOCH; ester group concerning the metal
ion, are possible. MD simulations have allowed us to select
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among them the most representative orientation exhibiting the
C=0 pointing toward Zn?*.

Figure 3 depicts the Gibbs energy profiles of the hydrolysis
of pNPA by IH7 and IH7Q as well as the optimized structures for
the different stationary points obtained for IH7. Table 1 shows
the relative energies of the different stationary points decom-
posed into the high-level and low-level contributions.

The first step of the reaction mechanism involves the
nucleophilic attack of the Zn?* coordinated OH" to the C atom
of the ester group of pNPA. As a result, an oxyanion
coordinated to Zn*" through the oxygen atom of C=O is
obtained (Figure 3). This oxyanion complex presents Zn**
tetracoordination as the O of the OH is replaced by the O from
pNPA. The transition structure TS1, however, exhibits Zn®"
pentacoordination, with the N atoms of the three histidines, the
O from the OH and the C=O from pNPA interacting with the
metal cation. The computed energy barrier is AE* =13.0 (AG* =
17.3) kcalmol™ in terms of potential and Gibbs energy,

Table 1. Relative potential energies (AE) and Gibbs energies (AG) in gas
phase and accounting for solvent corrections (AG,,) (in kcalmol™) for the
hydrolysis of pNPA in Zn*"-IH7 and Zn?*-IH7Q, decomposed into their
high level (AEy,) and low level (AE,) contributions.
AE AG AG,
IH7 AE AEy, AE,
R 0.0 0.0 0.0 0.0 0.0
TS1 13.0 11.6 1.4 173 16.0
OA 1.8 0.4 1.4 7.8 2.8
TS2 9.8 8.1 1.7 139 —2.8
P —224 —25.2 2.8 —19.5 —23.6
IH7Q
R 0.0 0.0 0.0 0.0 0.0
TS1 11.3 9.3 20 14.6 14.2
OA —2.2 —5.1 29 20 0.6
TS2 4.1 33 0.9 5.6 —5.6
P —29.5 —25.5 —4.0 —28.6 —30.7
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Figure 3. Gibbs energy profiles for pNPA hydrolysis at the surface of IH7 (in purple) and IH7Q (in blue). R stands for reactants, OA for oxyanion and P for
products. Optimized structures for the different stationary points obtained for IH7. Distances are in A and relative energies in kcal mol™'

respectively. Along this process, the C—O bond distance of NPA
moiety significantly increases from 1.38 A in NPA to 1.52 A in
the oxyanion (Figure 3). From this oxyanion intermediate, the
proton of OH is transferred to the O~ of the nascent nitro-
phenolate, through an energy barrier of AE*=8.0 (AG*=6.1)
kcalmol™ (Table 1, Figure 3, TS2), which leads to the final
products nitrophenol and acetate, the latter one being
coordinated to Zn** (P in Figure 3). The computed overall Gibbs
reaction energy (—19.5 kcalmol™') indicates that the reaction is
highly exergonic. Interestingly, this mechanism differs slightly
from that reported by Dong etal! in which the oxyanion
evolves toward acetic acid and nitrophenolate, which further
converts to nitrophenol and acetate through an additional
proton transfer.

Decomposing the relative energies into their high level and
low-level components shows that, as expected, the energy
profile is mainly dictated by the high-level part enclosing the
active site. The low-level part, while non-negligible, is destabiliz-
ing accounting for 2-3 kcalmol™" of the total relative energies.
Furthermore, the inclusion of solvents effects through the SMD
implicit solvent model for the high-level region makes the
reaction more exergonic and makes TS2 more stable than the
OA, so that products would be obtained directly in a one-step
process.

For IH7Q, a similar energy profile as that of IH7 is obtained
(Figure 3, blue), albeit with lower Gibbs energy barriers (14.6 vs
17.3 kcalmol™" for TS1 and 3.6 vs 6.1 kcalmol™' for TS2, with
respect to OA). Similarly to IH7, TS1 exhibits Zn** pentacoordi-
nation with the O of pNPA at 2.38 A and that of OH at 2.03 A
(Figure 4), while the oxyanion OA shows Zn*" tetracoordination
as the O from OH is displaced by the O of pNPA. Notably, the
reaction energy indicates that the process is significantly more
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exergonic for IH7Q (—28.6 kcalmol™) than for IH7
(—19.5 kcalmol™), in line with the smaller energy barriers for
the former. Furthermore, the decomposition of relative energies
into their high-level and low-level contributions (Table 1)
indicates that, as for IH7, the low-level part is destabilizing by
2-3 kcalmol™', except for the products for which a stabilizing
contribution of 4 kcalmol™' is detected.

As for IH7, solvent effects make the reaction more exergonic
and stabilizes TS2, which becomes lower in energy than the OA.
These changes do not modify the previously obtained trends,
the Gibbs energy barrier of IH7Q being smaller than that of IH7
(14.2 vs 16 kcalmol™). Such differences in the energetic barriers
of IH7 and IH7Q may explain the enhanced catalytic activity
observed experimentally for the latter, which could be
attributed to the polarizing effect of Gln on pNPA. Indeed, a
detailed analysis of the structure of IH7 and IH7Q transition
structures indicates that GIn can stablish stabilizing H-bond
contacts with NPA along the reaction. Figure 4 displays the
optimized structures of TS1 and the products. Remaining
structures are given in Figure S5 of SI.

In TS1, the lateral chain of GIn (—CH,—CH,—CO—NH,) is acting
both as a proton acceptor through the CO group and as proton
donor through NH,. The CO establishes a H-bond contact with
the imidazole N-H of one of the Zn** coordinating His at
1.74 A, while —NH, acts as proton donor and interacts with
—NO,, with a H-bond distance of 2.15 A. In the products, the
hydrogen bond of the —NH imidazole with CO remains similar
(1.80 A), however, the —NH,~—NO, H-bond strengthens signifi-
cantly, the measured distance decreasing up to 1.95 A. Overall,
this structure exhibit a network of hydrogen bonds that
involves the two products of the reaction and the active site,
which likely contributes to the larger exergonicity of the
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reaction and the smaller energy barriers observed for IH7Q
compared to IH7, for which such contacts are essentially absent.
Although results can be sensitive to the starting structure
extracted from molecular dynamics, the frame considered to
explore the mechanism is representative since it belongs to one
of the most populated clusters.

Overall, and as found in the work of Dong et. al." the rate
determining step of the whole reaction is the nucleophilic
attack. For IH7Q, our computed energy barrier AG* value for
this step is 14.2 kcalmol™', in reasonable agreement with that
reported in ref."¥ (22.15 kcalmol™), if one considers that this
latter value also includes the 4.3 kcalmol™' energy cost for
water deprotonation. Differences with previous work™ can be
attributed to the different models used in the study of the
reaction mechanism. In the work of Dong et. al. the mechanistic
QM study is done considering only the two strands of the active
site and restricting the backbone geometry to that found for a
representative structure in the 16-strand fiber molecular
dynamic’s simulations, while present work includes the whole
40-strand fiber at the QM/MM level, and no restrictions are
imposed. Furthermore, in the reaction mechanism study, the
work of Dong et al. includes three additional water molecules
besides the one coordinated to the Zn?* ion, while present
work addresses solvent effects with an implicit solvent model.

Finally, it should be mentioned that while present work
provides a plausible explanation for the enhanced catalytic
activity of IH7Q compared to IH7, other effects such as the role
of explicit water molecules, the stability of the fibre, or
polymorphism should also be addressed to fully understand
this complex catalytic process.

Conclusions

The present work addresses the esterase activity exhibited by
minimalist amyloid fibers composed of short seven-residue
peptides. It seeks to understand the underlying molecular
mechanisms driving catalysis in these amyloid-based enzymes,
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P

Figure 4. Main geometrical features and contacts for the optimized transition structure TS1 and products P for IH7Q. Distances in A.

mainly focusing on the role of the sixth residue position by
means of computational methods. Contrary to the initial
hypotheses, computational analysis revealed that the twist
angle of the fiber and thus, the catalytic site’s environment, is
not notably affected by the sixth residue. Instead, the study
unveiled that the sixth residue interacts with the pNPA
substrate, particularly its —NO, group, potentially enhancing
catalysis, as observed experimentally."? Molecular dynamics
demonstrated the feasibility of interactions between the —NO,
group of pNPA and the sixth residue, with glutamine (GIn)
exhibiting significantly frequent and strong contacts, as
compared to histidine (His) for which such contacts are
essentially absent. This finding as well as QM/MM simulations of
the reaction mechanism suggests that interaction with GIn
enhances catalytic activity through the formation of a stabiliz-
ing network of H-bond interactions with pNPA that leads to
lower energy barriers and a more exergonic reaction. Such
contacts appear to be particularly effective for GIn due to the
larger and more flexible lateral chain in GIn compared to His.
This finding underscores the significance of subtle molecular
interactions in modulating catalytic efficiency and provides
valuable insights into the intricate interplay between peptide
sequence, structural arrangement, and catalytic function in
amyloid-based enzymes, offering potential avenues for the
design and optimization of bioinspired amyloid catalysts.

Computational Details

Models. Initial models were built, as in previous studies,"***** with
an in-house script® which allows obtaining a starting three-
dimensional structure of steric zippers models by specifying the
composition of the peptide and a set of geometric parameters: the
number of strands, the separation between strands in each B-sheet,
the number of layers and the separation among the layers. The N-
terminus was acetylated and the C-terminus amidated to match
exactly the experimental composition.

Based on already reported works, the structures of IH7 and IH7Q,*”!
were assumed to exhibit a parallel packing of B-strands within each
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sheet and an antiparallel packing between sheets (Class 1 of steric
zippers).” The length of each B-sheet was set to 20 strands, so that
each model is composed of 40 strands for the bilayers (Figure 5).

Molecular Dynamics simulations. Classical Molecular Dynamics
simulations were carried out to define the effect of the sixth
position on the structures’ twist angle. Once a stable structure for
each sequence was obtained, Zn’* and pNPA dockings were
performed. Docking of the Zn*" ion was performed on the most
populated cluster of the fibrils. Such docking calculations were
carried out with the GOLD program® using the GoldScore
scoring® function, with modified parameters to include possible
coordination of metal ions.*® Genetic algorithm (GA) parameters
were set to 50 GA runs and a minimum of 100,000 operations each.
All histidines were deprotonated and full flexibility allowed for this
calculation, to allow the system to coordinate Zn** ion with the
most suitable nitrogen from His. In a full-coverage model, with the
maximum number of Zn?* coordinating to three surface histidines,
two of the three coordinating His per metallic site should be double
deprotonated since they would be involved in the coordination of
two neighbour Zn?* (pdb 5UGK). This situation cannot be para-
metrized with MCPB.py,?" since it would require considering the
whole fibre for calculating charge distribution, instead of a limited
coordination sphere. Therefore, we considered a half-coverage
model, in which all coordinating His are singly protonated. For such
half-coverage model, docking calculations found a compatible
coordination sphere, consisting of three coordinating histidines (2
His from strand i, one coordinating through N§ and another one
through Ng, and 1 His from strand i+ 1, through N§), in accordance
with results derived from experimental data (Figure 5).%7 A
hydroxide would complete the tetrahedral coordination environ-
ment of the active site.

Once Zn®" coordination was determined, the pNPA susbtrate was
docked over the (His);Zn?"-OH™ catalytic site, and the obtained
coordinated complexes were again submitted to MD simulations,
to analyse the substrate’s most recurrent position concerning the
environment.

Zn’* metal parameters were obtained using the MCPB.py Amber
tool,”" from quantum mechanical calculations with DFT(B3LYP)®?
and adding Grimme’s D3"®¥ correction for dispersion. The coordi-
nated structure was optimized with the 6-31+ G(d,p) basis for C, H,
N and O atoms, and the Stuttgart ECP and associated basis set for
Zn.®¥ Solvent effects were accounted for with the solvent-polar-
izable dielectric continuum model (SMD) in water.® Force con-

FrFREEE
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stants and equilibrium parameters for those atoms coordinating
the metal ion were obtained using the Seminario method,* while
point charges were derived using the RESP®” (restrained electro-
static potential) model. pNPA parametrization was performed with
GAFF. The complex was solvated within a cubic box of pre-
equilibrated TIP3P water molecules and ClI™ ions to balance the
total charge according to the needs of each system.

Molecular Dynamics simulations were done for a minimum of
300 ns with the Amber suite using the ff14SB®** force field in the
NPT ensemble, using an integration time step of 1fs. Such force
field was used in our previous studies providing good results when
compared to an experimentally resolved validation set.”® Constant
temperature and pressure were set by coupling the system to a
Monte Carlo barostat at 1.01325 bar and a Langevin thermostat at
300 K. The SHAKE"® algorithm was used to constrain hydrogen
atoms bonds.

Analysis. Principal Component Analysis (PCA),"" RMSD and cluster-
ing were performed over the MD simulations to ensure that
thorough conformational sampling is achieved. The twist angle is
computed as the angle between the vectors defined by the
acetylated N-terminus and the amidated C-terminus of consecutive
strands. The twist angle of the fiber is then determined as the
average value of all these angles, considering both the upper and
bottom layers, over the last 100 ns of the simulation. In addition,
the distances of both —NO, and —OCOCH, groups of the pNPA
substrate with the amide nitrogen of GIn were analysed.

QM/MM calculations. The reaction mechanism was investigated
through ONIOM QM/MM calculations™? with the Gaussian 16
code.” These simulations were analysed using the MolUp plug-in
for VMD."*¥ The QM region included the metal, the ligand, and the
three coordinated His residues up to the CB atom. The rest of the
system (MM region) comprised over 5000 atoms. The energy of the
QM region was calculated with the B3LYP functional® and
Grimme's D3 correction for dispersion,®® using the 6-314G(d,p)
basis set™ for main elements and the Stuttgart ECP pseudopoten-
tial and associated basis set for Zn,*” in gas phase. Solvent effects
for the QM region were accounted for with the SMD implicit model
at the gas phase optimized geometries. The MM part of the system
was treated with AMBER FF19SB.*® The nature of all stationary
points was verified by vibrational analysis, to ensure that all
frequencies are positive in the minima and that only one frequency
is negative in the transition structures.

Figure 5. Half coverage model of Zn** coordination with IH7, with three His forming the coordination sphere (2 with N& and 1 with Ng).
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