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Abstract: In order to increase our knowledge about the 29-residue-long neuropeptide galanin, computer simulations were carried
out. As is the case with many other small peptides, galanin has nearly no secondary structure in water, unlike the situation
when solvated in 2,2,2-trifluoroethanol. The galanin peptide was therefore subjected to periodic boundary molecular dynamics
simulations with explicit treatment of solvent. One simulation in water (220 ps) and one simulation in 2,2,2-trifluoroethanol
(120 ps) were carried out. In both cases the initial conformation was the structure, in 2,2,2-trifluoroethanol, as determined
with NMR techniques (Wennerberg, A. B. A.; et al. Biochem. Biophys. Res. Commun. 1990, 166, 1102-1109). A very different
behavior was observed in these different environments: the peptide remained stable in 2,2,2-trifluoroethanol while in the aqueous
solution progressive unfolding of the C-terminal domain took place. The stability of the peptide in 2,2,2-trifluoroethanol validates
the original structure determination. In addition, as a control experiment, the simulation points to the unique role of the water
molecules in promoting the unfolding of the galanin molecule. In both simulations the probability of finding i~i+3 hydrogen
bonds was increased at the helix termini. The conformational changes occurring in the H,O simulation were studied in more
detail, and 3,5-type helices, or the presence of i—i+3 hydrogen bonds, were detected during the unfolding. Water molecules
thus replace the backbone hydrogen bonds during the unfolding, but this does not require the insertion of a “single” water
molecule, as the analysis showed that different water molecules can pair up with the original atoms involved in the backbone
hydrogen bond. Other observations point to the importance of side chain—side chain and side chain-main chain interactions
during the unfolding process, giving each transition its specific characteristics. In conclusion these results show that molecular

dynamics simulations allow, at least qualitatively, the study of solvent effects on peptide structure and folding.

Introduction

Galanin is a 29-residue-long neuropeptide with a broad spectrum
of physiological activities;' the galanin peptide could play a role
in Alzheimer disease,® and it effects insulin secretion in the
pancreas.” It was originally isolated from the small intestine of
the pig! and subsequently found and characterized in a number
of other species.®’” The amino acid sequence of human galanin
was recently determined and compared to that of the pig, rat, and
cow peptide.?

The structure of galanin in solution has been studied with the
use of NMR, CD, and IR spectroscopic techniques.>!® These
investigations have shown that the peptide has virtually no sec-
ondary structure in aqueous solution. However, secondary
structure is present in the helix promoting solvent 2,2,2-tri-
fluoroethanol (TFE), as has been observed in many studies on
other systems.!' '3 This has allowed the determination of the
three-dimensional structure of the peptide through 2D NMR
techniques.®'® The peptide consists basically of two a-helices
interrupted by a kink induced by the invariant proline residue at
position 13.

In an effort to better understand the structure-determining role
of the solvent, we decided to use molecular dynamics simulation
methods. Computer technology has now progressed to a point
where simulations of peptides and proteins with solvent become
possible.'2!  Although a simulation study on cyclosporin A
showed no influence of the different solvents on the backbone
structure,?? three very recent reports on other systems demon-
strated how peptide conformational changes in water could be
studied using molecular dynamics simulations.”*? Therefore,
two molecular dynamics simulations of galanin with explicit
treatment of solvent were carried out, one simulation in water and
one in TFE. Here we document the very different behavior of
the peptide in these two different environments.

Methods
Program and Parameters. The program used for all calculations was
CHARMM together with parameter set version 19.2627 The polar hydrogen
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* Abbreviations: NMR, nuclear magnetic resonance; CD, circular di-
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Table I. Additional Parameters Used for the TFE Molecule

T—O.ZS

H—Q—C' —C——F
041 -065 025 lo.74 -0.25

Fozs
partial charges on the atoms

bond

C-F 403.2 kcal/(mol A%?) 1.39 A

c-C 240.0 kcal/(mol A2) 154 A
angle

0-C-C 80.0 kcal/(mol-rad) 109.5°

C'-C-F 68.4 kcal/(mol-rad)  109.2°

F-C-F 77.0 kcal/(mol-rad)  109.1026°
dihedral angle

H-0-C-C 0.32 keal/mol 3 (period)

O-C’-C-F 1.6 kcal/mol 3 (period)
Lennard-Jones parameter

F ~0.109 keal /mol 1.47000 A

model was used, thus explicitly treating the hydrogen atoms involved in
hydrogen bonding. The covalent bonds of these hydrogen atoms were
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constrained with the SHAKE algorithm (tolerance 0.0001 A), and a 1-fs
time step was used. The nonbonded distance cutoff was set to 13 A, as
recent calculations have shown the importance of using a relatively long
cutoff distance.?® The electrostatic term was shifted while the van der
Waals term was switched between 9.5 and 13 A. The nonbonded list was
updated every 10 steps.

The rigid TIP3P water model?® was used to simulate the water mol-
ecules. The parameters for 2,2,2-trifluoroethanol, based on values re-
ported in the literature for similar components,3*3? are given in Table
L

Coordinate Setup. The rat galanin peptide was acetylated at the
N-terminal end and was simulated in the C-terminal amidated form, a
characteristic feature of many neuropeptides.’> This results in a peptide
with no overall charge, and therefore no counterions had to be introduced
into the simulation system. The sequence of rat galanin is the following:
Gly-Trp-Thr-Leu-Asn-Ser-Ala-Gly-Tyr-Leu-Leu-Gly-Pro-His-Ala-Ile-
Asp-Asn-His-Arg-Ser-Phe-Ser-Asp-Lys-His-Gly-Leu-Thr-NH,.

The starting conformation of the rat galanin peptide was a structure
as obtained from the NMR experiments in TFE (ref 9 and Wennerberg,
A. B. A.; et al. Personal communication). Although the total amount
and precision of the NMR data may not yet be sufficient to exactly locate
the position of every side chain, the basic structure of the peptide, two
a-helices interrupted by a kink, was independent of the structure-gen-
erating procedure. This structure was extensively minimized in vacuum.
Periodic boundary conditions were used to solvate the peptide, using the
image facility in the CHARMM program.? The box consisted of a hex-
agonally shaped prism, with a long axis of 55 A and a total volume of
42868 A, This cell was filled with 1428 H,O molecules or 351 TFE
molecules using an equilibrated cubic box of solvent as a building block.
Subsequently the galanin molecule was centered along the long axis of
the box, and a number of solvent molecules were eliminated, corre-
sponding to the volume of the peptide. The peptide volume was calcu-
lated from the residue-volume data compiled by Perkins.>* This ap-
proach is a compromise between using the volumes from single amino
acid crystals, where no hydration is taken into account, and using the
volumes from densitometric measurements where the protein volume may
be overestimated.’* All water molecules with any atom closer than 1.65
A to any of the peptide atoms were thus eliminated, leaving a total of
1296 water molecules in the system. For the TFE simulation, 319 solvent
molecules were used, after eliminating 21 TFE molecules to create the
same volume for the peptide. It should be noted that the methods,
described in the literature, for eliminating the excess solvent during the
setup of molecular dynamics simulations differ substantially: here 132
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Figure 1. RMSD of the galanin peptide vs starting structure for the H,O
(A) and the TFE (B) simulations. During the simulations galanin con-
formations were stored every 20 fs, and subsequently compared with the
starting structure. In both cases, the thick upper line is the value for the
side chain atoms and the bottom line represents the values for the
backbone atoms.

water molecules were replaced with the galanin molecule, while other
methods would have resulted in the elimination of 116-15]1 molecules.?!1¢

This setup was concluded by 100 steps of steepest descent minimiza-
tion of the solvent, with the peptide harmonically constrained to its
original conformation. This was done in order to eliminate remaining
close contacts and unfavorable geometric strain in the system.

Molecular Dynamics Protocol. The two molecular dynamics simula-
tions were started in exactly the same way. The peptide was harmoni-
cally constrained to its original Cartesian coordinates during the first 3
ps, enabling the solvent to further equilibrate. The complete system was
gradually heated to 300 K within the first 200 fs; every 10 steps new
velocities from a Maxwellian distribution were given to all the atoms.
These reassignments of velocities were continued during the first pico-
second. During the second picosecond new velocities were given if the
average temperature of the system was outside the 290~310 K range.
After the second picosecond, velocities were rescaled, instead of being
reassigned, using the same criterion.

At the third picosecond the constraints on the peptide were removed
while the velocities continued to be rescaled if the average temperature
was outside the 290~310 K range. After the first 5 ps this was necessary
only twice for the peptide in TFE simulation and once during the simu-
lation in H,O. The reason for this stable behavior of the MD run is the
combination of a smooth nonbonded potential energy function together
with the large size of the complete system.!’2 The total lengths of the
simulations were 120 ps for the peptide in TFE simulation, referred to
from now as the TFE simulation, and 220 ps for the peptide in aqueous
solution, further referred to as the H,O simulation.

Cpu Requirements. All calculations were performed on a CONVEX
C-210 computer: 1 ps of the TFE simulation required 2.4 cpu hours, and
1 ps of the H,O simulation required 5 cpu hours.

Results

Convergence Behavior. Figure 1 shows the root mean square
deviations from the starting structure during both simulations,
at 20-fs intervals. The constant values at the very beginning of
both simulations are caused by the harmonic constraints acting
on the peptide during the first 3 ps. This is followed by a rapid
increase of the RMS to a value of about 1 A. It is immediately
apparent that in the H,O simulation this value increases more
and diverges further from its starting point when compared to the
TFE simulation. In the H,O simulation the RMS deviation has
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Figure 2. Stereoviews of a number of conformations, with 20-ps intervals, during the unfolding of the galanin peptide in the H,O simulation. The

structure at the top is the starting conformation.

most probably not converged after 200 ps and is likely to increase
further if the simulation were to be continued. In contrast, the
RMS deviation of the peptide in TFE is quite constant after the
initial equilibration with the solvent, indicating its greater stability
in this solvent. The plateau value for the RMS of the backbone
atoms in the TFE simulations, between 1 and 1.5 A, is similar
to the values obtained during the simulations of completely solvated
proteins.?! As is the case for most simulations of this kind, only
a much longer simulation can actually prove the longevity of this
state. It is however the difference in stability between these two
simulations, as further documented below, which is of primary
interest. These differences also prompted us to extend the H,O
simulation with an additional 100 ps, as compared to the TFE
simulation. A graphical view of the events occurring during the

simulation in H,O is shown in Figure 2.

In Figure 3 the RMS deviations per residue are shown, and
this establishes what regions of the peptide are more flexible, The
main difference between the two simulations is the much increased
mobility of the C-terminal part of the galanin molecule in H,O.
In addition, the motions of all residues are observed to be larger
during the H,O simulation. This remains so if the H,O simulation
is analyzed as two 100-ps-long runs (data not shown). There are
qualitative similarities though, such as the larger values for both
extremities of the peptide as well as a small increase in the middle
of the peptide, around the proline residue.

Dihedral Transitions and Fluctuations. The averages for the
backbone dihedral angles together with their fluctuations are
shown in Figure 4. The data in this figure further illustrate the
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Figure 3. RMS per residue of the H,O (A) and TFE (B) simulations.
Averages were calculated of the galanin conformations during the two
trajectories, excluding the first 20 ps, and the root mean square deviations
for the backbone (black) and side chain (gray) atoms were determined
on a residue per residue basis.
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Figure 4. Averages and fluctuations for the backbone dihedral angles of
the H,O simulation (A and B) and the TFE simulation (C and D). The
values for the ¢ angle are given on the right (A and C) and those for the
¥ angle on the left (B and D).

differences and similarities of both MD runs. As expected, the
flexibility increases at both ends of the peptide, but the values
at the C-terminal end in the H,O simulation clearly show the
marks of an ongoing unfolding process. The backbone angle ¥
has more dissimilarities between the two simulations. The fluc-
tuations for the conserved helical parts and the region around the
proline residue are only slightly higher in the H,O simulation.
This is probably due to the smaller size and lower mass of the
H,O molecule.

Backbone dihedral angle transitions were detected with the
MONITOR facility in the CHARMM program,? and in Figure 5 these
events are compared for the C-terminal end of the peptide in both
MD runs. Although such an automated analysis of dihedral
transitions has to be carried out with caution, due to the frequent
occurrence of backbone dihedral angles not close to their minima,
the comparison between the MD runs documents clearly the
progressive unfolding in H,O of the peptide in the C-terminal to
N-terminal direction,

Pseudodihedral Angle Behavior. In Figure 6 the time course
is shown of the values for a number of pseudodihedrals, defined
by four consecutive C, carbon atoms. The transitions do not seem
to occur independently, and the mechanism of unfolding cannot
be described by the simple sequence increase in the values of some
pseudodihedrals. This is most clearly illustrated by the decrease
of pseudodihedral 21 before pseudodihedral 22 starts to open.
Subsequently, the value of pseudodihedral 20 increases while, at
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Figure 5. Dihedral transitions for the backbone angles ¢ and ¥, as
determined by the MONITOR facility in the CHARMM program for the H,O
(A) and TFE (B) simulation. Note the progressive appearance, in the
H,O simulation, of transitions, from the C-terminal end toward the
N-terminal end, a clear indication of the progressive unfolding of the
peptide. Note also the conspicuous high number of transitions, in both
cases, for residue 27, as this is a glycine residue.
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Figure 6. Evolution of the pseudodihedral angles between consecutive
C, carbons of the H,O simulation. Numbers indicate the first C, carbon
defining the dihedral. In total four pseudodihedrals are plotted, starting
from C,-19 to C,-23. The data were filtered for the sake of clarity so
as to be able to combine all data on one graph. This was done by
eliminating the high frequency part of a Fourier transform of the data.

the same time, pseudodihedral 21 reverses its trend and also
becomes more extended.

Intrapeptide Hydrogen Bonds. As hydrogen bonding is most
certainly a major factor in this unfolding process, it was studied
in some more detail, A number of different criteria have been
used by different groups to describe hydrogen bond forma-
tion.1719233537  To compare some of these methods, data were
compiled from a stable part of the helix in the H,O simulation;
i.e., the different criteria were applied on the possible i—i+4 and
i—i+3 hydrogen bonds with the carbonyl oxygen on residue 17
as the hydrogen bond acceptor. In Table II the percentages are
given of 2200 coordinate sets, sampled every 100 fs, that fit the
different criteria, together with an estimate of the overlap. As
expected, these numbers vary, and there is also some difference
in the discriminating power of these criteria. One of the simpler

(35) Agqvist, J.; van Gunsteren, W. F; Lijonmarck, M.: Tapia, O. J. Mol.
Biol. 1988, 183, 461-477.
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(37) Gray, T. M.; Matthews, B. W. J. Mol. Biol. 1984, 175, 75-81.
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Table II. Comparison between Hydrogen-Bonding Criteria

criterion i~i+4 (%) i-i+3 (%)  overlap® (%) ref
O-H <244 84.1 19.6 89.1 19
O-H<26A 78.5 35.8 81.6 17
O-N-H < 35°
O-H <254 85.3 22.1 88.2 23
N-H-0 > 120°
O-H <244 68.9 10.1 71.1 35
N-H-0 > 135°
O-N <344 91.8 58.8 98.1 36
N-H-0 > 90°
O-N <344 91.7 59.4 97.9 37

?Overlap is the percent of the i—i+3 hydrogen bonds that are also
i-i+4 hydrogen bonds.

100

80

60

% H-BOND

1 5 10 . 15 20 25
residue
Figure 7. Percentage occupation of the main chain hydrogen bonds, both
i-i+4 (black) and i—i+3 (gray), during both simulations. Data are
compiled from 2200 and 1200 coordinate sets, saved every 100 fs, of the
H,0 (A) and TFE (B) simulations, respectively.

methods, the acceptor-hydrogen distance being smaller than 2.4
A, gives average results. When examined graphically (data not
shown) a correlation was found between these simple criteria, the
acceptor—hydrogen distance and the angle defined by the accep-
tor-hydrogen—donor atoms. In contrast, for the more popular
acceptor—donor distance criterion, this correlation is largely absent,
explaining why the additional angle measure is needed. As a single
criterion is more convenient and as it simplifies the comparison
between alternative hydrogen bonds, it was used in the analysis
that follows. There is however not a “best” criterion, and the values
obtained should only be used as relative indicators of hydrogen
bond stability.

In Figure 7 the percentage occupations of main chain hydrogen
bonds are given. In both simulations the helix in the N-terminal
part of the molecule is quite stable and results in very similar main
chain hydrogen bond formation. Also apparent is the increased
frequency of i—i+3 hydrogen bonds at the ends of both helices
in both simulations. The differences between the two simulations
are again most prominent at the C-terminal part of the peptide
where during the H,O simulation i~i+4 and i—i+3 hydrogen bonds
are replaced by hydrogen bonds with the solvent.

Because of the proline residue, at position 13, three possible
i—i+4 hydrogen bonds are absent. This absence of hydrogen bonds
gives additional flexibility to the molecule, and in Figure 8 the
motion between the stable helical parts of the molecule are shown.
This angle is defined by the axis of two cylinders fitted to the
backbone atoms of residues 4-10 and 13-19. When these cal-
culations were repeated with residues 4—13 and 12-21, nearly
identical results were obtained, confirming the global nature of
these motions. As three hydrogen bonds are not present this
conformation is not directly comparable with the minimum
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Figure 8. Evolution, during the simulation in H,0, of the angle between
the two stable helices within the galanin peptide, encompassing residues
4-10 and 13-19, respectively.

10

@
.

Hi+d (A)
o
3

[0
.

| / 1 {fy
f 19
L Y ‘M\w LU
! f‘ | W

distance Qj---

50 100 150. 200
lime (ps)

Figure 9. Oxygen(i)-hydrogen(i+4) distances for six neighboring
backbone oxygen atoms starting at residue 17 of the H,O simulation.
Data points, collected every 100 fs, were filtered as in Figure 6.

perturbation of helices by a proline residue as observed in certain
protein structures.’®3° It was not possible to detect similar slow
frequency motions in the TFE simulation, and this is probably
also caused by the different hydrodynamic characteristics of this
solvent.

The breaking of these backbone hydrogen bonds in the C-
terminal part of the galanin peptide is further documented in
Figure 9. The i—i+4 oxygen—hydrogen distances were saved every
100 fs and plotted after filtering out the high frequency “noise”.
As already apparent from the pseudodihedrals in Figure 6, un-
folding proceeds, on average, from the C-terminal end toward the
N-terminal end; i.e., the distance from the carbonyl oxygen on
residue 22 increases first. This trend is however not uniform, and
the His19-Ser23 hydrogen bond distance clearly increases earlier
than those distances located more toward the C-terminal end. A
closer inspection of what kind of residues are involved gives some
clues about the origin of this sequence of events. The salt bridge
side chain-side chain interaction between Arg20 and Asp24
provides the additional stability to the backbone hydrogen bond.
This interaction probably also shields the hydrogen bond from
attack by water molecules. In contrast, the side chain of His19
is interacting with the carbonyl oxygen of Alal5, located on the
previous turn, therefore leaving plenty of room for the water

(38) Barlow, D. J.; Thornton, J. M. J. Mol. Biol. 1988, 201, 601-619.
(39) Sankararamakrishnan, R.; Vishveshwara, S. Biopolymers 1990, 30,
287-298.
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Figure 10. Time development, during the H,O simulation, of the i—i+4
(solid line) and i-i+3 (dotted line) hydrogen bond distances for two
consecutive residues: Arg20 (A) and Ser2l (B). Note the transiently
lower distances for the i—i+3 hydrogen bonds when the unfolding of the
peptide starts. Data points are the instantaneous values at 20-fs intervals,
and in contrast to Figure 9, the data were not filtered.

molecules to attack the His19-Ser23 hydrogen bond first. (More
on water—peptide interactions follows below.) After 220 ps the
hydrogen bond between the oxygen on residue 17 and the hydrogen
on residue 21 is still intact, and much longer simulations would
be needed to determine how or if unfolding would proceed.

The increased occurrence, on average, of i—i+3 hydrogen bonds
at the end of the helices was described in Figure 7, and therefore
the presence, during the unfolding process, of this alternative
hydrogen bonding pattern was further investigated. A role for
this /—i+3 hydrogen bonding during the folding of a-helices was
recently proposed by others,?*2%3¢ and while this work was in
progress, Tirado-Rives and Jorgensen®® noted the presence of
3,0-type helices during the unfolding of a ribonuclease S peptide
analogue in their MD simulation. Figure 10 shows the i—i+4 and
i—i+3 oxygen—hydrogen distances, during two of these unfolding
events. Although both transitions clearly have some individual
features, there is a relatively short lived decrease of the i—i+3
distances during the transitions. Similar observations were made
for the breaking of the Asn18-Phe22 and the His19-Ser23 hy-
drogen bonds, but all these transitions have individual features
that may be more important than the transient occurrence of these
i—i+3 hydrogen bonds.

Solvent-Peptide Interactions. The role of water molecules
during these unfolding events was also studied. The first ob-
servations made during the analysis were local structural changes
occurring during the very first picoseconds of the simulation.
These small rearrangements, reflected by the initial increase of
the RMS deviations in Figure 1, have two main origins: (1) the
presence of the solvent molecules, as the starting conformation
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was a structure minimized in vacuum, and (ii) the addition of
thermal energy at the start of the MD run. For example, the polar
hydrogens on the Asn18 side chain interacted with carbonyl oxygen
on the Asp17 side chain or the backbone carbonyl of Alal5, but
this occurred exclusively during the first 8 ps. Most of these
rearrangements involved the side chains or the last two residues
on either side of the peptide, and this in both simulations.

The differences between the TFE and H,O simulations, how-
ever, reveal a dramatic effect of the solvent beyond these initial
rearrangements, and the H,O molecules are thus promoting the
unfolding events described above. There is an additional interest
in describing this solvent effect in more detail as a hypothesis has
been put forward where, as a folding intermediate, a single water
molecule is inserted as a bridge between former donor—acceptor
atoms in the backbone of the a-helix.?*3

Figure 11 illustrates the events developing during the breaking
of four neighboring i—i+4 hydrogen bonds, starting with the
Asn18-Phe22 bond. Hydrogen-bonding distances, at 100-fs in-
tervals, are shown between the backbone atoms and between these
and the closest water molecule. At the bottom of each plot, a 1-A
vertical line was drawn if the closest water molecule to the peptide
carbonyl oxygen and to the amide hydrogen is the same molecule.
If this is the case while the backbone hydrogen bond opens and
the backbone-water distances decrease, a “single water insertion”
event is happening. This is a more direct way of analyzing the
events as compared to the sorting of distances as performed by
DiCapua et al.?*

When an i—i+4 hydrogen bond breaks, it is, not unexpectedly,
replaced very rapidly by a hydrogen bond with the solvent; i.e.,
in nearly all coordinate sets one distancee is close to a hydro-
gen-bonding distance. Another observation recurring in all four
events is that a hydrogen bond between a water molecule and the
backbone carbonyl oxygen is readily formed, and that this bond
can coexist with the backbone hydrogen bond for a relatively
extended period of time. It is then, in general, the formation of
the hydrogen bond between the amide hydrogen and the water
oxygen that coincides with the opening up of the backbone hy-
drogen bond and ultimately the unfolding of the a-helix.

What is most dissimilar among those events is the precise role
of a “single” water molecule. In Figure 11A the main unfolding
event occurs around the 75-ps mark, when the water molecule
approaches the backbone amide and the i—i+4 hydrogen bond
distance increases. It is precisely at this moment that the backbone
interacts with a single water molecule. The next backbone hy-
drogen bond, from His19 to Ser23, breaks up much earlier, as
was already noticed in Figures 6 and 9. The main event occurs
about 35 ps into the simulation, and from Figure 11B it becomes
clear that for the next 30 ps a single water molecule is interacting
with the backbone. The neighboring i—i+4 hydrogen bond breaks
about 80 ps into the simulation (Figure 11C), and up to 20 ps
before this event single water molecules are close to both backbone
atoms. They do not however form a strong hydrogen bond with
the peptide, and therefore different water molecules are ultimately
involved in the unfolding process. The Ser21-Lys25 backbone
hydrogen bond (Figure 11D) is eliminated after about 50 ps, and
it is clear that different water molecules are the new hydrogen
bond partners of the backbone atoms.

The analysis thus showed considerable diversity of the solvent
behavior during these unfolding events, and in contrast to the
hypothesis mentioned above, it is clear that the donor—acceptor
atoms of a broken intrachain hydrogen bond can also pair up with
different solvent molecules. Each transition seems therefore to
have individual characteristics determined by its position in the
chain and most probably also by the side chain—side chain in-
teractions in its surroundings.

As already mentioned the TFE simulation is much more
eventless. But, for the sake of comparison, data for the Ser21-
Lys25 backbone hydrogen bond are given in Figure 12. The
hydrogen bond is very stable as illustrated by the i—i+4 hydro-
gen-bonding distance (upper line). There are, as in the H,O case,
interactions between the carbonyl oxygen and the polar hydrogen
on TFE. The next event necessary for unfolding, the interaction
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Figure 11. Time course of the hydrogen-bonding events around four consecutive i—i+4 hydrogen bonds that are broken during the H,O simulation:
(A) Asn18-Phe22, (B) His19-Ser23, (C) Arg20~Asp24, and (D) Ser21-Lys25. Data are shown from 2200 coordinate data sets, sampled every 100
fs. On the bottom of each plot 1-A vertical lines are drawn if the water molecule closest to the carbonyl oxygen on residue i is the same molecule with
the closest approach to the amide hydrogen on residue i-i+4. (For different coordinate sets, however, this can be a different water molecule!) In addition,
three continuous data lines are present: the bottom line is the closest carbonyl oxygen--water hydrogen distance, the one above is the closest amide
hydrogen-=water oxygen distance, which for clarity is offset by 3 A, and the upper most line, off set by 6 A, is the backbone i~i+4 carbonyl oxygen--amide
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Figure 12. Data, similar to Figure 11, for the hydrogen-bonding events
around the Ser2]1-Lys25 hydrogen bond in the TFE simulation. Note
that for the clarity of the figure the upper data line was offset 9 A,
instead of 6 A, as in Figure 11.

of the backbone amide hydrogen with the solvent, does not occur.
Other i—i+4 hydrogen bonds in the TFE simulation have their
own characteristics (data not shown), but the general behavior
mentioned for the Ser21-Lys25 backbone hydrogen bond was also
valid for them.

Discussion and Conclusion

The calculations in this paper document a behavior of the
galanin peptide in H,O that is in overall agreement with the fact
that experimentally no secondary structure is observed in aqueous
solution.”!® The stability of galanin in TFE makes structure
determination possible with NMR technology, and in parallel the
simulations show that much of the secondary structure remains
intact. This also further validates the original experimental
structure determination,”!¥ although it is not an independent proof
of its correctness.

It therefore seems possible to study, in atomic detail, the be-
havior of a (small) peptide system and its interaction with solvent.
Other groups have recently described how simulations in H,O can
give new insights into the dynamic behavior of peptides. DiCapua
et al.* documented in some detail the breaking of a single hy-
drogen bond occurring in a polyalanine helix solvated in H,O; there
is however no control situation or an experimental system to closely
match the origin of the destabilization in this system. While this
work was in progress, Tirado-Rives and Jorgensen?? described the
simulation of an analogue of the ribonuclease S peptide at two
different temperatures. They obtained a different helical content
of the peptide for these two situations, in nice agreement with
experiment. They did not however describe in detail the water—
peptide interactions occurring during the unfolding. Here we also
document some features of a solvated a-helical peptide, where
the different stability in another solvent is used as a control. Some
of these observations are in close agreement with those made by
others, using slightly different procedures or different parameters
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in their potential energy function describing the system.

As we performed this control simulation in TFE, it is reasonable
to conclude that the observed unfolding is caused by the mere
presence of the water molecules and is not an artifact of the
simulation methodology used (e.g., the way the simulation is
initiated or nonconservation of energy caused by nonbonded energy
truncation). We observed the transient presence of the i—i+3
hydrogen-bonding pattern during the unfolding events of the
peptide. In addition, we noted a general increase of the probability
of finding this type of hydrogen bond at the end of helices, and
this in both simulations. It seems therefore likely that the for-
mation of this type of alternative hydrogen bond plays an im-
portant role in the formation and/or unfolding of any a-helix. This
information may be of interest for the procedures used in the
refinement stages of both NMR and X-ray structure determi-
nations.

It is generally agreed upon that the propagation of helical
structure in an already existing «-helical peptide is an energetically
less demanding task when compared to the formation of the first
turn of the a-helix.***! The unfolding of a peptide would therefore
most probably also be a sequential process initiated once, for
example, at the C-terminal end, and subsequently proceeding
toward of the N-terminal end of the peptide. Although this general
trend is observed here, there are noticeable exceptions that have
their origin in stabilizing side chain—side chain interactions. The
particular pathway of the helix—coil transitions is therefore not
correctly described by a simple sequential change in pure ¢—y
dihedral angle space. Very subtle changes are involved, and the
presence of different side chains clearly gives an individual nature
to all transitions, as well as their sequential occurrence.

The formation, during unfolding, of a i—i+3 helical hydro-
gen-bonding pattern, followed by a series of turnlike conformations,

described here as well as by others?>4? is in agreement with the
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folding pathway proposed by Sunderalingam et al. based on the
observations of water around helices in X-ray structures.’® A single
water molecule was observed inserting itself at the place of the
i—i+4 hydrogen bond, as also described by DiCapua et al.?* In
addition, however, the analysis described here clearly shows that
hydration of the hydrogen bond partners can also be mediated
by different water molecules, as was observed by Tobias and
Brooks*? during their free energy simulations of the initiation of
a single helical turn. It seems therefore that both mechanisms
can be involved in the same process, further underlining the in-
dividual nature of each transition.

What do we learn about the structure-promoting role of TFE
versus H,O? From these simulations it is possible to argue that
the different hydrogen-bonding characteristics of the water
molecule and its different size are the only two factors needed
to rationalize the differences with TFE. From the potential
function and parameter set used in these simulations, together
with the analysis presented in Figures 11 and 12, it is quite clear
that hydrogen bonding between the carbonyl oxygens and solvent
hydrogens is quite common in both simulations and is not helix
destabilizing in itself. It is the inability of the TFE molecules,
due to their size, to make the additional hydrogen bond with the
amide proton that is probably the most determining factor.

In conclusion the data presented here show the possibilities of
the molecular dynamics simulation technique to study protein
unfolding (and folding) at the peptide level. Further analysis of
this type will enable the elucidation of the detailed structural
features of a solvated polypeptide, and its environment—structure
relationships. This should facilitate the difficult task of ration-
alizing the actions of neuropeptides in general, and of galanin in
particular, not only as a function of its structure at the target site,
but also as a function of its structure in solution.
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