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Abstract. The influence of simulation methods, cutoff
based and particle mesh Ewald (PME) on the accuracy
by which experimentally derived nuclear Overhauser
effect (NOE) data are reproduced, has been investigated
using 500-ns-long molecular dynamics simulations on a
model f-sheet peptide in explicit solvent. The structural
and conformational features under the different condi-
tions were evaluated in terms of flexibility, secondary
structure content, hydrogen-bonding pattern and per-
cent of native contacts as a function of time. It was
found that the different simulation methods strongly
influence the dynamics of the peptide, confirming
previous observations based on ideal peptide models
simulated for much shorter times. Moreover, the results
of our simulations prove once more that it is necessary
to reach extremely long time scales to obtain enough
statistics to accurately reproduce experimental NOE
restraints even in the case of the PME method, despite
its tendency to the stabilization of conformations which
are structurally closely related to the ones derived
through experiment. Possible implications regarding
the stabilization and folding mechanisms, together with
their relationship to the experimental study of peptide
models, are discussed.

Keywords: Protein folding — Molecular dynamics —
p-sheet — Peptide conformation— Electrostatics

1 Introduction

Most proteins must fold to a specific three-dimensional
structure in order to perform their biological functions in
living cells. The description of the folding process from
first principles is one of the most important goals of
molecular biology, and is particularly important in the
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postgenomic era: precise knowledge of the relationship
between amino acid sequence and three-dimensional
structure would allow the prediction of a protein second-
ary and tertiary structure from sequence information, and
eventually its correlation to protein function and/or
misfunction. Moreover, being able to describe the folding
process at atomic level would contribute to elucidating the
mechanisms underlying the conformational changes
involved in several pathological disorders, like Alzhei-
mer’s disease and spongiform encephalopathies, that are
characterized by the formation of amyloid fibrils most
likely mediated by the interaction of f-sheets [1, 2, 3].
Molecular modeling and simulation techniques have
been, and are, widely used to study problems related to
the stability and folding of peptide and protein systems.
In the case of o—helical peptides or small proteins,
computer simulations could provide a detailed picture of
the early events [4, 5, 6, 7, 8, 9] in the folding reaction,
and reasonable agreement with experimentally derived
nuclear Overhauser effect (NOE) restraints [10]. In
contrast, the study of the principles underlying the for-
mation and stability of f-sheet secondary structure ele-
ments has been hampered at the theoretical level by the
need for long simulation times, at least comparable to
the microsecond timescale typical of f-sheet folding
kinetics, and by the difficulty, at the experimental level,
in synthesizing model systems which could be charac-
terized in the absence of aggregation phenomena. In the
past few years a number of short model peptides that are
monomeric in aqueous solution and display double- or
triple-stranded anti-parallel -sheet conformations have
been reported [11, 12, 13, 14, 15] and have been studied
via molecular simulations at various levels [16, 17, 18,
19, 20]. In very few cases, however, a systematic and
quantitative comparison of the simulation data with
NMR-derived restraints was attempted to benchmark
the results of simulations against experimental data, and
to compare the results obtained for f-sheet forming
systems using different molecular dynamics (MD) sim-
ulation conditions, with particular attention to the
treatment of long-range (electrostatic) interactions (for-
ces). Calculation of long-range electrostatic interactions
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is the most time-consuming part of MD simulations,
and, up to recently, the most common approximation
has been to neglect the effect of Coulomb interactions
beyond a certain cutoff distance [21]. The particle mesh
Ewald (PME) method, on the other hand, despite
requiring about twice the computational time compared
with the cutoff method, considers all electrostatic inter-
actions over the complete system, employing interpola-
tion of reciprocal space Ewald sums from a grid and
computation of convolutions using fast Fourier trans-
formation [22, 23]. Within the PME method the trun-
cation of long-range forces is then eliminated.
Moreover, no continuous simulation in explicit sol-
vent in conditions similar to the ones in the test tube has
been run for timescales which are actually comparable to
the experimental folding times (of the order of micro-
seconds for f-sheets). The questions we want to address
are how different are the results due to the use of cutoff
methods versus PME methods for electrostatic treat-
ment, how do the different simulations correlate with the
experimentally derived NOE-restraints and, as a conse-
quence of the validation of the simulations with experi-
mental data, what can simulations indicate with regards
to the factors stabilizing the folded conformation of the
model f-sheet peptide? As a case study for investigating
the relative stability of -sheet peptides as a function of
simulation conditions, the antiparallel three-stranded
p-sheet peptide designed by deAlba et al. [13], called
beta3, and characterized via NMR spectroscopy was
chosen (Fig. 1a). This type of system was studied earlier
with MD simulations by Ferrara and Caflish, who were
able to derive a free-energy profile for the systems using
high temperatures and an implicit solvent representa-
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Fig. 1. a Amino acid sequence of the peptide by deAlba et al. [13].
b Hydrogen-bonding pattern in the ideal three-stranded p-sheet
conformation. Only backbone atoms are shown. Hydrogen bonds
are indicated in red

tion. In this work, the dynamics of the system has been
investigated through three different very long time scale
simulations (500 ns each), using an all-atom representa-
tion for the water solvent combined with an explicit
representation of the polar H atoms of amino acid
functional groups and of the C—H bonds on aromatic
rings, and with a united-atom model on the remaining
aliphatic groups, with periodic boundary conditions.
The influence of the treatment of electrostatic interac-
tions and simulation conditions on the conformations
sampled and on the dynamics of the peptide in the
simulations has been investigated, using two different
electrostatic schemes, including cutoff and PME; for the
cutoff scheme, two simulations were carried out, one
with and one without counterions.

The three simulation methods were arbitrarily chosen
among a wide number of other different possible elec-
trostatic schemes, based fundamentally on two practical
considerations. In fact a large number of the long time
range MD studies of peptides and proteins were carried
out using either the PME [6, 24, 25, 26, 27, 28, 29, 30, 31]
or the cutoff method, with counterions [19, 26, 32, 33,
34, 35] or without counterions [17, 19, 36, 37, 38].

The treatment of electrostatic interactions, the effect
of counterions and the artifacts induced by each method
have been studied and discussed in depth by a number of
authors [21, 26, 39, 40, 41, 42, 43, 44, 45, 46]. In most if
not all cases, however, the peptides studied were either
ideal models (e.g., polyalanines), or the proteins were
studied in the crystal environment, and no systematic
comparison was made with the data available for the
peptides in solution. In the present study, the attention is
focussed on the effect of the MD simulation protocols on
the dynamics of the f-sheet peptide model with the
objective of understanding at atomic level the stabiliza-
tion and mobility determinants of f-sheets, fundamental
factors in view of the importance that is increasingly
being given to the transitions to f-structures as aggre-
gation nuclei or seeds.

2 Materials and methods

The starting structure for the simulations was one of the NMR-
derived structures [13] (kindly provided by M. A. Jimenez), with no
violation of experimental restraints higher than 0.02 nm. The pep-
tide was protonated to give a zwitterionic form (with N-terminal
NH7 and C-terminal COO~ groups), and the total charge was +2,
owing to the presence of two lysine residues.

All simulations were carried out using the GROMACS package
version 3.0 [47, 48], using the GROMOS96 43A1 force field [49].
All bond lengths were constrained to their equilibrium values, using
the SETTLE algorithm [50] for water and the LINCS algorithm
[51] for all other bonds. The aromatic rings in tyrosine and tryp-
tophan side chains were kept rigidly planar using dummy atoms
constructions, according to a published procedure [52], in order to
remove degrees of freedom from the system. According to Feenstra
et al. [52], removal of these degrees of freedom from the system
allows the time step to be increased up to 7fs with negligible
influence on the thermodynamical and dynamical properties of the
system. In our simulations, the timestep was 2fs during solvent
equilibration (initial 50ps) and S5fs in the following steps; the
neighbor list for the calculation of non-bonded interactions was
updated every ten timesteps in the first case, and every four in the
latter.



The peptide was solvated with water in a dodecahedral box
large enough to contain 1.2 nm of solvent around the peptide. The
resulting system was composed of 2681 water molecules. The simple
point charge water model was used [53].

Three simulations were carried out, using the same starting
structures; box size and simulation parameters were identical except
for the treatment of electrostatic interactions. In the first and sec-
ond simulations, chloride ions replaced two water molecules to
yield an electrically neutral system. The water molecules to be
replaced were chosen randomly, using the GENION algorithm
(included in the GROMACS package). In the first run, the calcu-
lation of electrostatic forces utilized the PME method [22, 54]; the
real-space interactions were evaluated using a 0.9-nm cutoff, and
the reciprocal-space interactions were evaluated on a 0.12-nm grid
with fourth-order spline interpolation. A twin-range cutoff of 0.8—
1.4 nm was used for the calculation of Lennard-Jones interactions.
The relative accuracy of direct/reciprocal space is controlled by the
parameter 5ewald_rtol (using GROMACS methodoloy), which is set
to1lx107.

In the second and third run, a twin-range cutoff of 0.8—1.4nm
was used for both Coulombic and Lennard-Jones interactions. The
cutoff values are the same as those used for the parameterization of
the GROMOS96 43A1 force field [49]. In the following tables and
figures, the first simulation is referred to as B3-PME, the second as
B3-ION and the third as B3-NOION. In all cases, periodic
boundary conditions were used. The differences in the setup of the
three simulations are summarized in Table 1.

The peptide, water and the counterions were coupled separately
to a temperature bath at 300 K with 7 = 0.1 ps using the Ber-
endsen algorithm [55]. The pressure was kept at 1 bar using weak
pressure coupling with tp = 1.0 ps [55].

The system was energy-minimized with a steepest descent
method for 5000 steps. In all the simulations the solvent was
equilibrated in a 50-ps MD run with position restraints on the
peptide. The force constant on the peptide atoms was
1000 kI mol~" nm~2. The solvent equilibration run was followed by
another 100 ps run without position restraints on the peptide, in
which all atoms were given an initial velocity obtained from a
Maxwellian distribution at the desired initial temperature. Each
production run, after equilibration, was 500-ns long, and peptide
structures were sampled every 1 ps. To our knowledge, the present
simulations are among the longest carried out on this kind of sys-
tem using an all-atom representation of the solvent.

Conformational clustering analysis was performed on a subset
of the conformations sampled in the trajectory, containing either
5000 structures (taken at 100-ps intervals) or 25000 structures
(taken at 20-ps intervals), using the method described by Daura et
al. [10] (as implemented in GROMACS). The positional root mean
square deviation (RMSD) calculated on the backbone atoms of
residues 3—18 was used as a similarity criterion, and a cluster radius
of 0.1 nm was chosen.

The interproton distances were calculated from the simulations

~1/6
as <d(t)76> averages [56], and violations were derived as
~1/6
dvio] = <d(t)76>
distance). Since in the GROMOS96 43A1 force field the aliphatic
hydrogen atoms are treated within a united-atom model, their

position at each time in the trajectory was back-calculated assum-
ing an ideal geometry.

—dexp (Where deyp is the experimentally derived

Table 1. Summary of the simulations performed, differences in their
setup and structural features of the peptide conformations sampled
in the three simulations. The radius of gyration (R,) was calculated
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In general, in the GROMOS force field, an atom—atom distance
restraint which is derived from proton NMR experiments regarding
hydrogen atoms on aliphatic carbons is treated by way of a virtual
atom. In that case the distance restraint interaction refers to a
nonatomic site as a center of interaction. These may also refer to
nonatomic sites when a stereospecific assignment to a proton can-
not be obtained. In these cases the distance restraint must refer to a
pseudo-atom and a correction term must be added to the restraint
distance. Calculating atom—atom distances this way gives the same
results as using the procedure of building explicit hydrogens back in
the trajectory, and does not affect the average calculated violation
in any significant way: In this latter case, however, we have access
to the comparison with stereospecific assignments, when they are
available. When the NOE involved chemically equivalent aliphatic
hydrogen atoms (e.g., Ho and Hy of isoleucine residues), the
average distance [calculated as <d(t)76> ] was taken into
account.

Secondary structure assignments were based on the DSSP
algorithm [57]. The graphical representations of the peptide were
realized with the program VMD [58].

All calculations were performed on clusters of six PCs (dual
processor AMD Athlon XP 1800+ ), on a HP V2500 computer (20
CPU PA-RISC PAS8500 at 440 MHz) and on a HP SuperDome
SD64000 computer (64 CPU PA-RISC PA8700 at 750 MHz).

3 Results
3.1 Backbone and secondary structure evolution

The RMSD relative to the starting structure is reported
in Fig. 2 as a function of time for the three simulations.
The average values are much higher in the simulations
using the cutoff electrostatic scheme. This difference is
also reflected in the evolution of the radius of gyration
(Rg) values: while the average value over the whole
simulation is very similar in the three simulations, as
shown in Table 1, remarkable oscillations are present in
the two cutoff simulations with values up to 1.15 and
0.99nm in the B3-ION and B3-NOION simulations,
respectively. The motional behavior of the peptide is
thus determined by the particular simulation protocol
employed, with sensitive differences in residue flexibility
displayed by the system under different conditions:
flexibility can be quantitatively probed with the calcu-
lation of the average positional fluctuation (root mean
square fluctuation, RMSF), as reported in Fig. 3. In the
case of B3-PME simulation, not only is the flexibility
much lower than in the other two cases, but three
minima are evident in the graph, corresponding to the
central regions of the three extended strands (shaded
areas in Fig. 3). The second strand shows the lowest
RMSF values, owing to the higher number of hydrogen

on all atoms, while only backbone atoms in the 3-18 segment were
used for the calculation of the positional root mean square deviation
(RMSD)

System Electrostatics No. of H,O No. of <Rg> RMSD
molecules Cl™ ions (nm) (nm)
B3-PME PME (0.9)* 2679 2 0.752 +£0.023 0.247
B3-ION Cutoff (0.8/1.4)* 2679 2 0.764 £ 0.054 0.541
B3-NOION Cutoff (0.8/1.4)* 2681 0 0.754 £0.048 0.484

#Cutoff distances in nanometers
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bonds formed by the central portion of the peptide, a
feature not reproduced in the case of B3-ION and
B3-NOION, indicating lower conformational stability in
those conditions.

The nonnegligible influence of the simulation condi-
tions on the peptide conformational evolution is clearly
defined in terms of quantitation of ordered secondary
structure and its evolution. The substantial differences
among the three simulations are shown in Fig. 4: while in
B3-PME the secondary structure is close to the ideal
three-stranded f-sheet, in both other cases the percentage
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Fig. 2. Positional Root mean square deviation (RMSD) for the
three simulations, calculated on backbone atoms of residues 3-18

Root Mean Square Flucluation of sach residue

of f-sheet is very low and the secondary structure ele-
ments are found in positions different from those exper-
imentally determined. In the B3-PME simulation the
p-turns are found in positions 67 (77% of the simulation
time) and 14-15 (87% of the simulation time), which is
consistent with NMR data [13]; in contrast, in the other
two MD runs (B3-ION and B3-NOION) the f-turns are
not very stable. Analysis of dihedral angles indicates that,
in B3-PME, both the f-turns belong to type II’. The
population of the ff-sheet structure calculated from this
simulation is about 65%, significantly higher than that
estimated from the experiments based on the NOE
intensities (13-31%) but in better agreement with the
more quantitative determination based on the variation
of chemical shift data (30-55% ) [13]. The second con-
formational ensemble (30% of the total conformations)
includes a single S-hairpin (residues 11-18) and a disor-
dered region.

In B3-ION the population of the fS-turns is much
lower than expected; nevertheless, the first f-turn (resi-
dues 6-7) is replaced by a larger bend, involving residues
6-9, for most of the simulation time (Fig. 4b); since
residues 2-5 and 10-13 are found mainly in an extended
conformation, the ensemble of structures sampled is
quite similar to a single hairpin, followed by a disordered
region. From 400 to 425ns an extended structure is ob-
served for residues 11-17, thus including the second turn
region and yielding a conformation that is very different
from the NMR-derived structures. Very few structures,
among all those sampled in 500ns, show a regular
f-hairpin conformation (about 7%), while the popula-
tion of three-stranded f-sheet structures is close to zero.

In B3-NOION the population of the f-turns is com-
parable to that in the B3-PME simulation, but a closer
inspection of Fig. 4c reveals that, in the second half of
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the MD run, the position of the turns is different from
that experimentally detected. The population of the
p-sheet structure is high for the second hairpin (residues
11-18) only from 60 to 190 ns of the MD run, but it is

B3-NOION

close to zero from 190ns on. Interestingly, the second
p-turn (residues 14-15) is stable for a much longer time
compared with the f-hairpin, until approximately
230 ns; moreover, a f-turn comprising residues 5-7 is
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stable from approximately 230 to 310ns; in both cases,
the formation of a stable f-turn leads to the formation
of a conformation that resembles a single f-hairpin
structure, but is not sufficient to induce the formation of
the hydrogen bonds characteristic of a regular f-sheet
structure. Considering the whole trajectory, the popu-
lation of the regular f-hairpin structure is approximately
25%, and the population of three-stranded pf-sheet
structures is only 2%, higher than in the B3-ION sim-
ulation. In all cases, analysis of the distributions of ¢
and y angles in the turn regions reveals that the type II’
turn is much more populated than all other types of
p-turn.

Partially folded structures, showing one f-hairpin
and a disordered region, were previously described by
Ferrara and Caflisch [20], studying the same peptide,
and also by Colombo et al. [17] studying Betanova. In
our simulations, they are observed for significant parts
of the simulations; in all cases, the second f-hairpin
(residues 11-18) is formed preferentially, and its pres-
ence is always observed together with the formation of a
salt bridge between the ammonium group on the side
chain of Lys9 and the peptide C-terminal carboxy group.
This salt bridge is observed for approximately 90% of
the simulation time in B3-PME, and for 25% in
B3-NOION. It is interesting to observe that the same
salt bridge is also present in the B3-ION simulation and
is highly populated (approximately 30% of the simula-
tion time), but in this case regular f-hairpin structures
are rarely formed (only 7% of the simulation time).
There is no apparent correlation between the stability of
the f-hairpin structure and the salt bridge interaction.

The estimate for the population of the f-sheet varies
in the three simulations, and only in the B3-PME sim-
ulation is a predominant f-sheet conformation clearly
defined for a dominant amount of time. The population
calculated in this case (65%) is higher than the one
calculated experimentally (see earlier), indicating that
the use of the PME method can yield the stabilization
energy necessary to drive the system into the three-
stranded energy basin. This aspect is discussed in the
next subsection.

3.2 Hydrogen-bonding pattern and native contacts

An important contribution to the stabilization energy in
f-sheet systems comes from the formation of in-register
hydrogen bonds. The populations of all the hydrogen
bonds detected in simulation B3-PME are reported in
Table 2. All hydrogen bonds characteristic of the ideal /-
sheet conformation (Fig. 1b) are found, and their pop-
ulation is between 45% and 50% for the first hairpin
(except for the one involving residue 1, which is very
flexible), while the second hairpin is even stabler. A minor
conformation is present in the trajectory in which the
register of the hydrogen-bonding pattern displays a one-
residue shift: hydrogen bonds are found between residues
Trp2 and TrplO, and residues GIn4 and Thr8. The
presence of this conformation is mainly due to the
packing of the tryptophan side chains on the hydrophobic
cluster present in the peptide. In simulation B3-ION, the

Table 2. Populations of the interstrand hydrogen bonds during
B3-PME simulations. Only hydrogen bonds between backbone
atoms are reported

Donor Hydrogen Acceptor Population (%)
Thr1N Thr1H1 GIn120 9.4
Thr1N Thr1H2 GIn120 7.8
Thr1N Thr1H3 GIn120 5.8
Trp2N Trp2H Trpl100 9.2
Trp2N Trp2H GInl120 1.0
Ile3N Ile3H Trpl100 47.3
GIn4N GIn4H Thr80 27.9
GIn4N GIn4H Trpl00 1.4
Asn5N AsnSH Thr8O 52.7
AsnSN AsnSH Trpl100 1.8
Thr8N Thr8H GIn40O 1.4
Thr8N Thr8H Asn50 49.9
TrplON TrplOH Trp20 28.1
TrplON TrplOH [le30 49.5
GIn12N GIn12H Thr10 37.5
GIn12N GIn12H Trp20 2.4
GIn12N GIn12H [le30 0.6
LysHON LysHOH Tyr190 1.6
LysHON LysH9H Thr20N 0.2
LysHON LysH9H Thr2001 17.8
LysHON LysHOH Thr2002 17.6
Tyrl1IN Tyrl1H [le180 934
Asnl13N Asnl3H Thr160 88.2
Thr16N Thr16H Asnl130 55.5
Ile18N Tle18H Tyrl10 94.0
Thr20N Thr20H LysH90 72.1

hydrogen-bonding pattern characteristic of regular f-
hairpin conformations is detected only less than 5% of
the time. As emerged from the analysis of the secondary
structure, the first S-turn (residues 6-7) is replaced by a
larger bend (residues 6-9) for most of the simulation time,
and a high population is registered for the hydrogen
bonds between Asn5 and Tyrll and between Ile3 and
Asnl3, which is not compatible with the NOE data from
deAlba et al. [13]. In simulation B3-NOION, interstrand
hydrogen bonds involving the first hairpin residues have a
very low population, while those involving the second
hairpin are quite stable for about 200 ns, and their pattern
is the same as observed in the B3-PME simulation and is
compatible with the NMR data. After 225 ns, however, a
global misfolding of the peptide is observed and the
conformations sampled are very different from those
experimentally detected.

The number of nativelike intramolecular interactions
necessary to stabilize the peptide can be determined by
the calculation of the time evolution of the fraction of
native contacts. The fraction of native contacts was
calculated on the Co carbons as a function of simulation
time in each MD run (Fig. 5). A Ca—Co interaction is
defined as a native contact if the Co—Co distance is
shorter than 0.65 nm in an ideal f-hairpin conformation.
In the B3-PME simulation, the fraction of native con-
tacts is higher than 0.4 for all the simulation time, con-
firming that the peptide never unfolds completely. After
a few picoseconds, its value drops below 0.6, and it takes
about 200 ns of the MD run to reach the value of 0.9,
indicating an ideal fold; fluctuations are large (between
0.5 and 0.9) until about 300 ns, when the value of 0.9 is
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Fig. 5. Fraction of native contacts as a function of the simulation
time in each of the three simulations. A Co—Coa interaction is
defined as a native contact if the Co—Ca distance is shorter than
0.65nm in an ideal f-hairpin conformation

reached and maintained for a long time (Fig. 5). A
substantial convergence is obtained only after about
300 ns of simulation. This result is consistent with the
secondary structure analysis, showing a very high and
constant population for the f-sheet structure from 250
to 500ns. Obviously, in both the B3-ION and the
B3-NOION simulations the fraction of native contacts is
much lower; however, it is interesting to observe that the
analysis of native contacts evidences a clear difference
between these two simulations. In B3-ION the average
fraction of native contacts is 0.13, and it reaches a value
greater than 0.4 only three times in 500 ns; in contrast,
the average fraction of contacts in B3-NOION is 0.35
and it reaches the value of 0.6 several times during the
MD run, indicating that the conformations sampled
during this simulation are, on average, much more
similar to f-sheet structures compared with those sam-
pled during the B3-ION simulation.

It is important to note that the fraction of native
contacts as a function of simulation time shows large
variations in all MD runs, confirming that a very long
simulation time is necessary in order to sample signifi-
cant parts of the conformational space of f-sheet pep-
tides and cross possible lag time phases, especially when
using explicit solvent models.

3.3 Cluster analysis

A conformational-clustering algorithm was used to
characterize the conformational space sampled in the
simulations. The number of clusters as a function of
simulation time is reported in Fig. 6; a cluster radius of
0.1 nm was used, and structures were taken at 20- or at
100-ps intervals to check the influence of sampling
frequency on the results. The total number of clusters is
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Fig. 6. Number of clusters as a function of simulation time. From
top to bottom B3-PME, B3-ION, B3-NOION

reported in Table 3. In all cases, when structures are
taken at shorter intervals the number of clusters found is
higher; nevertheless, the trend of the number of clusters
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Table 3. Number of clusters of peptide conformations and per-
centage population of the first cluster in each of the three simula-
tions carried out. Clustering was performed on 5000 structures,
taken at 100-ps intervals, using a cluster radius of 0.1 nm

System No. of clusters Population Population
(over 500 ns) of cluster of clusters
1 (%) 1-5 (%)
B3-PME 237 16.1 47.0
B3-ION 758 5.9 19.9
B3-NOION 918 10.9 32.1

as a function of simulation time is identical, and
therefore independent of the time interval. The number
of clusters increases during the simulation time in all
three simulations, indicating clearly that convergence,
1.e., complete sampling of conformational space, has not
been reached. However, important differences are found
among the three simulations. The number of clusters
found in B3-PME is much lower than in B3-ION and
B3-NOION, and increases only slightly during the last
200ns, indicating, coherently with previous analysis,
that most structures sampled in this simulation are
found within the initial 300 ns. This is mainly due to the
energetic stabilization of the three-stranded conforma-
tion determined by the explicit inclusion of the long-
range interactions in the B3-PME simulation. The
transitions among the different clusters as a function of
simulation time are reported in Fig. 7: a circle is depicted
if a certain cluster is populated at a given time. The two
lower graphs, representing the two cutoff simulations,
show a much higher number of intercluster transitions.
Another interesting result is that the five most populated
clusters account for about 47% of all structures in
simulation B3-PME, and for a much lower fraction in
the others (Table 3), confirming once again a higher
flexibility in the simulations using the cutoff electrostatic
scheme. In all cases, partially folded structures, with one
hairpin and a disordered segment, are frequently sam-
pled. The representative structures of the most popu-
lated clusters for B3-PME are reported in Fig. 8.

An alternative clustering algorithm, based on
K-means using backbone dihedrals (defined by the Ca
of four consecutive residues), was used as a more
informative method on the conformational variation of
the structures within each trajectory. The observation
of the plot of means for each cluster (Fig. 9), where
each point represents the mean value of a particular
torsion in that cluster, proves that in the case of B3-
PME the variability of the dihedrals is low: the single
mean values do not present particular variability on
going from one conformational family to another.
Some degree of flexibility is displayed by variable 4,
corresponding to the dihedral defined by the Co atoms
of residues Q4, N5, G6, and S7, containing a flexible
glycine residue, and by the variables corresponding to
the terminal parts of the strands. In B3-ION and B3-
NOION, a much higher conformational variability is
also present in the space of torsions. Moreover, in the
case of B3-PME, most of the elements are concentrated
in two big clusters containing, respectively, 28% and
25% of the total population, representing nativelike
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Fig. 7. Conformational transition among different clusters as a
function of simulation time. A circle is present if a defined cluster is
populated at a defined time. From top to bottom B3-PME, B3-ION,
B3-NOION



Fig. 8. Backbone structures of the five most populated clusters in
the B3-PME simulation. Hydrogen bonds are colored in yellow.
The population of each cluster is indicated

structures. The remaining objects are evenly distributed
among the remaining ensembles. In the other two cases
the two most populated ensembles account for only
12% and 15% of the total population.

3.4 Inter-proton distances

The results of the long simulations performed, consid-
ering the possible high amount of statistics and infor-
mation they can yield, can be directly compared (and
validated) with the experimentally derived NMR-NOE
data, to assess their capability to sample the conforma-
tional space around the experimental conformation. If
reasonable agreement is found between simulations and
experiment, then simulations can actually be used to
reveal factors and phenomena which are not accessible
experimentally and to derive models for the description
of the factors influencing f-sheet stability. In no cases,
previously, was a direct comparison of the performance
of each of the simulation methods made with the
interproton distances derived from NOE calculations.

Interproton distances derived from experimental
NOEs at 298 K were compared with the corresponding
average distances in our simulations. The experimental
NOE connectivities defining the fi-sheet conformation of
the peptide are reported (from Ref. [13]) in Table 4
together with the values of the violations calculated from
each simulation, the number of violations and the value
of the average violation.

As for simulation B3-PME, the results indicate that
most of the NOE constraints are satisfied, when aver-
aged over the whole trajectory. This is to be expected,
because the molecule samples an ensemble of confor-
mations characterized by the presence of three extended
strands and two turn regions that are very similarl 0 any
of the NMR-derived structures. Using (d~°)" ° dis-
tance weighting, significant violations (higher than
0.05nm) are observed for four NOEs only, corre-
sponding to entries 1, 3, 9 and 20 in Table 4. While entry
1 corresponds to a medium-range NOE between residues
Thrl and Ile3 (CaH T1 — CyH3/CJH; 13), the other three
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violations involve long-range NOEs between strands 1
and 2 (CaH T1 - CeH Y11 and CyH3/CéH; 13 — CaH
N3, dyio values of 0.080 and 0.096 nm respectively) and
between strands 2 and 3 (CeH Y11-CyHj; 118, d,;o value
of 0.097nm). The average violation, calculated over all
the distances, is 0.023 nm, and is higher for the long-
range NOEs within the first hairpin (residues 3-10)
compared with those within the second hairpin (residues
11-18). This is consistent with the second hairpin being
stabler than the first one in the B3-PME simulation.
However, the most important results regard the viola-
tions of NOE distances in the two simulations carried
out using the twin-range cutoff; the number of violations
over 0.05nm is 16 and 17 in B3-ION and B3-NOION
respectively, about 4 times larger than in the B3-PME
simulation, and also the average violation is about 5
times larger. It is interesting to observe that no sub-
stantial difference in the number of NOE violations and
in the degree of the NOE violations is observed owing to
the use of counterions; despite the conformations sam-
pled in the B3-NOION simulation being more similar to
the f-sheet structure, large violations are observed for
NOE:s involving both the first and the second hairpin in
both MD runs using the cutoff scheme.

The number of violations was also analyzed as a
function of simulation time; the simulations were split in
five parts, each part 100-ns long, and the number of
violations and the average violations were calculated
and are reported in Fig. 10. Interestingly, both the
number and the degree of the violations increase during
the simulation time in B3-ION and in B3-NOION, but
not in B3-PME. Moreover, the calculations show clearly
that only averaging over the whole trajectory yields good
agreement with the experiments, which highlights once
more the need for multiple conformation as a structural
model for peptides. It is important to observe that, in the
B3-PME simulation, the central structure of the most
populated cluster has many violations in all three MD
simulations, despite the conformation of the backbone
being very similar to the NMR structures and having all
the hydrogen bonds characteristic of the ff-hairpin. None
of the structures sampled during the MD run fulfill all
the NOE restraints; nevertheless, if we consider the
collection of the central structures of the five most
populated clusters (Fig. 8), only four violations are
found; this ensemble of structures represents the con-
formation of the peptide in solution much better than
any single structure.

4 Discussion

The benchmarking of the simulation results with the
available experimental data is fundamental in the
process of garnering atomic scale details on the stabil-
ization process of peptides and in defining what the more
suitable simulation conditions are for long time scale
studies of f-sheet structures. The analysis of the three
500ns MD trajectories presented in this work shows
how sensitive the results of the simulations are to the
conditions used, in particular with respect to reproduc-
ing the experimentally derived NOE-restraints.
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Table 4. Nuclear Overhauser

effect (NOE) connectivities of NOE dexp dyiol (Nm)
the peptide from NMR experi-  10- (nm)
ments in water [13], and average B3-PME B3-ION B3-NOION
B s s ioan®S 1 CaH TI-CyH,/CoH, 13 0300 0211 ++ 0274 ++ 0264 ++
both positive and negative 2 CpH T1-CyH;3/CJH; 13 0.300 0.023 + 0.057 ++ 0.053 ++
values are reported, but negative 3 CoH TI1-Ce¢H Y11 0.400 0.080 ++ 0.342 ++ 0.293 ++
values were not considered as 4 CBp'H W2-Ce3H W10 0.450 —-0.113 0.186 ++ —-0.007
violations. Violations smaller 5 CoH W2-CoH Y11 0.300 —-0.041 0.504 ++ 0.391 ++
with a + sign, those ]arger than 7 CesH W2—C[f’H N13 0.400 -0.079 0.079 ++ 0.192 ++
0.05 nm with two + signs 8 CaeH Q4-CoH K9 0.250 0.000 0.341 ++ 0.150 ++
9 CyH;/CoH; 13—CaH N5 0.350 0.096 ++ 0.142 ++ 0.128 ++
10 CyH3/CoH3 I3-NH N5 0.400 -0.030 0.010 + -0.057
11 CyH3/CoH3 13—-Ce3H W10 0.400 —-0.073 0.010 + 0.082 ++
12 CyH3/CoH; 13—-C6;H W10 0.400 —-0.049 0.015 + 0.028 +
13 C6H W10-Cp'H Q12 0.400 —-0.021 0.145 ++ 0.153 ++
14 CoH W10-CoH Y19 0.300 —-0.047 0.220 ++ 0.252 ++
15 CéH Y11-CoH NI13 0.400 0.041 + 0.001 + 0.093 ++
16 CéH Y11-Cy'H 118 0.450 —-0.110 0.058 ++ —-0.016
17 COH Y11-CyH; 118 0.350 0.009 + 0.056 ++ —0.006
18 Ce¢H Y11-CoH N13 0.350 -0.015 —-0.001 0.077 ++
19 CeH Y11-CB'H N13 0.350 —-0.060 —-0.023 0.117 ++
20 CeH Y11-CyH; 118 0.350 0.097 ++ 0.111 ++ —-0.010
21 CeH Y11-C66'H K9 0.400 —-0.073 —-0.037 0.053 ++
22 CaH QI12-CoH K17 0.300 —-0.068 0.308 ++ 0.511 ++
23 NH T16-Co'H G14 0.350 0.038 + 0.090 ++ 0.047 +
24 CBFH K17-CeH Y19 0.350 —-0.050 —-0.052 0.032 +
25 NH T20-CyH; 118 0.450 —-0.045 0.028 + 0.099 ++
Total number of violations (> 0.05 nm) 4 16 17
Average violation (nm) 0.023 0.121 0.123

When using cutoff schemes, as in B3-ION and B3-
NOION, the starting NMR-based conformation is only
marginally stable and, despite the very long simulation
times used, no reversible folding—unfolding behavior is
noticed. The peptide is forced to explore sets of con-
formations with a high number of violations of the
experimentally determined NOE restraints. The situa-
tion is reverted if the PME method is used to calculate
electrostatic interactions: most of the NOE restraints are
indeed satisfied when averaging interproton distances
over the trajectory; only four violations are observed,
and three of these correspond to weak NOE signals
(long-range interactions). This result is comparable to
that obtained by Ferrara and Caflish, who simulated the
folding of the same peptide at 360 K over 200 ns using a
simplified implicit solvent model and short interatomic
cutoffs [20]. It is very important to note that the highest
quantitative agreement between simulation B3-PME and
the experimental NOE restraints is obtained only when
interproton distances are averaged over the whole set of
conformations sampled during 500 ns. When we calcu-
late the NOE distances in each of the five 100-ns por-
tions of the trajectory, a definite increase in the number
of violations and in the average violation is observed,
even if three-stranded f-sheet structures are sampled
during all five portions. The peptide is shown to popu-
late a large ensemble of conformational families, which
are all required to satisfy the experimental NOE
restraints. An analogous result could have been obtained
by using a combination of multiple trajectories of
shorter time length. However, the very slow convergence

observed for the B3-PME trajectory (see Sect. 3.2)
implies the need for long time scale equilibration of the
systems under examination. In this regard, we note once
more the problem of inferring the stability and dynamics
of p-sheet peptides from simulations of insufficient
length compared with experimental folding times.

Number of violations of NOE restraints
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Fig. 10. Number of nuclear Overhauser effect restraint violations
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Consistent with previous computational investiga-
tions of the peptide designed by deAlba [20] and of
related three-stranded structures such as Betanova [16,
17, 59] the results of simulation B3-PME also show that
in general one of the two hairpins is stabler than the
other one: the solution structure of the peptide, thus,
consists of a stable f-hairpin on which the temporary
juxtaposition of the third strand determines the three-
stranded geometry.

This situation can be discussed by thermodynamic
considerations. Locking the third strand in place might
be entropically too expensive, considering the high
number of conformational degrees of freedom involved
in the process, so a sufficient amount of stabilization
energy has to be introduced into the system in the form
of intramolecular interactions.

The explicit calculation of entropy would allow us to
quantitatively calculate this enthalpy/entropy compen-
sation phenomenon. This could however, be done only
once fully reversible folding—unfolding simulations of
these systems have been run: in this way, one would have
access to the distinction between entropy and enthalpy,
and to the kinetics of the process, being able to single out
and quantify the different contributions to the stability
of the peptide. This is currently out of reach, but the
present fast increase in computer power should allow
such simulations to be run in a reasonable time span
[60].

5 Conclusions

In the present paper we have analyzed the dynamics of
the three-stranded f-sheet peptide designed by deAlba
et al. [13], via long time range (500 ns) MD simulations,
and the influence of different electrostatic schemes on the
results.

Definitively different behaviors are observed as a
function of the simulation methodology: using a cutoff
approach a loss of ordered secondary structure is
observed, together with a high number of violations of
the NOE-derived distance restraints. On the other hand,
the use of the PME method contributes to the long-
range stabilization energy necessary for the formation of
a stable f-sheet structure, giving good agreement with
NMR data, while leading to some overestimation of the
f-sheet population. Low violations of NMR-derived
distances are observed only when averaging over the
whole ensemble of conformations sampled during the
MD run, which is compatible with the presence in
solution of several conformations at the same time.

From the experimental point of view, these consid-
erations should be useful in the very many cases in which
molecular simulations are used as a necessary tool in the
design of new peptides with particular structure—func-
tion relationships.
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