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Abstract

We study, by means of molecular dynamics (MD) simulations with explicit water, the structure and stability of f-sheet
tapes, ribbons and double ribbons formed by rationally designed oligopeptides Py;-I and Py;-II in aqueous solutions. Two
different methods for the treatment of the electrostatic interactions were considered: a smoothly shifted spherical cutoff
approach under spherical harmonic conditions, and the particle mesh Ewald technique.

We investigate the transfer of chirality from single L-aminoacids to the molecular scale of oligopeptides and from the
latter to the supramolecular scale of peptide clusters. Furthermore, we obtain structural data for the representative
conformations of these clusters, as well as study various average properties of their geometry.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Low-cost techniques for peptide synthesis developed in recent years [1] have stimulated interest to the self-
assembly of synthetic oligopeptides as a route towards novel biomaterials [2—4].

Peptide-based assemblies have many applications ranging from 3D-scaffolding for tissue growth, biochips
and drug delivery, to nanomachinery [2—6]. There is considerable similarity between the mechanisms of self-
assembly of these oligopeptides and amyloid plaque formation [7].
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It is well known that certain oligopeptides are capable of self-assembly in solution into f-sheet semiflexible
tapes, which was demonstrated by a number of experimental studies [2-4,8—11]. Among others, P;;-1 and Py;-
IT [13,9,1] oligopeptides are good examples of molecules producing a rich variety of structures.

In aqueous solution of these oligopeptides a hierarchy of equilibrium structures emerges as a function of the
peptide concentration: helicoid antiparallel f-tapes, double tapes (ribbons), fibrils and fibres. Even at fairly
low concentrations, (¢=4mM), these become entangled and yield nematic solutions [14], further producing
self-supporting thermostable nematic gels.

The primary structure of Pj;-I peptide is CH3-CO-QQRQQQQQEQQ-NH2. Hydrophobic interactions
are provided by the (-CH,—), moieties in the Glutamine (Q) side-chains. Arginine (R) and Glutamic acid (E)
in symmetric positions add strong Coulombic attractions towards the antiparallel pattern. These, and the
hydrogen bonding, thus result in the f-sheet tape structures.

Peptide Py;-1I has the primary structure CH3-CO-QQRFQWQFEQQ-NH?2 and was specifically designed
from peptide P;;-I in order to increase the tendency of ribbon formation. Glutamine residues in positions 4,6
and, 8 are thus replaced by Phenylalanine (F), Tryptophan (W) and another Phenylalanine respectively, which
supply hydrophobic interactions as well as additional intermolecular recognition via n—7n interaction. The
amphiphilic nature of the P;;-1I peptide facilitates formation of S-tapes, and the hydrophobic side, (QFWFQ),
promotes formation of ribbons in water solution.

Search for the detailed geometry of these f-tapes, ribbons, fibrils and fibers is being limited by their non-
crystalline nature and large size. Consequently, both X-ray spectroscopy and solution-phase NMR cannot be
used here readily. Therefore, until now, experimental analysis has been restricted to the techniques of Fourier
transform infrared spectroscopy (FTIR), ultra-violet circular dichroism (UV—CD) and transmission electron
microscopy (TEM) [1]. FTIR and UV-CD analyses indicate that the supramolecular structures are formed by
antiparallel S-sheets. TEM micrographs show that those structures are of a chiral nature and characterized by
a stable left-handed twist.

The microscopic chirality of amino acids leads to the mesoscopic chirality of the -sheet tape, and likewise to
that of the ribbons and the fibrils, resulting in a finite twist of the f-sheet self-assemblies, similar to that of
p-sheet motifs in globular proteins [15-22].

Moreover, handedness at the oligopeptide scale causes a favorable packing orientation between adjacent
p-strands [23]. As a result, a finite twist angle between neighboring strands can be observed and the
supramolecular cluster grows as a chiral structure as well. Indeed, as a consequence of the strand right-handed
twist, the f-tapes as well as the ribbons and fibrils formed by P;;-I and P;;-1I peptides are left-handed about
the axis normal to the peptides chains (we shall call the former the principal axis of the tape, ribbon, and fibril)
[15,18,1].

Therefore, chirality is firstly transferred from the single amino acids to the greater molecular scale of the
p-strands and secondly from the single f-strands to the greater supramolecular scale of the f-tapes, ribbons
and fibrils [24].

Until now, there were few simulation studies on supramolecular peptide-based assemblies, such as f-tapes
and ribbons (double tapes), using MD at the atomistic level [10-12,25]. The stability of those clusters was
investigated (under periodic boundary conditions) over simulation times stemming from hundreds of
picoseconds [10,11,25] to several nanoseconds [12]. Both explicit [12] and implicit solvent [10,11,25]
Hamiltonians were used in those studies as well as the spherical cutoff method [12] and the PME method
[10,11,25] for the treatment of the electrostatic interactions.

In particular, MD simulations of tapes and ribbons formed by peptides P;;-I and P;;-1I were carried out by
Fishwick et al. [25]. The authors investigate some structural features of those clusters over a timelength of
100 ps. First, the simulations indicate that the antiparallel f-sheet orientation of tapes and ribbons is the most
stable for both peptides, thereby confirming the experimental results (FTIR and CD spectra) [1]. Second, the
final geometries of the clusters are in qualitative agreement with what observed in TEM micrographs analysis.

In our study, we extend the analysis on the structures formed by peptides Py;-1 and Py;-1I to tapes, ribbons
and double ribbons over simulation times of several nanoseconds using explicit solvent and two different
treatments for the long-range ES interactions. The geometry and stability of all the structures have been
assessed by defining a consistent set of structural parameters as well as by calculating both their averages
values and the corresponding fluctuations.
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Results from our work (see Section 3) show that all the structures are stable over simulation times of several
nanoseconds and that their geometry is in good agreement with the experimental observations.

We found that the structural stability increases with the complexity of the clusters (from tape to ribbons and
from ribbons to double ribbons) and that it mainly depends on short-range forces. In particular, ribbons and
double ribbons display a solid-like structural order.

Furthermore, we defined a molecular chiral parameter and showed that its value is consistently coupled (in
sign and magnitude) to the macroscopic chirality of the clusters.

As mentioned previously, current experimental studies of these supramolecular structures have, by
necessity, been relatively low-resolution in nature. Hence, the atomistic description of the systems carried out
in this paper may facilitate future studies on different physical-chemical factors governing the stability of the
peptide assemblies such as pH, temperature and ionic strength.

2. Materials and methods

Experimental results [1] together with findings from previous MD simulations [25] (see Section 1) were
considered in the choice of the starting configurations for our computational study.

In silico models of the peptides Py;-1 and Py;-I1 in a fully-extended fS-strand conformation were generated
using HyperChem(TM) software [26].

Single tapes were produced by ‘“manually” placing N = 20 peptides into a planar, antiparallel-like
arrangement [1,25]. Flat double tapes (ribbons) and double ribbons were then obtained by assembling 2 and 4
planar tapes, respectively. Moreover, for both P;;-I and P;;-1I, the ribbons were set up such that they had
identical (polar) outer faces comprising Glutamine residues in positions 1, 5, 7 and 11, as well as Arginine and
Glutamic acid residues. It should be also noted that both the ribbons and the double ribbons were assembled
with the relative position of the neighboring layers (tapes) being antiparallel [1,25].

2.1. Procedure for MD simulations

For the simulations, the NAMD [27,28] software was used, with the CHARMM [29] force field. Six
different systems were considered in this study (see Table 1 for details).

The first step in the computational procedure was the minimization of the potential energy of each structure
(in vacuo) by using a version of the steepest descent algorithm [27,28]. At the end of this first step all the
structures already resemble chiral f-sheet aggregates.

In the second step, each minimized structure was enclosed in a water sphere by adding explicit water
molecules based on the TIP3P model. The value of the sphere radius was chosen such that there was a
minimum water shell of 10 A surrounding the peptide-based cluster [30].

The geometries obtained from a second energy minimization of those solvated systems were used as the
initial conformations for a first set of MD simulations.

Table 1

Summary of the systems considered in the molecular dynamics simulations

Systems

Cluster Sequence No. of atoms No. of peptides No. of layers Name
Tape Pyi-1 4020 20 1 TP1
Ribbon Py-1 8040 40 2 RP1
Double ribbon Py-1 16080 80 4 DP1
Tape Py -10 4280 20 1 TP2
Ribbon Py;-11 8560 40 2 RP2
Double ribbon Py -11 17120 80 4 DP2
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Integration of the Newton’s equations of motion was performed by using the velocity Verlet algorithm with
a timestep of 2fs. The bonds between hydrogens and the heavier atoms were constrained to their nominal
lengths during integration by using the RATTLE algorithm [31]. The temperature was maintained at 300 K by
coupling the system to a heat bath via the Berendsen thermostat [32].

The spherical harmonic boundary conditions (SHBC) were applied both in the energy minimization and in
the first set of MD simulations of the solvated peptide-based supramolecular clusters. The simulation times,
for the MD runs under SHBC, varied from 16 to 20 ns for each system. A good equilibration of the structures
was achieved after 12—-16ns, correspondingly.

In more detail, the SHBC were enforced by means of a single potential function:

2 .
E ksphere(|ri - rcentrel - rsphere) if |ri - rcentrel > T'spheres
sphere — .
P 0 otherwise,

where kgphere = 10 kcal/mol, 7; the current position of an atom i, reenier the center of the water sphere and ryppere
the radius of the water sphere. In all our molecular simulations, the contribution of this ‘boundary potential’
was found to be negligible if compared to the total potential energy of the system (cluster + water molecules),
i.e., less than 0.1% of the total potential energy in all cases.

In a recent paper, Beck et al. [33] have explored the use of different spherical cut-off approaches for the
correct treatment of the long-range forces for solvated polypeptides. The authors show that, when both the
electrostatic and van der Waals (Lennard-Jones) terms are smoothly shifted, the force-shifted spherical cut-off
method correctly predicts the experimental helicity content (structural parameter) of the short peptide
analyzed in their study. Moreover, there is a convergence in the simulations statistics as the cut-off is increased
beyond 8 A.

Another study by Garemyr and Elofsson [34] has showed that increasing the cut-off beyond 8 A does not
significantly improve the accuracy of molecular simulations for Escherichia coli thioredoxin.

In our simulations under SHBC we follow a similar approach, i.e., both the electrostatic and the van der
Waals potential terms are smoothly shifted (by using polynomial functions), so that they are equal to zero at
the cut-off distance of 8 A.

Further, the six representative structures (see Section 3 for details) generated from the MD simulations
under SHBC were used as initial coordinates for an additional second set of MD simulations under periodic
boundary conditions (PBC). Each representative structure was enclosed in a water box whose dimensions were
chosen such that there was a minimum water shell, varying from 10A (systems RP1, RP2, DP1 and DP2) to
15A (systems TP1 and TP2), surrounding the peptide-based cluster. Long-range electrostatic interactions were
calculated by using the Ewald summation method [35,36] with the particle mesh Ewald (PME) algorithm [36].
The cut-off distance for the calculation of the electrostatic interactions in the direct space was 8 A, while the
accuracy was fixed at 107, the order of the interpolation functions on the grid was set to 4 (cubic) and the grid
size was ~1 A.

We have obtained a good convergence for the main structural observables after 2—4 ns. Subsequently, each
production run lasted 4 ns.

Results from MD simulations under PBC extend our computational study on f-sheet peptide clusters, for
which high-resolution experimental data are not as yet available. Furthermore, as the choice of the most
appropriate electrostatic treatment (in terms of accuracy/CPU time) in molecular simulations of solvated
biomolecules is still under debate [33,36-38], a comparison of the two methods (i.e., spherical cut-off and
PME) is useful for gaining a better insight into the structural properties of the supramolecular structures of
interest.

2.2. Definitions

The handedness and the magnitude of the local twist within the /th layer of ith S-strand can be explicitly
quantified by calculating the value of the dihedral angles Bf(n) defined by the quadruplets
Cy(n) — Cy(n) — C,(n+2) — Cp(n + 2). Note that in this definition we skip two positions in n so that Cp
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atoms are on the same side. Right-handed and left-handed twists are associated with positive and negative
values of Hf(n), respectively [21].

The pitch wave number (local twist angle between two neighboring f-strands) within layer / has been
calculated from the following formula:

/ . Xii Xit1,i+1

Qi+l — ’ - ’ >

k = sign(LDA) - arccos (1)
Xl X, ]l

where x;; = (C;(QS) — C{;((Q7)), with Q05 and Q7 referring to the Glutamine residues in positions 5 and 7,
respectively. The sign of the local dihedral angle (LDA) has been defined as follows:
sign(LDA) = sign(—X;i * Xiit1 X Xit1,i+1)- (2

Supramolecular right and left-handed twists are associated with positive and negative values of k'
respectively.

The time series of statistical observables have been considered as composed of two terms, i.e., for an
observable A4 at the timestep ¢, we write

A(ls) = A(ts)zw + A(ls)fluct’ (3)

where A(ty),, has been calculated as a moving/block average of A(t,) over a time window (this varied from
tw = 100 to rw = 1000 timesteps for different observables as can be seen from Section 3):

(1
ts

ii+1°

—1 A1) if #,<tw,

A(ty),, = _Z/ wm A) L tw=t, <N — tw, 4)

W SUZV A®t) if ;>N — 1w,

where N = 20000 is the total number of timesteps.

The pair distribution function g(r) of the inter-strand distances has been considered as an additional
structural parameter. This has been calculated by averaging of the quantity calculated at every timestep as
follows:

L M-2 M-1

90) = Tz = 2)(M_3)ZZZ<5 7= 1) 5)

1 i=2 j=i+l

where the 0 is the Kronecker symbol, M = 20 is the number of peptides in a layer, L is the number of the
layers in the assembly. The inter-strand distance dfj between peptides within the layer / is defined as
i e/ i e/ i el
|C,(5) — CL(N] + |C,(6) . C(6)+|C(T)— C,(5)] if )i — jl is odd,
/

d=1{ . ~ / | ' ' 6
T 16O = GOIFICO) = GOIFICGD =GO i1 i even ;

3

where C'(X) is the position of the C, atom for residue number X within the ith strand. Similarly, the nearest-
neighbor inter-strand distance is defined as

L M-2

d= L(M 3)sz”+1 (7

=1

3. Results

The last 4ns of all simulations under both SHBC and PBC-PME are the actual production runs during
which the coordinates are collected every 0.2 ps (total timesteps N = 20000) and used for calculation of the
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representative structures (MD simulations under SHBC) and for the sampling of the structural observables
(MD simulations under both SHBC and PBC-PME) [30].

To check the consistency of the chiral parameters 05(11) we consider their time series (MD simulations under
SHBC), firstly monitoring the sign of the angles and finding that, in all the systems, the large majority of the
angles (see Table 2) have a positive sign (right-handed twist [21]). Moreover we observe that, in trial
simulations of tapes composed of peptides made from p-amino acids, the vast majority of the angles acquire
negative values (left-handed twist [21]) (data not shown). Therefore, having successfully verified the
consistency of the chiral parameters Hf(n), the quantity

1 L M-1

8
o= mz z:: 0'(n) ®)

=1 i=2

is taken as a measure of the rotal helicity of the single strand (molecular-scale chiral parameter).

A similar analysis has been carried out on the parameters kf’i 1 with finding that all the local twist angles
have a negative sign, which corresponds to a left-handed twist (data not shown). Therefore, the quantity
L —
it S

=1

is taken as the supramolecular-scale chiral parameter.

We obtain tape, ribbon and double ribbon representative structures by exploiting the following two-step
numerical procedure. Firstly, the average (‘iso middle’) structure is calculated by using the least-square
aligning algorithm within the GROMACS software [39-42]. Secondly, an ‘annealing’ procedure based on a
local minimization of the potential energy, by using a steepest-descent algorithm [27,28], is performed for the
purpose of removing possible steric (Lennard-Jones) clashes which have resulted from using the least-square
algorithm.

Secondary structure validation is carried out calculating the Ramachandran plots [43] for each one of the six
representative structures (data not shown). The plots show that the vast majority (98—-100%) of the residues
are in the upper-left quadrant, confirming thereby the f-sheet nature of the clusters.

The six representative structures generated from the MD simulations under SHBC are all of a chiral nature
(see Figs. 1 and 2). On the one hand, systems TP1 and TP2 resemble left-handed helical tapes with a regular
twist and bend (cylindrical curvature). On the other hand, systems RP1, RP2, DP1 and DP2 resemble circular
left-handed helicoids with a regular twist and a negligible bending (saddle-like curvature) [47]. While the twist
of all the assemblies is related to the chiral nature of the strands as well as to the interactions between
neighboring strands (see Section 1), the finite bend in the single tape systems is due to different chemical nature
of their two sides and the resulting asymmetry in the surface forces [1].

Both the (meta)stability and the equilibration of the clusters have been analyzed by calculating both the root
mean-square deviation (RMSD) from the representative structures together with the power spectrum of the
RMSD in the frequency space.

Table 2
Percentage of positive values in the time series of parameters Gf(n)

Time series of Hﬁ(n)

System %0%(n)>0
TPI 100%

TP2 >99.9%
RPI1 >99.9%
RP2 96.4%
DPI >99.9%

DP2 77.5%
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TP1

RP1

DP1

Fig. 1. Representative structures of clusters formed by peptide P;;-1 obtained from molecular dynamics simulations under spherical
boundary conditions (see Section 3). Side-chains are not shown for better clarity.

Plots of the smoothed quantity RMSD(t;),o, for the tape clusters TP1 and TP2 (see Fig. 3) show persistent
fluctuations from the average value. The nature of these fluctuations can be well explained by the power
spectra which both consist of several vibrational modes above the significance level. With the increase of the
complexity of the systems, i.e., while considering the ribbons and the double ribbons, the fluctuations above
the average RMSD decrease and the power spectra display one to two significant low-frequency vibrational
modes (see Figs. 4 and 9).

Next, we calculate time series of the fluctuations for the RMSD and for the chiral parameters @ and Kk as

A(ts)ﬂuct = A(ZS) - A([S)tw’ (10)

where tw = 1000 for the RMSD and tw = 100 for the chiral parameters ® and K. The results for the standard
deviation of A(ty)q, are shown in Table 3 (data from PBC-MD simulations are given in parentheses).
From the data in Figs. 3-5 and in Table 3, one can clearly see that the stability monotonically increases with
the complexity of the structures, i.e., from tape to ribbon and from ribbon to double ribbon. This tendency is
of a similar nature for both peptides Py;-I and Py;-II and can be observed in the data from MD simulations
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TP2

RP2

DP2

Fig. 2. Representative structures of clusters formed by peptide Py;-11 obtained from molecular dynamics simulations under spherical
boundary conditions (see Section 3). Side-chains are not shown for better clarity.

under both SHBC and PBC-PME. Furthermore, the structures generated from SHBC simulations are
somewhat more rigid than the corresponding ones generated from PBC-PME simulations. This can be clearly
seen from the time series of the quantity RMSD(t),09 (Figs. 3-5) and from the fluctuations of the RMSD and
of the chiral parameters @ and k in Table 3.

For completing our analysis on the stability of the clusters we plot in Figs. 3—5 the time average of the pair
distribution function of the inter-strand distances (Eq. (5)). The functions exhibit a series of well defined
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Fig. 3. Left: System TP1. Right: System TP2. Top: Times series, (4;,) 900, for the root mean-square deviation RMSD from representative
structure. Middle: power spectrum for RMSD, SL = 2/+/N is the significance level, N is the number of time steps. Bottom: time averaged
pair distribution function g(r) of the inter-strand distance (see Egs. (5), (6)).

narrow peaks for all structures indicating solid-like order within tapes, ribbons and double ribbons. Of all
these, tapes have the least of long-range order as evidenced by the lack of clear separation between the peaks at
large separations, which is however much enhanced in ribbons and double ribbons. The narrowness of the
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Fig. 4. Left: System RP1. Right: System RP2. Top: Times series, (4;,)19g9, for the root mean-square deviation RMSD from representative
structure. Middle: power spectrum for RMSD, SL = 2/+/N is the significance level, N is the number of time steps. Bottom: time averaged
pair distribution function g(r) of the inter-strand distance (see Egs. (5), (6)).

peaks is the consequence of well-defined inter-strand distances. The lack of long-range order in tapes is more
evident in PBC-PME simulations than in SHBC simulations, while for ribbons and double ribbons there is no
real difference between the ¢g(r)’s plots generated under PBC and SHBC.
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Fig. 5. Left: System DP1. Right: System DP2. Top: Times series, (4;,) g0, for the root mean-square deviation RMSD from representative
structure. Middle: power spectrum for RMSD, SL = 2/+/N is the significance level, N is the number of time steps. Bottom: time averaged
pair distribution function g(r) of the inter-strand distance (see Egs. (5), (6)).

The time averaged values (over the MD production runs) of the chiral parameters ® and k and of the
nearest-neighbor inter-strand distance d are reported in Table 4 (data from PBC-PME MD simulations are
given in parentheses). The values for the pitch wave number k and for the nearest-neighbor inter-strand
distance d obtained from the simulations are consistent with the known experimental results [1].



466 G. Bellesia et al. | Physica A 373 (2007) 455-476

Table 3

Standard deviation o(A(t,)q,) obtained from MD simulations under SHBC for the root mean-square deviation (RMSD) and for the
chiral parameters O (total helicity of the single strand, molecular-scale chiral parameter) and k (pitch wave number, supramolecular-scale
chiral parameter)

G(A(t.\' )ﬂua)

System RMSD (A) O (deg.) k (deg.)

TPI 0.23(0.36) 3.14(7.91) 0.30(0.57)
RP1 0.05(0.15) 1.98(3.43) 0.23(0.33)
DPI 0.03(0.09) 1.34(1.78) 0.17(0.22)
TP2 0.17(0.41) 3.21(6.25) 0.28(0.55)
RP2 0.06(0.15) 2.03(3.51) 0.23(0.51)
DP2 0.04(0.12) 1.37(1.80) 0.19(0.23)

In parentheses: averaged values and standard deviations obtained from MD simulations under PBC (PME).

Table 4

Time averaged values and standard deviations ¢ obtained from MD simulations under SHBC for the parameters © (fotal helicity of the
single strand, molecular-scale chiral parameter), k (pitch wave number, supramolecular-scale chiral parameter) and for the nearest-
neighbor inter-strand distance d

Parameters ©, k and d

System O (deg.) co k (deg.) ok d (A) o4

TP1 120.4(162.8) 9.8(12.0) —8.6(—13.0) 0.6(0.9) 4.8(4.8) <0.1(<0.1)
RP1 59.7(90.1) 2.7(4.8) —43(=6.4) 0.3(0.4) 4.8(4.8) <0.1(<0.1)
DPI 46.9(53.9) 2.4(3.3) —2.3(-3.4) 0.2(0.4) 4.8(4.8) <0.1(<0.1)
TP2 105.3(126.6) 5.2(8.6) —8.1(=10.6) 0.4(0.9) 5.0(5.0) <0.1(<0.1)
RP2 61.3(80.5) 3.4(4.8) —5.7(=7.0) 0.3(0.5) 4.9(4.9) <0.1(<0.1)
DP2 29.6(37.3) 1.9(4.4) —1.7(-2.1) 0.2(0.3) 4.9(4.9) <0.1(<0.1)

In parentheses: averaged values and standard deviations obtained from MD simulations under PBC (PME).

Firstly, experimental values for the pitch wave number Kk have been calculated for tapes, ribbons and fibrils
from TEM micrographs analysis [1]. It was found that single and double tapes formed by the peptide Py;-1
both possess the pitch wave number k = —3°, while fibrils formed by the peptide Py;-1I possess the pitch wave
number kK = —1°. These experimental values do not seem to be very accurate as their percentage error goes
from 25% to 50%. Nevertheless, they are the only reliable data, which can be currently used for comparison
and validation of theoretical and computational studies on the chiral properties of clusters formed by the
peptides P;;-1 and Py;-11.

Secondly, X-ray diffraction data [1] reveal a value for the nearest-neighbor inter-strand distance of
d = 4.7 A in all structures. These data are consistent with the expected nearest-neighbor inter-strand distance
in a B-sheet (d = 4.7—4.8 A).

There are some differences between the values for ® and k calculated from MD simulations under SHBC
and PBC-PME. Those differences decrease from tape to ribbon, and to double ribbon, for both P;-I and Py;-
I1-based systems.

As there are no reliable experimental data for the validation of the two chiral parameters @ and k (limited
precision for k and no experimental data at all for @), and as both Ewald sum and spherical cut-off methods
have their drawbacks and artifacts [33,36-38], it is difficult to say which one produces the best data. However,
we can notice that, regarding K, the values obtained in MD simulations under SHBC are closer to the current
experimental values.

The transfer of chirality from the molecular scale of the ff-strands to the greater supramolecular scale of the
p-tapes, ribbons and double ribbons can be clearly seen from the results in Table 4. Indeed, the sign and the
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magnitude of the helical deformation of the single strands (as indicated by the value of @) directly relates to
the handedness and the magnitude of the macroscopic twist (as indicated by the pitch wave number k).

The decrease of the parameters @ and |k| from tape to ribbon and from ribbon to double ribbon can be
explained by observing that, despite of the intra-molecular origin of chirality, the conformation of the single
strands within a cluster depends also on their interactions with the neighboring strands. As the magnitude of
these short-ranged cohesive interactions increases with the complexity of the cluster, so the helical deformation
of the single strand decreases.

While the decrease of the parameters © and |k| from tape to ribbon and from ribbon to double ribbon
cannot be fully confirmed experimentally (due to the lack of high resolution data) it has been also observed in
previous MD simulations (on tapes and ribbons only) on P;;-I and Py;-II [25].

A more detailed analysis of both the molecular and intermolecular chiral parameters is given in Figs. 6
and 7. We plot the potential of the mean force (PMF) for ® and k, respectively.

The PMF for a reaction coordinate & is calculated as

PMF (&) = —In(p(3)) + In(p,,4, (), (11)

where p(¢) is the probability distribution for ¢ and p,,,.(£) 1s the most probable value of ¢.
The combined analysis of Tables 3 and 4, and of the PMF plots (Figs. 6 and 7) leads us to the following
observations regarding the chirality of the clusters:

(1) The two different treatments of the long-range ES forces used in our study produce different results for
both the parameters @ and k.

(2) MD simulations under SHBC give smaller values for both ® and |k| if compared to MD simulations under
PBC.

(3) Both the standard deviations in Tables 3 and 4, and the width of the PMF profile at 1 KT (horizontal line
in Figs. 6 and 7) confirm that MD simulations under SHBC produce more ‘frustrated’ structures as far as
regards the chiral parameters.

For understanding the origin of those differences we plot in Figs. 8—12 the probability distributions of the
Ramachandran angles @ and ¥ for the different amino acids in Py;-II clusters.

On the one hand, conformations of Arginine, Glutamic acid and Glutamine (in Figs. 8-10, respectively)
show clear differences between SHBC and PBC simulations on the distributions of the Ramachandran angle
. A similar behavior has been found in Py;-I clusters (data not shown). On the other hand, Phenylalanine and
Tryptophan (in Figs. 11 and 12, respectively) do not seem to be affected by the two different treatments of the
long-range ES forces. In our opinion, such ‘persistence’ in different ES treatments is due to two important
facts: (1) they carry no net charge; (2) they have high propensity to be in the f-sheet conformation [44,45].

In addition, it can be noted that Glutamine residues have a tendency to be also in PolyProline-II
conformation (@ = —78°, ¥ = 146°) [46] in both SHBC and PBC simulations. In our simulations, this
tendency is common to both P;;-I (data not shown) and Py;-11, and it decreases with increasing the complexity
of the clusters. The high intrinsic propensity for Glutamine to be in PolyProline-II conformation has been
observed in a computational analysis over a database of (274) non-homologous polypeptide chains which
possess regions forming PolyProline-II structures [46].

For completing our investigation on the effect of the range of forces on the stability and on the geometrical
properties of the clusters, we run, for systems RP1 and RP2, additional 1 ns MD simulations under SHBC
with different cut-offs for non-bonded interactions, namely 5.8 and 13 A. The results obtained for the chiral
parameters @ and Kk are displayed in Table 5. Standard deviations (as a measure of stability) seem to increase
with increasing cut-offs, while the average values do not seem to change considerably.

4. Conclusion

In this paper, we have presented the results from MD simulations, of S-tapes, ribbons and double ribbons
formed by the synthetic de novo oligopeptides P;;-1 and P;;-II in solution.
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Fig. 7. Potential of the mean force for the molecular chiral parameter k. SHBC: MD simulations under spherical harmonic boundary
conditions with force-shifted spherical cutoff. PBC: MD simulations under periodic boundary conditions with particle mesh Ewald. Top:

systems TP1 (left) and TP2 (right), Middle: systems RP1 (left) and RP2 (right), Bottom: systems DP1 (left) and DP2 (right).
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Fig. 11. Probability distributions of the dihedral angles @ (left) and ¥ (right) for aminoacid PHE obtained from MD simulations. SHBC:
MD simulations under spherical harmonic boundary conditions with force-shifted spherical cutoff. PBC: MD simulations under periodic
boundary conditions with particle mesh Ewald. Beta: (vertical line) fully extended antiparallel f-sheet. Top: system TP2, Middle: system

RP2, Bottom: system DP2.
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Table 5
Time averaged values and standard deviations ¢ for the chiral parameters @ and k, obtained from additional 1 ns molecular dynamics runs
(under SHBC) of ribbons

Cut-off and chiral parameters

System Cut-off (A) O (deg.) oo k (deg.) ok
RP1 5.0 59.4 2.5 —4.1 0.2
RP1 8.0 61.0 3.0 —4.3 0.3
RP1 13.0 61.1 33 —4.4 0.3
RP2 5.0 59.4 2.5 —4.9 0.2
RP2 8.0 61.1 3.6 =53 0.3
RP2 13.0 69.4 3.8 —5.8 0.4

Three different values were used for the spherical cut-off of both the Lennard-Jones potential and the Coulombic potential.

Two different methods for the treatment of the electrostatic interactions and the boundary conditions have
been used: (see Sections 2 and 3): the (force-shifted) spherical cut-off method under SHBC (MD-SHBC) and
the particle mesh Ewald method under PBC (MD-PME).

The spherical cut-off method and the particle mesh Ewald method give us qualitatively similar results in the
calculation of the structural observables.

All the supramolecular structures are shown to be stable during dozens of nanosecond long simulations with
explicit water molecules. The inter-strand radial distribution functions of these structures contain series of
sharp peaks, indicating solid-like order within and thus there are well-defined inter-strand separations. The
structures become more rigid with their increased complexity on going from tapes to ribbons (double tapes)
and to double ribbons.

A clear connection has been established between the molecular degree of chirality of f-strands, @, and the
supramolecular chirality of the clusters (expressed by the pitch wave number k). This connection is similar for
both considered oligopeptides Py;-1 and P;;-1I, despite of the differences in their primary structures. The
values for pitch wave number k and the inter-strand distance d calculated here agree quite well with the known
experimental data.

It is not very clear which method for the treatment of the boundary conditions and the electrostatic forces
worked better in our computer studies as the lack of high-quality structural data from experiments does not
allow one to have a perfect validation of the calculation results. Nevertheless, one could make the following
comments.

We observe from Table 5 and from comparison between MD-SHBC and MD-PBC simulations that the
stability of the clusters depends mainly on short-range cohesive forces. In fact, when longer-range forces are
considered (first increasing the value of the cutoff in MD-SHBC simulations and then running MD-PBC
simulations) the fluctuations along the average values of the main structural parameters increase significantly.

Consequently, the MD-SHBC simulations generate more rigid structures than the MD-PME simulations.
This increased rigidity may be also related to the finite size of the water sphere (which may limit the motion of
the cluster and enhance the rigidity somewhat).

Importantly, we should stress out that this dynamical frustration may reproduce the “natural frustration”
within much larger clusters observed in TEM micrographs, from which the chiral parameter k is extracted.
Indeed, the MD-SHBC simulations seem to give a better agreement with the experiments. This last result
should be taken into consideration if one wants to access longer MD time scales since the computational ‘cost’
of the spherical cutoff methods is intrinsically lower than the one of the Ewald-related techniques.
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