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Graphical abstract

Highlights

e Designed peptides showed a link between catalytic amino acids order and activity



e Side chains engaged in stabilizing order may become inaccessible to catalysis
e Structural characterizations do provide insights on catalysis by peptide assemblies

Abstract

Amphiphilic peptides that induce catalysis are interesting alternatives to natural enzymes
thanks to robustness of their synthesis and the ability to induce certain types of
conformations by specific motifs of amino acid sequences. Various studies aimed at
mimicking the activity of serine proteases by designed peptides. Here we demonstrate that
the order by which the catalytic triad residues are positioned along amphiphilic B-strands
influences both assembly structures and catalytic activity. A set of three B-sheet amphiphilic
peptides, decorated with different orders of the catalytic triad amino acids, Glu, His and Ser
along the strands were evaluated for their catalytic hydrolysis efficiency of p-nitrophenyl
acetate (pNPA) substrate. Among the three peptides, Ac-Cys-Phe-Glu-Phe-Ser-Phe-His-Phe-
Pro-NH, (ESH) achieved the greatest catalytic efficiency with a value of 0.19 M s}, at
peptide concentration of 250 uM. This study sheds light on an overlooked factor in designing
catalytic amphiphilic assemblies whereby charged residues that make up the active sites, are
in fact engaged in intermolecular stabilizing interactions that in turn may hamper their

catalytic action.

Keywords: Self-assembly, biocatalysis, peptides, catalytic triad



Introduction

Enzymes have always been a source of inspiration for their high catalytic efficiency and
selectivity 3. Enzymatic catalysis relies on a delicate balance between active residues
positions and their conformational freedom within the protein framework . In recent years
various catalytic systems have been generated based on supramolecular structures of small
molecules and peptides >°. Peptides self-assemblies that may serve as templates for high
density catalytic sites 12 have thus far shown rather low catalytic efficiency and selectivity
prompting further investigations into such systems. Various publications showed that
mixtures of soluble amino acids do not exhibit catalytic activity 13, Other studies
emphasized peptides’ catalytic activity dependence on specific supramolecular structures
1425 Heller et al. discussed the effect of distance between active amino acids in the peptide

on the catalytic activity 2.

Numerous studies explored peptide systems that mimic serine proteases. Guler et al.
developed peptide amphiphiles (PAs) carrying histidine groups that, after self-assembly into
nanofibers, showed ester hydrolysis **. A mixture peptide amphiphiles each decorated by
one of esterases' catalytic site residues, histidine, serine and aspartic acid, was found to
hydrolyzed the commonly studied substrate, p-nitrophenyl acetate (pNPA), into p-
nitrophenol (pNP) with a catalytic efficiency of 126.62 + 14.58 M s 13, Other studies
explored esterase mimicking peptides that present all three catalytic site residues on
amphiphilic B-sheet peptides 16232629 These tend to form bilayer fibril assemblies that are
held together by hydrogen bonds and hydrophobic interactions, while their hydrophilic
residues including the catalytic amino acids, point toward the polar surroundings 2. Murai et
al. designed such a B-sheet peptide that acts both as a self-assembling template for calcium
carbonate precipitation and as a catalyst for urea hydrolysis that provides carbonate ions to
the precipitation reaction 2. Zhang et al. attached a mixture of peptides SHELKLKLKL and
WLKLKLKL to carbon nanotubes, which subsequently showed a catalytic efficiency of up to
0.62 M s for the hydrolysis of pNPA 3. Li et al. showed that the dyad Ser-His in association

with the C-termini may be considered the shortest catalytically active peptide 3034,

Here, we used a set of three amphiphilic B-sheet peptides with different combinations of the
His, Ser and Glu catalytic triad, positioned on their hydrophilic face, to demonstrate the
effect of the residues' order on both assembly and pNPA hydrolysis ** 3¢, These designed
peptides share the common sequence Ac-Cys-Phe-X-Phe-Y-Phe-Z-Phe-Pro-NH; with X, Y and
Z each representing one of the catalytic triad residues (Ser = S, His = H, and Glu = E), denoted

ESH, EHS and HES, according to the order of these amino acids along the strand (Figure 1).



These peptides in B-sheet structures were previously shown by us to adsorb, to different
extents, the organophosphate paraoxon, an irreversible inhibitor of acetylcholine esterase 3"
¥, In the study reported here we monitored peptides' catalytic activity on pNPA hydrolysis in
bulk, at different peptide concentrations. To investigate the structure-function relationship
of the peptides we characterized their structure by Cryo-TEM and FTIR with and without
pNPA to elucidate the relation between peptides' structure and their function. We
additionally investigated the peptide monolayer assembly at the air-water interface by
grazing incidence X-ray diffraction (GIXD) to provide structural insights on peptide assembly

within each layer composing the fibril bilayer %°.
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Figure 1. Left: Scheme of fibril assembly expected to be formed by amphiphilic -sheet peptides in
bulk. Arrows representation shows fibril structure in which each face of the fibril is composed of
peptides packed in anti-parallel mode. The bilayer assembly enables shielding of the hydrophobic
residues from solution. Right (from top down), the molecular structure (tube representation) of
peptide ESH in B-pleated conformation, showing the opposite positioning of hydrophilic and
hydrophobic residues. Peptides shown schematically as arrows along their hydrophilic face: Ac-Cys-
Phe-Glu-Phe-Ser-Phe-His-Phe-Pro-NHz (ESH), Ac-Cys-Phe-His-Phe-Glu-Phe-Ser-Phe-Pro-NHz (HES) and
Ac-Cys-Phe-Glu-Phe-His-Phe-Ser-Phe-Pro-NH2 (EHS ).

Materials and Methods

Materials. Peptides were custom synthesized, then purified by high performance liquid
chromatography to 95% and supplied as lyophilized powders by Genscript, NJ. Unless
otherwise specified, all reagents were purchased from Sigma-Aldrich (Rehovot, Israel) and
were of the highest available purity. Acetonitrile, CHsCN, denoted ACN, was purchased from
Beith Dekel (Rehovot, Israel). All peptide solutions were prepared in deionized water/ACN
(50% v/v) solution at pH 7, unless otherwise mentioned. Chloroform (CHCls) was purchased

from BiolLab (Jerusalem, Israel).



ATR-FTIR Infrared spectra of the lyophilized peptides were recorded by Nicolet 6700 FTIR
(Thermo Fisher Scientific, Waltham, MA) instrument equipped with an MCT/A detector and
a KBr beam splitter. In the case of peptides mixed with pNPA, liquid samples were frozen in
liquid nitrogen two hours after mixing and then lyophilized prior to measurements. The
lyophilized samples were uniformly distributed over the horizontally oriented germanium
prism. The FTIR spectra were acquired from 64 scans at 4 cm™ resolution and were adjusted
for spectral distortion using atmospheric absorption corrections. All spectra were
normalized by the 3300 cm™ peak (see supplementary Figure S1) and the 1625 cm™ peaks
were then fitted to a Gaussian curve based on which their area was calculated (using Origin

software).

Cryo Transmission Electron Microscopy (cryo-TEM) A 3 pL droplet of peptide solution was
deposited on a glow discharged TEM grid (300 mesh lacey Cu substrate grid; Ted Pella). The
excess liquid was blotted with a filter paper. For cryogenic samples the specimen was rapidly
plunged into liquid ethane precooled with liquid nitrogen in a controlled environment (Leica
EM GP). Cryo-TEM imaging was taken by Talos F200C with a Schottky Field Emission Gun
(FEG) emitter and a high voltage of 200 kV with a Ceta 16M CCD Camera. Images were
acquired for peptides at 250 and 500 uM and for 250 uM peptide with the addition of 500
UM pNPA. Peptides at 100 uM showed no detectable structures by cryo-TEM. The brightness
of images was enhanced using Imagel software. The fibrils and aggregates diameter were

measured by Imagel based on 4 images and 20 items for each image, n=80 in total.

Grazing incidence X-ray diffraction (GIXD) on peptide monolayer at the air-water interface
The GIXD experiments described here were performed on the liquid surface diffractometer
of SIRIUS beam line at SOLEIL synchrotron (Saint-Aubin, France) 1. A peptide solution was
prepared in 10 mL HFIP/chloroform (5%, v/v), at a concentration of approximately 0.35
mg/ml. A few tens of microliters of the solution were spread on the surface of deionized
water (DIW, 18.2 MQ-cm) in a Langmuir trough. The amphiphilic peptides remain at the air-
water interface, while the volatile organic solvent evaporates or, in the case of HFIP,
dissolves in the water. The deposited Langmuir film was left to equilibrate for 1 hour prior to

the initiation of the compression isotherm.

The peptide films were compressed to a surface pressure of 1 mN/m. A monochromatic x-
ray beam (1.24 A) was adjusted to strike the liquid surface at an incident angle 6=0.856. (6.
is the critical angle for total external reflection and is equal to 2.15 mrad), which maximizes

surface sensitivity. The scattered intensity was collected using a 1D gas detector fixed on the



2-axis detector arm of the beamline’s diffractometer. A Soller slit collimator was positioned
in front of the detector, leading to an in-plane wave vector resolution of 0.03 nm™ in the
recorded gy, range. Measurements were performed by scanning the horizontal component,
Oxy =4MMsinoy,/A, of the scattering vector, where 2ay, is the angle between the incident and
diffracted beam projected onto the horizontal plane. Each scan included 100 measuring
points. Several measurements were acquired for each sample (n=5 for HES and n=7 for ESH
and EHS). The measured GIXD patterns and Bragg peaks given herein are representative out

of a stable and reproducible situation.

The two-dimensional diffraction data are represented in two additional ways, as Bragg peaks
that show q; integrated intensity as function of q., and as their corresponding Bragg rods
that are obtained by integrated intensity along gy, as function of q,. Bragg peaks were fitted
to a Lorentzian curve and Bragg rod with squared sinus cardinal. The gy, positions of the
Bragg peaks yield the lattice spacings d=21/qx,. The full-width at half-maximum FWHM(qyy)
of the Bragg peaks yields the lateral 2D crystalline coherence length Ly, = 0.9(2m)/
FWHM(qyy). The width of the Bragg rod profile along g, gives an estimate of the thickness of
the crystalline film: h, = 0.9(2r)/FWHM(q.).

Kinetic Assay From a stock solution of 1 mM pNPA in DIW/ACN 50% v/v, 20, 40, 60, 80 and
100 pL were placed in different wells of a 96 well plate and complemented by the solvent to
achieve 100, 200, 300, 400 and 500 uM concentrations at a final volume of 100 L. Finally,
100 puL of peptide solution were added to each well to achieve a final peptide concentration
of 100, 250 or 500 uM. The absorption at 400 nm of para-nitrophenol (oNP), the product of
pPNPA hydrolysis, was measured every 20 seconds on a spectrophotometer (Multiskan GO,
Thermo scientific, Waltham, MA). An extinction coefficient of 15,200 M* cm™ extracted
from a calibration curve was used to determine the product concentration at pH value of 7.
The kinetic constants were calculated using Michaelis-Menten model 242, Measurements
were performed at pH 7 and at 25 'C in order to explore the ability to catalyze the reaction

under mild conditions %°.



Results

Screening peptides structures and their interactions with pNPA

GIXD patterns were acquired from peptide monolayers formed at the air-water interface. In
such monolayer assemblies, B-sheet peptides point their hydrophobic amino acids to air and
the hydrophilic ones to the water solution®®. Hence, this system provides a good model for
assaying preferred packing arrangements between B-strands that may also prevail in bulk
solutions. The GIXD spectra of all the peptides at air-water interface were found to
correspond to a monolayer with thickness of 17 + 1.2, 18 + 1.3 and 16 + 1 A for ESH, HES and
EHS respectively, see Figure 2, right panel. In addition, a 4.8 A spacing Bragg peak was shown
for the three peptides at g, = 1.31 A™* (Figure 2, left panel), which corresponds to the
distance between neighboring B-strands interacting through hydrogen bonds*. Peptide ESH
yielded a Bragg peak with a FWHM of 0.292 A* that is appreciably larger than those of the
two other peptides, HES and EHS, with a FWHM of 0.227 and 0.178 A respectively,
indicating that the latter peptides tend to form larger ordered domains than ESH. The fitted
peak areas are 24.42, 12.56 and 19.43 A for ESH, HES and EHS respectively, demonstrating
that ESH forms more ordered structures (yet of smaller dimensions as noted by its Bragg

peak FWHM) than the two other peptides.
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Figure 2. GIXD data of the peptide monolayers. Left panel: Bragg peaks showing integrated intensity
along g: as function of qx, with measured data (blue circles) and Lorentzian fit (black lines). Center
panel: the fully acquired two-dimensional GIXD contour plots. Right panel: Bragg rods showing the qgxy

integrated intensity (blue circles) as function of g. (red lines) A) ESH, B) HES, C) EHS

IR spectra of the lyophilized peptide solutions, at 250 uM and their 1:1 molar mixture with
PpNPA (Figure 3) all exhibit the amide | absorption bands at 1624-1625 cm™. These bands,
together with the weak absorption band at 1670-1690 cm™ provide evidence for antiparallel
B-sheet structures > 4%, Note that amide | band of ESH peptide appears weaker than those of

the two other peptides (calculated area of 74.2 + 1.4, 82.0 + 1.3 and 81.0 + 1.1 for ESH, HES



and EHS respectively) pointing to a weaker tendency to form B-sheet structures, in
accordance with the FWHM of its GIXD Bragg peak that was wider than that of the two other
peptides. The three peptides also show a peak at 1201 cm™ attributed to Ser hydroxyls. The
spectra of pNPA and pNP exhibits peaks at ~1520 and 1335 cm™ corresponding to the
aromatic bound nitro group. The spectrum of pNPA also shows peaks at 1750 and 916 cm?
attributed to pNPA C=0 and acetyl groups, respectively %%, Interactions between peptides
and pNPA may in general be inferred from differences between the spectra of their mixtures
and the spectra of each of the components. Only ESH peptide showed such differences in
the 1750 cm™ (see Figure 3) and 916 cm™ peaks, which became hardly visible in the
spectrum of ESH: pNPA mixture, pointing to the hydrolysis of pNPA into pNP, induced by this
peptide. The interaction with pNPA also affected the amide | peaks area. The peak area of
ESH increased to 79.6 + 1.2 indicating a higher tendency to form B-sheet structures in
presence of pNPA. In contrast, the peak area of HES was decreased to 69.3 + 1.1 and the

peak area of EHS remained unchanged, 81.5 + 1.3.
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Figure 3. ATR-FTIR transmittance spectra of lyophilized solutions, of peptides (250 uM) and their

equimolar mixtures with pNPA. Spectra of pNPA and pNP are provided for comparison.

Cryo-TEM images were acquired with peptides at 250 uM (Figure 4 A-C and supplementary
Figure S2-4), their mixtures with pNPA (Figure 4 D-F) and peptides only at 500 uM (Figure 4

G-l), to demonstrate the peptides' assembly forms and how their structure is influenced by



the presence of the substrate. ESH exhibited elongated aggregates at 250 uM (Figure 4 A
and inset) and short fibrils at 500 uM (Figure 4G, resembling a previously reported image of
this peptide ¥). In the presence of 250 uM pNPA ESH forms long fibrils (of a few hundred nm
and with a thickness of 8.0 + 1.9 nm) with apparition of round structures of 45.0 + 11.4 nm
diameter, pointing to interactions with the small molecule. HES and EHS at 250 uM (Figure 4
B-C) showed fairly similar fibril assemblies with thickness of 8.9 £+ 2.7 nm and 9.9 + 3.2 nm,
respectively, many of which were twisted (see insets), whereas EHS also displayed round
shaped aggregates with diameter of 34.0 £ 9.6 nm. EHS mixed at 250 uM with pNPA
exhibited more of the round shaped domains with similar diameter of 40.3 £ 9.0 nm (Figure
4 F) whereas HES at this concentration appeared not to be influenced by pNPA (Figure 4 E).
Both HES and EHS at 500 uM showed extensive formation of fibrils pointing to potentially
similar intermolecular interactions that modulate the overall shape of the fibrils.
Furthermore, these results echo the differences in GIXD Bragg peaks FWHM and amide |
calculated area, between ESH and the two peptides HES and EHS with the latter two

showing a larger tendency to form B-sheet assemblies.



Figure 4. Cryo-TEM images of ESH, HES and EHS, respectively left, center and right columns. First row

at 250 uM, second row at 250 uM with the addition of 500 uM pNPA and third row at 500 uM. Scale

bars = 200 nm. (The brightness was enhanced in all images using image))

Catalytic Activity

Spectroscopic measurements were applied to monitor the hydrolysis of pNPA into pNP by
the peptides at three different concentrations, at 100, 250 and 500 pM, in order to assess
the impact of their assembly states (as detected in TEM images) on catalysis. Michaelis-
Menten enzyme catalysis model 2 *? was used to fit the data and calculate catalytic activity

and catalytic efficiency values (Table 1 and Figure 5). Among the three peptides, ESH showed



the greatest catalytic efficiency at the three concentrations and the highest value, 0.19 M s’

1 at 250 pM. Interestingly, according to GIXD and TEM images this peptide showed the

weakest tendency for fibril formation; hence the catalysis appears to be attributed to only

partially developed fibrillary aggregates (Figure 4 D). The decrease in the catalytic activity of

ESH, t0 9.75*102M™ s, at 500 M, may be attributed to denser peptide structures (Figure 4

G) with less accessible catalytic sites. HES, which showed quite similar fibrillar structures at

all concentrations (Figures 4 B, E and H), also exhibited similar catalytic activity at 100 and

250 uM, whereas at 500 UM its catalytic activity was too noisy to extrapolate its kinetic

constants. EHS showed similar catalytic activity at 100 and 500 uM and it could be

speculated that the round shape aggregates observed by cryo-TEM at 250 uM (Figures 4 C

and F) hampered its catalytic activity.

Table 1. Catalytic activity of the designed peptides at different concentrations (number of repetitions:

n = 4). The data represent mean + standard deviation. The catalytic constants of the peptide HES at

concentration of 500 uM could not be calculated due to highly noisy measurements of the

absorbance at 400 nm over time.

peptide

concentration

ESH

kcat

Km

HES

kcat

Km

EHS

kcat

Km

[uM]

[s]
(M]

(M 571

[s]
(M]

(M 571

[s]
(M]

UGS

100

2.95+0.47 *10*

0.67£1.02 *103

5.01+1.17*107?

6.81+1.36%10°

8.9742.43 *104

7.5942.56 *1072

1.78+£0.18 *10°

6.78+0.77 *10*

2.63+0.4 *10?

250

8.36+0.89 *10°

4.3610.47 *10*

0.19+0.03

1.37+1.07 *10*

2.69+2.1 *10°3

5.08+5.69 *102

8.28+2.00 *10°®

8.06+2.04 *10*

1.03+0.36 *102

500

1.6+0.33 *10*

1.62+0.35 *1073

9.75+2.89 *102

results cannot be
analyzed due to highly

noisy measurements

4.02+1.2 *10°

9.84+3.07 *10*

4.08+1.76 *1072
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Figure 5. Catalytic efficiency (kcat/Km) of the three peptides at different concentrations. Tukey's
multiple comparisons test was used to calculate p-values. Statistically significant differences were
marked as follows: * p < 0.05, ** p <0.01, *** p < 0.001, **** p <0.0001, n = 4; error bars represent
the standard deviation.

Discussion

Peptides were designed to present different orders of the catalytic amino acids on their
hydrophilic faces. Based on GIXD and IR measurements the three peptides form antiparallel
B-sheet structures. HES and EHS were found to form larger B-sheet monolayer domains and
more developed fibril structures according to TEM compared to ESH, yet the latter showed
higher extent (indicated by Bragg peak area) of smaller ordered domains (according to Bragg
peak's FWHM). We propose that the major differences between ESH and the two other
peptides stem from differing cross-strand electrostatic interactions. Figure 6 shows the three
peptides in antiparallel arrangement, juxtaposed so to maximize potential inter-strand
electrostatic interactions. For HES and EHS peptides this inter-strand packing should include
an offset between neighboring anti-parallel strands, in order to position opposite charges in
face-to-face, whereas for ESH no such offset is needed to satisfy balanced electrostatics at
pH 7. In this proposed packing, HES and EHS peptides position their Glu residues in cross-
strand pairs with His, a motif that is likely to repeat along the fibril arrangement. ESH
peptides that pack with no offset between cross-strands also enable interstrand electrostatic
interactions between these two residues. Furthermore, the two models generate different
lattice arrangements of the charged residues, which in turn should influence their stability
and catalytic activity. We have previously reported electrostatic complementary interactions
dominating amphiphilic B-sheet peptide assembly structures "%, We note that fibrillar
structures of B-sheets may be quite rigid, being held by two hydrogen bonds per amino acid

and additional intermolecular hydrophobic and electrostatic interactions. It is possible that



these stabilizing interactions hamper the flexibility needed to successfully accomplish
catalytic activity *. Indeed, the well-defined B-sheet structures of EHS and HES peptides
within the extended fibrils observed by cryo-TEM also showed low catalytic activity. In
contrast, the less developed fibrils of ESH, particularly at concentration of 250 uM,
apparently provide balance between order and dynamics required to support the kinetic
activity (Table 1) 1#4%50, as a less ordered structure may authorize more dynamic
movements °1. An additional evidence for the flexibility of ESH may be inferred from the
change in its overall structure in the presence of pNPA, according to FTIR (Figure 3) and cryo-
TEM images (Figures 4 A and D and supplementary Figure S2). In a previous study we also
found that among these three peptides, that were tested at concentrations 50, 100 250 and
400 uM, for adsorption of the organophosphate paraoxon, ESH performed best at the fairly
low concentration of 100 uM ¥. It is interesting to note that the internal dynamics of fibrils

was also pointed out by others to be a pivotal factor in catalytic activity *2.

As His residue is essential to the catalytic activity through its ability to activate a Ser residue
33 the mutual arrangement of these two amino acids in the assemblies may also influence
the catalytic activity. Thus, the ESH superiority over EHS and HES peptides can be analyzed
with respect to Ser neighbors in the peptide assembly, based on the schematic arrangement
shown in Figure 6. The higher catalytic activity of ESH may be associated with its Ser residues
being surrounded by three His residues, whereas in HES and EHS this amino acid is

surrounded by only two and one His residues, respectively.

Our findings are in qualitative agreement with the results of Friedmann et al. ¢, who
examined the hydrolysis rate of pNPA for a large number of peptides of the form Ac-
YVXVXVXV-CONH,; (X=A/D/H/S). They reported that among all the tested peptides that hold
a catalytic triad, the ones presenting the HSD sequence, very similar to the catalytic triad in
ESH herein, exhibited the highest hydrolysis rate, about 1.5 times higher than the
spontaneous hydrolysis rate of pNPA.

Figure 6. Packing arrangement of the three peptides viewed along the hydrophilic face of the strands,

showing eight monomers in anti-parallel B-sheet: ESH (left), HES (center) and EHS (right). This scheme



demonstrates how the offset in neighboring strands can bring oppositely charged residues into close

proximity.

Conclusions

The unique B-sheet peptide system presented herein highlights the influence of the catalytic
amino acids order on assembly forms and catalytic activity. The results stress the possibility
that highly ordered structures may not necessarily improve catalytic activity. Furthermore, in
order to enhance amphiphilic B-sheet peptide catalytic activity, it is necessary to optimize
amino acids order along the peptide backbone with respect to intermolecular interactions,
especially electrostatic ones and nearest neighbor residues. Peptide concentration can also
be harnessed to find a balance between structural order and structural dynamics in B-sheet

structures.
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