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Protein-ion interactions play a very important role in various
biological processes,1 and this subject has attracted much
attention since the pioneering work of Hofmeister in the 19th
century.2 The effects of sodium and potassium cations are of
great importance because these ions are the most abundant in
the human body. The interactions of these cations with proteins
are critical in allowing ion channels to be specific for particular
metals.3 Salts of small monovalent cations are commonly used
to control ionic strength of solutions, and it is often assumed
that nonspecific charge screening is mainly responsible for
conformational changes in proteins, thus neglecting the often
observed ion-specific differences.1,4-6 However, this fails to
account for the large specific effects often observed for different
monovalent cations. On the basis of charge densities and
electrostatic arguments, the empirical “law of matching water
affinities” proposed by Collins4-6 states that ions with similar
free energies of hydration tend to form contact ion pairs, which
could explain ion-specific differences in the interaction of salts
with proteins. Accordingly, small cations such as sodium are
expected to form contact ion pairs with carboxylate groups, while
larger cations such as potassium are expected to be less strongly
associated with the carboxylate side chains of proteins. This has
recently been supported by several theoretical7-10 and experi-
mental studies11,12 demonstrating that sodium and potassium
have different affinities for carboxylate groups. In these studies,
the results on the strength of carboxylate-ion interactions were
focused on isolated carboxylate groups and monovalent cations.
Savelyev and Papoian13 recently demonstrated that the high
charge density of polyanions can be an additional factor in
driving the selective association of sodium over potassium.

The aim of this work is to relate the ion-specific conforma-
tional change of R-poly-L-glutamic acid (R-PGA) to differences
in the specific interactions of sodium and potassium with the
carboxylate side chains in R-PGA. Carboxylate groups are the
most abundant anionic groups in proteins, so an understanding
of the molecular mechanism of ion interactions with R-PGA side
chains should have an impact on many areas of biological
science, including rationalization of the discrimination between
sodium and potassium ions in biological environments such as
ion channels and the operation of sodium and potassium pumps.3

We recently reported the details of a study of the effects of
sodium ions on R-PGA in solution.14 In the present work, we
concentrated on the comparative effects of sodium and potassium
ions on conformational properties of the polypeptide, and here we

present results of molecular dynamics simulations of R-PGA
(containing 21 glutamates) in 0.30 M aqueous solutions of two
different salts, sodium chloride and potassium chloride, with explicit
water molecules. R-PGA was chosen as the model system because
of the conformational plasticity of the polypeptide, which can take
a number of different stable conformations, including R-helical,
�-sheet, and extended, depending on the solvent conditions. The
conformational landscape of the polypeptide has been extensively
studied using various methods,15-17 and the optical properties of
this macromolecule in different solutions are considered to be the
primary reference for the R-helical, �-sheet, polyproline II (PPII),
and extended 2.5(1)-helix conformations.17,18

There is experimental evidence for the different effects of
sodium and potassium salts on R-PGA conformations. At high
pH (>5.0), the R-PGA side chains are ionized, and the polypep-
tide unfolds from a compact R-helical conformation to an
extended conformation as a result of the electrostatic repulsion
between the side chains.15,17,33,34 However, the addition of a
salt to the solution suppresses the unfolding by screening the
electrostatic interactions as ions interact with the charged
glutamates.19-23,31,33 The degree of counterion interaction
depends on the specific binding properties of the counterions,
which results in differential stabilization of the compact R-PGA
conformation by different ions. CD measurements have shown
that potassium chloride has a smaller stabilizing effect on the
R-helical conformation of R-PGA in aqueous solutions and
alcohol-water mixtures than sodium chloride over various pH
and salt concentration ranges.21,23,31 In these studies, the different
effects of potassium and sodium ions were attributed to the
smaller carboxylate ion binding affinity of potassium ions relative
to sodium ions resulting from the larger size of the potassium
ions and the correspondingly lower charge density on the ion
surface. The results of recent theoretical and experimental studies
of different ions binding to a single carboxylate8,9,11,12 have also
shown much weaker interactions of potassium ions than sodium
ions with carboxylates. However, the experimental data do not
give a consistent picture of the behavior of R-PGA under
different solution conditions. It is difficult to estimate the right
absolute value of R-helical content and also to compare different
experiments, as different experimental techniques show different
helical content for similar systems;30,32 thus, computational
analyses are needed to help interpret the results.

As the theoretical and experimental data do not show the
details of how the conformation of the whole macromolecule is
influenced by the local ion-carboxylate pairing effects, we
performed long (200-300 ns) molecular dynamics simulations
of R-PGA in 0.30 M KCl and NaCl solutions to reveal the
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molecular mechanism of the ion effects on the polypeptide
conformation. Reference 30 shows that folding of a short R-PGA
sequence requires milliseconds, which is far longer than is
feasible for any explicit-solvent MD simulations at present.
Therefore, we simulated R-PGA unfolding rather than folding,
because this is a much faster process.14,27 The 21 amino acid
R-PGA oligopeptide as well as the ions were modeled using the
OPLS-AA force field24 (ion parameters are listed in the
Supporting Information). The simulations used ambient condi-
tions with fully ionized carboxylate groups. The simulation box
contained 10 200 SPC/E water molecules.25 We randomly
substituted 112 water molecules by 56 alkali chloride pairs to
create the 0.3 M alkali chloride solutions. The total charge of
the simulation cell was neutralized by addition of 21 extra alkali
cations into the simulation cell to balance the charges on the
R-PGA side chains. We used the GROMACS 3.3 simulation
package26 and employed the same simulation methodology as
in our previous study on sodium chloride effects on R-PGA,14

in which we demonstrated that these molecular mechanics
methods are capable of reproducing the subtle effects of salts
on the oligopeptide conformations. A recent paper35 has shown
that the GROMOS force field is not effective at high concentra-
tions, and Joung and Cheatham36 have shown that the best choice
of ion parameters is not straightforward. However, for the
concentrations and conditions in our study and with the OPLS-
AA force field, our earlier results14 demonstrate that the approach
is appropriate, and additional data on the hydration of sodium
and potassium ions in water at this level of theory are available
in the Supporting Information along with full computational
details. The calculations show that sodium is hydrated more
strongly than potassium; the experimentally measured37 differ-
ence in the hydration energies of the K-Cl and Na-Cl ion pairs
(20.5 kcal/mol) is ∼60% of the calculated value (35.0 kcal/mol).

We calculated the difference in binding energies of sodium and
potassium ions to a single carboxylate as 2.3 kcal/mol.29 This is in
the range of experimental and ab initio values, which vary from
∼1.8 kcal/mol12 to ∼2.5 kcal/mol.11 We calculated29 the average
equilibrium contact distances for cation-carboxylate oxygen pairs
as 2.3 Å (sodium) and 2.6 Å (potassium), which are the same as
reported in ref 11.

Figure 1 shows a plot of the changes in solvent-accessible
surface area (SAS) of R-PGA with time for pure water, potassium
chloride solution, and sodium chloride solution. The figure shows
that changing the dissolved salt has a striking effect on the
polypeptide conformation. Substitution of sodium ions by

potassium ions leads to a complete unfolding of R-PGA, as also
illustrated in Figure 2. The first 150 ns of the simulation show
the system changing shape, but then it seems to settle down to
a steady state. We note that 150 ns lies in the range of the
experimental unfolding rate of 200 ns for a 21 amino acid
peptide.27 In contrast, the SAS values for R-PGA in NaCl
solution are very close to that for an ideal R-helix during the
whole simulation, and examination of the trajectories confirms
that the R-PGA adopts this conformation (see Figure 2).

The distribution maps of the Ramachandran angles between
each pair of adjacent amino acids are shown in Figure 2. The
figure shows that in the potassium chloride solution the dominant
Ramachandran angles correspond to extended �-sheet and PPII
conformations, similar to those found in previous simulations14

and experiments17 for R-PGA in bulk water solutions. In the
sodium chloride solution, the density distributions are signifi-
cantly different: the most populated conformation of the R-PGA
is the compact R-helix. The results are in line with the results
of experimental studies of the effects of sodium chloride on the
CD spectra of R-PGA, which show that an addition of 0.1-1.0
M sodium chloride significantly increases the helical content of
ionized R-PGA.21-23,31,33

Figure 1. Solvent-accessible surface area (SAS) values for R-PGA in 0.30
M NaCl (black line), 0.30 KCl (red line), and bulk water (blue line) plotted
against simulation time. The SAS values for an ideal R-helix (2.35 × 103

Å2) and an ideal polyproline II (PPII) conformation (3.32 × 103 Å2) of
R-PGA are shown as horizontal dashed lines.

Figure 2. (bottom) Frequency distributions of Ramachandran angles
between neighboring glutamates and (top) corresponding conformations of
the R-PGA polypeptide dissolved in (left) 0.3 M NaCl and (middle) 0.3 M
KCl. The data for pure water are shown at the right. Ions from an 8 Å shell
around the macromolecule are shown as spheres. Sodium ions are shown
as blue spheres, potassium ions as violet spheres, and chloride anions as
green spheres. The conformations were taken from the end of the MD
trajectories.

Figure 3. Glutamate-sodium ion (black) and glutamate-potassium ion
(red) PMFs in comparison with the glutamate-water PMF (blue).
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To understand the mechanism of ion binding to the side-chain
glutamates, we calculated potentials of mean force (PMFs) between
glutamates and ions using the same methodology as in our previous
work on ion effects on the conformational properties of a trialanine
peptide.28,29 The results are presented in Figure 3, where we
compare the glutamate-ion PMFs to the glutamate-water PMF.
The positions of the first minima on the PMFs correspond to the
equilibrium distances of direct contact of the species with carboxylic
oxygens (see above). The figure shows that the potassium ions have
lower binding affinity for glutamates than water, as the depth of
the first minimum of the glutamate-potassium ion PMF is less
than the one for the glutamate-water PMF. As a result, the
potassium ions cannot effectively compete with water for the first
solvation shell of the glutamates and prefer to form a cluster of
ions in the second and third solvation shells at a distance of 5-10
Å from the polypeptide, averaging 2.5 times the concentration of
the bulk solution; this corresponds to the second minimum on the
glutamate-potassium ion PMF. In contrast, the sodium cations have
much stronger affinity for glutamate groups than for water, so the
depth of the first minimum on the glutamate-sodium ion PMF is
∼5kBT greater than the one for the glutamate-water PMF. As a
result, sodium ions form a compact, high-density cluster at a contact
distance of 2.3-3.5 Å from the polypeptide; the sodium ion
concentration in this cluster is ∼50 times greater than the sodium
ion concentration in the rest of the solution.

The main conclusions of our study are as follows: (i) Because
of their lower charge density, potassium ions have much weaker
affinity for the anionic side chains of R-PGA than do sodium ions
and thus cannot effectively compete with water for the first solvation
shell of the glutamates. Potassium cations form a smeared-out, low-
density cluster at distances corresponding to the second and third
solvation shells of R-PGA. (ii) As a result of the weak ion-specific
interactions with the polypeptide side chains, the addition of
potassium ions to an R-PGA solution has no significant effect on
the polypeptide conformation relative to that in bulk water, and as
in bulk water, the oligopeptide unfolds into an extended rodlike
conformation. The potassium ions may slow down this conforma-
tional transition. (iii) The net effect of ions on the oligopeptide
conformation is determined by the strength of local interactions of
the ions with the oligopeptide surface. Water plays a very important
role in the mechanism of ion interactions with R-PGA because the
strength of these interactions depends on the balance between
peptide-water and peptide-ion interactions.
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