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Efficient search of DNA by proteins is fundamental to the control of cellular
regulatory processes. It is currently believed that protein sliding, hopping,
and transfer between adjacent DNA segments, during which the protein
nonspecifically interacts with DNA, are central to the speed of their specific
recognition. In this study, we focused on the structural and dynamic
features of proteins when they scan the DNA. Using a simple computational
model that represents protein–DNA interactions by electrostatic forces, we
identified that the protein makes use of identical binding interfaces for both
nonspecific and specific DNA interactions. Accordingly, in its one-
dimensional diffusion along the DNA, the protein is bound at the major
groove and performs a helical motion, which is stochastic and driven by
thermal diffusion. A microscopic structural insight into sliding from our
model, which is governed by electrostatic forces, corroborates previous
experimental studies suggesting that the active site of some regulatory
proteins continually faces the interior of the DNA groove while sliding
along sugar–phosphate rails. The diffusion coefficient of spiral motion along
the major groove of the DNA is not affected by salt concentration, but the
efficiency of the search can be significantly enhanced by increasing salt
concentration due to a larger number of hopping events. We found that the
most efficient search comprises ∼20% sliding along the DNA and ∼80%
hopping and three-dimensional diffusion. The presented model that
captures various experimental features of facilitated diffusion has the
potency to address other questions regarding the nature of DNA search,
such as the sliding characteristics of oligomeric and multidomain DNA-
binding proteins that are ubiquitous in the cell.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

Interactions between proteins and nucleic acids
are ubiquitous and central to the life of cells. DNA-
binding proteins perform many different biological
tasks such as controlling transcription, unwinding
DNA, repairing damaged DNA, and supercoiling
DNA. The remarkable efficiency and specificity of
protein–DNA recognition present a major theoreti-
cal puzzle given the size of the genome, the large
number of molecular species in vivo, and the
crowded environment they inhabit. Deciphering
ess:

ensional; 1D,
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the molecular principles and detailed dynamics of
protein interactions with nucleic acids is funda-
mental to understanding the network of chemical
reactions in cellular regulatory processes and is
expected to give meaning to raw genomics data.
One of the most fundamental issues in protein–DNA
recognition is how proteins achieve a high degree of
selectivity among millions of competing nonspecific
DNA sequences of very similar overall structures
containing exquisitely fine differences in their
chemical properties.
Another important, and no less perplexing, aspect

of protein–DNA interactions is the rapid recognition
of the DNA target sequence. A transcription factor
can find its target site among 106–109 possible sites
on the DNAwithin∼1–10 s. The association rate of a
transcription factor and its operator on DNA is
about 1010 M−1 s−1, which is 2 orders of magnitude
d.
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faster than the maximal rate of a bimolecular re-
action controlled by three-dimensional (3D) diffu-
sion. A simple 3D search for the target sequence by
proteins is, thus, not sufficient to resolve the
discrepancy between the experimentally measured
target search rates and the maximal rate allowed by
diffusion. It was suggested relatively early1,2 that
the actual efficiency of the DNA search process
undertaken by binding proteins is achieved not
solely through random diffusion but also using
additional search mechanisms such as one-dimen-
sional (1D) sliding along the DNA,3–7 during which
the protein binds the DNA nonspecifically.8 Recent
modeling suggests that sliding roughly 100 bp is
optimal for a typical protein and would speed
binding by a factor of 30.4

Since the pioneering work of Berg et al., it has
become well accepted that a protein search for its
target sequence comprises both 1D search (sliding)
and 3D search along the DNA, whereby the protein
dissociates from the DNA and reassociates at a point
uncorrelated to the dissociation point.9 In addition
to these two search mechanisms, a protein can
search the DNA via hopping (also known as
correlated transfer) or via intersegmental transfer.
In hopping, the protein dissociates from the DNA
and reassociates after a short period at a point in the
vicinity of the dissociation point. In intersegmental
transfer, the protein directly transfers from one
DNA fragment to another, presumably via a doubly
bound intermediate. Figure 1 schematically shows
the four different mechanisms in use during DNA
search by proteins.
The structural details of nonspecific protein–DNA

interactions, which govern the search for cognate-
specific sites on DNA, are elusive due to their
relatively low affinity. Yet, a few crystal structures
of nonspecific or semispecific protein–DNA com-
plexes have been resolved. In nonspecific protein–
DNA complexes (e.g., EcoRV,10 BamHI,11 lac re-
pressor,12,13 and BstYI14 systems), the proteins
Fig. 1. Schematic illustration of the four different
mechanisms by which a protein searches DNA: 3D diffu-
sion (1); hopping or correlated transfer (2); 1D sliding (3);
intersegmental transfer (4).
interact mostly with negatively charged phosphate
groups,15 and the DNA remains in canonical B
form.12 The importance of electrostatic interactions
in dominating nonspecific protein–DNA inter-
actions16,17 is supported by a salt concentration
dependence stronger than that in specific inter-
actions18 and by observations that the protein–
DNA interface is much more hydrated in the
nonspecific complex than in the specific complex.19

In recent work using NMR measurements, success-
fully characterized the structural and kinetic aspects
of the nonspecific interaction of the HoxD9 home-
odomain with DNA.20–22 They established that the
HoxD9 homeodomain makes use of identical bind-
ing interfaces and orientations in both specific and
nonspecific DNA interactions. This may suggest
that, during sliding, the HoxD9 homeodomain per-
forms a helical motion by probing the major groove,
as was previously conjectured for EcoRI23 and
BamHI24 description.
Recently, a few single-molecule experiments25–27

have been designed to capture the translocation of a
DNA-binding protein along a double-stranded
DNA molecule. These experiments elegantly illu-
strated the translocation of proteins along the DNA,
verified their Brownian nature, and indicated the
broad distributions of the 1D diffusion coefficient
(D1) and the diffusion length. The D1 coefficient
ranges from 2.3×102 nm2 s−1 to 1.3×105 nm2 s−1,
which is much smaller than the 3D coefficient of
about 108 nm2 s−1. The relationship between the 1D
search and the 3D search of DNA has been recently
studied for the heterodimeric restriction enzyme
BbvCI to distinguish whether the translocation of a
protein from one specific site to a second specific
site, separated by a different number of base pairs,
includes dissociations.28 Under physiological con-
ditions, the translocation of a protein over a distance
of 30 bp or more always includes at least one
dissociation event.
In the current study, we use computational tools

to explore the molecular details of sliding, its driving
forces, and its generalizability to various DNA-
binding proteins. Furthermore, we investigate the
interplay between DNA search by sliding, DNA
search by hopping, and DNA search by 3D diffu-
sion, and how each mechanism contributes to the
efficiency with which the specific binding site is
targeted. Due to the elusive nature of nonspecific
protein–DNA interactions, which are central to the
DNA search process by proteins, we use simple
models in which the interactions between proteins
and DNA are governed solely by electrostatic forces.

Results and Discussion

Structure of protein as it slides along DNA

The properties of protein sliding along B-DNA
were studied for three α-helical DNA-binding
proteins (Engrailed homeodomain HoxD9, Sap1,
and Skn1) and for an RNA-binding protein



Fig. 2. Structural characteristics of protein sliding on DNA. (a–c) Typical sliding trajectories of the Skn1 (a), Sap1 (b), and HoxD9 (c) DNA-binding proteins on DNA at a salt
concentration of 0.01 M and at T≤0.7TF. Typical trajectories of the sliding dynamics of Barnase (an RNA-binding protein) and an SH3 domain (not a nucleic-acid-binding protein)
are shown in (d) and (e), respectively. The blue line represents the distance of the center of mass of the protein from the main axis of the DNA in the XY plane. The gray line
represents the translocation of the protein along the DNA (along the Z-axis; the center of the DNAmolecules is placed at the origin). The nucleic-acid-binding proteins remain near
the DNA throughout the simulation, while the SH3 domain shows no attraction to the DNA and randomly moves around it. (f) The trajectory of the Sap1 protein at two different
salt concentrations: top frame, 0.01 M salt; bottom frame, 0.06 M salt. The light-blue line indicates the orientation angle of the protein towards the DNA (see Materials and
Methods). Notice that at the higher salt concentration, the protein dissociates from the DNA, performs 3D diffusion, and is able to adopt various orientation angles due to the
decrease in the nonspecific association constant that occurs at higher salt concentrations. (g) A graphical representation of five frames from the Engrailed homeodomain trajectory
corresponding to the locations indicated in (c). This figure shows the spiral path performed by the protein in its 1D diffusion along the DNA.
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Fig. 3. Protein structural characteristics during sliding on DNA. (a) Histograms of the distances of the center of mass of the protein from the DNA in the XYplane. While the
nucleic-acid-binding proteins are close to the nucleic acid, the SH3 domain is mostly detached from the DNA, as indicated by its wide distance distribution. (b) Histograms of the
orientation angles between the protein and the DNA. The distributions of angles exhibited by the DNA-binding proteins indicate that the proteins scan the DNA using a rather
unique interface. Barnase and the SH3 domain exhibit an orientation angle distribution much wider than those of other proteins, with a significant population of angles larger than
90° (∼1.6 rad). (c) Percentage of recognition region situated in the major groove. During the simulation, more than 80% of the DNA-binding proteins' recognition region is located
at the major groove of the DNA, while Barnase shows no clear tendency for any groove. (d–f) Average distance of each protein residue from the closest DNA bead (blue line)
compared with the distances in the crystal structure of the specific complex (gray line) for Skn1 (d), Sap1 (e), and HoxD9 (f) proteins.
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Fig. 4. Protein structural properties during hopping
and 3D diffusion. The distance distributions of the center
of mass of the Sap1 protein from the main axis of the DNA
(a) and its orientation angle distributions (b) during
sliding, hopping, and 3D diffusion. The analysis was
performed on simulations sampled at a salt concentration
of 0.06 M and at a temperature of 0.5TF. Note that, during
hopping, the protein maintains a general orientation in
which the binding region faces the DNA, in contrast to the
nonspecific orientation of the protein during 3D diffusion.
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(Barnase). As control, we also studied the dynamics
of a non-DNA-binding protein (SH3) around helical
DNA. In these simulations, the 100-bp DNA
molecule was kept rigid. To ensure folded proteins
and to minimize protein–DNA dissociations, sliding
simulations were performed at low salt concentra-
tion and at temperatures well below the protein's
folding temperature.
Figure 2 presents the dynamic behavior of the five

proteins with respect to their distance from the DNA
(in the XY plane) and their displacement along the
DNA molecule (along the Z-axis, the center of the
DNA molecules is placed at the origin). The DNA-
binding proteins remain close to the DNA main axis
throughout the simulations while they show sig-
nificant motion along the DNA, indicating that the
translocation along the DNA main axis is mainly 1D
and displays properties consistent with a 1D
random walk driven by thermal diffusion. In
contrast, the SH3 domain shows no attractions to
the DNA molecule, around which it moves ran-
domly. This reflects that electrostatic interactions,
which are the only attractive force between the
proteins and the DNA in our model, are sufficient to
dominate nonspecific interactions. The ability of
Barnase, an RNA-binding protein, to bind nonspe-
cifically to DNA is therefore explained by the charge
distribution on its surface. The distribution of the
distances of each protein from the DNA (Fig. 3a)
clearly illustrates that the four nucleic-acid-binding
proteins are close to the DNA, while the SH3
domain is not attracted to the DNA under the
same conditions.
To further quantify the structural properties of

nonspecific protein–DNA interactions that are gov-
erned solely by electrostatic forces, the orientation
angle of the proteins relative to the DNAwas probed
(see the definition of this angle in Materials and
Methods). When the protein slides on the DNA at
low salt concentration, the orientation angle does
not change significantly; however, upon dissocia-
tion at high salt concentration, the specificity of the
orientation angle is lost (Fig. 2f). The orientation
angle indicates that the DNA-binding proteins
interact with DNA via the recognition region that
is oriented towards the DNA during most of the
simulation. DNA-binding proteins accordingly exhi-
bit a narrow distribution of angles, implying high
structural preference at nonspecific binding mode
(Fig. 3b). In comparison to the three DNA-binding
proteins, the distribution of the orientation angle of
Barnase (an RNA-binding protein) is larger, and the
corresponding distribution of the SH3 domain
covers all possible angle values. We note that,
although the distribution of the orientation angle
of the HoxD9 protein is narrow, it includes two
distinct binding conformations with the DNA.
While these two nonspecific binding modes could
be relevant, they may also originate from the
simplicity of our model.
In addition to investigating the distance and

orientation of the three DNA-binding proteins re-
lative to the DNA, we examined whether the
residues constituting the binding site are located in
the major groove as in their specific complex with
DNA. Figure 3c shows that more than 80% of the
recognition region of the three DNA-binding pro-
teins is situated in the DNA major groove through-
out the simulations. The reference protein Barnase
shows no clear tendency to any groove. To probe the
configuration of the DNA-binding proteins in the
simulations at low salt concentration, we calculated
the distance between the Cα bead of each protein
and their closest DNA bead, and we compared the
profile of the average distances during the simula-
tion to the distances in the crystal structure of the
specific complex. The distance profiles for the Sap1,
Skn1, and HoxD9 proteins (Fig. 3d–f) display high
similarity to those of the specific complex, indicating
that nonspecific DNA association at low salt
concentration is similar to that adopted for the
formation of the specific complex.
Retention of recognition structural elements in

sliding along the DNAwas previously inferred by a
CD study of Johnson et al., which showed that the
structure of helical DNA-binding motifs is induced
by nonspecific DNA sequences.29 This observation
led the authors to propose that the lack of major
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conformational rearrangements when moving from
sliding to specific recognition is essential to achiev-
ing fast binding. Recent NMR studies of Iwahara et
al. and Iwahara and Clore support these structural
features of sliding by directly showing that the
HoxD9 protein binds DNA nonspecifically using the
same interface as the one used in their specific
complex.20,21

Protein–DNA structural characterization during
hopping and dissociation

Characterizing the structural properties of pro-
teins during hopping and 3D search of DNA is
essential to determining the extent to which these
search modes are governed by the specific protein–
DNA interface found in the crystal structure. Figure
4a and b describes protein configuration relative to
DNA for these two search mechanisms, during
which the protein dissociates from the DNA, and
during sliding. These analyses were performed on
simulations performed at a salt concentration of
0.06 M and at a temperature of 0.5TF of the
corresponding protein (a high salt concentration is
Fig. 5. The effect of salt concentration and temperature on
(a) The proportion of use of each of the three search mechanis
temperatures of 0.5TF (full circles) and 0.9TF (empty circles). (b
simulation during which the protein scanned the DNA via pu
during which the protein was bound to the DNA and undertoo
greatly increases the diffusion constant at high salt concent
conformations of the Sap1 protein at three different temperatu
for both pure sliding and bound conformation, but with a m
includes hopping events whose probability increases with incre
by the protein using sliding during the simulation as a functio
as a fraction of the sum of hopping and 3D diffusion).
required to sample hopping and dissociation events;
see Fig. 5a). During hopping, the protein adopts an
orientation in which the specific binding region
faces the DNA, but this orientation is much less strict
than that displayed during sliding. In hopping, the
protein can be viewed as performing “gliding”
dynamics, where it is attracted to the DNA but
does not follow the helical backbone rails as occurs
during sliding. No orientation preference is dis-
played during 3D diffusion. Hopping durations
range from a few time steps to more than 100 time
steps. Most detected hopping events occur on a
short timescale and span only a few DNA base pairs.
Protein flipping during hopping (while maintaining
its interface with the DNA) is more probable for
long-lived hopping events (Fig. 6).
To address the interplay between protein flex-

ibility and the properties of the mechanism used to
search the DNA, we quantified the fraction of
sliding, hopping, and 3D diffusion undertaken by
Sap1 protein using a model in which the protein is
completely rigid and at a temperature at which it is
folded but flexible (T=0.9TF). Contrary to our
expectations, the usage ratios for the three DNA
the interplay between sliding, hopping, and 3D diffusion.
ms for Sap1 protein at different salt concentrations and at
) Diffusion coefficient D1 calculated for the portions of the
re sliding (circles) and for the portions of the simulation
k either sliding or hopping (triangles). We see that hopping
rations. (c) Diffusion coefficients for sliding and bound
res. As expected, the D1 value increases with temperature
ore pronounced effect in the bound conformation, which
asing temperature. (d) The percentage of positions probed
n of the fraction of nonsliding conformations adopted (i.e.,



Fig. 6. Characterization of hopping
dynamics. Hop instances during five
simulations of 20 million steps each
were binned according to the duration
of the hop. Most hopping events last
only a few time steps; however, longer
hops have greater influence on the
target search, since they propagate the
protein much farther along the DNA
molecule, as can be seen by the red
bars. The blue bars indicate the prob-
ability of a protein to flip and change its
orientation relative to the DNA for
different hop durations. One can see
that for hops longer than 80 steps, the
probability of flipping reaches 50%.

Fig. 7. The effect of protein flexibility on the interplay
between sliding, hopping, and 3D diffusion. The balance
between the three search mechanisms for the protein Sap1
in different salt concentrations at 0.9TF (TF

− is the folding
temperature of flexible Sap1): empty circles represent a
flexible protein with 10–12 van der Waals potentials for all
native contacts, and full circles represent a rigid protein
with harmonic constraints applied to all native contacts to
eliminate their fluctuations.
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search modes at a given salt concentration are
similar for both the flexible model and the rigid
model of the proteins (Fig. 7).

Efficiency of DNA search: Effects of temperature
and salt concentration

The balance between DNA sliding, hopping, and
3D dissociation might be affected by either salt
concentration or temperature, as both can decrease
the electrostatic strength that governs nonspecific
protein–DNA association. Figure 2f illustrates the
different structural properties of the interactions that
occur under low versus high salt concentration
regimes; at a salt concentration of 0.01 M, the
protein is close to the DNA, while at a concentration
of 0.06 M, the protein is detached from the DNA
during a significant part of the simulation. To
characterize the dynamics of nonspecific protein–
DNA recognition, we simulated the Sap1 protein at
a wide range of salt concentrations and at two
different temperatures (Fig. 5a). As salt concentra-
tion increases, the protein becomes more dissociated
from the DNA, such that usage of the sliding search
mode decreases and that of 3D diffusion increases.
The decrease in sliding and the increase in 3D
diffusion are accompanied by a sharp peak in the
number of hopping events occurring at moderate
salt concentrations. Hopping along the DNA
requires that the protein not be too tightly bound
at the major groove, but still be close to the DNA. In
our simulation model, we found that a significant
population of hopping events occurs at salt con-
centrations of 0.04–0.07 M. The existence of an
optimal salt concentration for hopping stems from
the need to balance the strength of the electrostatic
attraction between the protein and the DNA. For
hopping, electrostatics has to be strong enough to
enable mild attraction of the protein to the DNA, but
it also has to be weak enough to allow the protein to
leave the major groove. At a higher temperature, the
relative proportions of sliding, hopping, and dis-
sociation at different salt concentrations are similar
to the behaviors observed at a lower temperature,
with the exception that the tradeoff between sliding
and dissociation occurs at a lower salt concentration
(Fig. 5a). Accordingly, at this high temperature
(0.9TF), the maximal amount of hopping is observed
at a salt concentration of 0.04 M (in comparison to
0.06 M at 0.5TF).
The strong dependence of DNA search via sliding

or hopping mode on salt concentration suggests that
the 1D diffusion coefficient D1 will also be affected
by salt concentration. We estimated the values of D1
for two different types of protein–DNA recognition:
(1) the protein is bound to the DNA (i.e., engages in
either sliding or hopping dynamics); and (2) the
protein performs a purely helical sliding motion
when its recognition region is located at the major
groove. Figure 5b displays the results of this com-
parison (since hopping events are rather short, it is
impractical to estimate the D1 value of a hopping
motion alone). The small D1 value for the sliding
motion originates from tight interactions between
the protein and sugar–phosphate rails that may
introduce hydrodynamic resistance into the rota-
tional motion.30 While the D1 diffusion coefficient
for sliding is not affected by salt concentration, the
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D1 diffusion coefficient for the combination of
sliding and hopping greatly increases with salt
concentration, independently of the protein system
studied. This phenomenon is likely to stem from the
increase in the number of hopping events that occur
up to a salt concentration of 0.06 M at T=0.5TF (Fig.
5a). During the hopping events, the protein adopts
an orientation in which the specific binding region
faces the DNA but its motion does not necessarily
perform a helical trajectory by following the major
groove of the double- stranded DNA, as occurs in
sliding. Hopping, therefore, is characterized by
faster dynamics. The different D1 values of the
three proteins may stem from their different
geometries and electrostatic potentials (inhibiting
protein flexibility does not affect the diffusion
coefficient; data not shown). To examine the effect
of temperature on the 1D diffusion coefficient, the
D1 coefficients for the bound and sliding states were
measured at different temperatures (Fig. 5c). As
expected, the D1 coefficients increased with tem-
perature for both pure sliding and bound conforma-
tion, but with a more pronounced effect for the
bound conformation.
Our next goal was to explore search efficiency and

to compare it with the prediction made by Berg et al.
for the association rate of a specific site at different
nonspecific association constants.9 To address the
efficiency of the DNA search, we define a measure,
called Probed Positions, that indicates the number of
new DNA sites visited by the protein during the
simulation when the helical recognition site is
located at the DNA's major groove. This measure
is calculated by dividing the DNA into sections
having a length of 3.3 Å (the length of a DNA base
pair). Any frame in which the protein is situated at
the DNA's major groove is added to the probed
position measure, unless this position has already
been scanned by the sliding mode. When the protein
disassociates from the DNA, all marked positions
are wiped, and the number of Probed Positions is
left unchanged. Thus, the next time the DNA is
probed, all positions will be unmarked. Wiping of
the marked positions during dissociation is per-
formed to simulate the fact that, upon dissociation,
the probability of the protein returning to the same
DNA section is negligible; thus, upon reassociation,
the protein would be probing an unprobed piece of
the DNA. Since our model does not include a
specific site, the Probed Positions measure serves as
a measure for the specific site association rate. For
the purpose of recapturing the predicted behavior,
we use the fraction of nonsliding instances (i.e., the
percentage of instances during which the protein
did not slide along the DNA in the simulation;
namely, the total fraction of hopping and dissocia-
tion) as a measure of the nonspecific binding
constant. To sample different sliding fractions, we
simulated the system at salt concentrations varying
between 0.005 M and 0.2 M. Figure 5d shows the
search efficiency as a function of the salt concentra-
tion and is reminiscent of the trend predicted by
Berg et al.9 When the protein scans the DNA in
sliding mode (at a low salt concentration), the search
efficiency is limited, since the diffusion is slow when
scanning the major groove. At a high salt concentra-
tion, the efficiency of the DNA search is very poor,
since the electrostatic interactions are very weak and
the protein mostly diffuses three-dimensionally
around the DNA but rarely slides on it. At a mode-
rate salt concentration, the DNA-binding protein
searches the DNA by the three mechanisms, and this
combination yields an efficient search.
In our simulation, optimal search efficiency is

achieved when sliding constitutes about 20% of the
total search. This result not only supports previous
theoretical models4,31 showing that an optimal
search strategy requires a combination of the
different search mechanisms but also indicates the
importance of hopping and dissociation for an
efficient search. Measurements of the translocation
of the restriction enzyme BbvCI along the DNA28

indeed occur for short distances of about 30 bp and
suggest that sliding is crucial to locally scanning the
DNA, while hopping and dissociation play impor-
tant roles in reaching distant DNA regions.
Conclusions

Deciphering the physicochemical mechanisms
that underlie the protein–DNA recognition process
requires us to understand the nature of the interac-
tions between regulatory proteins and nonspecific
DNA-binding sites. These interactions dictate the
speed of the DNA search and act as an intermediate
step in the process of recognizing the specific DNA
target. In this study, we used computational models
to characterize the structural and dynamic features
of the recognition of DNA by proteins during DNA
search. In our simple models, the protein was
flexible but the DNA remained rigid, and the
protein–DNA interactions were modeled by electro-
static forces only. This modeling is in accord with
structural and thermodynamic studies indicating
that there are no intimate interactions between the
protein–DNA interactions, and that electrostatics
governs the nonspecific binding mode.
Using the molecular model, we characterized the

sliding dynamics of three helical DNA-binding
proteins. The sliding is bidirectional and displays
properties consistent with a 1D random walk driven
by thermal diffusion. In 1D sliding, the proteins
perform a helical motion utilizing the same protein–
DNA interface and the same protein–DNA orienta-
tion as found in the crystal structures of the specific
complexes. This result is in agreement with recent
NMR measurements on the HoxD9 protein indicat-
ing the signature of the specific protein–DNA
recognition in nonspecific sliding.20,21
The efficiency of the DNA search, which can be

measured by the number of new DNA sites scanned
over a certain timescale, strongly depends on the
strength of the electrostatic interactions. At a low
salt concentration (i.e., tight nonspecific protein–
DNA interactions), the protein mostly probes the
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DNA's major groove, and its sliding dynamics is
characterized by a small diffusion coefficient. At a
higher salt concentration, the protein is more
detached from the DNA, either moving away from
the DNA (undertaking 3D search) or remaining in
the vicinity of the DNA (undertaking a linear search
via hopping). The hopping search mode is accom-
panied by a higher diffusion coefficient and
enhances the efficiency of DNA scanning. At a
very high salt concentration, the efficiency of the
DNA search by proteins diminishes as the protein
mostly engages in 3D diffusion. Accordingly, we
suggest an optimal salt concentration at which the
DNA-binding protein combines sliding, hopping,
and 3D diffusion to search the DNA target. This
optimal interplay between the various search
mechanisms of DNA may be different for proteins
having different binding affinities for DNA.
While we show that key structural and dynamic

properties of protein sliding can be studied by rela-
ting only to the electrostatic interactions between
proteins and DNA, it is clear that higher-resolution
models are essential to understanding the role of
water molecules in sliding and in the transition from
nonspecific to specific recognition,32,33 which is sup-
posed to be accompanied by the release of water
molecules from the protein–DNA interface. Further-
more, the role of DNA flexibility34–37 in sliding and
the generalizability of the sliding properties repor-
ted here for the helical proteins to other DNA-
binding proteins have to be explored in the future to
achieve a better understanding of regulatory pro-
cesses at the molecular level.
Materials and Methods

The molecular and dynamic nature of the protein search
of DNA was studied using a reduced model that allows
long timescales to be simulated and thus captures sliding,
hopping, and 3D diffusion (intersegmental transfer cannot
be studied in the current study, since the simulations are
performed using a single straight DNA). We modeled the
DNA with three beads per nucleotide, representing
phosphate, sugar, and base. Each bead was located at
the geometric center of the group it represented. The
protein was represented by one bead for each residue
located at the Cα of that residue. Beads representing
charged amino acids (Arg, Lys, Asp, and Glu) and the
DNA phosphate groups were charged in the model. In the
simulations, a 100-bp-long B-DNA molecule was used.
The protein and the DNA were placed in a box with
dimensions 200 Å×200 Å×500 Å, and the DNA was
placed at the center of the box along its Z-axis. While the
DNA remained frozen throughout the simulations, the
protein was flexible and could undergo folding and un-
folding events. The protein was simulated by a native
topology-based model that excludes nonnative interac-
tions (details of the Hamiltonian of the protein can be
found in previous publications38–40). The dynamics of the
systems was simulated using the Langevin equation:41

mi
:
mi = Fi � gmimi + Ri tð Þ ð1Þ

wheremi, νi, and
:
mi are the mass, velocity, and acceleration

of the ith bead, respectively. Fi is the force applied on the ith
bead, and Ri is a Gaussian stochastic variable with zero
mean and with variance 〈Ri(t)Rj(t+τ)〉=2miγkBTδ(τ). In
this study, γwas set to 0.01. We note that the randomwalk
motion of the proteins during sliding along the DNA is not
achieved when random noise is excluded from the
simulations (i.e., the dynamics is studied using theNewton
equation).
The electrostatic interactions were represented by the

Debye–Huckel model, which mimics the effects of salt
concentration:42

UDebye�Huckel =KCoulombB jð Þ
X

i;j

qiqjexp �jrij
� �

erij
ð2Þ

The Debye–Huckel theory predicts the range of electro-
static influences of an ion to be the Debye screening length
κ−1. Linearization of the Poisson–Boltzmann equation
yields the following relation j2 = 8pNAe2qA

1000ekBT
, where NA is

Avogadro's number, ρA is the solvent density, e is the
proton charge, ɛ is the solvent dielectric constant, and Cs is
the ionic concentration in molar units (Cs = 0:5

Pni
i = 1

ciq2i ,
where Ci is the molar concentration of ion with charge qi).
For monovalent salt at room temperature and with ɛ=80,
κ≈0.32√Cs Å

−1. In Eq. (2), qi is the point charge of the ith
bead, rij is the distance between two charged beads (with
either same or opposite charges), andKCoulomb=4πɛ0=332-
kcal mol−1. Due to the simplicity of our model and, in
particular, the large distances between the charged beads of
the protein and the charged beads of the DNA (since, in the
reduced model, not all atoms are represented and the
charges are placed at the phosphate and Cα beads), the salt
concentrations reported in this study are several fold smaller
than the experimental ionic strength. B(κ) is a salt-
dependent coefficient that equals exp(κar)/(1+κar), where
ar is the ion radius [for dilute solutions, B(κ)≈1]. The sliding
dynamics was explored at a salt concentration in the range
of 0.01–0.3 M and using a dielectric constant of 80. The
Debye–Huckelmodel has been previously used to study the
energetics and dynamics of various biomolecular systems
such as RNA folding,43 conformational stability of long
DNA,44 chromatin assembly,45 protein–DNA binding,46

and DNA–DNA association.47 While the Debye–Huckel
model is powerful in introducing the salt effect of screening
electrostatic interactions to the Coulomb potential, one
should be aware of its approximations.48 TheDebye–Huckel
model is valid for low salt concentration, as it approximates
that the potential energy of an ion is determined by pairwise
interactions with other ions, which is valid mainly for dilute
solution. The detailed effects of higher salt concentrations
and of ion condensation on DNA have to be studied using
the nonlinearized Poisson–Boltzmann equation, as well as
atomistic simulations49 that can elucidate the dynamics of
the ionic layer during sliding on the DNA.
In addition to the electrostatic forces between all

charged residues and phosphate beads, each bead of the
protein had a repulsion potential from all of the DNA
beads modeled by (σij/rij),

12 where σij equals 5.7 Å (the
shortest distance between Cα atoms and the DNA beads
found in a survey of crystallographic protein–DNA com-
plexes when an α-helix served as the recognition helix). In
addition, a larger repulsion distance between the protein
and the 8-Å DNA, which mimics the existence of a water
layer in the protein–DNA interface, was tested. A similar
sliding behavior was observed for the two repulsion
distances.
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We have studied the sliding of three DNA-binding
proteins Engrailed homeodomain HoxD9 (1HDD), Sap1
(1BC8), and Skn1 (1SKN), as well as an RNA-binding
protein Barnase (1BRS). As control, we studied the
dynamics of the tyrosine kinase SH3 domain (1SRL),
which is not a DNA-binding protein, in the vicinity of a
DNA molecule. The dynamics of each protein on long
DNAwas studied at various temperatures and at different
salt concentrations. All the temperatures in this work are
reported in terms of the folding temperature TF of the
studied protein (TF is the temperature at which the free
energies of the unfolded and folded states are equal).
Trajectories were used to explore the following struc-

tural and dynamic features of protein sliding on DNA:

1. Percentage of recognition via major groove: To
determine whether a protein bead was located in
the DNA's major groove, we first found the closest
phosphates from each DNA chain. If the distance
between these two phosphate beads fitted the
characteristic distance of a B-DNA's major groove
(larger than 15 Å), this protein bead was assigned to
be in the major groove. The percentage of the
protein's recognition region that was located in the
major groove was estimated by applying the
described procedure to all the protein beads.

2. Orientation angle of the protein relative to the DNA:
Orientation angle to DNA was defined as the angle
between the geometric center of the recognition
region of the protein, the geometric center of the
protein, and the point on the DNA's main (Z) axis
perpendicular to the protein's geometric center.

3. Diffusion coefficient D1: Qian et al. derived an
expression with which to evaluate whether a
diffusion trajectory is Brownian and to extract the
diffusion constant D1 of this dynamics.50 This
method calculates the mean square displacement
MSD(n,N) for all time intervals of a single diffusion
trajectory:

MSD n;Nð Þ =
XN�n

i = 1

Zi + n � Zið Þ2
N � n

= 2D1nDt ð3Þ
where N is the number of time steps measured, n is the
measurement window ranging from 1 to N, Δt is the time
interval between two consecutive steps, and D1 is the 1D
diffusion coefficient. In Eq. (3), the projected distance
along the Z-axis is used. For Brownian diffusion, the MSD
(n,N) at n below a cutoff nc will be linear with a slope of
2D1Δt.

Structural classification of protein sliding, hopping,
and 3D diffusion

To differentiate in silico between protein sliding, hop-
ping (transient dissociations after which the protein is
likely to reassociate in the vicinity of the dissociation
point), and free 3D diffusion, it is necessary to provide a
clear definition of each of them (we note that although we
categorize the dynamics of the protein relative to the DNA
as performing sliding, hopping, or 3D search, one can
imagine a continuous transition from sliding to hopping,
or from hopping to 3D search). We defined a simulation
frame as being part of 3D diffusion if the protein was
farther than 32 Å from the main DNA axis, since, at this
distance, the average electrostatic energy drops to about
2% of the energy in the sliding conformations at low salt
concentration. A snapshot was defined as being part of the
sliding search procedure if three criteria were met: at least
70% of its recognition region was in contact with the
correct groove, the distance of the center of mass of the
recognition region from the DNA was up to 10 Å longer
than that in the crystal structure, and the orientation angle
was less than 90°. If the protein was at a distance of less
than 32 Å from the DNA and did not meet the criteria for
the sliding mode, the frame was defined as representing
protein hopping along the DNA.
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