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Abstract
For a series of different proteins, including a structural protein, enzyme, inhibitor, protein
marker, and a charge transfer system, we have quantified the higher affinity of Na+ over K+ to
the protein surface by means of molecular dynamics simulations and conductivity measurements.
Both approaches show that sodium binds at least twice as strongly to the protein surface as
potassium, this effect being present in all proteins under study. Different parts of the protein
exterior are responsible to a varying degree for the higher surface affinity of sodium, with the
charged carboxylic groups of aspartate and glutamate playing the most important role. Local ion
pairing is, therefore, the key to the surface preference of sodium over potassium, which is further
demonstrated and quanified by simulations of glutamate and aspartate in the form of isolated
amino acids, as well as short oligopeptides. As a matter of fact, the effect is already present at
the level of preferential pairing of the smallest carboxylate anions, formate or acetate, with Na+
vs K+, as shown by molecular dynamics and ab initio quantum chemical calculations. By
quantifying and rationalizing the higher preference of sodium over potassium to protein surface
the present study opens a way to molecular understanding of many ion-specific (Hofmeister)
phenomena involving protein interactions in salt solutions.
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Introduction
Sodium and potassium represent the two most abundant monovalent cations in living
organisms. Despite the fact that they possess the same charge and differ only in size (Na+ having
a smaller ionic radius but larger hydrated radius than K+ (1)), sodium vs potassium ion
specificity plays a crucial role in many biochemical processes. More than hundred years ago,
Hofmeister discovered that Na+ destabilizes (salts out) hens’ egg white protein more efficiently
than K+ (2), analogous behavior being later shown also for other proteins (3). In a similar way,
sodium was found to be significantly more efficient than potassium, e.g., in enhancing
polymerization of rat brain tubulin (4). 23Na NMR studies were also used to characterize cationbinding sites in proteins (5). The vital biological relevance of the difference between Na+ and K+
is exemplified by the low intracellular and high extracellular sodium/potassium ratio maintained
in living cells by ion pumps at a considerable energy cost (6). The principal goal of this paper is
to quantify and rationalize the different affinities of sodium and potassium to protein surfaces by
means of molecular dynamics simulations, quantum chemistry calculations, and conductivity
measurements for a series of proteins and protein fragments in aqueous solutions. Our effort,
which is aimed at understanding the generic, thermodynamic Na+/K+ ion specificity at protein
surface, is thus complementary to recent computational studies of ion selectivity during active
transport across the cellular membrane (7-10).
Since primitive continuum electrostatic models, which are still widely used to describe
solvation of biomolecules, cannot distinguish between sodium and potassium, their ion
specificity at protein surfaces has been to a large extent ignored (11). Unlike divalent cations
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such as Ca2+ with well recognized specific binding to proteins (6), Na+ and K+ ions are often
viewed as merely defining the ionic strength of the corresponding salt solution (11). This is also
due to the fact that the specificity of ions in solutions is traditionally discussed in terms of their
kosmotropic (water structure making) vs chaotropic (water structure breaking) behavior (12). In
this respect sodium and potassium, which are next to each other in the Hofmeister series, are
roughly neutral, the former being a very weak kosmotrope and the latter a weak chaotrope (11).
Moreover, recent spectroscopic measurements in electrolyte solutions showed that the effect of
dissolved monovalent ions does not propagate beyond the first solvation shell (13), which
underlines the importance of local ion-ion, ion-water, and water-water interactions over long
range solvent ordering effects. In this spirit, the so called Law of matching water affinities (11,
14, 15) has been recently proposed as an attempt to explain, among others, the Na+/K+ ion
specificity. In a nutshell, based on simple electrostatic arguments it has been suggested that a
cation and an anion with similar (either large or small) hydration energies tend to form contact
ion pairs in aqueous solutions. Within this qualitative concept, sodium matches better than
potassium in surface charge density (and in the related hydration energy) major intracellular
anions or anionic groups, such as carboxylate, carbonate, and the phosphate monoanion (15). It
has been argued that Na+ would thus binds more strongly than K+ to protein surfaces containing
COO- groups, which may be one of the reasons why sodium has to be pumped out of the cell
(11).
Results
In the present study, we systematically investigated the ion specific behavior of sodium
and potassium at protein surfaces. To this end we performed extensive molecular dynamics
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(MD) simulations of a series of five very different proteins in aqueous mixtures of NaCl and KCl
(containing typically 0.25 M of each salt). We chose two extracellular and three intracellular
proteins. As the former we took actin as a representative of structural proteins and bovine
pancreatic trypsin inhibitor (BPTI) as an enzyme inhibiting protein. Among the latter, ubiquitin
was taken as a typical protein marker, hyperthermophilic rubredoxin as an electron transfer
system, and ribonuclease (RNase) A as a model enzyme. Our computational findings were
supported by conductivity measurements of aqueous solutions of NaCl and KCl with added
protein. The measured proteins were RNase A and bovine serum albumin (BSA). The Na+ vs K+
ion specific behavior was further rationalized by means of additional simulations of solvated
oligopeptides and individual amino acids containing at pH = 7 a carboxylate group in the side
chain (i.e., aspartate (Asp) and glutamate (Glu)), as well as by MD and ab initio calculations of
ion pairing of alkali cations with small carboxylate anions (formate and acetate). All the studied
systems together with the computational and experimental methods are described in detail in the
Materials and Methods section.
Figure 1 summarizes the principle results of MD simulations for the five proteins under
study. It shows the distributions of sodium and potassium cations in the vicinity of the protein
and the integrals thereof, i.e., cumulative sums providing the number of Na+ and K+ ions within a
certain distance from the protein surface. Both distributions exhibit a peak (Na+ at 2.3 and K+ at
2.8 Å from the protein surface) and, correspondingly, there is a plateau region for the cumulative
sums, which defines the number of ions in the immediate vicinity of the protein. The crucial
result is that in all cases there are about twice as many (or even more) sodium than potassium
cations near the protein surface. In absolute numbers, there are on average 1- 4 Na+ ions at the
protein surface, except for BPTI where this number is several times smaller (Figure 1).
5

From the left three columns in Figure 1 we see that the preference of Na+ over K+ for the
protein surface comes mainly from cation-specific interactions with the side chain carboxylate
groups, with contributions also from the backbone and, to a lesser extent, from other side chain
groups. The ion specificity at the backbone is primarily due to interactions with the carbonyl
oxygen of the amide group, while the selectivity at other side chain groups can also have some
contribution from cation-aromatic ring interactions in phenylalanine. The latter interactions were
recently shown to be stronger for Na+ than K+ as well (16), however, they cannot be described
accurately within standard force fields. The very different nature and amino acid content of the
proteins under study is reflected in varying total numbers of ions at the protein surface and
relative contributions from different protein parts, however, the higher surface affinity of Na+
over K+ is revealed as a generic property for all investigated proteins.
The above computational results are supported by conductivity measurements in NaCl
and KCl solutions of varying concentrations with added RNase A (as one of the simulated
proteins) or BSA (which is easily available but too large and without well determined structure
to be effectively simulated). For both proteins, the relative decrease in conductivity is
significantly larger in NaCl compared to KCl solutions (Figure 2), which can be directly
interpreted in terms of sodium being more efficiently removed from the solution to the protein
surface than potassium ions. Assuming that the decrease in conductivity is solely due to ions
adsorbed at the protein surface, we can deduce that, e.g., for RNase A one protein molecule
effectively binds about 1 – 2 sodium cations, while it attracts less than half the amount of
potassium ions. These numbers, which are only weakly dependent on salt concentration, agree
well with the above results from MD simulations in solutions with a higher ionic strength. The
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results of conductivity measurements for BSA (the small undulation on the KCl curve being
within the statistical error - Figure 2b) can be interpreted in a quantitatively similar way.
Specific ion effects at protein surfaces, particularly for higher salt concentrations, are
often rationalized in terms of surface tension changes invoked by the presence of a given salt
(14, 17, 18). The analogy between air-water and protein-water interfaces can be good for the
exposed hydrophobic patches of the protein with low polarity and dielectric constant, however, it
is much less operative for the polar or charged hydrophilic parts of protein surface. Moreover,
unlike for anions, ion-specific effects for cations at the air-water interface are negligible with
sodium and potassium salts having almost the same surface tension vs concentration curves (19).
This is consistent with the present picture indicating that the ion specificity originates to a large
extent from local interactions with charged and polar groups at the protein surface (20). In
particular, the higher affinity of sodium over potassium for the protein surface comes mainly
from specific interactions with the carboxylate groups within the amino acid side chains.
In order to further verify and quantify the above conclusion, we have focused on the
sodium and potassium affinity to the relevant protein fragments by simulating the two amino
acids containing at pH = 7 the COO- group in the side chain. Glu and Asp were studied in a
mixed NaCl and KCl solution as isolated amino acids, as well as short oligopeptides, all capped
using the acetyl and methylamide groups at the N- and C-termini, respectively. The principal
results of these simulations are summarized in Table 1. Consistently with the results for proteins
(Figure 1), the Na+/K+ ratios reveal a 2-4 times stronger preference of sodium over potassium
for the oligopeptide or amino acid surface (Table 1). This relative preference of Na+ is found
both at the side chains and near the backbone. The former play a more important role in absolute
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terms since they represent ion-ion interactions, while the latter only weaker ion-dipole
interactions involving the polar C=O group of the amide.
We further reduced the problem of the alkali cation - side chain carboxylate interaction to
a question concerning the relative strength of pairing of Na+ and K+ with acetate anion. To this
end, we simulated an aqueous mixture of acetate, sodium, potassium, and chloride, following the
acetate-alkali ion pairing patterns. There is a clear preference of Na+ over K+ for the vicinity of
acetate, reaching a value of 3.4 in relative terms (Table 1). For the two smallest carboxylate
anions, formate and acetate, we were also able to perform ab initio quantum chemical
calculations of pairing with sodium or potassium, employing a polarizable continuum model for
water (see Materials and Methods for further computational details). Within these calculations,
pairing with Na+ is favored over that with K+ by more than 2 kcal/mol, both for formate and
acetate (Table 2). The ab initio results thus support the conclusions from classical MD
simulations, indicating an even stronger relative affinity of Na+ over K+ to the COO- group. They
are also in accord with larger decrease in water activity in aqueous sodium acetate compared to
potassium acetate, although this effect is relatively small at low concentrations. In a similar
spirit, analogous ab initio calculations of pairing of alkali cations with formaldehyde reveal a
free energy preference of about 1 kcal/mol in favor of sodium over potassium. This supports the
MD results concerning ion selectivity at the protein backbone region due to specific interactions
with the carbonyl oxygen of the amide group.
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Discussion and Conclusions
Present results provide a clear and quantitative picture of the preference of sodium over
potassium for protein surfaces, rationalizing this effect primarily in terms of local cation-specific
interactions with the anionic carboxylate group in Glu and Asp side chains. Additional
contributions to the Na+/K+ selectivity come from interactions with carbonyl oxygens of the
amide constituting the protein backbone and, to a much smaller extent, from other side chain
groups. We do not observe a qualitative dependence of the effect on salt concentration, which
can be related to the local character of the Na+ vs K+ selectivity. This is diferent from specific
effects of anions at protein surfaces, which may exhibit even a reversal of Hofmeister ordering
upon increasing salt concentration (17, 21). The importance of alkali cation–protein interactions
for “in vitro” experiments can be often hidden behind experimental conditions optimized for a
particular practical task. Nevertheless, ”in vivo” conditions directly point to the importance of
these effects, which can play a very special or even crucial role in processes where protein–
protein intermolecular as well as intramolecular interactions are important, such as protein
folding or build up of protein functional networks. There is ample experimental evidence
concerning alkali salt effects on protein folding (22, 23). It is also well known that the mostly
hydrophilic surfaces of non-membrane proteins are involved in protein-protein interaction within
various intra- and extra-cellular processes (24, 25). The number of charged groups on the protein
surface which mediate these interactions is high, and these sites are also accessible to
interactions with small monovalent ions, such as Na+ and K+. Increasing the concentration of an
ion with a higher affinity to the protein effectively modulates its interaction strength and even
functionality (20, 26). The present simulation and experimental results, quantifying the stronger
binding of Na+ to protein surface over that of K+, indicate why at physiological ionic strengths
9

the former but not the latter ion can impair the function of proteins in the cell. The energetically
expensively maintained concentration differences of sodium and potassium between the interior
and exterior of a living cell possibly represent a direct consequence of this fact (11).
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Materials and Methods
Computational details
Structures of all the studied proteins - actin, bovine pancreatic trypsin inhibitor (BPTI),
ubiquitin, hyperthermophilic rubredoxin, and ribonuclease (RNase) A were downloaded from the
PDB database (27). Oligopeptides (Asp-Ser, Asp-Gly-Ser, (Asp)10 and (Glu)10) were built from
scratch using amino acid templates and capped using the acetyl and methylamide groups at the
N- and C-termini, respectively. Isolated amino acids (Asp and Glu) were terminated in the same
way.
Dissociable groups in the amino acid side chains of the proteins were protonated
according to target pH 7 and the resulting structures were solvated in periodic rectangular water
boxes, employing the SPC/E water model (28). A sufficiently large cavity was initially carved in
the water box in order to accommodate the protein molecule. The net charge of the systems was
neutralized by chloride or by sodium and potassium ions. Similar approach was also applied to
the oligopeptides under study.
As a next step, equal amounts of NaCl and KCl were introduced into the simulation cell
to form an approximately 0.25 M (NaCl) + 0.25 M (KCl) solution. This hyperphysiological
concentration was adopted to improve the statistics of the ion-protein contacts. For comparison,
proteins in solutions with reduced or increased salt concentrations, as well as those containing
only a single salt were also simulated, showing very similar results concerning the Na+/K+ ion
specificity at the protein surface. Solvated acetate anion with one Cl-, Na+, and K+ ion in the unit
cell was created as well. The detailed parameters for individual systems were as follows:
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Actin. PDB code 1J6Z (monomeric structure). The resulting net charge of -2 e was compensated
by 1 Na+ and 1 K+ ions. The unit cell of approximate initial dimensions of 91 x 67 x 75 Å
contained in addition 12759 water molecules, 58 Na+, 58 K+, and 116 Cl- ions.
BPTI. PDB code 6PTI. The resulting net charge of +6 e was compensated by 6 Cl- ions. The unit
cell of approximate initial dimensions of 41 x 45 x 45 Å contained in addition 2184 water
molecules, 10 Na+, 10 K+, and 20 Cl- ions.
RNase A. PDB code 1FS3. The resulting net charge of +4 e was compensated by 4 Cl- ions. The
unit cell of approximate initial dimensions of 51 x 50 x 60 Å contained in addition 4329 water
molecules, 19 Na+, 19 K+, and 38 Cl- ions.
Hyperthermophilic rubredoxin. PDB code 1BRF. The resulting net charge of -6 e was
compensated by 3 Na+ and 3 K+ ions. The unit cell of approximate initial dimensions of 43 x 40
x 45 Å contained in addition 2229 water molecules, 10 Na+, 10 K+, and 20 Cl- ions.
Ubiquitin. PDB code 1UBQ. The resulting net charge was 0. The unit cell of approximate initial
dimensions of 43 x 40 x 45 Å contained in addition 3688 water molecules, 17 Na+, 17 K+, and 34
Cl- ions.
Ac-(Glu)10-NMe. The resulting net charge of -10 e was compensated by 5 Na+ and 5 K+ ions.
The unit cell of approximate initial dimensions of 55 x 55 x 55 Å contained in addition 5200
water molecules, 23 Na+, 23 K+, and 46 Cl- ions.
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Ac-(Asp)10-NMe. The resulting net charge of -10 e was compensated by 5 Na+ and 5 K+ ions. The
unit cell of approximate initial dimensions of 55 x 55 x 55 Å contained in addition 5200 water
molecules, 23 Na+, 23 K+, and 46 Cl- ions.
Ae-Asp-Gly-Ser-NMe. The resulting net charge was -1 e. The unit cell of approximate initial
dimensions of 34 x 34 x 34 Å contained in addition 825 water molecules, 2 Na+, 2 K+, and 3 Clions.
Ac-Asp-Ser-NMe. The resulting net charge was -1 e. The unit cell of approximate initial
dimensions of 30 x 30 x 30 Å contained in addition 540 water molecules, 2 Na+, 2 K+, and 3 Clions.
Ac-Glu-NMe. The resulting net charge was -1 e. The unit cell of approximate initial dimensions
of 28 x 28 x 28 Å contained in addition 450 water molecules, 1 Na+, 1 K+, and 1 Cl- ions.
Ac-Asp-NMe. The resulting net charge was -1 e. The unit cell of approximate initial dimensions
of 28 x 28 x 28 Å contained in addition 450 water molecules, 1 Na+, 1 K+, and 1 Cl- ions.
Acetate anion. The resulting net charge was -1 e. The unit cell of approximate initial dimensions
of 27 x 27 x 27 Å contained in addition 375 water molecules, 1 Na+, 1 K+, and 1 Cl- ions.
The MD simulations of proteins consisted of minimization, heating to 300 K, 0.5 ns
equilibration at constant pressure, and 1 ns production runs in the NpT ensemble. We used the
same simulation protocol as in our recent simulations on salt effects on solvated horseradish
peroxidase and BPTI (20), which provided converged results for the distribution of ions around
proteins. Oligopeptides, isolated amino acids, and the acetate ion were simulated in a similar
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way with simulation times extended to 10 ns in the former and 100 ns in the latter two cases. All
calculations were carried out using the AMBER8 package (29), employing the parm99 force
field (30). An interaction cutoff of 12 Å was applied. Long range electrostatic interactions were
accounted for in a standard way using the smooth particle mesh Ewald method (31). The
SHAKE algorithm was used for constraining bonds containing hydrogen atoms (32).
The resulting trajectories were analyzed in terms of ion distributions, the integrals of
which provided the total number of ions within certain distance from the solute (protein, peptide)
surface. The average times the cations spent in the vicinity of the given type of amino acid
(within 3.5 Å) residue were also recorded. The individual contact times of the Na+ and K+ ions
with the protein surface did not exceed 30 % of the total simulation time. Frequent exchanges of
surface-bound and bulk ions thus ensured good statistics, which was also confirmed by longer
test runs providing the same ion distributions in the vicinity of the protein surface.
Ab initio calculations of ion pairing of Na+/K+ with acetate or formate anions were
performed at the MP2/aug-cc-pvtz level. For explicit correlation of all valence and outer core
(subvalence) electrons additional core/valence basis functions were added (33). The aqueous
solvent was described as a polarizable continuum within the COSMO model (34, 35). All
parameters were taken as the default ones except for the ionic radius of sodium, which was
reduced by 1.3 % in order to match exactly the experimental difference between hydration free
energies of Na+ and K+ amounting to 17.5 kcal/mol (36). The free energy of ion pairing was
evaluated as the difference between the energy of the solvated contact ion pair and the energies
of solvated cation and anion. All geometries were optimized in the gas phase at the same level of
theory. For comparison, we also evaluated the energy of the contact ion pair for cation-anion
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distance taken as the first maximum on the cation-anion radial distribution function from a
classical MD simulation in water. Since the shift in distance was very small, this resulted in
negligible (below 0.1 kcal/mol) changes in the relative (Na+ vs K+) free energies of ion pairing.
Analogous calculations were also performed for pairing of sodium or potassium with
formaldehyde.

Experimental details
Conductivity measurements were performed using a table conductometer Jenway 4330
with a vendor-supplied electrode immersed in 10 ml of solution. Single measurements were
peformed with 3 digit accuracy. Each of the plotted values (Figure 2) is an average over 3
measurements and the estimated statistical error of the relative changes of conductivity is ~1 %.
The small residual conductivity of the pure protein solution (of the order of 100 µS) was
subtracted before evaluating the relative changes.
Samples: Bovine Serum Albumin (BSA) - initial fraction by heat shock, fraction V,
Sigma Aldrich, cat. no. A7906. Rnase A - from bovine pancreas, Sigma Aldrich cat. no. R6513.
Initial experimental protein concentrations: 10 mg/ml. NaCl and KCl (p. a. grade) were obtained
from Lachema. Proteins were disolved in doubly destilled, deionized water and defined amounts
of 1 M stock salt (NaCl or KCl) solutions were added to reach a range of salt concentrations
from 0.001 to 0.045 M.
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Figure captions:
Figure 1: Distribution functions (dotted lines) and cumulative sums, i.e., integrated distribution
functions (full lines) of cations in the vicinity of the five investigated proteins, obtained from
molecular dynamics simulations. The cumulative sums provide the averaged number of sodium
(green) or potassium (blue) ions within a given distance from the protein surface. Results are
depicted for the whole protein, as well as detailed for the carboxylate groups, other side chain
functional groups, and the protein backbone. Note the larger affinity of Na+ over K+ to the
protein surface and the dominant role of the COO- groups for this effect.
Figure 2: Relative changes in measured conductivity upon adding 10 mg/ml of a) RNase A or b)
BSA to a solution of NaCl (green) or KCl (blue) of varying concentrations. Note the much
stronger conductivity decrease for NaCl compared to KCl for both proteins, which is interpreted
in terms of stronger affinity of Na+ over K+ to the protein surface.
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Fig. 1:
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Fig. 2:
(a)

(b)
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Tables:
Table 1: Na+/K+ ratio in the vicinity of solvated oligopeptides, single aspartate or glutamate, and
acetate anion. The oligopeptides and single aminoacids are terminated by acetyl (Ac) and
methylamide (NMe) groups.
Na+/K+ ratio (side

Na+/K+ ratio

chain)

(backbone)

Ac-(Glu)10-NMe

2.3

4.0

Ac-(Asp)10-NMe

3.5

4.5

Ac-Asp-Gly-Ser-

2.9

2.5

Ac-Asp-Ser-NMe

2.4

2.0

Ac-Glu-NMe

4.8

1.1

Ac-Asp-NMe

2.3

1.8

Acetate anion

3.4

-

system

NMe
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Table 2: Difference between association free energies of aqueous sodium-carboxylate and
potassium-carboxylate ion pairs, where carboxylate is a formate or acetate anion. The results
clearly show the preference of Na+ over K+ to pair in water with carboxylate anions.

system

∆∆GK+-carboxylate-→Na+-carboxylate(kcal/mol)

formate

-2.58

acetate

-2.22
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