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Water molecules are abundant in protein–DNA interfaces, especially in their nonspecific complexes.
In this study, we investigated the organization and energetics of the interfacial water by simplifying
the geometries of the proteins and the DNA to represent them as two equally and oppositely charged
planar surfaces immersed in water. We found that the potential of mean force for bringing the two
parallel surfaces into close proximity comprises energetic barriers whose properties strongly depend
on the charge density of the surfaces. We demonstrated how the organization of the water molecules
into discretized layers and the corresponding energetic barriers to dehydration can be modulated by
the charge density on the surfaces, salt, and the structure of the surfaces. The 1–2 layers of ordered
water are tightly bound to the charged surfaces representing the nonspecific protein–DNA complex.
This suggests that water might mediate one-dimensional diffusion of proteins along DNA (sliding) by
screening attractive electrostatic interactions between the positively charged molecular surface on the
protein and the negatively charged DNA backbone and, in doing so, reduce intermolecular friction in
a manner that smoothens the energetic landscape for sliding, and facilitates the 1D diffusion of the
protein. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913370]

INTRODUCTION

Water molecules play a key role in many biological func-
tions. They are abundant in many protein–protein and protein–
DNA interfaces1–4 and are known to associate with the native
structure of many regulatory proteins and enzymes that bind
DNA specifically.5–8 Although interfacial solvent molecules
exchange rapidly with the bulk solvent, structural and bio-
chemical data suggest that the presence of water in protein–
DNA interfaces is essential and that water molecules are major
constituents of specific protein–DNA complexes.9–11 However,
both experimental and theoretical studies on the thermody-
namics of protein–DNA binding support the view that the
displacement of ordered water molecules from the interface
is entropically favorable, thus contributing to the stability of
the complex.12–14 Remaining solvent at the interface plays
an important structural role in the stability and specificity
of protein–DNA interfaces as water molecules may mediate
hydrogen bonds between the protein and DNA, screen unfa-
vorable electrostatic interactions, and may serve as “fillers”
of unoccupied spaces in the complex.9,15 A role for small
ions as regulators of specificity in protein–DNA recognition
was also proposed,16 and suggests that some of the coun-
terions that condense on DNA are displaced upon specific
protein–DNA binding, which further contributes to binding by
increasing its entropic favorability. Structural studies showing
clusters of solvent molecules at the interface of nonspecific
protein–DNA complexes17,18 and the notion that sequence-
specific DNA binding is dominated by dehydration12,14 suggest
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that an important distinction between specific and non-specific
protein–DNA complexes is the number of ordered water mole-
cules at the interface.

An efficient search mechanism undertaken by a DNA-
binding protein for a specific DNA target will require that the
non-specifically bound protein avoid over-sampling each base-
pair in the DNA grooves during sliding (i.e., one-dimensional
diffusion of the protein that is characterized by a rotation-
coupled translation dynamics by following the DNA major
groove), and that the ruggedness of the landscape for traversal
sliding will remain in the order of ∼1–2 kbT.19,20 This require-
ment is achieved, at least partially, by relying on electrostatic
(i.e., nonspecific) interactions between the searching protein
and the DNA.21 Weak electrostatic interactions allow the pro-
teins to slide along the non-specific DNA, and in some cases,
two distinct conformations are required to minimize possible
formation of hydrogen bonds between the proteins and the
DNA that may slow down sliding by trapping the protein.22,23

It was also shown that the strength of the electrostatic patch
on the DNA-binding protein may affect the speed of its sliding
diffusion.

While several studies have recently investigated how the
molecular properties of the proteins and of the DNA affect
sliding,24–27 it is still unclear how water and ions mediate
the search process. This raises the question of whether the
relatively hydrated interface of the nonspecific protein–DNA
complex plays a role in assisting protein sliding along DNA by
reducing intermolecular friction at the protein–DNA interface
and, if so, in what way this solvent-assisted sliding is affected
by the electrostatic properties of the interacting molecular
surfaces. Using computer simulations and analytical calcula-
tions based on a simplified non-specific protein–DNA model,
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Dahirel et al.28 demonstrated that repulsion between the two
biomolecules exists at very small separations. A barrier, there-
fore, separates the hydrated state from the dehydrated state and
allows the protein to easily slide along the DNA when it is
in the hydrated state.28 The source for this repulsive force is
suggested to be ions dissolved in the solution that condense
on the densely negatively charged DNA. As the protein ap-
proaches the surface of the DNA, ions become trapped in the
narrowing interfacial gap, creating a local region of high salt
concentration. Water molecules try to move into this region,
and the resulting osmotic pressure pushes out on the protein.
This mechanism, which depends on the charge asymmetry of
the two interacting molecules, was shown to be affected by the
magnitude of the charge densities of the molecules as well as
by their geometrical complementarity.

In this article, we study a model of two oppositely charged
surfaces immersed in water in the absence and presence of
salt to study the atomistic details of the mechanism by which
water may facilitate protein sliding along DNA. The forces
between oppositely charged surfaces were investigated in the
past in several insightful studies.29–31 Our study aims at provid-
ing microscopic understanding of the interactions between
charged surfaces, the resulting repulsion between them, and
the organization of the water molecules in the protein–DNA
biomolecular interface. We calculated the potential of mean
force (PMF) for bringing the two parallel plates of opposite
charges into close proximity, and observed repulsive free en-
ergy barriers at short range and additional smaller barriers
along the pathway resulting from the removal of ordered sol-
vent layers. These observations imply that the solvent and
ions play a crucial role in mediating nonspecific protein–DNA
interactions in vivo.

METHODS

The studied systems were composed of two oppositely
charged parallel plates, to represent the DNA and protein
halves of the interaction, that were solvated in an aqueous
solution in the absence or presence of salt. We employed a
solvated plate–plate system model that was previously used to
study the effect of denaturants on hydrophobic molecular sur-
faces.32 Each plate comprised a 6 × 6 lattice of bonded carbon-
like spherical atoms modeled using the AMBER molecular dy-
namics (MD) simulation software package. AMBER atoms of
type carbon were used for the carbon-like dummy plate atoms,
and the van der Waals parameters for interaction with water
oxygen atoms were set to (σ) of 0.34 nm and ε = 0.036 KJ/mol,
so creating a surface of 2.25 nm2 (i.e., 3 Å lattice spacing) as
exemplified in the inset of Figure 1. To test the effect of the size
of the surface, we also studied larger surfaces comprised of
9 × 9 and 12 × 12 beads. Varying amounts of negative charge
were assigned to each of the negative plate spheres in each
system, such that the overall surface charge density, σ−, was
equivalent to that of B-DNA. We assigned positive charges
to the spheres of the positively charged surface to obtain
different systems with several σ+ values. The charges of the
surfaces were assigned to achieve charge densities ranging
between 1 and 10 e nm−2. To examine the effect of salt on the
interaction between the two plates, the systems were studied

FIG. 1. Constant force pulling trajectories for a positively charged plate
(blue surface) approaching a negatively charged plate (red surface). Pulling is
performed in the solvent along the y-axis. At higher surface charge densities
(for example, σ+= 10 e nm−2 pulled to σ−=−10 e nm−2, green line), the
pulling path becomes discontinuous, and the positive surface becomes trapped
at specific distances along the pathway. The pink and blue spheres correspond
to chloride and sodium ions, respectively.

also in the presence of several ions (NaCl, KCl, and MgCl2)
at a concentration of 0.5 M. We also studied the behavior of
water next to charged plates composed of smaller and larger
beads (diameters of 2 and 4 Å, respectively).

The systems were studied with MD simulations at an
atomistic resolution using the GROMACS-4.0.7 software
package33 with the AMBER99 force field,34 particle mesh
Ewald electrostatics (pme_order = 4, fourierspacing = 0.16),
a Nośe-Hoover thermostat, and a Parinello-Rahman barostat
(τp = 2 ps, p = 1 bar). We started by solvating the plates
in a periodic boundary box (with dimensions of 4.5 × 6.5
× 4.5 nm) using the TIP3P water model and ions at a concen-
tration of 0.5 M. Plate atoms were restrained to their positions,
and the solvent and ions were energy minimized, followed by
a short NVT (constant volume-temperature) equilibration at
300 K, and NPT (constant pressure-temperature) equilibration
to a pressure of 1 bar. The system was then simulated for an
additional 10 ns to allow full equilibration of the ions and
solvent with the plates.

The PMF for each system was generated with the um-
brella sampling technique in two steps. First, the positively
charged surface, initially positioned at a distance (along the
y-axis) of 2.5 nm from the negatively charged surface, was
pulled for 3 ns at a constant force toward the negative
surface (Figure 1, arrow) which was restrained to its position.
During this pulling phase, we obtained 75–80 equally spaced
frames along the pathway. In the second step, we performed
20 ns umbrella simulations where a harmonic potential with
a force constant of 2 × 104 kJ mol−1 nm−2 was applied
between the centers of mass of the two plates, using the
previously collected frames as input configurations for each
such run. From the resulting trajectories, we extracted the
PMF of the two surfaces as they approached each other
using the weighted histogram analysis method (WHAM).35

The umbrella sampling simulations were used to analyze
the organization of the water molecules next to the charged
surfaces. In addition to the umbrella sampling simulations,
pulling simulations were performed at mild forces (100 and
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500 kJ mol−1 nm−2) to pull the positive surface toward the
negative surface in order to probe the kinetics of the dehy-
dration of the charged surfaces.

RESULTS

Oppositely charged surfaces in solution repel
each other at short ranges

To simplify nonspecific protein–DNA associations, we
used atomistic MD simulations to calculate the free energy
landscape for bringing two surfaces that bear opposite charge
densities (σ+, σ−) into close proximity in solution. Figure 1
demonstrates a pulling trajectory of the positive surface
(analogous to a DNA-binding protein surface) toward the
fixed negative surface (analogous to a DNA sugar-phosphate
backbone) using a force constant of 500 kJ mol−1 nm−2.33

In the early stages of pulling, when the separation distance
between the surfaces is greater than ∼1.2 nm, the pulling
procedure is uniform and has no dependence on the electro-
static properties of the plates. However, as the two surfaces
approach each other to within ranges of ∼0.4–1.1 nm, the
pulling procedure encounters barriers that become more
significant as the charge densities on the plates increase (see
Figure 1 for pulling of a positive plate towards a negative
plate bearing a surface charge density of the same magnitude
for |σ | = 1, 3, 5, or 10 e nm−2). When the charge densities on
the plates increase, the system is trapped at larger separation
distances between the two plates, which create a step-like
feature in the pulling trajectory. The trapping of the two
oppositely charged plates at larger distances and the apparent
high free energy barrier for their dehydration might be related
to both water–water and water–surface interactions.

To capture the energetics of bringing the two oppositely
charged surfaces into contact, we calculated the PMF for
the association of surfaces of different charge densities
(Figure 2). In addition, we calculated the PMF for bringing
two uncharged plates (σ = 0) together and found a signif-
icantly favorable free energy gain, most probably resulting
from a depletion force (i.e., an entropic gain from releasing
the water at the interface between the two surfaces into the
bulk upon their association). We note that the free energy
change upon association of the two neutral plates depends
linearly on the size of the surfaces. The PMF for bringing
two neutral plates together is downhill (i.e., barrierless)
independently of the size of the plates, but the energetic gain
upon association is larger for larger plates (the free energy
gain upon association of 3 × 3, 6 × 6, 9 × 9, and 12 × 12
plates is 10, 20, 50, and 80 kcal/mol, respectively).

Apparently, an increase in the surface charge densities
on the plates (from σ = 0 up to |σ | = 10 e nm−2) induces
energetic barriers that appear at plate–plate separation dis-
tances of less than 10 Å. When located in a low-energy
trap (Figure 2(a)), the positively charged plate remains at
a certain distance from the negatively charged plate. The
association of the surfaces is dominated by a single barrier
for σ = 1 e nm−2. When the charge density is increased to
3 e nm−2, another barrier is added to the PMF. Not only do the
barriers become higher as the charge density on the surface
increases but also the number of barriers increases too. The

FIG. 2. PMF describing the process of bringing two charged plates (blue,
positively charged; red, negatively charged) into contact with each other. (a)
PMF for association of oppositely charged surfaces in water. Larger surface
charge densities (|σ| = 5 e nm−2, red line) impose free-energy barriers on
the order of ∼5–10 kcal mol−1 along the pathway (i.e., at plate separation
distances of ∼0.6–1.2 nm), in agreement with the pulling trajectories (Fig. 1).
The profile for bringing two negatively charged plates together (immersed in a
neutralized simulation cell) shows a sharp increase in free energy due to water
polarization. The snapshots illustrate the system state as interfacial solvent is
removed along the path. The dashed line represents the PMF between two
surfaces of like charge magnitude (σ−= σ+= |3|). (b) PMF for association of
oppositely charged surfaces in the absence and presence of salt.

PMF for the plate with σ+ = 5 e nm−2 includes several
additional barriers. This suggests that the water molecules are
more organized next to surfaces with higher charge densities
and such surfaces exert a longer range effect.

The magnitude of the barrier decreases when salt is
added, which suggests that salt affects the structure of
the hydration layers. This is seen for surfaces with σ = 3,
however, for surfaces with σ = 1, the addition of salt does not
affect the interactions between the plates because the interac-
tions between the ions and the plates are weak (Figure 2(b)).
In most of the PMF plots, it was not possible to sample the
complete dehydration of the interface between the two plates
(i.e., direct interactions between the positive and negative
surfaces), presumably because of the very high barrier that
needs to be overcome. We propose that the ruggedness of the
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free energy landscape at separation distances of 0.5-1.0 nm
will prevent partial dehydration (i.e., the removal of the
1st layer of water molecules, see Fig. 4 (left)) in realistic
molecular systems. Complete dehydration of the plate inter-
faces (i.e., removal of the first layer of water molecules) is
achieved for inter-distance below 0.3 nm (for highly charged
plates, the free energy barrier for complete dehydration
could not be satisfactorily sampled, but this barrier is so
high that complete dehydration is irrelevant, even in specific
complexes). Specifically, in protein sliding along DNA, this
forced hydrated interface (that keeps the protein two layers
of water molecules away from the DNA surface) will prevent
the protein from sticking to the DNA and allow smoother
one-dimensional diffusion.

Oppositely charged surfaces induce interfacial water
molecules to adopt an ordered layered structure

We speculate that the formation of an interface between
two oppositely charged surfaces induces order in the clusters
of solvent molecules trapped between them, which in turn
repel the two surfaces at short ranges (Figure 1). The repul-
sion between the two oppositely charged surfaces caused by
the tight binding of water at the interface made the simulation
of the transition to a dry interface quite challenging for most
of the systems.

To further investigate the layered organization of water
near the surfaces, we equilibrated the systems when the
two plates were held 10 Å apart. We analyzed the structure
of water molecules trapped in-between the two plates in
the simulations and found that the ordered arrangement
of water molecules is more prominent when the surface
charge densities are higher. Water occupancy measurements
(Figure 3(a)) show that when the charge density of the nega-
tively charged surface remains unchanged (σ− = −3 e nm−2)
and that of the positively charged surface increases, the water
molecules adopt an increasingly organized arrangement, and
an additional layer of water forms upon increasing σ+ from
+2 to +3 e nm−2. As σ+ increases from 1 to 3, the number of
layers of interfacial water increases from 2 to 3.

In addition to the formation of layers of water close
to the surfaces, we analyzed the orientation of the water

molecules relative to the surface by measuring the orientation
angle θ (Figure 3(b)) between the vectors of the dipole
moment of the water and the Y axis (vertical to the surfaces,
see Figure 1). The cos(θ) value is closer to unity (and
therefore the dipole moment of the water molecule is closer
to alignment with that of the surfaces) at the same distances at
which each an ordered water layer is formed.

The ordering of the water molecules occurs next to both
the positively and negatively charged surfaces (Figure 3).
However, the orientation angle and the density of water next
to the two surfaces are not identical. Based on normalized
density calculations, Figure 4 (left column of figures) shows
the ordered arrangement of water next to a positively charged
surface with σ+ ranging between 1 and 10 and located
3 nm from the negatively charged surface. The figure clearly
shows that the number of water layers, as indicated by the
number of peaks in the normalized density curves, increases
from 2 to 4 as σ+ increases. The layers of water are
also shifted closer toward the positively charged surface,
suggesting tighter binding of the water to the surface. The
greater degree of organization of the water at higher charge
densities is illustrated in the snapshot shown in Figure 5.
Furthermore, the peaks in the density of the water molecules
become much sharper and higher as σ+ increases, providing
a molecular explanation for the higher free energy barriers
of association of highly charged surfaces. Similar properties
of water organization can be seen in the change of the
orientation angle, θ, as a function of the distance from the
plate (Figure 4, right column of curves). The value of cos(θ)
fluctuates and takes higher values at distances that correspond
to water layers. Thus, the value of cos(θ) in the first water
layer (distance < 0.3 nm from the surface) changes from 0.4
to ∼1 upon increasing σ+ from 1 to 10 e nm−2.

Effect of salt on water organization next
to the charged surfaces

We sought to investigate the effect of salt on the orga-
nization of water near charged surfaces. Figure 4 shows the
density and orientation of water molecules at the interface
between two oppositely charged plates for |σ| = 1, 3, 5,
and 10 e nm−2 in the presence of NaCl, KCl, or MgCl2

FIG. 3. Organization of water
molecules next to surfaces placed
10 Å apart. (a) Density of interfacial
water between oppositely charged
plates (blue, positively charged; red,
negatively charged) in which σ−=−3
and σ+ ranges from 1 to 3. The peaks
on the left side correspond to water
next to the positively charged surface
while those on the right side are related
to water next to the negatively charged
surface. (b) The orientation angle, θ, of
the interfacial water molecules between
the vectors of the dipole moment of the
water and the Y axis.
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FIG. 4. The effect of salt on the orga-
nization of water trapped between two
oppositely charged surfaces (blue, posi-
tively charged; red, negatively charged)
with a charge density magnitude of |σ|
= 1–10 e nm−2. The layering of water is
reflected by its normalized density (left)
and by the orientation angle adopted by
the water molecules (right). Only events
occurring at the positively charged sur-
face are shown.

at a concentration of 0.5 M. The addition of salt affects
the arrangement adopted by the water molecules at σ+

= 10 e nm−2, but lower charge densities scarcely affect the
ordering of the water layers. A much stronger salt effect is
observed on the orientation angle of the water molecules
and is observable even at low and medium surface charge
densities, with the effect of divalent ions larger than that of
monovalent ions. A similar effect of disruption of the water
orientation within the layers was also observed for water next
to the negatively charged surface (data not shown), but the
effect is stronger adjacent to the negatively charged surface
than adjacent to the positively charged surface. This might
be explained by cations, such as Na+ and K+, having a
stronger tendency to adsorb onto a negatively charged surface
than Cl− has to adsorb onto a positively charged surface.
The observation that the organization of water next to the

surfaces is disrupted by the ions may explain the smoother
PMF between two oppositely charged surfaces, and the lower
barriers are lower in the presence of salt.

Effect of the size of the surface beads
on water organization

The simulated interactions between oppositely charged
surfaces showed that charge density dominates the strength of
water–surface interactions. For surfaces with a high charge
density, the water layers are shifted toward the surface
(Figure 4). Figure 5 clearly shows how the water molecules fit
the space between the surface beads, particularly for surfaces
with σ+ = 10 e nm−2.

After observing this geometrical fit between the surface
beads and the water molecules, we turned to examine how

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

132.76.50.5 On: Wed, 04 Mar 2015 17:15:38



085102-6 Marcovitz, Naftaly, and Levy J. Chem. Phys. 142, 085102 (2015)

FIG. 5. Snapshots of the first two hy-
dration layers next to the positively
charged surface. The first and second
layers of water are defined by a dis-
tance criterion from the surface. Two
orientations of the surface are shown to
highlight the increased ordering as σ+

increases from 1 to 10.

changing the size of the surface beads may affect the
organization of water molecules on surfaces with varying
charge densities. Figure 6 summarizes the charge density
and orientation angle of water molecules next to surfaces
bearing different charge densities and comprised of different
bead sizes. For larger beads, the water layer forms closer to
the surface. Examining the snapshots in Figure 6 suggests
that this is because the larger beads create larger pockets
on the surface and so enable the surface to accommodate
more water molecules. The layers of water are therefore less
homogenous as the water can be placed at various sites. This
phenomenon is reflected in the lower peaks in the density of
water curves (Figure 6). Despite the lower density of water
next to plates composed of larger beads, the orientation of the
water molecules in these cases is very highly ordered.

Figure 7 shows the location of the water molecules of
the first hydration layer on the positively charged surface.
For the surface comprised of beads with a diameter of
3 Å, each water molecule is symmetrically placed in-
between four surface beads. Surfaces that are composed of
smaller 2 Å beads cannot accommodate the water molecules
at similar sites, and the hydration layer therefore has a
different symmetry. In contrast, a surface with larger beads
of 4 Å exhibits a higher water density and the water can be
accommodated at various sites. Plotting the hydrogen bonds
between the water molecules suggests that the location of the
water in the hydration shell is not only determined solely
by the surface characteristics (voids, electrostatic forces)
but also by the network of hydrogen bonds between the
water molecules. The network of hydrogen bonds is not
perfect on any of the surfaces, yet it may also govern, at
least partially, the water sites on the surfaces. There are
water molecules that are involved in 1–3 hydrogen bonds
with neighboring water molecules but others that do not

form hydrogen bonds with any neighboring water molecule.
Figure 7 suggests the existence of frustration between the
strengths of water–surface versus water–water interactions.
The degree of frustration might be modulated by the surface
charge density and the geometry of the surface. These factors
may control the location of water sites on the surface and
the orientation of the water molecules, and thus influence
the ability of the water molecules to form a two-dimensional
network of hydrogen bonds.

Implications for non-specific protein–DNA interactions
A major motivation for studying the association between

two oppositely charged plates is to estimate the role water has
in non-specific protein–DNA interactions, which are assumed
to be governed by electrostatic interactions. The simple
representation of the flat charged surfaces eliminates the
geometrical complexity that may make the simulations, their
analysis, and their interpretation more challenging. Although
our study included surfaces with the charge density of B-
DNA (∼1 e nm−2), we performed additional simulations
in which the interactions of Na+ with negatively charged
surfaces were studied to verify the value of σ− of the surface
that mimic a B-DNA model.36,37 Figure 8 shows the density
of sodium ions next to a central bead of the negatively
charged surface with σ− = (−1) − (−4) e nm−2 and next to a
B-DNA phosphate molecule. Comparing the condensation of
sodium ions on B-DNA with that on the negatively charged
surface indicates that the density of Na+ next to B-DNA
is most similar to its density next to the surface with σ−

= −3 e nm−2. Further support that a charge density of
−3 e nm−2 for the surface more realistically represents a
double-stranded DNA molecule can be obtained by estimat-
ing λ (the ratio between the total partial atomic charges in the
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FIG. 6. The effect of bead size on
the organization of water molecules
trapped between two oppositely
charged surfaces with absolute charge
densities of |σ| = 1–10 e nm−2. Three
types of surfaces (composed of
6×6 beads) were studied with bead
diameters of 2, 3, and 4 Å. The layering
of water is reflected by its normalized
density (left) and the orientation angle
of the water molecules (right). Only the
water layers adjacent to the positively
charged surface are shown.

system and the solvent accessible area) through calculating
the solvent accessible area of the surface or of B-DNA. A
λ value of ∼− 0.5 e nm−2 is obtained for B-DNA and for a
surface that was originally designed with σ− = −3 e nm−2.
The three times higher charge density of B-DNA double-
helix than cylindrical B-DNA can be obtained by a qualitative
estimation. As the phosphate charges are localized within the
minor grove and because the minor groove is about a third
of the total surface of the B-DNA cylinder, the effective
surface charge density of the minor groove is expected to
be three times higher than the average charge density of
the B-DNA cylinder, hence to be −3 e nm−2. Surfaces with
σ− = −3 have two major hydration layers at which the water
molecules exhibit a fairly high degree of alignment with the
dipole moment of the surfaces. The PMF for bringing the two
surfaces into contact with each other includes two dominant

energetic barriers. The barrier that must be crossed to achieve
complete dehydration is very high, which suggests that at
least a single hydration layer remains between the two planar
surfaces. This finding is consistent with the atomistic MD
simulations that reported the existence of about two hydration
layers at the interface of the complex formed between the
SRY protein and DNA.38,39

We point out that the charge density of DNA-binding
proteins and DNA is often not identical, and σ+ of the protein
is about 4-5 times smaller than σ− of the DNA.28 The associa-
tion of two oppositely charged plates with asymmetric charge
density was not investigated in this study but are expected to
show a similar pattern of organization of the hydration water
while the kinetics being lower as the difference in the charge
density increases because of higher free energy barriers for
association.
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FIG. 7. Snapshots of the first hydration layer next to positively charged surfaces (σ+= 10) comprised of beads of varying size. The upper and lower panels show
the location of the water oxygen (in red) and the network of hydrogen bonds formed between the water molecules (green), respectively. The snapshots were
taken from a simulation involving a plate composed of 12×12 beads. The size of each panel corresponds to the relative dimensions of the surfaces.

FIG. 8. Interactions between Na+ and negatively charged molecules. Using
the radial distribution function (RDF), the density of sodium ions next to a
negatively charged planar surface with σ− between (−1) and (−4) is compared
with the condensation of sodium on a 20 base-pair B-DNA molecule.

CONCLUSIONS

Here, we proposed a model consisting of two charged
surfaces immersed in water with and without salt to study
the atomistic details of the mechanism by which water may
facilitate sliding along DNA. We studied several pairs of
surfaces with varying surface charge densities (−σ, +σ) with
σ within the range of the macromolecular surface charge
densities of DNA and of DNA binding sites on protein
surfaces. A calculation of the potential of mean force to
bring the two parallel plates into close proximity yields free
energy landscapes with a large energetic barrier at short range
and additional smaller barriers of 1–2 kcal mol−1 along the
pathway. This observation strongly depends on the surface
charge densities of the two interacting molecules and may
indicate that some interfacial solvent molecules and perhaps
ions that interact with both surfaces are trapped, with their
removal imposing an entropic bottleneck to further approach.

Evidently, nonspecific protein–DNA interfaces tend to
be more hydrated compared with the specific binding
interfaces,12,14 where the water molecules are involved in
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hydrogen-bonding between the protein side chains and DNA
bases.9 Our study shows that the nonspecific electrostatic
attraction between the positively charged protein surface
and the negatively charged DNA backbone imposes an
ordered layered structure on interfacial water that may
repel the positive molecule from the negative molecule. We
investigated the organization of the solvent in-between the
two plates and found that water molecules assume a layered
organization and specific alignment that impose barriers to
their removal from the interface. We demonstrated how those
trends in the organization of solvent clusters are modulated
by the addition of salt, the charge on the surfaces, and by
the separation distance between the plates. While our model
system demonstrates how salt affects water polarization and
layering, it has several limitations (small number of ions
and strong repulsive forces) in addressing salt effects at
short separation distances where counterions concentration
is locally increased and osmotic forces are becoming an
important factor.28 Salt is obviously expected to have a larger
effect for the asymmetric case, where positive counterions
are strongly concentrated between both plates at short
separation, and osmotic forces are becoming an important
factor.

We believe that the basic physical-chemical principles
studied here explain the commonly observed existence of
water in protein–DNA interfaces during specific binding.14

The presence of 1–2 layers of water within the interface

FIG. 9. Sliding of a protein along a DNA molecule. Hydration of nonspecific
interfaces in protein–DNA complexes may increase the distance of the protein
from the DNA during rotation-coupled translation dynamics (i.e., sliding)
and so reduce the energetic roughness of the sliding landscape. Accordingly,
the hydration affects the normal energy profile (illustrated, for example, in
Fig. 2) and consequently the longitudinal energy profile along the DNA axis.
The reduced energetic roughness by the hydration layers is due to weaker
electrostatic interactions as well as lower probability for hydrogen bond
formation with nonspecific sites.

during sliding may screen attractive electrostatic interactions
between the positively charged molecular surface on the
protein and the negatively charged DNA backbone, and
this screening may then reduce intermolecular friction in
a manner that maintains a moderate and fairly smooth
energetic landscape for sliding and facilitates the 1D diffusion
of the protein19,40 (Figure 9). The reduced ruggedness by
the hydration is accompanied by a free energy barrier for
dehydration upon localization at the target site and formation
of higher affinity interactions (i.e., specific complex).28 We
expect that the magnitude of these effects will strongly
depend on the electrostatic properties (e.g., the exact charge
density and the degree of homogeneity of the electrostatic
surface) and the shape complementarity of the particular
protein that approaches DNA for sliding.
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