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Abstract: In this work we report the study of a peptide, the Contryphan Vn produced by Conus
ventricosus, a vermivorous cone snail living in the temperate Mediterranean sea. This cyclic peptide
of nine residues is a ring closed by a Cys—Cys (Cys: cysteine) disulfide bond containing two proline
(Pro) residues and two tryptophans (Trp), one of them being a p-Trp. We present a statistical
mechanical characterization of the peptide, simulated in water for about 200 ns with classical
molecular dynamics (MD).  In recent years there has been a growing interest in the study of the
mechanics and dynamics of biological molecules, and in particular for proteins and peptides, about
the relationship between collective motions and the active conformations which exert the biological
function. To this aim we used the essential dynamics analysis on the MD trajectory and extracted,
from the total fluctuations of the molecule, the dominant dynamical modes responsible of the
principal conformational transitions.  The Contryphan Vn small size allowed us to investigate in
details the all-atoms dynamics and the corresponding thermodynamics in conformational space

defined by the most significant intramolecular motions.
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INTRODUCTION

In recent years, due to the growth of computer power
as well as to the development of sophisticated theo-
retical models, a systematic study of highly complex
systems like biomolecules has become affordable.
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However, a quantitative complete characterization of
macromolecules, such as proteins in solution, requires
a computational effort that is still prohibitive; on the
other hand, peptides may be now completely charac-
terized at a reasonable computational cost. In this
work we study the 9-residue Contryphan Vn peptide,



in water, using long (=200 ns) classical molecular
dynamics (MD) simulations. The isolation, purifica-
tion, and biochemical characterization of Contryphan
Vn, extracted from the venom of Conus ventricosus,
has been recently obtained.'”* Contryphan Vn is the
first conopeptide of the Contryphan family for which
a pharmacological target is known. As has been re-
cently demonstrated, it modulates the activity of
Ca’*-dependent K* channels in insect neurosecretory
cells and rat fetal chromaffin cells.?

The amino acid sequence of Contryphan Vn is
reported below:

Gly—Asp—Cys—Pro—p-Trp-Lys—Pro-Trp—Cys

disulfide bridge

where the C-terminal is amidated.

Very recently, the solution structure of Contryphan
Vn has been determined by NMR spectroscopy, using
a variety of homonuclear and heteronuclear NMR
methods and restrained MD simulations.> As already
found in other contryphans, one of the two prolines,
the cis Pro4, may undergo a cis—trans isomerization
while Pro7 is completely stable in its trans configu-
ration. Moreover, a persistent salt bridge between
Asp2 (Asp: aspartate) and Lys6 (Lys: lysine) was also
revealed by the diagnostic observation of specific
nuclear Overhauser effects (NOEs).

Finally, the NMR study evidenced that the contry-
phan structural motif represents a robust and con-
served molecular scaffold whose main structural de-
terminants are the size of the intercysteine loop and
the presence and location in the sequence of the p-Trp
and the two Pro residues.

A highly detailed theoretical characterization of
the peptide is hence extremely useful to elucidate the
structural and dynamical features as well as the ther-
modynamics of Contryphan Vn.

From our results it turns out that the dynamics of
the side chains provides the main conformational fluc-
tuations, while the backbone is indeed rather rigid and
hence is less important in determining the global
motion of the molecule.

The MD trajectories, analyzed with the Essential
Dynamics analysis* reveal the presence of a few dom-
inant concerted motions, mainly related to the confor-
mational transitions of the side chains of the two
tryptophans.

With these collective degrees of freedom, it is
possible to evaluate the free energy surface of the
dominant conformational transitions at two different
temperatures (300 and 400 K), and to pinpoint the
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relationship between these essential degrees of free-
dom and the structural features of the peptide.

METHODS

The starting coordinates of Contryphan Vn were obtained
from those of R-contryphan, taken from the Protein Data
Bank®*° and by manually performing the mutations of dif-
ferent residues. The very recent determination of Contry-
phan Vn structure® has confirmed its high similarity to
R-contryphan structure.

The molecule was immersed in a rectangular box, with
sides aligned along its principal axis, filled with 429 SPC
water molecules’ and 1 chloride ion, introduced to retain a
neutral system. Nonpolar hydrogen atoms were not included
in the calculation, while all other atoms were explicitly
treated.

Before starting the productive simulation, the system
was prepared with a multiple step procedure. First, we
performed a steepest descent minimization followed by a
MD equilibration of the water with the contryphan atoms
fixed. Subsequently, a steepest descent minimization of the
whole system was performed. Finally, many short MD
simulations (20 ps) of the whole system from 7=50 K to
300 K and, as a final step, an equilibration MD run of 1.4 ns,
at the desired temperature, were done.

Simulations were performed according to NVT ensem-
ble, keeping the temperature fixed with the Iso-Gaussian
thermostat.® This was done in order to obtain results fully
consistent with statistical mechanics.”'°

Bond lengths were constrained using the Lincs proce-
dure,"' nonbonded short-range interactions were evaluated
using a cutoff of 0.9 nm and the time step was 2 fs.

The electrostatic long-range interactions were evaluated
through the Particle Mesh Ewald summation method,'? with
a fourth-order cubic interpolation.

The time length of the productive simulation was 210 ns
at 7=300 K and 190 ns at 7=400 K. MD simulations were
performed with the parallel version of GROMACS,'*'3
modified for the removal of the peptide translational and
rotational motions,” thus obtaining only the internal motions
of the molecule.

The trajectories were analyzed extracting the essential
degrees of freedom according to the method of the Essential
Dynamics Analysis.* This method, equivalent to a principal
component analysis on the coordinate fluctuations'® and
related to quasi-harmonic analysis,'” has been shown to be
a very useful tool to identify the main protein internal
motions, and has been successfully applied to describe the
behavior of several proteins.'® 2>

This method allows a separation of the configurational
space into two subspaces: an essential one of very low
dimensionality, which is responsible for the main part of the
positional fluctuations, and the remaining high dimensional
one, characterized by nearly constrained gaussian-like fluc-
tuations.
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Diagonalizing the covariance matrix C of the atomic
fluctuations provides a set of eigenvectors and eigenvalues.

C=((x = x)x—x)")

The eigenvalues can be sorted in decreasing order and the
essential degrees of freedom are identified by the eigenvec-
tors associated to the largest eigenvalues.

The eigenvalues are the averaged squared fluctuations in
configurational space along the corresponding directions of
the motion (the eigenvectors), and their sum provides a
measure for the amount of the sampled configurational
phase space.

2 =)= 2N

RESULTS

Convergence Analysis

The noise in the covariance matrix definition, and as
a consequence, in its eigenvectors, is due to the in-
sufficient configurational space sampling of finite
length simulations: the Covariance matrix we com-
pute, is an estimate of the infinite-time one. The
accuracy of this estimate depends on the accuracy of
the phase space sampling. Hence, we will expect that
the eigenvectors should converge to the asymptotic
ones for long enough trajectories. In this subsection,
as a first point, we study, in quantitative details, the
convergence of the eigenvectors in time, using pairs
of independent trajectories of increasing time length.
This is done by computing the root mean squared
inner product (RMSIP)?:

10 10 172
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between the eigenvectors 7 and v of subparts of the
trajectory of increasing time length (one taken from
the beginning and one from the end in order to prevent
any dynamical correlation); the sum is restricted to 10
since we consider the essential subspace as defined by
the first 10 eigenvectors associated with the largest
eigenvalues.

From the definition it comes out that the higher the
RMSIP (=1), the better the convergence. If RM-
SIP=1, the subspace spanned by the two different sets
of eigenvectors would coincide.

In Figure 1 it is shown the RMSIP, from all atom
eigenvectors, up to 50 ns for both the simulations at
300 K and 400 K. It is evident that a significant
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FIGURE 1 RMSIP vs time, for the simulation at 7=300
K (dashed line) and 7=400 K (solid line).

convergence is reached in the very beginning of the
simulation, while a slower further convergence is
obtained afterwards. Moreover, the simulation at 300
K requires much longer time to reach a very good
convergence of the essential ten-dimensional sub-
space with respect to the simulation at 400 K.

Nevertheless, the final overlap between the confor-
mational subspaces (over about 100 ns) is quite high
and similar for both simulations: 0.88 at 300 K and
0.89 at 400 K.

We also analyzed the RMSIP for the backbone
eigenvectors, finding a considerable convergence of
the essential subspace (e.g., 0.78 at 300 K) within a
few nanoseconds. This faster convergence causes the
choice, usual for larger molecules, of restricting the
analysis to the backbone atoms.

Since the essential subspaces at the two different
temperatures define the main dynamical and structural
transitions of Contryphan Vn, it should be interesting
to analyze the overlap of the essential subspaces at the
two different temperatures. In this case the RMSIP
computed from the whole trajectories reaches the
value of 0.91, thus revealing that the essential ten-
dimensional subspace is quite conserved from 300 to
400 K.

In order to evaluate the statistical significance of
the observed overlaps of the eigenvectors, we per-
formed a statistical assessment, for both temperatures,
on the eigenvectors obtained from the two halves of
the trajectories, according to the method described in
a previous article.”® In such a statistical analysis the
inner product distribution of one eigenvector set onto
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FIGURE 2 Projections of the trajectories onto their own
first eigenvector plane at 7=400 K (a) and 7=300 K (b).

another is compared with the inner product distribu-
tion of a random vector onto a fixed basis set. The two
eigenvector sets are considered statistically similar
when their overlap is higher than that obtained from
the random distribution at a given statistical confi-
dence threshold (in our case 99%). The results re-
vealed that the eigenvectors are significantly con-
verged, and hence, may be a statistically reliable
approximation of the infinite-time ones.

Interestingly, from the same assessment it is found
that the first two-dimensional planes of 300 and 400 K
exhibit a statistically significant overlap, implying
that the increase of the temperature basically provides
a simple rotation of the eigenvectors in the same
plane.

Moreover, the observed good convergence of the
eigenvectors at each temperature implies a rather
dense sampling of configurational space, clearly due
to the use of an extended MD trajectory (200 ns). In
fact, although a time scale of a few nanoseconds
allows the separation between essential and nearly
constrained subspaces, the essential one remains
poorly filled in by the trajectory.>® The dense sam-
pling that we obtain is illustrated by the projections of
the trajectories at 7=300 and 400 K onto their own
first essential two-dimensional plane (Figure 2). At
T=400 K it is evident a quite uniform density, with
just a weaker spot between 0 and 1 along the first
eigenvector. This can suggest the presence of a rela-
tively low free energy barrier between two different
stable conformations along this eigenvector.
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At T=300 K the situation is different: we can
observe some different dense spots, whereas other
regions are clearly not easily accessible by the system,
hence suggesting the presence of a few stable confor-
mations separated by high free energy barriers.

Structural Motions

In this subsection, we will show in details the results
of the Essential Dynamics analysis of Contryphan. As
the molecule is constituted of 102 atoms, the diago-
nalization of the covariance matrix gives a set of 306
eigenvectors and eigenvalues. Among all these, as
observed in other molecules,'® 2*72¢ only a small
fraction is typically associated with significant fluc-
tuations, i.e., eigenvalues significantly different from
zero. These essential eigenvectors are responsible for
the main internal motions of the molecule, the others
behaving in a nearly constrained way with usually
gaussian-like distributions and almost null eigenval-
ues; moreover, six eigenvalues must be virtually zero
as associated with holonomic constraints (rototransla-
tional constraints).

In Figure 3 the first 100 eigenvalues are reported.
Interestingly, even if the total conformational fluctu-
ation, i.e., the sum of all the eigenvalues, is higher at
T=400 K, the first eigenvalue at 300 K is the highest
one. This is due to the 300 K anisotropic distribution
of Figure 2, which provides a low density close to the
average structure (central part of the figure).
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FIGURE 3 Eigenvalues of the covariance matrix from the
simulations at 7=300 K (dashed line) and 7=400 K (solid
line).
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FIGURE 4 Atom composition of eigenvector 1 (a), 2 (b),
and 3 (c), from the simulation at 7=300 K.

In order to understand the configurational meaning
of the essential eigenvectors, the atom components of
the first three eigenvectors are shown (Figures 4 and
5) as well as the projection of the trajectory onto them
(Figure 6).

We just remind the sequence of Contryphan’s
amino acidic residues with the atom index below (see
Table I).

From Fig. 4 it turns out that at 7=300 K the
concerted motion, associated to the first eigenvector,

atom index

FIGURE 5 Atom composition of eigenvector 1 (a), 2 (b),
and 3 (c), from the simulation at 7=400 K.
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FIGURE 6 Projection of the trajectory at 7=300 K onto
eigenvector 1 (a), 2 (b), and 3 (c).

is mainly composed of atoms belonging to p-Trp5,
Trp8, Glyl (Gly: glycine), and Lys6; the second
mainly of atoms belonging to Trp8 and the third to
Glyl, p-Trp5, and Lys6.

The same four residues are involved in the first
three eigenvectors at 7=400 K, as shown in Figure 5,
but a minor coupling of these residues is present: the
first eigenvector has components mainly in pD-Trp5
and Lys6, the second in Trp8 and the third in Glyl.
This result agrees well with the previous finding of the
rotation of the eigenvectors defining the first two-
dimensional-essential subspace, when raising the tem-
perature from 300 to 400 K.

Moreover, from Figures 4 and 5 it is evident the
main role of the two tryptophans in the structural
fluctuations of the whole peptide, with the coordi-
nated motion of Glyl and Lys6. In particular, the
existence of coordinated motions of Trp8 and Lys6 is
in agreement with some experimental evidence' of a
stable 6 A distance between this two residues, similar
to those observed in several toxins binding potassium
channels.

The eigenvectors obtained from the diagonaliza-
tion of the covariance matrix of the backbone fluctu-
ations at 7=300 K reveal that p-Trp5, Lys6, and Trp8
are all totally absent from the first three essential
eigenvectors, which have components mainly in Glyl
(data not shown). The comparison of the behavior for
the all-atoms and the backbone eigenvectors shows
that the main structural fluctuations of this peptide
reside in the side chains motions, as expected from the
presence of the p-Trp and the disulfide bond. This is
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Table I Sequence of Contryphan Vn Residues with the Corresponding Atom Index

Glyl Asp2 Cys3 Pro4

D-Trp5

Lys6 Pro7 Trp8 Cys9

1-7 8-16 17-23

24-30 31-51

52-64 65-71 72-92 93-102

also confirmed by observing that the total fluctuation
of the backbone is much lower than that of all atoms.

The projection of the 300 K trajectory onto the first
essential eigenvector (Figure 6) shows a two-state
behavior, which can be related with the fluctuation of
the side chains of the Trp’s and Lys. Only a few
transitions occur during the simulation as the perma-
nence in each stable state takes very long times. At
400 K the two state behavior is also evident in the first
eigenvector, but with a ten-time increased frequency
for the transitions.

Free Energy Calculations

The results shown so far clearly indicate the main
importance, in the Contryphan Vn dynamical behav-
ior, of a few residues and reveal the presence of a
limited set of long-life conformational states, thus
pointing out the existence of a multiple free energy
minima landscape.

In this section we describe the free energy surface
evaluated in the plane defined by the first two essen-
tial eigenvectors, defining the main two conforma-
tional coordinates of the peptide.

In order to do this, a grid is constructed and the
density of configurations in each cell of the grid is
computed. The Helmholtz free energy surface is ob-
tained via the probability distribution (P, ),

A;;— Agp = —RT In(P; /Py )

where R is the ideal gas constant, 7' is the actual
temperature, and i,j are respectively the row and col-
umn index of the grid cell, with Py, and A, the
probability of a reference grid cell and the corre-
sponding free energy.

To obtain the free energy curve along the first
essential eigenvector, we must sum P; ; on one index:
P;=%P,;, Py=%P,, and A;,—A,=—RTIn(P/P;). In
Figure 7 the three curves correspond to the free en-
ergies calculated from the 300 K simulation along its
own first eigenvector and from the 400 K simulation
along both 300 and 400 K first eigenvectors.

It is worth noting that at 7 = 300 K two well-
defined minima exist (corresponding to the stable
states shown in Figure 6). Between the two minima a
free energy barrier of about 10 KJ/mole is present,

which explains the low frequency of the conforma-
tional transitions. The free energy curve for 400 K
simulation as a function of the position along the first
300 K eigenvector still exhibits the two minima, even
if they are significantly raised (with a corresponding
barrier, of less than 3 KJ/mole), and slightly shifted
with respect to the 300 K ones. Interestingly, the
curve of the 400 K simulation on its own first eigen-
vector exhibits the two minima at the same positions
of the 300 K one, although with a rather lower barrier
of about 5 KJ/mole.

These results are in agreement with our previous
finding about the rotation of the essential eigenvectors
when the temperature is increased. The first 300 K
eigenvector is essentially a superposition of the first
two 400 K eigenvectors. Moreover, since the free
energy barrier, at 400 K, is comparable to the thermal
energy (3.32 KJ/mole), the conformational transition
can occur at much higher frequency, as indeed ob-
served in the simulation.

25 T T T T 7 T T T T T T T

B

20F

— T=300 T
—= T=400 vec 300 | ;

o= T=400 vec 400 ; /

free energy change (KJ/mol)

eigenvector | (nm)

FIGURE 7 One-dimensional Helmholtz free energy pat-
tern projected onto the first eigenvector: the solid line is
obtained from the simulation at 7=300 K onto its own first
eigenvector, the dashed line is obtained from the simulation
at 7=400 K onto the 300 K first eigenvector, and the
dot-dashed line is obtained from the simulation at 7=400 K
onto its own first eigenvector.
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FIGURE 8 Two-dimensional Helmholtz free energy (KJ/
mol) at 7=300 K surface projected onto its own first eig-
envector plane.

The contour plot at 7=300 K allows a more de-
tailed overview of the free energy landscape, showing
a more complex situation (Figure 8).

Interestingly, from this figure it is clear that the
deeper and narrower free energy minimum of Figure
7 correspond to the deepest and narrowest minimum
in Figure 8, while the other free energy minimum of
Figure 7 is actually a combination of two different
higher and broader minima in Figure 8. Moreover,
many other less significant minima are present in the
surface.

From the definition of the first eigenvector and the
peptide structure at the free energy minima and max-
imum of Figure 7, it emerges that the two free energy
minima correspond to configurations where Trp hy-
drophobic side chains are in proximity of the peptide
backbone, while in the configurations of the free en-
ergy maximum the two Trp side chains are exposed to

¥
2

¥

s N,

frequency

L5

distance (nm)

FIGURE 10 Histogramm of the salt bridge between Asp2
and Lys6 computed from configurations extracted in the
absolute minimum (dashed line), maximum (dotted line),
relative minimum (solid line) of the free energy curve at
300 K.

the solvent. This is indeed shown in Figure 9, where
three peptide structures corresponding to the free en-
ergy minima (panels a and ¢) and maximum (panel b)
for the 300 K first eigenvector are reported.

From our simulation data we can also monitor the
stability of the experimentally evidenced salt bridge
between Asp2 and Lys6 and its relation with the free
energy pattern along the first essential eigenvector.
The analysis of the distance between Asp2 and Lys6
side chains definitely reveals a persistent salt bridge
(distance SSA), as shown in Figure 10, which is
particularly favored in the deepest free energy mini-
mum.

Moreover, the dynamical behavior of proline 7,
unlike proline 4, is influenced by the free energy
pattern along the first eigenvector, as clearly shown

FIGURE 9 Structures corresponding to free energy absolute minimum (panel a), maximum (panel

b), and relative minimum (panel c).
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FIGURE 11 Ramachandran plot of Pro7 computed from
configurations extracted in the (a) absolute minimum, (b)
maximum, and (c) relative minimum of the free energy
curve at 300 K.

by the Ramachandran plot at 300 K (Figure 11). In
Figure 12 we show the time dependence of the im-
proper dihedral angle for these two residues. It must
be noted that this is the angle between the planes
C—N—C_ and C—C4s—C,_, where C is the carbonyl
carbon atom. Such an angle may provide a suitable
property for monitoring the attempt of each proline to
undergo the cis—trans isomerization, although com-
plete isomerization cannot occur in a MD simulation
where the force field defines the cis or trans proline
configuration. From the figure it is evident that proline
4 has a much wider range of angle fluctuations, sug-
gesting its attempt to isomerize from cis to trans.
Such a result is also evidenced by Figure 13, where

cosine(dihedral angle)

Te+05 1.5e+05 2e+03
time(ps)

"0 50000

FIGURE 12 Cosine of the dihedral angle (interesting for
monitoring the attempt of each proline to undergo the cis—
trans isomerization) vs time, for Pro4 (a) and Pro7 (b).
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FIGURE 13 Free energy pattern for the Pro4 (dashed
line) and Pro7 (solid line) as a function of the cosine of the
dihedral angle.

the free energy profiles as a function of the improper
dihedral is shown for the two prolines. This figure
clearly indicates that, while for proline 7 there is a
high free energy barrier for the trans—cis isomeriza-
tion, in the case of proline 4 a flatter free energy is
associated with the same transition, in agreement with
the previously mentioned recent NMR results.’

CONCLUSIONS

The results reported in this article show that the com-
bined use of MD simulations and theoretical analysis
gives a rather complete and accurate description of a
biochemical molecular system such as a solvated pep-
tide.

From the Essential Dynamics analysis we find that
the main structural fluctuations of the peptide reside
mainly in the concerted motions of the tryptophans
side chains, while the backbone shows a reduced
flexibility (this could be expected because of the
strong constrain due to the disulfide bridge between
the two cysteines).

The conformational transition defined by the first
eigenvector (the dominant concerted motion) can be
related to a well-defined free energy landscape, show-
ing the existence of low free energy states separated,
at 300 K, by high-energy barriers.

Interestingly, simulation data show the presence of
a stable salt bridge between Asp2 and Lys6 and a
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possible cis—trans isomerization only for proline 4, in
agreement with NMR results.
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