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INTRODUCTION

Both the physicd and chemic# properties of proteins
ard peptides in solution are exquisitey sensitive to

the solution environment The addition of ions can

strongy alter the thermodynan@ and structurd prop-

erties of peptides in solution’™ Even very small

changeson the orde of 0.1M, in the ionic strengh of

the solution can lead to dramatc changs in the sol-

ubility and stability of the proten or peptice solute.
This is experimentalf evident in the ability of ionic

compound to alter the solubility of peptice and pro-

tein solutes in aqueos solution®>® An increag in the

solubility of the solute with increasiig sat concentra-
tioniscalled the salting in effect and adecreasin the

solubility of a soluk with increasig sak concentra-
tion is called salting out The latter leads to the for-

mation of a precipitate Alteration of proten stability

leadirg to denaturatia of the native conformatia by

changs in sal activity has also beea studial exten-
sively by experiment?®’ Changs in conforma-
tiond stability and solubility of peptides and proteins
in solution are clearly coupleal and interdependenin

anumbe of system$
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While understandig the underlyirg causs of
thee phenomea is of fundamenth interes to the
study of the physicd chemisty of solutiors of pep-
tides and proteirs in aqueos electrolytes numerous
importart potentia applicatiors exist®'° For exam-
ple, it isknown tha peptides with lengtts of less than
20 amimo acid residus are hormons and mediators
for various biologicd processeslhe thermally acces-
sible conformatiors of thes molecules ard the distri-
bution of thee conformatiors are centrd to under-
standiry their physiologica activity. Both the confor-
matiors ard their distribution are dependenon the
concentratia and identity of ions presenin the so-
lution, and understandig the natue of thee depen-
dencies is helpfu in terms of medicind chemistry In
recen years molecula biologicd and biotechnical
techniqus hawe grown to make the modificatian of
the structue of proteirs arealistc experimenthen-
deavor In general drug activity is known to be sen-
sitive to pH and environmem polarity. Improved
knowledge of the microscopt bass for thes obser-
vatiors may enhane understandig of the mechanism
of drug action and may be usefu in the desig of new
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FIGURE 1 Stereoview of the initial conformation of DPDPE (taken from Ref. 41).

pharmaceuticals with improved selectivity and/or po-
tency. With physiological salt concentration in the
0.15M range and with a wide range of ion types
present (N&, K™, CI~, HCOs, etc.), the effects of

study the factors underlying the Hofmeister series on
a microscopic level. It also presents the opportunity to
observe time correlations between the behavior and
properties of ions in solution and the subsequent in-

salt on the action and potency of potential pharma- teractions between ions and a peptide or protein sol-

ceuticals can not be ignored.

In particular, the conformation of peptides is
known to be sensitive to the details of the solution
environment.~3811-19The shapes available, bulk sol-
ubility, and thermodynamics of binding are strongly
affected by relatively small changes in the salt activ-
ities of the solution. Many peptides, especially short

ute, information that is difficult to extract from exper-
imental data alone.

The inclusion of salt in molecular dynamics sim-
ulations of biological systems presents certain diffi-
culties?®2” Even so, the ability of molecular dynam-
ics to provide atomic level detail makes it an attractive
method for use in the investigation of the microscopic

ones (less than 10 residues in length), often do not nature of the Hofmeister series. Some of the first
adopt a single conformation in solution as supported studies including ions and explicit water with a bio-
by nuclear Overhauser effect (NOE) measurements in logical molecule involved the simulation of proteins

aqueous solutiof? It is well known that differences
in cation or anion charges, as well as their relative

in their observed crystalline environmefit>® Al-
though some investigation of the interaction between

sizes and polarizability, have important consequencesions and the protein was conducted, ions were present
on the solvation of ions by water and the subsequent primarily to maintain electroneutrality. The main fo-

interaction of these solvated ions with biomol-
ecules??'=2*The effects of these differences on pep-

cus of these studies was to compare structural data
obtained from molecular dynamics simulation with

tides and proteins are expressed in the lyotropic or those obtained from x-ray data. We have used molec-

Hofmeister serie$®2425The effects of ions are thus
ordered according to their ability to denature a protein

ular dynamics to look directly at the effects of salt on
the properties and characteristics of a peptide in aque-

or to increase or decrease the solubility of a peptide in ous solution, and therefore indirectly at the origins of

solution.

the Hofmeister series. The inclusion of ions in mo-

Hofmeister effects have been studied directly and lecular dynamics simulations requires the choice of

indirectly by experimental, theoretical, and computa-

parameters for those ions, and several parameter sets

tional methods. While many trends have been ob- are available. Part of the initial motivation for the
served, little atomic detail about the processes under- current work was to make a comparison between

lying the observed effects is known. In addition to
being fundamentally relevant to the study of the be-
havior of peptides and proteins in solution, this level

simulations that employed different parameters for the
ions in a peptide—water environment.
Hofmeister effects have been examined previously

of understanding can potentially provide clues about in this lab through the simulation of the zwitterionic

which modifications to molecular structure can pro-
duce desired biological or pharmaceutical activity.
One of the primary benefits of the computational
method of molecular dynamics simulation is that it

bis(penicillamine) enkephalin derivative of sequence
Tyr—[D]Pen—-Gly—Phe—[D]Pen known as DPDPE,
shown in Figure 1. We have used molecular dynamics
to study DPDPE in aqueous sodium chlofij&" and

provides the degree of atomic detail necessary to in aqueous sodium acetate DPDPE was designed
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using [D]penicillamine residues, isopropylcysteine
derivatives with sulfur-containing side chains, to form
a constrained macrocyclic ring structure through the
formation of a disulfide bond between the residues.
DPDPE is a pharmacologically interesting molecule,

warranted for comparison to the current sodium chlo-
ride study.

Our previous simulation of DPDPE in aqueous
solution of sodium chlorid®3* employed a combi-
nation of parameters. The peptide and peptide—water

developed as a synthetic neurotransmitter to map theinteractions were modeled using CHARM#bonded

structure of thed-opioid receptof®~28 Studies dem-
onstrated that DPDPE is the most specific and one of
the most potent neurotransmitters for tBeopioid
receptor ever found® Because its conformational
freedom is limited by the disulfide linkage forming
the macrocyclé®#*the primary sites of flexibility on
DPDPE reside with the aromatic side chains of ty-

rosine and phenylalanine. These groups are believed

to be associated with the pharmacophor&-aipioid
receptor neurotransmitters, and their conformation is
thought to be largely determined upon binding to the
receptorr®83° These properties make DPDPE an
appealing choice from a computational aspect as well
as a pharmacological one. DPDPE is large enough to
exhibit limited flexibility in structure, yet small

enough to be practical to adequately sample the phase

space associated with the system computationally. In
addition, the conformational degrees of freedom are
limited due to the presence of the disulfide linkage
and the steric hindrance provided by the geminal
methyl groups on the Catoms of the [D]penicillamine
residues that constrain the macrocycle, further reducing
the conformational sampling required. DPDPE has been
studied by NMR294243x-ray crystallography}; molec-
ular modeling and mechanig:°414345-43nd molec-
ular dynamicg->>1

The motivation for the current study was threefold.
First, the previous study of DPDPE in sodium chlo-
ride involved two simulations of 200 ps each. Im-

and OPLS? nonbonded interactions. Only polar hy-
drogens were included. lon—-water parameters were
taken from a previous study. These parameters were
obtained through parameterization of molten Sat§

and so comparison with the OPLS set parameterized
for agueous solution is interesting for a number of
reasons.

In the next section, we present the methodology
and details of the current simulation. The third section
contains the results and discussion of the effect of
added sodium chloride on the properties of DPDPE in
water, and a comparison between the simulations of
DPDPE in aqueous solution of the ions in the two
parameter sets. Potential implications for peptides in
solution and the molecular dynamics simulation of
these systems will be discussed.

METHOD

A molecular dynamics simulation of DPDPE was per-
formed in an aqueous solution of approximatelyM.8o-

dium chloride. The system contained DPDPE, 411 water
molecules, 9 sodium ions, and 9 chloride ions in a cubic box
of length 24.00 A. The volume of the simulation box was
reduced in accordance with the reduced partial molar vol-
ume of the ions. To generate an initial configuration, DP-
DPE was placed into a previously equilibrated box of water.
Any waters within 2.3 A of the peptide were removed. The

provements in computational speed have increasedinitial conformation of DPDPE corresponded to that ob-

the feasibility of longer simulation times, which im-
prove sampling, thereby increasing confidence in re-
sults obtained and, hopefully, agreement with exper-
iment. Second, we wanted to reexamine the system
using the optimized potential surface (OPLS) param-
eter sef? which was parameterized to reproduce
structural data on fluids and was optimized for use in
the computer simulation of liquids. This would, pre-
sumably, provide a more realistic description of the
effect sodium chloride exerts on a peptide solute and
would allow comparison to other simulations under-
way or planned in this lab that employ OPLS non-
bonded parameters. Third, extension of our previous
250 ps simulation of DPDPE in waf€rwould pro-
vide an improved baseline, or control, for comparison
of DPDPE in solution of OPLS sodium chloride.
Results from this simulation are included only as

tained from a previous molecular dynamics std@yons

were inserted by randomly replacing water molecules. The
system was then relaxed with 100 steps of steepest descent
minimization.

The peptide and ion force field incorporated OPEY
nonbonded parameters in combination with CHARRm
bonded parameters. A flexible SPC water motielas used
for the solvent with a correspondingly conservative time
step of 0.5 fs and the velocity Verlet algorithm for the
integration of the equations of motion. All electrostatic
interactions were calculated using the Ewald procedtfg,
thereby avoiding the problems associated with the use of
electrostatic cutoff§2-3*

Initial velocities were assigned from a Maxwell-Boltz-
mann distribution at 300 K. The system was allowed to
evolve for 30 ps with intermittent reassignment of veloci-
ties. A further 50 ps of equilibration were then performed in
the microcanonical (NVE) ensemble. Finally, 1200 ps of
production were performed, making a total of 1280 ps.



Table | Average Energies

Energy Avg. (kJ/mol)
Total PE —24479
Total KE 4985
Total T 306
Solute PE 343
Solvent PE —13230
Solute—Solv PE —796
Solute—lon PE —-578
Solvent—lon PE —-7192
lon-lon PE —3062
Na"—Solute PE —479
Na"™—Solvent PE —3815
ClIT—Solute PE —-99
ClI”—Solvent PE —3378
Na*—Na' PE 11405
Na"—CI~ PE —25825
CI——CI~ PE 11357

The trajectory of the original DPDPE-water simula-
tion,** which contained 429 water molecules in a 24.17 A
box, was extended to a length of 1 ns by using the final
system configuration in that simulation for the initial con-
figuration in the current DPDPE—water simulation.

The previouso and e Lennard-Jones parameters for
sodium and chloride ions were extracted from sodium-—
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chloride. This change allowed for the decomposition
of the potential energy into additional terms in the
current simulation. This, combined with the use of a
different force field for the ions, makes direct com-
parison to the thermodynamic averages from the pre-
vious simulation more difficult; however, compari-
sons within the simulation and to the DPDPE—water
simulation are straightforward.

The potential energy between DPDPE and water
was negative, indicating a favorable interaction; how-
ever, it was less negative than in the simulation of the
peptide in aqueous solution where an average of
—1189 kJ/mol was obtained. This was due primarily
to the presence of the ions, which provided an addi-
tional component to the solution environment around
the peptide. The potential energy between solvent
molecules was also less favorable than it was in the
peptide—water simulation where an average of
—17253 kJ/mol was obtained. The value 613230
kJ/mol, found for the solvent in the current simula-
tion, still indicates a strong favorable interaction, but
less so. This is to be expected because of the presence
of ions in the solution. In order for water to solvate the
ions, hydrogen-bonding interactions between water
molecules must be disrupted. In addition, groups on
the peptide must be desolvated in order for a direct
association with an ion to occur. Both the solvent’s

water and chloride-water parameters from a non-Lennard- interactions with the peptide and with itself were
Jones force field and used to calculate interactions betweentherefore reduced (made less negative). The overall

DPDPE and the ions. The ion—ion interactions were mod-
eled with a Born—Huggins—Mayer potential with parameters
taken from Ref. 54. This resulted in valuesaf, = 0.222
nm, o, = 0.388, €y, = 0.6305 kJ/mol, and., = 4.5551
kJ/mol. These values are considerably different from the
OPLS set. For the OPLS set, the chloride ion in particular is
nearlyg A larger. This has a profound effect on aqueous
solubility of the salt alongand the effect on peptide—salt
correlations might be expected to be significant as well.

RESULTS AND DISCUSSION

interaction of ions with the peptide was favorable, as
was the overall interaction between ions and solvent,
more than compensating for the observed decreases. It
should also be noted that the ion—ion potential energy
had a sizable negative value 88063 kJ/mol. In this
simulation, the interactions of sodium and chloride
ions were decomposed into components of potential
energy between each ion type with the peptide, water,
its counterion, and like ions. Potential energies be-
tween like ions were positive, as would be expected
due to repulsion of like charges. All of the other
averages involving the potential energies of ions,

The trajectory performed here was analyzed in terms however, were negative and therefore, favorable. The

of both thermodynamic and time-dependent proper-
ties. In addition, extensive comparisons with previ-
ously published simulations from this laboratory have
been performed.

Thermodynamic Averages

Averages for thermodynamic properties obtained
from the simulation are presented in Table I. In order

addition of ions seems to have destabilized the inter-
actions within DPDPE; however, the solute potential
energy, which was only slightly positive in the case of
pure water, increased in size.

Time histories for potential energies describing the
interaction of the peptide with its solution environ-
ment are displayed in Figure 2. A general increase in
the value of the potential energy of DPDPE with
water occurred gradually over the simulated period.

to increase computational speed, a change in the im-This is consistent with a gradual desolvation of the
plementation of the Ewald sum was made since the peptide as interactions between the peptide and water
previous simulation of DPDPE in aqueous sodium were replaced by interactions with ions. A seemingly
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FIGURE 2 Energy time histories for the DPDPE in NaCl simulation. (a) Peptidg©;Hb)
peptide—ion, (c) peptide—Na and (d) peptide—CI.

concomitant decrease in the value of the peptide—ion ough analysis of ion binding events has been per-
potential energy can be seen. This energy was essenformed. Binding of each of the nine sodium ions to
tially a mirror image of the peptide—solvent potential the carboxylate terminus and to each of the four
energy indicating a gradual desolvation of DPDPE as carbonyl groups of the peptide backbone was inves-
the peptide exchanged interactions with water for tigated by plotting the distance between these groups
interactions with ions. The peptide—ion time histories as a function of time. Similarly, the distance between
demonstrate that contributions to the peptide—ion po- each of the nine chloride ions and the ammonium
tential energy came from both the cation and the terminus and each of the N—H groups of the peptide
anion. While the magnitude of the interaction with the backbone was plotted over the simulation period. The
peptide was different, both sodium and chloride ex- results are summarized in Table Il with listings ac-
perienced a favorable interaction with DPDPE and, cording to the group on the peptide. The ion investi-
therefore, contributed to the overall strength of the gated, number of binding events to that group, and
interaction between ions and the solute. In the simu-
lation of DPDPE in agueous solution of BHM ions, a
similar desolvation of the peptide was observed over
the course of the simulation in exchange for an in-
creasingly favorable DPDPE—-ion potential energy. In
that simulation, however, the favorable contributions

Table Il lon Binding to the Peptide

Species  No.
Peptide Group Bound Events Duration (ps)

came only from interaction of chloride ions with the cl- 3 335, 160, 45
peptide and not from both ionic species, as observed N,_—H (dpen 1) _ 0 _
here. No—H (gly) cl- 3 30, 160, 2
Ns,—H (phe) cr 1 10

. . . N,s—H (dpen2) — 0 —
Solvation and Solution Properties cT Na* > 570, 1285
The potential energies describing the interaction of COue (yr) 0 —
sodium and chloride ions with DPDPE reflect binding ggzs Eg@‘;“l) NNaé; ; 16%5

: : . : ~O4,

of ions to the peptide, both in terms of direct contact C=0.. (phe) Na 4 765, 130, 40, 5

and through solvent-mediated interactions. A thor-
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FIGURE 3 Distance time histories of N-terminus to all nine Gbns for the DPDPE in NaCl
simulation. (@) NT-CI' 1, (b) NT-CI" 2, (c) NT-CI" 3, (d) NT-CI" 4, (e) NT-CI" 5, (f) NT-CI™
6, (g) NT-CI” 7, (h) NT-CI" 8, and (i) NT-CI" 9.

duration of each event is noted. Both terminal groups been extended. On the other hand, the differences in
experienced binding and several instances of tempo- solubilities between the two force fields may have
rary ion binding to the peptide backbone were ob- prevented this, regardless of the length of the tra-
served. A variety of durations of binding was ob- jectory. This will be discussed further in the last
served for each group involved in binding. In some section.
instances, the same ion bound to the peptide repeat- Time histories for distances between the peptide
edly, sometimes binding to the same group and some-and ions are shown in Figures 3-5. Figure 3 displays
times binding to different groups. the time histories of each of the nine chloride ions to
This is in marked contrast to the binding observed the nitrogen of the N-terminus. Six of the nine ions
in the simulation with Born—Huggins—Mayer (BHM) did not interact directly with the terminal group; three
sodium chloride. There, all nine chloride ions bound of the nine did. The chloride ion shown in Figure 3f
to the peptide, most within the first 50 ps of the was bound for the longest period of any chloride ion,
trajectory, and none were exchanged over the duration 335 ps. The other two ions bound for much shorter
of the trajectory. It should the noted that the entire periods of time. The ion pictured in Figure 3i began to
trajectory was only 200 ps long. Some of the bind- diffuse toward the N-terminus at about 1100 ps, bind-
ing events observed in the current simulation for a ing at 1170 ps. It remained bound for approximately
few of the chloride ions were nearly that long, or 160 ps and then diffused away. The shortest binding
longer, suggesting that some of the BHM chlorides event to the terminal group occurred between 1070 ps
could have been exchanged if the simulation had and 1115 ps, and is shown in Figure 3h. This same
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FIGURE 4 Distance time histories of C-terminus to all nine Neons for the DPDPE in NaCl
simulation. (a) CT-Na 1, (b) CT-Na 2, (c) CT-N& 3, (d) CT-N& 4, (e) CT-N4 5, (f)
CT-Na" 6, (g) CT-Na 7, (h) CT-N4 8, and (i) CT-N4 9.

chloride ion had been bound to the peptide backbone, moved away from the peptide and no binding was
to the N—H group on glycine, for 160 ps (Figure 5h). observed.
It diffused away from the glycine at 1060 ps and Both sodium and chloride ions were found on
bound to the N-terminus at 1070 ps. occasion to associate with multiple groups on the
Association of sodium ions appeared to be longer peptide simultaneously. One chloride ion bound to
lived than chloride ion association. Time histories for N,s—H of glycine at 715 ps. At 735 ps this ion was
the distance between the carbon atom of the C-termi- briefly (<10 ps) in association with N—H of phe-
nus and all nine sodium ions are shown in Figure 4. nylalanine as well. This interaction did not appear to
Longer durations of association were observed. The be particularly favorable, as the ion diffused away
sodium ion in Figure 4a was bound to the C-terminus from both groups at 745 ps. One of the sodium ions
for nearly half of the simulated period. The ion seenin bound to the carbonyl of phenylalanine=Q,,) at
Figure 4i was near the C-terminus in the initial con- 485 ps as seen in Figure 5d. After about 50 ps, at 535
figuration. This ion approached the terminal group ps, this same ion also bound to the carbonyl of glycine
during the equilibration period, was bound to it by the (C=04p) for about 25 ps (Figure 5b). The interaction
start of production, and was not exchanged during the between the sodium ion and glycine was short-lived,
simulation. This is notably different from the N-ter- but the ion remained bound to the phenylalanine car-
minus, where every chloride ion bound was ex- bonyl. At 715 ps, this same ion began an interaction
changed over the period of the simulation. In the with the C-terminus that persisted for the remainder of
simulation of DPDPE in BHM ions, sodium ions the simulation. For about 30 ps at the end of the
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FIGURE 5 Distance time histories of backbone@ groups to Na and backbone N—H groups
to CI™ for the DPDPE in NaCl simulation. (a)=0.., (b) C=04,, (¢) C=05,, (d) CG=0,,, () G=0,,,
(f) Nog—H, (9) Nog—H, (h) Nog—H, and (i) Ny;,—H.

simulation, this ion released its hold on the phenylal- ning of Figure 5e. Although this joint association did
anine carbonyl and interacted only with the C-termi- not last long, it reoccurred at 135 ps and persisted for
nus. In the last 5 ps, the sodium ion resumed its joint 130 ps. For the duration of the simulation, this ion
interaction with both the terminal group and the car- remained bound to the terminal group only. Relatively
bonyl. Recall that one of the sodium ions was bound free rotation about the bond to the carboxylate group
to the C-terminus for the length of the simulation, so helps to account for the observations of different ions
association of any additional sodium ion indicates two in association with the terminus and backbone groups.
ions bound simultaneously to the terminal group. While one of the terminal oxygen atoms was bound to
This behavior was also observed for other sodium the same sodium ion for the entire simulation, the
ions. Another ion, seen in Figure 5c, bound to the other oxygen atom was free to participate in associa-
carbonyl of glycine (EO4p) at 310 ps. After about 30 tions with other ions. It is clear that the interaction
ps, it also bound to the carbonyl of the first [D]peni- between the sodium ion and the oxygen atom was
cillamine residue (€0,5) as seen in Figure 5a. The sufficient to overcome repulsion between the sodium
interaction with the [D]penicilamine residue must ions to allow these arrangements to persist for some
have been preferable, as the interaction with the gly- time during the trajectory.
cine residue ceased after an additional 60 ps but the lon binding events were reflected in the radial
association with the [D]penicillamine persisted for distribution functions and coordination humbers from
another 180 ps. The sodium ion that was bound to the the simulation. Radial distribution functiong(r)s,
C-terminus by the beginning of production also bound between the peptide and the solvent have been calcu-
to the carbonyl of phenylalanine as seen in the begin- lated. In order to further characterize the solution
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Table Ill  Radial Distribution Functions
1st Max 1st Min
Species (nm) (nm) CN 2nd Max 2nd Min CN

1 NT—H,O 0.27 0.35 3.7 0.49 0.59 —

2 CT—H,0 0.37 0.47 9.4 — — —

3 C=0—H,0 0.29 0.41 4.4 — — —
4 N—H—H,0O 0.29 0.33 0.91 — — —

5 Na"™—OH, 0.25 0.31 5.6 0.45 — —

6 Cl—OH, 0.33 0.39 7.7 0.51 — —

7 NT—Na" — — — — — —

8 CT—Na" 0.27 0.39 15 0.47 .63 1.9

9 C=0—Na" 0.23 0.33 0.25 0.49 —

10 N—H—Na" 0.39 0.45 0.25 — — —
11 NT—CI™ 0.31 0.41 0.45 0.53 0.65 1.2
12 CT—CI” — — — — — —
13 CGO0—CI™ 0.39 0.47 0.10 — — —
14 N—H—CI™ 0.35 0.39 0.04 — — —
15 Na"—Na™* 0.37 0.49 0.16 0.63 0.73 0.61
16 Na"—ClI~ 0.31 0.37 0.04 0.51 0.61 0.82
17 ClI—CI™ 0.53 0.65 0.35 0.77 0.87 1.3
18 Arom—OH, 0.47 0.61 23.8 0.75 0.91 —
19 SS—OH 0.47 0.43 3.43 0.63 0.71 32.7
20 Center of Mass—O} 0.31 0.35 — — — —

environment,g(r)s between DPDPE and ions, ions Figure 6. A comparison with the radial distribution
and water, and ions and ions have been calculated asfunction between the N-terminus and water shows
well. Results are summarized in Table Ill. Coordina- that the first peak for the C-terminus was lower,
tion numbers, found by integration of the radial dis- indicating fewer bound waters, and it was more dif-
tribution function through the first minimum, can also fuse with a less well-defined minimum. This is con-
be found in Table Il for each well-defined minimum. sistent with the observed binding of sodium ions to
[Second coordination numbers are found by integrat- the C-terminus. Recall that a sodium ion was bound to
ing the g(r) from the first minimum through the an oxygen atom of the terminal group, or between the
second minimum and were only calculated when the oxygen atoms, for the entire trajectory. Several in-
second peak in thg(r) was sufficiently well defined.] ~ stances of additional sodium binding to this group
Figure 6 displays the radial distribution functions were also observed. It is expected that occupancy by
between DPDPE and water. The first peak between sodium ions would reduce the hydration of this group.
the N-terminus and water was slightly lower than that Sodium ion occupancy at the C-terminus is supported
observed in the simulation of DPDPE in pure water, by the radial distribution function between these spe-
ostensibly due to the partial occupation of potential cies (Figure 7). The first peak is large, with a maxi-
solvent binding sites by chloride ions during parts of mum at 0.27 nm. It integrated to 1.5, indicating that an
the simulated period. Thg(r) between the N-termi-  average of 1.5 sodium ions were in direct contact with
nus and chloride ion, shown in Figure 7, indicated a the C-terminus over the trajectory. This is consistent
well-defined contact interaction with a coordination with the binding of one sodium ion to the carboxylate
number of 0.45. This demonstrates that some chloride group for the duration of the simulation and a second
ion was bound to the N-terminus in about half of the ion present about half of the time, which is confirmed
configurations sampled. The well-defined second by the distance time histories between sodium ions
peak corresponds to a solvent separated interaction.and the peptide (Figure 4). The second peak in this
This second peak, integrated to the minimum at 0.65 g(r) displays some unusual structure that could have
nm, produced a coordination number of 1.2, illustrat- been due to solvent-mediated interactions or interac-
ing that one chloride ion was, on average, within 0.65 tion with sodium ions bound to neighboring backbone
nm of the N-terminus for the entire trajectory. groups. To elucidate the basis for this structure, con-
The effect of ion binding on peptide solvation was figurations of DPDPE, solvent, and ions were inves-
even more dramatic for the C-terminus, as shown in tigated. It was determined that the first peak in the
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g(r) corresponds to a sodium ion between the oxygen between the nitrogen atom of the N—H of the peptide
atoms of the carboxylate group. The first “shoulder” group and water oxygen. Figure 6f is th&) between
on the second peak, with a maximum at 0.47 nm, the carbonyl oxygen of the peptide group and water
corresponds to an arrangement where another sodiumoxygen. The radial distribution function between the
ion interacted with both an oxygen atom of the car- N—H group and water was obtained by calculating
boxylate group and the carbonyl oxygen of phenylal- the g(r) for each of the four N—H groups of the
anine. While water molecules were in the solvation backbone and then averaging over all such groups.
shell of this sodium, the interactions with both of the The same procedure was used to obtain e
oxygen atoms on the peptide were contact interac- between the backbone carbonyls and water. ging
tions. The second “shoulder” on this split peak, with pictured then represents the average interaction be-
a maximum at 0.55 nm, represents interaction of the tween the backbone group and the solvent. The results
carboxylate group with a sodium ion bound to the obtained for these groups are similar to those obtained
phenylalanine carbonyl, but not to the to the carbox- for DPDPE in pure water. Both types of backbone
ylate group itself. The coordination number corre- groups had first peaks with heights less than one,
sponding to the second minimum, 1.9, indicates that, indicating that there were fewer water molecules
on average, nearly two sodium ions were within 0.55 around these groups, on average, than would be ex-
nm of the carboxylate carbon. pected for a random distribution of solvent around a
Any g(r) will approach unity at large values of single atom. This is a physical screening effect due to
indicating a return to a bulk distribution of solvent as steric interactions of the peptide. These groups
the reordering effect exerted by the solute diminishes, showed a similar behavior in pure water and the slight
as seen in Figure 6a and e. In certain systems, how-differences observed are to be expected due to asso-
ever, physical screening due to the size of the solute ciation of sodium and chloride ions to these backbone
may require unusually long distances to observe this groups.
convergence. This effect can be seen in the radial Three additional radial distribution functions are
distribution functions between the peptide backbone displayed in Figure 6. Pertinent values can be found in
and water (Figure 6b and f). Figure 6b is thér) Table Ill. Figure 6c¢ is theg(r) between the aromatic
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groups and water. The radial distribution function was screening from the peptide. The lagtr) calculated
calculated for the center of the tyrosine ring to water was between the center of mass (COM) of the peptide
and for the center of the phenylalanine ring to water. and water. While it is less straightforward to interpret
The results were averaged to produce a picture of the the radial distribution function between this kind of
general solvation behavior of the aromatic groups. global peptide group and the surrounding solvent, a
The first solvation shell was broader, with a less kind of general screening of the center of mass of the
well-defined minimum than was observed for terminal peptide from solvent was observed. The function
groups, but still exhibited definite structure. The co- never attained a value greater than unity, out to the
ordination number indicates an average of 24 water limit of the accumulation of the histogram, ostensibly
molecules around these groups. This pattern is ex- indicating that fewer water molecules were found
pected due to the hydrophobic nature of aromatic around the peptide, on average, than would be ex-
groups. It should be noted that these rings extend into pected for a random distribution of solvent due to
solution and may very well experience the least physical screening or steric interactions. A radial
screening from the rest of the peptide of any of the quantity such ag(r), however, which provides detail
groups considered. In addition, recent studies have on local structure for isotropic systems, must be ex-
shown that hydrophobic groups have defined solva- tended to give general characterization of the more
tion shells and enhance the hydrogen-bonding net- global solvation traits of the systetf®’
work in water, acting like structure makers, forming a The radial distribution functions between the back-
clathrate-like structure, as seen in the case of tetraal-bone N—H groups and chloride ions and between
kylammonium salt§~°° backbone carbonyl groups and sodium ions are pre-
Figure 6g displays the distribution function of the sented in Figure 7. Theg(r) between the carbonyl
disulfide groups. Its solvation shells were not as well groups and sodium ions displays a very well-defined
defined as some of the other groups investigated. Thisfirst maximum and minimum. The first coordination
can be understood by remembering that sulfur carries number of 0.25 demonstrates that a sodium ion was
a low effective charge in the OPLS force fi€ft?>’ bound to one of the carbonyl groups in one quarter of
and the group is undoubtedly subject to physical the configurations sampled. The second peak contains
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contributions from solvent-mediated interactions and simulation, both the sodium and chloride ions had
the sodium ion that was bound simultaneously to the well-defined first solvation shells, as indicated by the
carbonyl of phenylalanine and the C-terminus. The radial distribution functions between the ions and
slight shoulder on the second peak of tlgg) is water (Figure 8). Sodium, known as a structure-mak-
likely due to the sodium ion attached to the C-termi- ingion®®~"*appeared to have a tighter shell, as would
nus but not actually to the carbonyl of the phenylal- be expected due to its smaller size and higher charge
anine residue. The N—H backbone groups display

what may seem like surprising interaction with so-
dium ions. Because both groups are positively
charged, it might be expected that no well-defined
maxima or minima would be seen. Through exami-
nation of configurations, it was determined that this
structure was observed due to the proximity of the
N—H groups to the carbonyls, both within the peptide

density. Integration of thg(r) up to the first mini-
mum provided a coordination number for sodium of
5.6 (Table Ill). This is in good agreement with ob-
served experimental values for sodium ion, which
indicate octahedral coordination for this fdnal-
though recent simulations have questioned this val-
ue’? The slight deviation from six molecules of water
was likely due to binding with the peptide. A sodium

planes and in intramolecular hydrogen bonds, where ajon would have to sacrifice an interaction with a

sodium ion was often bound. The first peak integrated
to a value of 0.25, the same value obtained for car-
bonyl to sodium, as would be expected if the peak in
the N—H to sodiumg(r) was actually due to the
sodium ion bound to the carbonyl oxygen. The min-
imum in the N—H to sodiung(r) occurred at 0.45
nm, a larger value than the minimum in tlygr)
between the carbonyl groups and sodium and much

larger than the contact values of the Lennard—Jones

terms in the potential. This is consistent with a prob-

able average distance between the nitrogen of the

N—H and a sodium ion bound to the oxygen of an

adjacent carbonyl. These features, which occurred at

larger distances, reflect sodium ions bound to car-
bonyl oxygen atoms on different amino acid residues.

Comparison to the solvation of DPDPE in solution
with the BHM sodium chloride parameters reveals
differences primarily due to observed differences in
interaction of ions with the peptide. In the previous
simulation, all nine chloride ions bound to the N-
terminus, or near it. This so dramatically reduced the
solvent in the vicinity that all structure in the N-
terminus—wateg(r) was lost. At the other extreme,
no sodium ion association with DPDPE was observed
in that simulation, and therefore the solvation charac-
teristics of the carboxylate group were essentially
unchanged from what was observed in pure water.
Subsequently, any deviation from solvation currently
observed due to sodium ion binding is in contrast to
what was observed previously. Direct comparison of
the solvation of the peptide backbone when OPLS
sodium chloride is present (instead of BHM) is not
possible through the interpretation of radial distribu-
tion functions. The relatively short trajectories per-
formed with the BHM ions did not furnish enough
configurations to obtain adequate statistics for their
calculation.

Comparisons, in terms of ion solvation, between
the two models are feasible, however. In the current

solvent molecule in order to bind to the peptide,
reducing its average coordination by water. Chloride
also had a well-defined first solvation shell, but the
g(r) did not drop to as low a first minimum as the
sodium to wateg(r). While chloride is not consid-
ered to be a structure-breaking ion, its larger radius
and lower charge density provide it with less ability to
pack water molecules efficiently around its€lf’
and it would therefore have a less well-ordered sol-
vation shell. The coordination number for this ion was
found to be 7.7, in reasonable agreement with the
experimental value of eighf:’* Again, the slight
deviation from the experimental value could be due to
interaction of chloride ions with DPDPE.

lon solvation properties were also investigated in
the DPDPE-salt simulation that employed the BHM
model for the ions. There, the first peak in the radial
distribution function between sodium ion and water
occurred at a slightly smaller distance (0.230 nm). It
was also wider, or more diffuse, than in the current
simulation. This could be due to the sodium ion’s
smaller size in the OPLS force field, which leads to a
higher charge density and allows the ion to pack water
molecules around itself more efficiently, leading to a
tighter, better organized shell. The first peak in the
radial distribution function between the chloride ion
and water occurred at similar distances in both force
fields, with the peak for the BHM chloride occurring
at a slightly closer distance (0.326 nm), consistent
with its smaller size. This peak was also more diffuse
for the BHM ion, although not to the same degree as
for sodium. This may seem surprising, given that the
chloride ion is smaller in the BHM force field than in
OPLS. Chloride, however, is not a strong structure-
making ion, due to its relatively large size and nega-
tive charge, and its solvation shell would not be
expected to be as sensitive to small changes in size as
that of the sodium ion.
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The solvation properties of the ions in both force same type of solvent-stabilized minimum was observed
fields (when in solution with a peptide solute) can be between the chloride ions, although the interaction oc-
further investigated by calculating the pair energy dis- curred at a greater distance, as would be expected, due to
tributions for the OPLS ions and comparing the results to the larger size of the chloride ion. It may seem unusual
those from the previous simulation with BHM ions. that a minimum was observed in thé)s between like
These distributions were obtained by calculation of the ion pairs. In both cases, the interaction was mediated and
Coulombic and Lennard—Jones contributions to the po- stabilized by interaction with solvent, and both ions
tential energy between the ions and the atoms of eachdemonstrated a strong interaction with water. It is worth
water molecule in the system for every configuration. noting that this type of interaction would not be possible
Construction of a histogram of resultant energy values if an explicit solvent model were not usédThe first
allows the assignment of energies of interaction, or bind- peak in theg(r) between sodium and chloride ions inte-
ing energies. The values obtained for the OPLS ions in grated to 0.037, indicating that, on average, very few
the current simulation were 93 kJ/mol for sodium and  sodium—chloride contact ion pairs were observed, as
—48 kJ/mol for chloride as compared with pair energies expected. The height of the second peak in {3
of —101 and—55 kJ/mol, respectively, for the BHM indicates that solvent separated interactions between so-
ions in the previous DPDPE—-salt simulation. Because dium and chloride were preferred. Integration of the
the Coulombic charge on the ions is the same in both second peak provided a coordination number of 0.82,
parameter sets, differences are due to variationsaind suggesting the existence of a solvent separated sodium—
e values and distances between species. Both sodiumchloride ion pair in about 80% of the configurations
and chloride bound water more tightly in the BHM force  sampled. This is in stark contrast to the simulation with
field than in OPLS. Potential consequences will be con- BHM ions where no ion pairs, either contact or solvent
sidered in the last section. separated, were observed.

Radial distribution functions between the ions are . .
displayed in Figure 8 as well. The sodium—sodig(r) Conformational Properties of DPDPE
indicated a maximum corresponding to an effective in- The conformational behavior of DPDPE in sodium
teraction that was strongly mediated by solvent. This chloride solution was investigated through the time
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FIGURE 9 Selected dihedral angle time histories for the DPDPE in NaCl simulation:(dp)
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histories of the dihedral angles and through values of conformation. Theys dihedral attempted a transition
the distances associated with the pharmacophore.from its preferredyauche- conformation to thérans
Many similarities to the behavior of DPDPE in pure conformation at about 875 ps. Like the attempted
water were observed. The most flexible regions of the transition ofx3, the barrier to thérans well was not
peptide were, again, thgt and x5 dihedrals associ-  crossed and the conformation returned to the preferred
ated with the aromatic rings. The time histories for conformation. (Populations ofs and x4 were not
these angles are pictured in Figure 9. Healihedral, investigated due to the expected ease of sampling of
associated with the tyrosine residue, underwent four all energetic wells and the subsequent lack of popu-
transitions between thieansandgauche- well. (Be- lations in distinct states.)

cause the freely rotating aromatic side-chain dihedrals  The backbone of the peptide was relatively rigid,
exhibit a pattern of three maxima and minima, they which is consistent with the constrained nature of the
can be classified using the three well description of macrocycle. As observed in the simulation of DPDPE
dihedral wells typically associated with alkanes.) in water, even¢, (displayed in Figure 9) ands,
There appeared to be a definite preference for the associated with glycine, exhibited little movement
transwell, with ca. 73% of the configurations in this over the simulated period and fluctuated about an
conformation, compared with ca. 27% of the confor- average value. Glycine dihedrals have a low barrier to
mations in thegauche- well. This same preference rotation due to the lack of a carbon sidechain and have
was observed in the study of DPDPE in pure water. been classified as having one energetic well in accor-
The x4 dihedral also exhibited marked flexibility with  dance with Ramachandran plots for this resi-
three transitions between thieans and gauche- duel®’® "It is a bit surprising that more flexibility
wells. Most conformations of this angle occurred in was not observed. This is especially true, given the
thegauche- well, unlike they; dihedral, which dem-  flexibility of the dihedrals associated with the disul-

onstrated a preference for thieans conformation. fide bridge.

Both of these dihedrals made an attempt at another The macrocycle of DPDPE is formed through a
transition during the simulation. Thel dihedral at- disulfide linkage or bridge between the sulfur contain-
tempted a transition frorransto gauche- at about ing sidechains of the two [D]penicillamine residues.
425 ps. The energetic barrier to thauche- well was Molecular modeling, mechanics, dynamics, and NMR

never breached and the angle returned totthas have been used to study motion of this linkd§&he
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existence of the linkage between the sulfur atoms on sociated with dihedral values greater than zero for the

[D]penicillamine-2 and [D]penicillaime-5 limits the
conformational freedom along the,&Cg bond. The
dihedral angles associated with the disulfide bogd,
X3, and xZ, are therefore described as having energy
minima at*= 0°, or simply a positive and negative
state?® Time histories for dihedral angles associated
with this linkage are shown in Figures 9 and 10.
Transitions were observed between ttrans and
gauche- states for theys dihedral. Populations of
conformations in the states were quite similar. }&e
dihedral, also associated with the first [D]penicilla-

entire simulation except for a very brief excursion to
the negative well at 260 ps. This was such a brief
event that it contributed less than 0.1% to the total
conformations. Both of these transient events appear
to have occurred in concert with a conformational
change of theg dihedral. After sampling conforma-
tions in the negative state, this dihedral made a rapid
and definitive transition to the positive state at 260 ps.
Except for a very brief excursion back to the negative
state at 845 ps, the dihedral remained in a conforma-
tion in the positive well for the duration of the simu-

mine residue, experienced three transitions betweenlation*°

the positive and negative states. While conformations  The dihedral angles associated with the disulfide
in the states were shared nearly equally, the transition linkage exhibited dramatically enhanced flexibility
from the positive state to the negative state at about over that observed for the same dihedrals in the pure
835 ps appeared to be accompanied by a drop in thewater simulation. While this was likely due to the
potential energy of the solute (Figure 2), which would presence of sodium chloride in solution, the transition
indicate an energetic preference for this conformation. in the x> dihedral, which seemed to precipitate the
The xz dihedral remained in the energetic well asso- conformational changes along the disulfide bridge, is
ciated with dihedral angle values of less than zero for difficult to link to ion binding events in time. A
the entire simulation, except for a very brief transition sodium ion, bound to the carbonyl oxygen of phenyl-
at 260 ps. It appears that this angle broached the alanine, did leave this group at about 260 ps (Figure

barrier to rotation and made it into the positive well,
but was not stable there and quickly returned to the
original conformation.

Similarly, the 2 dihedral of the second [D]peni-
cillamine residue remained in the energetic well as-

5e). It is not possible to determine a single causative
event, however. It is possible that the sodium ion had
stabilized the initial conformation of the disulfide
bridge, and its departure led to sufficient destabiliza-
tion of that conformation, so that a conformational
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FIGURE 11 Pharmacophore distance probability distributions for the DPDPE in NaCl simulation.
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change was precipitated. This is not certain since, chloride solution. The distribution of distances be-
however, since this ion had left this same carbonyl at tween the N-terminus and tyrosine is very similar to
140 ps and no transition in the disulfide dihedral what was observed in the simulation of DPDPE in
angles was observed. On the other hand, the changegpure water. Probability distributions involving the
in the dihedrals may have instigated the departure of phenylalanine residue are also very similar to those
the ion. It is also possible that the effect of sodium observed in the pure water simulation, except that
chloride on the conformation of the peptide is due to their distributions are slightly wider, which reflects
a nonspecific effect that is not directly attributable to the improved flexibility of the peptide.
ion binding but to more general charge screening  The conformational behavior of DPDPE in this
effects. simulation has been compared to experimental struc-
Finally, distances between groups associated with tural data. As previously stated, DPDPE has been
the pharmacophore, or pharmacologically relevant studied by a variety of experimental techniques in-
portion, of DPDPE were investigated. This pharma- cluding x-ray crystallography and NMR. While the
cophore can be characterized by distances betweenfocus of our studies of DPDPE has been the elucida-
four groups: amino terminus to carboxylate terminus tion of processes underlying the Hofmeister series
or the end-to-end distance; N-terminus to the center of through an examination of the correlation between
the tyrosine ring, N-terminus to the center of the solventand cosolvent behavior with the peptide, com-
phenylalanine ring, and the distance between the cen-parison to experimental data provides a vehicle for
ters of the tyrosine and phenylalanine aromatic rings. ensuring that the computational models and methods
These four distances were calculated for all configu- used are rooted in natural phenomena and adds con-
rations of the peptide sampled during the simulation fidence to predictions arising from their use.
and were used to construct a probability distribution, Comparison has been made between the structure
shown in Figure 11. The slight shoulder in the distri- of DPDPE in the current molecular dynamics simu-
bution of distances between the N-terminus and the lation and the x-ray crystallographic structure of DP-
C-terminus is a reflection of changes in the confor- DPE* through the calculation of root mean square
mation of they] dihedral angle of the tyrosine residue. (rms) displacements for the Gitoms of the peptide
The smaller peak corresponds to ca. 27% of the con- backbone. These values represent the similarity (or
formations in whichy} was in thegauche- confor- difference) between the arrangement Qf &oms of
mation. The overall width of the distribution is a the peptide in the molecular dynamics simulation, as
reflection of the wider range of distances expected, compared with the arrangement of, @oms in the
given the enhanced flexibility of the peptide in sodium experimental x-ray crystallographic structure. Identi-
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cal arrangements of Catoms would result from iden-  lation, all chloride ions bound to the peptide. It should
tical backbone conformations and would produce a be noted, however, that the entire trajectory in the
rms value of 0 A. Deviation between the structures previous simulation was only 200 ps long. Some of
compared increases as the value of rms increasesthe chloride ion binding events observed in the current
Values of rms fluctuate over a simulated period as the simulation were nearly that long, or longer; however,
conformation of the peptide changes. Our comparison the equilibrium constant in the present simulation for
focused on the Cbackbone due to the conformational chloride binding to the amino terminus is greatly
freedom of the aromatic sidechains. reduced using the OPLS parameters. Clearly, the dif-
Five representative structures from the simulation ferences in values of ande in the two force fields
trajectory were chosen for comparison to the x-ray changed the binding, regardless of the length of the
structure, corresponding to conformers of the peptide trajectory. Differences were also observed in the in-
at 0.20, 0.40, 0.60, 0.80, and 1.00 ns. Values obtainedteraction of sodium ions with DPDPE. While substan-

were, respectively, 0.96, 0.78, 0.61, 0.92, and 0.84 A.
These values indicate good agreement with (or little
deviation from) the ¢ arrangement observed in the
crystal structure. The largest value of 0.96 A is within
the resolution of the crystal structure its&fFluctu-
ations in the value of the rms displacement occurred
in conjunction with conformational changes in the
backbone over the simulated period. Notice that the

tial binding of sodium ions occurred in the current
simulation, no sodium ions were observed to interact
with the peptide when BHM sodium parameters were
used. In fact, the average distance between sodium
ions and the peptide increased in that simulation, and
the ions were observed to move away from DPDPE to
form an outer sphere complex.
Variation in the interactions of the ions from the

value did not progressively increase (or decrease) two force fields with DPDPE was also reflected in the

during the simulation, which would correspond to a
gradual departure from (or convergence to) a confor-
mation similar to the x-ray structure. Instead, the rms
values fluctuated about a small value, which is con-

solvation properties of the ions. There was a greater
difference in the radial distribution functions and pair

energies of the two sodium models, and there was a
greater difference in the behavior of the sodium ions

sistent with a system sampling conformational space in the two force fields with DPDPE. Pair energy

under conditions of equilibrium. It is worth noting

that the G backbone arrangement in the current sim-
ulation is in better agreement with the crystal structure
than that observed in the previous simulation of DP-
DPE in aqueous sodium chloride solution. This lends

distributions helped elucidate these observations.
These distributions indicated that both sodium and
chloride ions bound water less tightly in the OPLS
force field than in the BHM. This may explain the
difference in binding with the peptide. In order for an

confidence to the use of OPLS parameters when ionsion to engage in a contact interaction with the peptide,

are included in simulation studies of peptides in aque-
ous solution.

CONCLUSIONS

A molecular dynamics simulation of DPDPE in aque-
ous solution of OPLS sodium chloride has been per-
formed. Extensive binding of both sodium ions and
chloride ions to the terminal groups and backbone of
the peptide was observed. Variation in the duration of
binding events existed, ranging from 2 to 1285 ps.
Chloride ions appeared to be more likely to be ex-
changed after binding than did sodium ions. Several

it must lose at least one of its waters of solvation. Due
to their higher binding energy, BHM sodium ions
were less likely to undergo desolvation and therefore
less likely to interact directly with DPDPE. This may
also explain, at least in part, the absence of any
contact or even solvent separated sodium-chloride ion
pairs in the previous simulation. One of the ions must
lose a water molecule from its solvation shell to
participate in a solvent separated ion pair, and both
ions must undergo desolvation to engage in a contact
pair.
The xi and xj dihedrals were the most flexible

regions of the peptide, which is consistent with the
constraining effect exerted by the macrocycle. The

instances of repeated ion binding occurred, with the dihedrals associated with the disulfide bridge exhib-
same ion binding repeatedly to the same group on theited increased flexibility over that observed for DP-
peptide or to neighboring groups. In some cases, an DPE in pure water. While this conformational flexi-
ion was shared, thus binding simultaneously to adja- bility is likely due to the effect of the salt, the precise
cent groups on the peptide. This behavior is substan- nature of that effect is not clear. The data suggest that
tially different from the binding interactions observed binding events and conformational changes are cor-
when DPDPE was simulated in an aqueous solution of related in time, but whether the release of a bound ion
Born—Huggins—Mayer sodium chloride. In that simu- precipitated the conformational change or the confor-



mational change precipitated the departure of a bound 6.
ion from the peptide is not clear. It is also possible
that ion binding may exert a nonspecific effect on the 7
conformational preferences and stability of the pep-
tide. Yet again, the effect may be direct but delayed in
time. Pharmacologically, the aromatic groups on DP-
DPE are associated with the pharmacophore and are
believed to be central to its affinity for th&opioid
receptor. The conformation of the rings in the bound
form is thought to be determined by the structure of
the receptor itseff®%3°From the point of view of
drug design, a structure with less flexibility is desired

8.
9.

because a reduced entropy cost upon binding of the 13

ligand to the receptor should enhance binding affinity.
This suggests that restraining thg dihedral, and
especially they; dihedral, may be a potential target

for design of peptide opiate agonists, presuming the 15.
dihedral is constrained in a pharmacologically active 16.

conformation?®: 7880

This simulation was primarily undertaken to fur-
ther the characterization of the solvent environment

around a peptide, such as DPDPE, in the presence ofl8-

a salt, such as sodium chloride. Observations will
contribute to the elucidation of the Hofmeister series.
In order for those contributions to be useful, observa-
tions must be carefully acquired and cautiously inter-
preted. To this end, it is important to have longer
simulations, with more configurations and subse-
quently improved statistics. This, in turn, allows for
further characterization of the solvent environment ,,
around the peptide and how that environment changes

when ions are introduced, which is necessary if these o3
effect are to be investigated. Care must be exercisedog.

when choosing parameters for ions. As demonstrated

here, sensitivity to ion parameters used does seem t025.
exist. Parameters and model potentials are constantly26.

being developed and improved and one can hope that

accuracy of results obtained in molecular dynamics 27.

simulations will continue to improve accordingly.

28.

29.
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