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In this work we are trying to gain insight into the mechanisms of ion—protein interactions in
aqueous media at the molecular scale through fully atomistic molecular dynamics simulations. We
present a systematic molecular simulation study of interactions of sodium and halide ions with a
trialanine peptide in aqueous sodium halide solutions with different salts concentrations (0.20,
0.50, 1.0 and 2.0 M). Each simulation covers more than fifty nanoseconds to ensure the

convergence of the results and to enable a proper determination of the tripeptide—ion interactions
through the potentials of mean force. Changes in ion densities in the vicinity of different peptide
groups are analysed and implications for the tripeptide conformations are discussed.

1. Introduction

Most biomolecules, whether in vivo or in vitro, function in
crowded aqueous environments that contain a significant
amount of dissolved salts. It has long been known that salts
can significantly affect structural and thermodynamic proper-
ties of macromolecules.' Although salt effects on biomole-
cules have been well studied both theoretically*® and
experimentally,”!” the question “What are the effects of
different ions and their concentrations on a macromolecular
solute?” has not been completely answered yet.

Following ref. 1, 2 and 10, we note that the addition of salts
has at least three major effects that may affect the macro-
molecular conformation:

1. Debye—Hiickel screening effect on the electrostatic inter-
actions between protein charged groups. The magnitude of this
effect is determined only by the ionic strength of the solution.

2. Electroselectivity—specific interaction with charges by
ion-pair formation (or ion binding). If this effect is dominant,
the effects of different ions on the conformational properties of
polypeptides/proteins should follow the electroselectivity series
of the salts towards anion (cation)-exchange resins.'°

3. Hofmeister effect—salts can distort water structure which
consequently changes the hydrophobic interactions of proteins
and biomolecules. The importance of this factor can be deter-
mined by comparing the effect of different ions with the
Hofmeister series.'®!® The Hofmeister series is different from
the electroselectivity series. For halide anions the electroselec-
tivity series has almost the inverse order to the Hofmeister series.

One of the most popular semiempirical theories, which
attempts to generalise all these phenomena is Timasheff’s
theory of preferential interactions.”® This theory proposes
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different mechanisms of protein—ion interactions. Some ions
are preferentially excluded from the protein-water interface,
increasing the surface tension of water on the interface which
leads to protein precipitation and the stabilising of more compact
folded states of the protein. There is also another competitive
process: direct ion binding to polar side chain residues and
backbone groups can change the structure of hydration shells
around the polar groups that might lead to denaturation of the
proteins. But at the same time, the bound ions can stabilise the
macromolecule conformation through the salt bridges.' There-
fore, ions can have a double effect on the macromolecule
conformation: firstly, they can influence the macromolecule
conformation in an implicit way through the changes in the
water activity (amount of water available for hydration of
macromolecules®') and, secondly, they can explicitly affect the
macromolecule conformation through the direct binding.

In this article we investigate the competition between these
two opposite mechanisms of ion—protein interactions by
molecular simulations at the atomic resolution scale. We
performed long range molecular dynamics (MD) simulations
of the alanine tripeptide (AA3) in ionic solutions with a fully
atomistic protein force-field and an explicit water model. We
have chosen this tripeptide as a model system because it is one
of the simplest examples of a biomolecule which contains the
essential features of proteins. To investigate the specific effects
of the halide anion series we simulated aqueous solutions of
sodium salts of fluorine, chlorine, bromine and iodine with
different molar concentrations: 0.20, 0.50, 1.00 and 2.00 M.

We investigated relative concentrations of ions in the vici-
nity of different peptide groups and compared them with bulk
values for these ions. The calculated variations of ion density
were related to changes in the peptide conformation. We also
analyzed the interactions of ions with water and different
peptide groups via the potentials of mean force (PMF). In
the spirit of Samoilov’s conception on ‘positive’ and ‘negative’
jon hydration?*?* we characterise the activated jumps of ions
and water from an immediate vicinity of the peptide groups by
an activation energy which we calculated from the correspond-
ing PMFs.
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2. Materials and methods

A. Procedure for MD simulations

We used the Gromacs MD software package.’**® For our
simulations we employed the OPLSAA-2001 fully atomistic
force field.?® In all simulations we placed the tripeptide in a
periodic dodecahedron box of TIP5P-EW water.?” Electro-
static interactions were treated with use of the particle mesh
Ewald (PME) summation technique. The TIPSP-EW water is
a slightly modified version of TIP5P water®® which is opti-
mised for PME. For simulations of bulk water solution we
used 1201 water molecules in the box with the corresponding
peptide concentration of 0.05 mol 1-'. For simulations of ionic
solutions of AA3 we randomly substituted some of the water
molecules by the corresponding ions to provide a finite con-
centration of ions. We used the following concentration range:
0.20; 0.50; 1.00 and 2.00 mol 1”'. In Table 1 we give the
numbers of ions in the water box for each concentration. We
took the ion parameters from the OPLSAA-2001 standard set
of ion parameters.?®

We generated our in silico model of the tripeptide using the
Molden software.? The initial conformation of the tripeptide
corresponded to a segment of an ideal alpha-helix with central
(@, ) dihedral angles equal to (—57°, —47°). We assumed that
all the solutions have neutral pH (pH = 7.0) where this tripeptide
is a zwitterion. Therefore, in our model we used the protonated
form of the tripeptide amino terminus (NHY) and the deproto-
nated form of the tripeptide carboxyl terminus (COO™).

The choice of this particular combination of the OPLSAA-
2001 force-field and the five-sites TIPSP-EW water model was
from previous work® and our preliminary simulation study®'
of the tripeptide conformations in different brine solutions
where it was shown that such a combination predicts con-
formational properties of the trialanine close to experimental
results.*>>* In addition, a comparative study of different
biomolecular force-fields shows> that the OPLSAA force-field
performs considerably better with more detailed water models
than the commonly used SPC model.

The first step in the computational procedure was the
minimisation of the potential energy of each system by using
a version of the steepest descent algorithm.>*> Then, for each
system, we performed a single nanosecond equilibration run
with NVT conditions and constrained positions of the tripep-
tide atoms to equilibrate solvent molecules in the box. This
was followed by a 27 ns equilibration run for the system with
NPT ensemble where the pressure and the temperature were
maintained at 1 atm and 300 K by coupling the system to
a heat bath viz the Berendsen thermostat.*® Such long

Table 1 Number of ions and water molecules in the box for different
salt concentrations

Concentration/M Ncuti()ns Nani()ns Nw’dter
Bulk 0 0 1201
0.20 4 4 1193
0.50 11 11 1179
1.00 21 21 1159
2.00 42 42 1117

preliminary simulations provided a good equilibration of the
system. After this we performed an additional 27 ns produc-
tion run. We collected the data each 0.2 ps. For integration of
Newton’s equations of motion we used the velocity Verlet
algorithm with a timestep of 2 fs.

For preprocessing and analysis of the MD data we mainly
used the GROMACS analysis tool.>**> We used this collec-
tion of different programs and subroutines for calculating the
solvent accessible area, dihedral angles, efc. We calculated the
peptide solvent accessible area by the g_sas program from the
GROMACS analysis tool, using a solvation probe of radius
1.4 A. For further preprocessing of the results we used the
OCTAVE software.’” All pictures in this work were created
using the GNUPLOT 4.0 software.*®

B. Convergence of sampling

To check how robust our results are, we investigated the
problem of how efficiently ions sample the simulation box
during the available simulation time. Fig. 1 presents the part
of the available volume (volume of the box without the
excluded volume of the tripeptide) visited by the total number
of chlorine ions as a function of simulation time. The data are
shown for different concentrations of ions. It can be seen that
the time needed to sample the whole volume of the simulation
box decreases with increasing concentration. For low concen-
trations (0.50 and 0.20 M) the simulation time for 95%
sampling of the available volume is quite large: ~7 and
~12 ns, respectively. This time decreases with increasing
concentration but it is always of the order of nanoseconds. For
other solutions we obtained very similar dependencies of the
sampling time on the concentration (data not shown). Therefore,
it is clear that in order to obtain converged results for salt solutions
at concentrations close to physiological values (0.10-0.30 M)
simulation times much greater than ~10 ns are needed.

3. Results and discussion
A. Conformation changes

For investigations of conformational changes of the tripeptide
with regard to the concentration and type of anions, we use the
same approach as we used in ref. 31. For all the systems we
calculated the density of conformational states projected on
the plane of Ramachandran angles (@, ¥) of the central AA3
residual. In the case of bulk water solution, the most favoured
conformation is the Poly-Proline II (PPII) conformation (¢ =~
—80°, ¥ ~ 140°) (see ref. 31 and ESIt). There are additional,
secondary maxima on this map which correspond to the beta-
sheet and alpha-helix conformation, respectively. Such distri-
bution is in a good correspondence with experimental
results’>>* and previous simulation study of the trialanine
conformations in water.*®

The turn and helical conformations have a smaller solvent
accessible surface (SAS) than the beta-sheets and PPII con-
formations.">3' The result is a general consequence of the
polypeptide geometry—the turn and helical conformations are
more compact, and, therefore, have smaller SAS compared to
‘extended’ conformations.
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Fig. 1 The sampled fraction V of the available volume V,, (volume of the box without the excluded volume of the tripeptide) visited by any of the
CI ions as a function of simulation time. The data are shown for different concentrations of ions: solid line — 0.20 M, dashed line — 0.50 M, dotted
line —1.00 M and dash dotted line corresponds to 2.00 M concentration. This figure demonstrated that equilibration times ~ 1-10 ns are required

for C1™ to visit every part of the simulation box.

This distribution of SAS with regard to the dihedral
angles gives us a method to make a crude classification of
the tripeptide conformations. Thus, to generalise the
data we calculated the ratios (in percents) of ‘folded’ and
‘extended’ conformations for all investigated systems
which are given in Table 2. We determine these ratios in
the following way: any conformation of AA3 with (&, ¥)
belonging to the region ([—110°: —20°], [—70°: +50°]) we
label as a ‘compact’ conformation. All other conformations
we label as ‘extended’. Of course, such separation of
the density space is somewhat arbitrary but it helps to reveal
the most important trends in the conformational changes of
the tripeptide.

As may be seen from this table, the number of compact
conformations with type and concentration of
ions. Fluorine seems to be the best stabiliser of the compact
conformation up to the solubility limit of NaF (~1.0 M).
Other salts behave differently, but the general trend corre-
sponds to the electroselectivity hypothesis rather than

varies

Table 2 % of compact (‘folded’) conformations of the tripeptide for
different salt concentratioin. For comparison, we also give this number
for bulk water solution (0.0 M salt concentration)

Salt 0.0 M 020 M 0.50 M 1.00 M 2.00
NaF 12.2 21.9 52.6 33.8 15.3¢
NacCl 12.2 17.1 14.5 9.0 9.0
NaBr 12.2 19.5 16.1 21.2 14.8
Nal 12.2 22.5 15.2 20.2 10.9

“ —the 2.0 M concentration is above maximum solubility of NaF salt.

the Hofmeister series. On average, the chaotropic anions
(Br™ and I7) seem to be better stabilisers than the chloride
anion which possesses almost neutral kosmo-/chaotropic
properties.

B. Local densities

To gain insight into the tripeptide—ion interactions at the
atomistic level we performed the following calculations: for
each MD time-frame we calculated the number of ions Ny,
and water molecules Ny.r in the first and second solvation
shell of the whole tripeptide and its functional groups, respec-
tively: terminal basic amino group NHJ; terminal acidic
carboxyl COO™ group; all backbone groups and all side chain
groups. As the water density profiles around polar and non-
polar groups are substantially different,'® we used different
geometrical limits for the first solvation shell: Rrﬁ,ff]‘ar =35A
for the polar groups (NH3, COO~ and backbone groups) and
Rﬁff,ﬁpolar =4.0 A for the nonpolar side chain groups. For the
first solvation shell of the whole tripeptide we used geometrical
limit RI%Y = 3.5 A. Correspondingly, we used different
geometrical limits for the second hydration shell as:
R = Rysiand = 5.5 A and Rysenstar = 6.5 A.

After obtaining the numbers of ion and water molecules in
the first and second solvation shells we calculated the relative
ratios of ‘local’ ion concentrations in these shells with regard
to the corresponding bulk concentrations. We determine these
parameters n° as:

N3 Nbulk

s ions water ( 1 )

n= NS Nbulk ’

water ions
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where the Vi, and Nyaer are the average number of ions and
water molecules in the shell s; NP9 and N%UK  are the
corresponding values for the whole simulation box (see Table
1). As the fluoride anions have a very strong affinity to the
peptide, and this is an order of magnitude higher than the
affinities of the other halide ions, we show the fluoride results
on separate plots in the ESI.¥ The results for the relative
concentrations of the other halide ions in the solvation shells
around the whole tripeptide are shown in Fig. 2. The results
for relative concentrations of ions for solvation shells around
the NH7 cationic group are shown in Fig. 3. The results for
relative concentrations of ions for solvation shells around the
COO™ group are shown in Fig. 4. The results for relative
concentrations (average values) of ions for solvation shells
around the polar backbone groups are shown in Fig. 5. The
results for relative concentrations (average values) of ions for
solvation shells around the hydrophobic side groups are
shown in Fig. 6. The data are shown for all concentrations
studied (0.20, 0.50. 1.0 and 2.0 M).

As one may see from these pictures, the ‘local’ densities of
ions have very peculiar behaviour which sometimes seems to
be opposite to common sense. For solutions of the small ions
we have a strange picture: the ions seem to be attracted to
peptide groups of the like charge. The effect of the like charges
attraction in polar liquids is described in the literature.*®#* It
happens in aqueous solutions because of the reorientation of
water dipoles in the presence of electric field.**** This could
serve as an explanation for the failing of conventional

Cations, First Shell

continuum models in describing ion—protein interactions. In
addition, for the case of sodium iodide solution, we can see
that the ‘local’ density of iodide in the first solvation shell of
the cationic terminal amino group NHY is significantly less
than the density of iodide ions in the first solvation shell of the
nonpolar side groups (compare Fig. 3 and Fig. 6). We suggest
that this is due to the entropy gain from replacing some of the
‘frozen” water molecules near the hydrophobic groups by the
large iodide. Presumably, this increase of entropy (the released
water molecules have more freedom) compensates for some
increase in electrostatic potential energy. This conclusion is in
line with the results of recent studies of hydrophobic objects in
aqueous salt solutions**#” where it was found that decreasing
the charge density of anions (by increasing their size) leads to
their increasing propensity to interact favourably with hydro-
phobic solutes.

Similar effects can happen with hydration of backbone
groups: ‘local’ densities of anions (except fluoride) are higher
around the hydrophobic side groups than around the polar
backbone groups. Moreover, for most of the cases, the ‘local’
densities of ions near the backbone groups are less than in the
bulk solution (n', n* < 1). This is a consequence of geome-
trical constraints (the backbone groups are generally less
exposed to the solvent than the side chains) and strong
dipole—dipole interactions of water molecules with the back-
bone groups.

In addition, it appears that electrostatic interactions are
dominant in the case of smaller ions—sodium, fluoride and,

Cations, Second Shell
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Fig. 2 Relative ‘local’ density of sodium cations (top) and halide anions (bottom) in the first (left) and second solvation shell of the whole
tripeptide plotted against the concentration of ions. The concentrations are 0.20, 0.50, 1.00, and 2.00 M. Different lines correspond to different
anions: dashed line ((J) — CI7; dotted line (&) — Br~; dash-dotted line (@) — I".
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Fig. 3 Relative ‘local’ density of sodium cations (top) and halide anions (bottom) in the first (left) and second solvation shell of the tripeptide
amino terminus (NH3) plotted against the concentration of ions. The concentrations are 0.20, 0.50, 1.00 and 2.00 M. Different lines correspond to
different anions: dashed line (0) — Cl7; dotted line (&) — Br™; dash-dotted line (@) — ™.

sometimes, chloride. In the case of fluoride we have very
strong binding of this ion with cationic sites, which leads to
a dramatic increase of the ‘local’ density of these anions in the

Cations, First Shell

close vicinity of the tripeptide. Reorientation of water dipoles
by this shell of fluorides leads to an increase of the ‘local’

sodium concentration as well.
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Fig. 4 Relative ‘local’ density of sodium cations (top) and halide anions (bottom) in the first (left) and second solvation shell of the tripeptide
carboxyl terminus group (COO™) plotted against the concentration of ions. The concentrations are 0.20, 0.50, 1.00 and 2.00 M. Different lines
correspond to different anions: dashed line ((J) — Cl™; dotted line (&) — Br~; dash-dotted line (@) — ™.
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Fig. 5 Relative ‘local’ density of sodium cations (top) and halide anions (bottom) in the first (left) and second solvation shell of the tripeptide
backbone groups plotted against the concentration of ions. The concentrations are 0.20, 0.50, 1.00 and 2.00 M. Different lines correspond to
different anions: dashed line ((J) — CI; dotted line (&) — Br™; dash-dotted line (@) — 1.

C. Potentials of mean force for different co-solutes

To reveal more details of the tripeptide—ion interactions we
calculated the potentials of mean force (PMF) between the
tripeptide and the co-solutes (water, anions and cations).

Cations, First Shell

We determine the site-site PMFs F(r) by the classical formula:®
Fyj(r) = —(kT) log(g;(r)) 2

where the gi(r) is the density correlation function (DCF)

for sites i and j, kg is the Boltzmann constant and 7 is the
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Fig. 6 Relative ‘local’ density of sodium cations (top) and halide anions (bottom) in the first (left) and second solvation shell of the tripeptide side
groups plotted against the concentration of ions. The concentrations are 0.20, 0.50, 1.00 and 2.00 M. Different lines correspond to different anions:
dashed line ((J) — Cl; dotted line () — Br; dash-dotted line (@) — 1.
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temperature. We use here the one-dimensional approxi-
mation of DCFs which gives us a probability of finding the site
i at a distance r from the site j. This gives us an approximate
picture of ion and water distributions around the tripeptide
assuming that the shapes of the tripeptide groups are at least
quasispherical.

The PMF can be considered as a solvent averaged
potential surface along the reaction coordinate of an
exchange reaction. Following Samoilov’s concept of ion
hydration®*? we characterise the activated jumps of a
co-solvent i from an immediate vicinity of another co-solvent
Jj by an activation energy E; which can be calculated from the
corresponding PMF Fi(r) as:

Eif = Ff]'(rll*nax) - Fl']'(rrlnin)7 (3)
where the )., and rl;, are the positions of the first maximum
and minimum of the PMF. In all our calculations we calculate
the PMF values with respect to the large r limit (zero as
plotted). In such a model, the transition of a water molecule
from the first to the second minimum of F(r) is considered as
an activated barrier crossing process.

Samoilov measured ion(I)-water(W) activation energies
Eyw for different ions and compared them with the self-
activation energy Eww of water molecules associated with
water—water interactions by calculating the difference, AEw =
Erw — Eww- He introduced terms ‘negative hydration’ corre-
sponding to the case AEw < 0 and ‘positive hydration’ for
AEyw > 0. Negative hydration is commonly associated with a
local disruption of water structure in the vicinity of a hydrated
ion. Positive hydration is associated with more structured
water in the vicinity of a hydrated ion.?>?>* This is why the
negatively hydrated ions are usually called ‘chaotropes’, and
the positively hydrated ions—kosmotropes’. A good estimate
of Eww is the activation energy of the hydrogen bonding site
pair (water oxygen—water hydrogen), Eoy,” which we will use
in this paper.

We note that in his original paper, Samoilov measured
the activation energies for individual ions from experimental
data of self-diffusion of water and of the temperature
coeflicients of the ion mobilities in solution. Indeed, transition
state theory’ tells us that the activation energy AEw

and the average residence time of water molecules
in the vicinity of an ion 11w are related via the rather simple
formula:
kBT AEIW
=——ex : 4
=12 p( o )

Therefore, one may conclude that the PMFs contain not
only the static/structural information about water
structure around the interaction sites but they also provide
us with important information about the dynamics of
water molecules in the vicinity of the hydrated groups
(ions). In our opinion this makes them very useful for
investigations of the co-solute—water interactions and macro-
molecule hydration. However, one should use the approxima-
tion (4) with care because it does not take into account
the solvent reorganisation dynamics.*** More complex
multidimensional transition path sampling theory>® gives better

4
r/A
Fig. 7 PMFs between different tripeptide groups and water sites in
bulk water solution are shown in the upper diagram. PMFs between
ions and water sites in 1.0 M solution are shown in the lower diagram.
The different lines are indicated on the corresponding legends. We
characterize here the solute-water interactions of a cationic solute
(NH7 and Na™) by the solute-water oxygen PMFs. For BB, and SG,
groups we used the solute—water oxygen PMFs as well. For anionic
solutes (COO™ and all investigated anions) we used the solute-water
hydrogen PMFs.

4 COO —Hyy —
CIT=Hy ~
I"=Hy —
Ow-Hy -
3| | NH3*-0y,
il |
=
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=
o
1 L
0 L,
_1 4
1 2 3 4 5 6 7

Fig. 8 PMFs corresponding to the water—water (oxygen—hydrogen
PMF), chloride-water and peptide—water interactions for the charged
sites of the trialanine polypeptide (NH3 and COO").
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Fig. 9 NHZ -ion PMFs. The different lines correspond to different ions as indicated on the corresponding legends. Different subplots correspond

to different concentrations.

results, but we provide here the elementary formula (4) for the
sake of simplicity.

In the following Fig. 7-12 we present the PMFs
between water, ions and several tripeptide groups, namely:
carboxyl terminus (COO~), amino terminus (NHZ), first
backbone group (BB;) and second side chain group (SG,).
As the DCFs between the whole peptide and its co-solvents
are oversmoothed by the orientational averaging we
do not present here the PMFs for the whole peptide.
The first, second and subsequent minima of the PMFs
correspond to the maximum density of water sites in the
corresponding water shells as a consequence of the PMF
definition.

1. Peptide—water and ion—water interactions. In this section
we present the peptide—water PMFs for bulk water solution
and ion—-water PMFs for 1.0 M solution. We characterise the
solute—water interactions of a cationic solute (NH{ and Na™)
by the solute-water oxygen PMFs. For BB, and SG, groups
we used the solute—water oxygen PMFs as well. For anionic

solutes (COO™ and all investigated anions) we used the
solute—water hydrogen PMFs as the more relevant ones.

The PMFs for the tripeptide groups are shown in
the top part of Fig. 7. The ion—water PMFs are shown
at the bottom of this figure. For comparison, we plotted
the water oxygen—hydrogen PMF together with selected
ion—water and peptide-water PMFs in a separate figure,
Fig. 8.

The activation energy Eoy obtained for bulk TIPSP-EW
water is 1.8 kgT (see Fig. 8). One can see from the PMFs
presented in Fig. 7 that NH3 (Exp,0 = 3.9 kg7), Na™ (Enao =
5.1 kgT) and F~ (Epy = 3.4 kgT) are positively hydrated;
COO~ (E(COO)H =12 kBT) and 1™ (EIH =12 kBT)
are negatively hydrated; CI™ (Eciy = 1.8 kgT) and Br™ (Epu
= 1.7 kgT) have an activation energy not very different from
that of bulk water. The obtained values of activation energies
for sodium and halide ions and the character of their
hydration (positive or negative) are in good correspondence
with other theoretical and experimental investigations of
monoatomic ion hydration.>*>23%% The results for NHY
and COO™ groups are also in line with recent computational
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Fig. 10 The same data as Fig. 9 for the carboxyl terminus (COO™) of the tripeptide.

and experimental studies on hydration of different charged
biomolecule groups.®'>*

The PMF of the hydrophobic group SG, does not have
any pronounced extrema because of the effective depletion of
water density around hydrophobic solutes. The results for
the BBy group are somewhat peculiar: on one hand, the
PMF value corresponding to the first minimum is positive,
F(rmin) =~ 0.7 kgT which means that water molecules
prefer to stay away from this group (one can see from
Fig. 7 that the form of BB; PMF is very similar to the PMF
of the hydrophobic SG, group for r > 2.5 A). On the
other hand, the activation energy for this group is twice
the value calculated for Egy (Egs,0 = 3.7 kgT), which is
evidence of positive hydration. Such behaviour is a conse-
quence of the large dipole moment of the BB, group and
the geometrical constraints. So, there is an effective depletion
of water density around this group because it has a relatively
small solvent accessible surface, but the water molecules
which approach the BB; close enough can be ‘trapped’ by
the short-range dipole—dipole interactions with the BB, dipole.
These results are in good agreement with recent theoretical
and experimental studies on peptide hydration®>>® where it
was shown that the water molecules interact much more

strongly with the backbone groups than with the non-polar
side-chain groups.

2. NHj-ion interactions. We present NHi-ion PMFs in
Fig. 9. One can see from this figure that only CI~ PMFs have
slightly negative values (0.0 kg7) at the position of the
first minimum. This means that for bigger anions the direct
binding is less favourable than shell-shell contacts (see
the secondary minima corresponding to the intersolute
distance ~ 5-6 A). This is especially true for the I™ ions for
which F(rni,) obtains quite high positive values (22 kgT).
This is a consequence of the strong hydration of the NHY
group (see above). There is a high energetic barrier for moving
water molecules away from this group. Therefore, in spite of
the attractive electrostatic interactions, big anions prefer to
interact with this group by the shell-shell interactions (which
correspond to the second minima on the plots) rather than by
direct binding.

Because of the strong reorientation of water molecules
around NHY, there is a weak attraction between the NH7
water shell and Na* ions which manifests itself in the slight
minima in the Na‘*-water PMFs around an intersolute
distance of r ~ 3.5 A.
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3. COO -ion interactions. The COO~ ion PMFs are
shown in Fig. 10. Unlike the NH3 group, the carboxylate
terminus is relatively weakly hydrated (see Fig. 8) and the Na™
cations easily move water molecules away—this group is
surrounded by a cloud of sodium ions which are in direct
contact with it. This cloud of positive charges slightly screens
the repulsive COO™ -anion interactions. As a consequence,
some of the COO™-anion PMFs have noticeable minima
around 4-5 A. As the Na™ are strongly hydrated, shell-shell
and shell-group interactions also take place, as can be seen
from the number of secondary minima on the corresponding
PMFs. However, the COO —sodium interactions via
intermediate water are less favourable than the direct
COO™—sodium contacts as can be seen from the large negative
difference (~1-2 kgT) between the depths of the first and
secondary minima in the COO™—Na " PMFs.

4. BByj-ion interactions. The shapes of BB;-ion
PMFs presented in Fig. 11 are similar to those obtained for
bulk water solution. There are more or less deep minima
corresponding to the direct BBj-ion contacts but with
positive values of PMF(ry;,). The activation energies of

r/A

Fig. 11 The same data as in Fig. 9 for the first backbone group (BB;) of the tripeptide.

removing ions from this group are different for different
solutions. Thus, the activation energies for C1™ and Br™ anions
are in the range ~2-3 kgT which is higher than FEoy.
The activation energies of sodium cation vary in the
range ~ 1.5-2.5 kgT which is close to the Eqy value 1.8 kgT.
The activation energies for I~ are in the range ~1.1-1.7 kgT
which is slightly less than Eoy. At the same time, all these
values are significantly less than the activation energy of
removing water molecules from the BB; group (see above).
Because of this, the values of F(ry;,) are higher
than 2 kgT for most of the ions except for the Br™ in 0.5
and 1.0 M solutions.

5. SGj-ion interactions. In Fig. 12 we present the PMFs
corresponding to SG»-ion interactions. All ions are repelled
from this group because the ion—water interactions are stron-
ger than the SGy-ion interactions. For high concentrations
(= 0.5 M) and short intersolute distances (r ~ 3-5 A) this
repulsion is smaller for anions than for cations, presumably
because of the lower entropic gain from removing anions
which are of bigger size than Na™ (see ref. 57 and 58 for an
explanation of this phenomenon).
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Fig. 12 The same data as Fig. 9 for the second side group (SG,) of the tripeptide.

4. Conclusion

In this article, we have presented the results from MD
simulations of the alanine tripeptide in different electrolyte
solutions. Analysis of the results leads to the following
conclusions:

1. Generally, the ions prefer contacts with peptide via
intermediate water shell—the ion concentrations in the second
solvation shell are significantly higher than in the first shell.
The only exception is the case of the strong electrostatic
attraction like the sodium—carboxyl group contacts or fluoride—
amino group contacts. But for the larger ions the ion—
water—peptide contacts are preferred to ion—peptide contacts.

2. In cases of comparatively small ionic radius (sodium
cations, fluorine and chlorine anions), the ions tend to be
attracted to highly charged groups (NH7 and COO™ groups in
our example). In the case of the bigger anions, both anions and
cations tend to be closer to the hydrophobic peptide groups.
This fact corresponds to the idea of ‘quasi-hydrophobic’
behaviour of the large halides.>

3. The chaotropes (bromide and iodide ions) tend to be close
to the hydrophobic groups but the kosmotropes (fluoride and
sodium ions) tend to be close to the hydrophilic groups. The
chloride ions are almost ‘neutral’ in this sense, and they behave

differently depending on the concentration. Taking into
account different geometrical limits, this leads to a nonlinear
effect of the anions on the tripeptide conformation which
decreases with salt concentration.

4. The positively charged N-terminus is hydrated more
strongly than the negatively charged C-terminus. This leads
to quite different pictures of counterion interactions with these
groups. There is a high energetic cost for moving water
molecules away from the NH3 group, and as a consequence,
more weakly hydrated anions prefer to interact with that
group via an intermediate water shell rather than by the direct
contacts. This is especially true for the most chaotropic ion in
our study, I, which has a large positive difference (=2 kgT)
between the depths of the first and secondary NHf —1~ PMF
minima. In contrast, the direct contact interactions between
the negatively hydrated COO™ group and positively hydrated
sodium cations are more favourable than the sodium—-COO™
contacts via intermediate water.

The hypotheses of preferential ion exclusion from the
protein—water interface®® has to be revisited by forthcoming
combined theoretical and computational studies. As one may
see from these current results and from the experimental
data'®'? the net effect of salts on polypeptides depends on
the polypeptide primary structure and the particular
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conditions of ionic solution (concentration, sort of ions, etc.).
In principle, all the above described effects (Debye—Hiickel
screening, electroselectivity and Hofmeister effects) are impor-
tant and we can neglect none of them a priori.

We have shown in this article that classical molecular
dynamics with a non-polarisable force-field is able to qualita-
tively reproduce most of the important effects of macromole-
cule hydration in electrolyte solutions. Nevertheless, to
improve the predictive power of the molecular simulations,
one has to use more advanced methods of quantum chemistry
to take into account such important effects as the influence of
ions on the proton exchange via peptide groups and water
molecules and the polarisation of big ions and water
molecules. As these methods are computationally too expen-
sive to model macromolecules in bulk electrolyte solutions, a
reasonable compromise could be the hybrid QM/MM meth-
ods where different subsystems are treated simultaneously on a
different level of approximation.

We believe that the forthcoming study of bigger polypeptide
complexes with large-scale molecular dynamics and QM/MM
simulations will shed further light on this intriguing problem.
We also think that these results could provoke new experi-
mental studies in this area.
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