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ABSTRACT

During DNA replication, the single-stranded DNA
binding protein (SSB) wraps single-stranded DNA
(ssDNA) with high affinity to protect it from degra-
dation and prevent secondary structure formation.
Although SSB binds ssDNA tightly, it can be reposi-
tioned along ssDNA to follow the advancement of
the replication fork. Using all-atom molecular dy-
namics simulations, we characterized the molec-
ular mechanism of ssDNA association with SSB.
Placed in solution, ssDNA–SSB assemblies were
observed to change their structure spontaneously;
such structural changes were suppressed in the
crystallographic environment. Repeat simulations of
the SSB–ssDNA complex under mechanical tension
revealed a multitude of possible pathways for ss-
DNA to come off SSB punctuated by prolonged ar-
rests at reproducible sites at the SSB surface. En-
semble simulations of spontaneous association of
short ssDNA fragments with SSB detailed a three-
dimensional map of local affinity to DNA; the equilib-
rium amount of ssDNA bound to SSB was found to
depend on the electrolyte concentration but not on
the presence of the acidic tips of the SSB tails. Spon-
taneous formation of ssDNA bulges and their diffu-
sive motion along SSB surface was directly observed
in multiple 10-�s-long simulations. Such reptation-
like motion was confined by DNA binding to high-
affinity spots, suggesting a two-step mechanism for
SSB diffusion.

INTRODUCTION

During DNA replication and repair, each nucleotide of a
parent DNA molecule is read and copied to make up the
DNA molecule of the progeny. Errors in DNA metabolism

can lead to mutations and are at the origin of many diseases,
including cancer (1,2). To replicate DNA with high-fidelity,
a number of proteins work concertedly in a loose com-
plex known as the replisome (3,4). A helicase protein sepa-
rates duplex DNA into two complementary single strands.
A DNA polymerase protein traverses each strand and syn-
thesizes the complementary daughter strand. Because the
DNA synthesis occurs in the 5′-to-3′ direction, one of the
two polymerase proteins needs to ‘backstitch’ every 100 to
1000 nucleotides (nts) on one of the strands (the lagging
strand) in order to keep up with the motion of the helicase.
As a result, a significant amount of single-stranded DNA
(ssDNA) is present between the helicase and the DNA poly-
merase, which can pose a problem for high-fidelity DNA
replication, as ssDNA is vulnerable to enzymatic and ox-
idative degradation (5,6). Furthermore, reanealing of the
DNA strands emerging from the helicase or in the self-
complementary regions of the lagging strand can stall the
replication process or introduce deletion errors (5,6). To
protect against these effects, all organisms have proteins that
sequester ssDNA. In bacteria, these proteins are known as
single-stranded DNA binding proteins (SSBs) (7,8).

Escherichia coli SSB is a homotetramer, Figure 1A.
Each monomer features a structured DNA-binding do-
main (residues 1–112) and a long and disordered C-terminal
tail (residues 116–177) containing a highly acidic tip. The
amount of ssDNA bound to a single SSB protein was ex-
perimentally found to depend on the concentrations of ions
and free SSB in the surrounding solution (8,9). At low con-
centration of monovalent salt (<10 mM), one SSB protein
binds 35 nts to form the SSB35 complex, Figure 1B. At high
salt concentrations (>200 mM), about 65 nts bind to SSB,
forming the SSB65 complex, Figure 1C. Intermediate bind-
ing states (involving between 35 and 65 nts per SSB) have
been reported in biochemical studies (10) and examined in
detail through single molecule experiments (11). When SSB
is abundant in the solution, many copies of the protein can
bind to a long ssDNA molecule cooperatively, forming a
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Figure 1. Microscopic models of the ssDNA–SSB complex. (A) The structure of the SSB protein. The structure is shown using a cartoon representation
for backbone atoms resolved in the crystal structure (PDB accession code: 1EYG) (22) enclosed by a semi-transparent surface indicating the protein
volume inaccessible to solvent. The arginine residues of the DNA binding grooves between loops L11′ and L23 (DBGs) and the arginine-rich patches near
the N-terminus loops are shown using orange and yellow van der Waals (vdW) spheres, respectively. The intrinsically disordered C-terminal domains,
which were partly truncated and otherwise unresolved in the crystal structure, are drawn schematically. (B) A model of the SSB35 complex where 40 DNA
nucleotides wrap once around SSB such that the DNA ends emerge on the opposite sides of the protein. (C) A model of the SSB65 complex where 70 DNA
nucleotides double back around the SSB surface such that the two ends of ssDNA emerge near one another. In panels B and C, the DNA backbone and
base atoms are respectively depicted using green and light-green vdW spheres, and the protein is depicted as a molecular surface colored by the charge of
the nearest-to-surface atoms. The nucleotides are numbered in ascending order from the 5′ end to the 3′ end. The leftmost images show the complex from
the same viewpoint as in panel A. The models of SSB35 and SSB65 were created by the crystallographers based on the atomic coordinates resolved in the
x-ray structure (22).

fiber made up of the SSB35 complexes, even at high ion con-
centrations (12). Likewise, when the concentration of DNA
nucleotides is greater than 70 per SSB tetramer, SSB65 will
form even under somewhat low salt conditions (11). It re-
mains unclear which binding mode is of greatest biological
significance, and it has been hypothesized that the relevant
binding mode may depend on the process (e.g. replication
versus repair). The ability of SSB to cluster may be bio-
logically significant because SSB, through its disordered C-
terminal tails, recruits numerous DNA metabolism enzymes
(13–17). Protein clustering can promote enzymatic activity,
as shown theoretically for general processes (18) and experi-
mentally in vivo for the model process of transcription (19).
Hence, SSB might provide the cell with a passive mecha-
nism for amplifying DNA repair or replication activity in
response to excess ssDNA through the promotion of en-
zymatic clusters. Besides being an essential component of
DNA metabolism, SSB molecules have recently been used
in nanopore sensor applications to slow the translocation
of DNA (20) and as a model system for targeted protein
detection (21).

Raghunathan, Kozlov, Lohman and Waksman solved
the structure of a crystal formed by two 35 nts ssDNA
fragments and an SSB tetramer lacking the disordered C-
terminal tails (PDB accession code: 1EYG) (22). The crys-
tal structure reveals that Trp54 and Phe60––residues identi-
fied by mutagenesis studies as important for DNA binding
(8,23,24)––line a DNA-bound groove in the structured do-
main of each monomer that we refer to as the ‘DNA bind-
ing groove between loops L11′ and L23’ (DBG) that is also
flanked by a number of arginine residues, see Figure 1A. The
fragments of ssDNA resolved in the structure did not rep-

resent the arrangement of ssDNA in either complex, SSB35
or SSB65. The crystallographic information was, however,
sufficient to obtain a model for each complex by connect-
ing and extending the resolved DNA fragments (22). These
models are shown in Figure 1B and C.

Experiments showed that SSB binds ssDNA with high
affinity (estimated 1011 M−1 in 200 mM electrolyte) and dis-
sociates at a very slow rate (0.0059 s−1) (25). During DNA
repair, dissociation of SSB can be induced by the polymer-
ization of a RecA filament (26), but no protein has been
identified that actively removes SSB during DNA replica-
tion. The slow rate of dissociation is at apparent odds with
the requirements of rapid replication (>500 bp per second
in E. coli) (27), provoking the following questions: how does
SSB move out of the way of other components of the repli-
cation machinery, and how is SSB removed when a poly-
merase back-stitches on the lagging strand in the replisome?

Single-molecule studies have demonstrated the ability of
SSB to diffuse along short stretches of ssDNA (28,29).
Three models for such diffusion have been considered: slid-
ing, where all contacts between ssDNA and the protein
shift in a concerted manner; sliding by reptation, where
a bulge of ssDNA forms and propagates around the SSB
surface, and rolling diffusion, where ssDNA at one end of
the complex peels off to expose a patch of the SSB sur-
face for subsequent binding of ssDNA from the other end
of the strand (29–31). Single-molecule fluorescence experi-
ments indicated that reptation was the dominant mode of
diffusion (29). Diffusion along a short piece of ssDNA was
found to occur through steps averaging 3 nts in length that
occurred on average 60 times per second (28). While SSB
has been studied extensively through experimental meth-
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ods, only a few computational studies focusing on E. coli
SSB have been published. In particular, a coarse-grained
molecular dynamics (MD) model indicated that the posi-
tively charged SSB residues, not the aromatic residues, sta-
bilize ssDNA in the geometry that was revealed by x-ray
crystallographers (32). Another study simulated the translo-
cation of SSB through a nanopore decorated with ssDNA
on the nanosecond timescale (21). Finally, ligand docking
algorithms were combined with 100 ns all-atom MD simu-
lations to demonstrate the importance of arginine residues
for ssDNA binding to a monomeric Lactococcus bacterio-
phage SSB, a protein having similar overall structure to
monomeric E. coli SSB (33). In addition to simulation stud-
ies, surveys of DNA-binding proteins have attempted to dis-
tinguish features of single- and double-stranded DNA bind-
ing proteins (34).

Here, we report the results of all-atom MD simulations
that examined the interaction of SSB with ssDNA. Through
equilibrium simulations of SSB–ssDNA complexes in so-
lution and crystallographic environments, we demonstrate
how one can reconcile the seemingly opposing observa-
tions of SSB diffusion along ssDNA and the fact that ss-
DNA bound to SSB can be resolved by x-ray crystallogra-
phy. Next, we elucidate the process of forced unwrapping
of ssDNA from SSB, showing that ssDNA comes off SSB
stochastically but in discrete steps. By simulating sponta-
neous association of ssDNA fragment to SSB, we determine
how solution conditions affect the process and whether
acidic tips of the disordered tails can compete with ssDNA
for binding to SSB. Finally, we report 10 �s-long MD tra-
jectories of SSB65 complexes under various solution condi-
tions that detail spontaneous rearrangements of DNA con-
formations consistent with a reptation model of SSB diffu-
sion along ssDNA.

MATERIALS AND METHODS

All MD simulations employed the TIP3P model of wa-
ter (35), periodic boundary conditions and particle-mesh
Ewald (PME) full electrostatics with a PME grid den-
sity of about 1 Å per grid point. The temperature was
held constant at 291 K (except where specified) by apply-
ing Langevin forces (36) to all non-hydrogen atoms; the
Langevin damping constant was set to 0.1 ps−1. For sim-
ulations performed in the NPT ensemble (constant number
of atoms N, pressure P and temperature T), the pressure
was maintained at 1 bar using the Nosé-Hoover Langevin
piston pressure control (37,38). Integration was performed
using 2–2–6 fs multiple timestepping (39), and vdW and
short-range electrostatic energies were calculated using a
smooth (7–8 Å) cutoff (40). Except where specified, simu-
lations were performed using the program NAMD (39), the
CHARMM36 (41,42) parameters with the CMAP correc-
tions (43), standard parameters for ions (44) and CUFIX
corrections for non-bonded interactions between charged
groups (45,46).

Some SSB loops include residues that are not resolved
in the crystallographic structure (22) (PDB accession code:
1EYG). During assembly of the all-atom systems, these
residues were modeled using homology of different sub-
units of the homotetramer and, where needed, another E.

coli SSB structure (47) (PDB accession code: 1QVC). The
crystallographic model of SSB was obtained using a dele-
tion mutant that was missing 42 residues of the 64-residue
C-terminal tails (22). Most of the remaining residues of
the tails were not resolved in the structure and hence were
not included in the structural model unless explicitly spec-
ified. Water molecules were added using the solvate plugin
of VMD (48). Then neutralizing counterions were added to
each system. Finally, a number of ions were added to pro-
vide the desired concentration c using the expression Nion
= 0.018 c Nwater, where Nion and Nwater are the numbers of
ions per species and water molecules, respectively. Except
where specified, ions were added using the autoionize plu-
gin, which adds each ion by replacing a randomly selected
water molecule. After system assembly, at least 1200 steps
of minimization were performed via the conjugate gradient
method to remove steric clashes. During the first nanosec-
onds of equilibration, the ions in the system redistribute so
that the ion concentration of bulk-like solution increases.
Accordingly, throughout the manuscript we report the ef-
fective bulk ion concentration as the concentration of coun-
terions in the solution 25 Å away from the protein and DNA
atoms.

ssDNA–SSB complexes in solution and crystal environments

An all-atom model of SSB65 in solution was assembled from
a model of the complex based on the x-ray structure of
SSB and ssDNA (PDB accession code: 1EYG) created by
and obtained from the crystallographers (22). The model
contained exactly 70 dC nts, and each SSB monomer was
extended up to Arg115. The structure was then submerged
in a pre-equilibrated volume of water 98 Å on each side.
After adding neutralizing potassium counterions, chloride
and potassium ions were added to a concentration of 120
mM. During subsequent equilibration, the ions quickly re-
distribute resulting in an increase of the concentration of
bulk-like ions (those at least 25 Å away from the SSB parti-
cles) to ∼160 mM. Following minimization, the system was
simulated in the NPT ensemble. After 4 ns of simulation
with restraints on backbone atoms (kspring = 1390 pN/nm),
the system was simulated without any restraints on the D.E.
Shaw Research Anton supercomputer (49). The last part of
the ‘Materials and Methods’ section provides detailed in-
formation about the simulation procedures used.

The complete crystallographic unit cell of SSB complexed
with DNA contains four symmetry-related complexes, each
formed by an SSB tetramer and a pair of dC35 fragments
(22). An all-atom model of the complete crystallographic
unit cell was assembled in several steps. DNA nucleotides
that were not resolved in the original x-ray structure were
modeled by homology. Four copies of the complex were
transformed and combined in accord with the unit cell pa-
rameters of the structure. The Solvate program (50) was
used to pack water molecules in energetically favorable
conformations around the protein–DNA complex, and the
cionize program was used to place neutralizing potassium
counterions in energetically preferred locations. The box
of water was trimmed to fit the unit cell; randomly se-
lected water molecules were replaced by potassium or chlo-
ride ions to bring the concentration to 100 mM, which
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was estimated according to the Donnan equilibrium equa-
tion, ρK+ρCl− = ρ2

bulk, where ρ denotes concentration. The
system was equilibrated in the NVT ensemble (constant
number of atoms N, volume V and temperature T), hav-
ing all crystallographically-resolved non-hydrogen atoms
restrained about their crystal structure coordinates for the
first 15 ns (kspring = 1390 pN/nm). During the next 25 ns
of simulation, only crystallographically-resolved backbone
and water oxygen atoms were restrained (kspring = 1390
pN/nm). Thereafter the system was used in an unrestrained
equilibrium simulation lasting ∼500 ns.

Forced dissociation of ssDNA from SSB

All-atom models of SSB35 and SSB65 in solution were pre-
pared from models of the complexes as described in the pre-
vious section, except that no attempt was made to model
missing C-terminal residues. The model of SSB35 contained
exactly 40 dC nts.

After 25 ns of simulation with restraints on backbone
atoms, the systems were used in equilibration simulations
that were carried out in the absence of all restraints and
lasted 810 and 690 ns for systems containing SSB35 and
SSB65, respectively. The MD simulations of forced unbind-
ing of ssDNA from SSB were performed using, as the start-
ing condition for the simulations, the instantaneous con-
formations of the protein–DNA complex extracted at three
different times (after about 100, 300 and 500 ns) from the
equilibration trajectories of the SSB35 and SSB65 systems.
Specifically, the snapshot of the equilibration system was
rotated so that the vector connecting the center of mass
(CoM) of the DNA ends laid along the z-axis of the sys-
tem. This axis was chosen arbitrarily to be the pulling axis
during subsequent simulations. The dimensions were ob-
tained for the smallest cube containing all atoms within 6
Å of the SSB–ssDNA complex and with axes laying along
the system axes. Molecules laying entirely outside that cube
were removed from the system. The starting systems for the
forced unbinding simulations were obtained by adding sol-
vent and ions to fill a 90 × 90 × 130 Å3 volume with a 120
mM KCl electrolyte. After equilibration, the average bulk-
like ion concentration away from SSB particles increased to
∼150 mM.

In each simulation, external forces were applied accord-
ing to the following protocol. Two harmonic springs were
used to produce ssDNA unwrapping by pulling the ssDNA
ends in opposite directions. One end of each spring was teth-
ered to the CoM of the terminal nucleotide of the DNA. The
free ends of the two springs were pulled at a rate of 1 Å/ns
along the z-axis of the system, in opposite directions. The
springs applied forces only along the z-axis of the system;
the force constant was set to 2000 pN/nm. A weaker third
spring (kspring = 200 pN/nm) held the CoMs of the two ter-
minal DNA nucleotides within the xy-plane. When a termi-
nal nucleotide moved further than 55 Å away from the cen-
ter of the SSB along the z-axis the simulation was stopped,
the length of the pulling spring was recorded, and the ter-
minal nucleotide was removed from the system along with
a potassium counterion. The spring was reattached to the
nascent terminal nucleotide and the free end of the spring
was moved so that its length and, hence, the tension were

preserved. With the free end of the spring held stationary,
the system was minimized briefly and then equilibrated for
19 ps in the NPT ensemble while the non-hydrogen atoms of
the protein and DNA were harmonically restrained (kspring
= 1390 pN/nm). Pulling of the DNA was resumed in the
NVT ensemble. During the pulling simulations, the temper-
ature was maintained at 310 K.

The simulations in this section were performed prior to
the availability to the CHARMM36 force field or the CU-
FIX corrections (45,46), and so they employed the widely
used CHARMM27 force field with CMAP corrections
(41,43,51).

Association of ssDNA with SSB

Models were assembled containing an SSB tetramer sur-
rounded by fifteen dT3 fragments. The 5′ end of each DNA
fragment was phosphorylated so that each fragment had
a net charge of −3e, where e is the elementary charge of
a proton. The initial configuration of each DNA fragment
was taken from previously performed simulations of DNA
(52). To place a fragment, a set of trial coordinates was gen-
erated by randomly rotating and translating the fragment
through system. If the fragment was found to have a 4-Å
contact with the protein or another previously placed frag-
ment, or if the fragment’s atoms lay within 4 nm of the cen-
ter of SSB, then the trial position was rejected. This process
was repeated until a trial position was accepted for each of
the DNA fragments. Here and elsewhere in the study, two
groups of atoms are considered to be in contact if a pair of
their non-hydrogen atoms is located within a specified dis-
tance of one another.

Water was added to the system to form a cube that was
106 Å on each side. Neutralizing counterions were added
to half of the systems to a 1000 mM concentration. After
equilibration, the concentration of counterions 25 Å away
from SSB and DNA atoms was seen to be 40 and 1200 mM,
respectively for systems without and with additional ions.
After minimization, the non-hydrogen SSB atoms that were
resolved in the crystal structure were restrained about their
initial coordinates during the production simulation.

The configuration of each system after 340 ns of simula-
tion was used to create a new system with higher ssDNA
fragment density by adding ten additional fragments to the
system as described above. Counterions were added to neu-
tralize the charge of newly added DNA fragments; the sys-
tem was minimized and simulated as described above. The
bulk-like counterion concentration of the initially 40 mM
system rose to 65 mM.

Similar procedures were used to assemble systems for the
study of competition between short ssDNA fragments and
peptide fragments of the acidic C-terminal tip of SSB. These
systems contained 15 dT3 fragments and 8 peptide frag-
ments each having either MDF, DDD or IPF amino acid
sequence. The peptide fragments were introduced into the
system following the same protocols as for the ssDNA frag-
ments. Upon minimization, the systems were simulated hav-
ing SSB atoms restrained as described above. The effective
ion concentration was 40 or 1200 mM, depending on the
system.
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Long timescale simulations of SSB65 in solution

The 10-�s-long explicit solvent MD simulations of the
SSB65 complex were performed using a structural model
that had the C-terminal tails truncated after Arg115. The
simulations were performed using the D.E. Shaw Research
Anton supercomputer (49). The simulations employed a set
of parameters equivalent to those used for the NAMD runs
(see the first paragraph of the ‘Materials and Methods’ sec-
tion), except the Nosé Hoover thermostat (53,54) and the
Martyna-Tobias-Klein barostat (37) were employed, and a
longer 12-Å cutoff was used for non-bonded interactions.
The 50 or 1100 mM simulation systems were assembled in
the same way as the 160 mM system described in the sec-
ond part of the ‘Materials and Methods’ section; the 50 mM
system contained only neutralizing K+ ions. A fourth sys-
tem was prepared for the SSB-GG mutant initially in 120
mM KCl with each SSB monomer truncated after residue
112 and extended to include an eleven-residue amino acid
fragment (GG-MDFDDDIPF) comprised of two glycine
residues followed by the terminal nine amino acids of the
wild-type SSB sequence. The bulk-like ion concentration in
the fourth simulation rose to 170 mM during equilibration.
NAMD was used to minimize and equilibrate the systems
with restraints applied to coordinates resolved in the crystal
structure as described in the second part of the ‘Materials
and Methods’ section, prior to simulation on Anton.

RESULTS

SSB–bound ssDNA rearranges in solution but is stable in
crystallographic geometry

The reptation model of SSB diffusion implies that DNA is
mobile on the SSB surface, which is at apparent odds with
well-defined placement of DNA nucleotides in the crystal
structure. There are, however, substantial differences be-
tween the in vivo solution environment and the environment
realized during the structure determination process. To de-
termine what effect the environment surrounding an SSB
complex has on mobility of its bound DNA, we simulated
two systems: one where an SSB–dC70 complex, which we
refer hereafter as SSB65, was submerged in 160 mM KCl
electrolyte and one where four complexes, each containing
an SSB protein and two dC35 fragments, were arranged in
the crystallographic geometry in a 100 mM KCl electrolyte,
Figure 2A.

During 500 ns of simulation in a solution environment,
the protein remained stable, except for loops, while the
DNA departed somewhat from its initial configuration, see
Supplementary Movie S1. Strikingly, the last 10 nts of the
DNA’s 3′ end moved ∼2 nm away from their initial config-
uration to another region on the SSB surface. While this
stretch of DNA had not been resolved in the crystal struc-
ture, many local rearrangements were observed for the nu-
cleotides that were.

Next, we simulated a complex of SSB with two ssDNA
fragments in the crystallographic environment; Supplemen-
tary Movie S2 illustrates the resulting MD trajectory. Al-
though some DNA nucleotides were observed to undergo
conformational fluctuations, the magnitude of the fluctu-
ations was considerably less than in the solution environ-

Figure 2. Mobility of ssDNA on SSB surface in solution and crystal struc-
ture environments. (A) Simulation unit cells for solution (left) and crystal
(right) environments. The simulation unit cell for the solution environment
contains one SSB tetramer (white molecular surface) wrapped with dC70
(green vdW spheres). Ions are depicted as orange and yellow spheres and
water is depicted as a semi-transparent surface. The unit cell for the crys-
tal environment contains four SSB oligomers (light blue) and eight 35-nt
ssDNA fragments (green) submerged in solvent. One crystallographic unit
cell is highlighted using green vdW spheres for DNA and molecular sur-
faces for the SSB proteins. Several copies of the crystallographic unit cells
are depicted in the background using a less detailed molecular surface rep-
resentation. Water and ions are not shown. (B) Root-mean squared de-
viation (RMSD) of the DNA and protein backbone from their crystallo-
graphic coordinates during simulations in the crystal (gray; 100 mM KCl)
and solution (blue; 160 mM KCl) environments. For DNA, only the nu-
cleotides resolved in the crystal structure were used for the calculation.
For the crystal structure system, the RMSD values were averaged over
the four copies of the SSB–ssDNA complex. (C) Root-mean squared fluc-
tuations (RMSF) of the center of mass (CoM) of the backbone of each
nucleotide during 500 ns of simulation. The annotation at the top of the
figure indicates the nucleotides resolved in the crystal structure. Each re-
solved nucleotide in the crystal structure had a corresponding nucleotide
in the model of SSB65. The tinted background indicates nucleotides in-
teracting with the N-terminal arginine-rich patch (yellow) and the DBGs
(orange). Motion of nucleotides through these regions was seen to be ex-
tremely rare and very small in magnitude, so ascribing the regions to ranges
of nucleotide index is a good approximation.
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ment. No large structural transformations were observed,
as indicated by the low root-mean squared (RMS) devia-
tion from the initial coordinates, Figure 2B. Furthermore,
the RMS fluctuation of almost every nucleotide was lower
in the crystal than in solution, Figure 2C. In the solution en-
vironment, the RMS fluctuation of the DNA ends was seen
to be quite high. By contrast, in the crystal environment, the
value of the RMS fluctuation for the DNA ends was almost
the same as for interior nucleotides.

We attribute the 2-fold difference between the RMS de-
viation in solution and crystal environments to interactions
with neighboring proteins and DNA. At any given time dur-
ing the simulation in the crystal environment, half of the
nucleotides bound to one SSB had at least one 4-Å con-
tact with an atom from a neighboring SSB protein. In sum-
mary, our MD simulations demonstrate that ssDNA binds
to SSB complex more stably in the crystallographic envi-
ronment than in solution. The increased stability in a crys-
tal can be attributed to the large number of contacts be-
tween ssDNA and the neighboring SSB molecules. Thus,
the crystallographic resolution of ssDNA does not contra-
dict the possibility of ssDNA rearranging its wrapping ge-
ometry around SSB in solution.

Unwrapping of ssDNA from SSB stalls at reproducible sites

The energy landscape of SSB–ssDNA interactions was
recently probed through single-molecule experiments re-
vealing that ssDNA unwraps from SSB in discrete steps
when tension is applied to the ssDNA (11). While force-
spectroscopy experiments can probe the kinetic and ther-
modynamic properties of a macromolecular complex (55),
they cannot directly elucidate the rupture pathway. For that
reason, we decided to apply external forces to remove ss-
DNA from the SSB surface. Models of the SSB35 and SSB65
complexes were assembled with a 150 mM KCl electrolyte
and equilibrated for several hundred nanoseconds. In sub-
sequent simulations, rupture of SSB35 and SSB65 complexes
was achieved by pulling each end of the DNA in opposite
directions. The pulling simulations were performed three
times for each binding mode using, as initial conditions for
the simulations, three different microscopic states attained
by the system during equilibration simulations (after about
100, 300 and 500 ns). The pulling protocol is illustrated
schematically in Figure 3A and B and is described in detail
in the ‘Materials and Methods’ section.

Figure 3C and D; Supplementary Movies S3 and 4 illus-
trate the simulated unwrapping processes. For each simula-
tion, the index of the first and last nucleotide of the ssDNA
fragment bound to SSB is plotted versus simulation time.
A change of the index indicates detachment (or reattach-
ment) of a nucleotide from (or to) the SSB surface. A time
series of the first and last nucleotide index fully character-
izes the pathway of forced unwrapping of ssDNA from SSB.
As ssDNA was unwrapped from SSB, the number of bound
nucleotides reduced from 40 (SSB35) or 70 (SSB65) to ∼5.
The unwrapping was asymmetric: more nucleotides were re-
moved from one end of ssDNA than from the other. How-
ever, in each of the three simulations of the same system,
the nucleotides unwrapped in a unique order. In the case
of SSB35, all three trajectories ended with the same stretch

of ssDNA bound to the same DBG. For SSB65, however,
one of the trajectories ended with a different DBG bound
to ssDNA than in the other two trajectories. Supplementary
Note 1 in the Supplementary Data provides a complete de-
scription of the rupture process.

Unwrapping of ssDNA occurred in a step-wise manner,
with several nucleotides detaching from the protein surface
at the same time. No force was applied directly to SSB, so
when the rupture process stalled at one ssDNA end, it could
proceed at the other end. When both ends stalled, tension in
the DNA strand would build until one or more nucleotides
detached from the SSB at either end of the bound fragment.
The rupture process was seen to stall at roughly six dis-
tinct locations, Figure 3C–F. Four of these locations are the
symmetry-related ‘DNA binding grooves between L11′ and
L23’ that include Arg56, Phe60, Arg21, Arg84, Arg86, Lys87,
Trp88, Trp40, Arg41 and Trp54. We refer to the two remaining
symmetry-related locations, which include residues Arg3,
Arg115, Lys73, Tyr70 and Arg72, as ‘N-terminal arginine-rich
patches’ because they contain numerous arginines, see Fig-
ure 1A. Interestingly, in some pulling trajectories, unwrap-
ping from a DBG would proceed while the other end re-
mained stalled at one of the N-terminal arginine patches.

Analysis of the interaction energy between the DNA
and each residue in these stall sites indicates that arginine
residues play the dominant role in DNA binding, both in
terms of total enthalpy and in terms of enthalpy per nu-
cleotide, Supplementary Figure S1. The stronger interac-
tion of ssDNA with arginine than lysine may be because
arginine interacts with nucleotides through stacking inter-
actions in addition to electrostatics (56,57). To our knowl-
edge, lysine and arginine residues have not been targets of
site-directed mutagenesis experiments with the exception of
Arg72, which was shown to have little impact on DNA bind-
ing (58). Nevertheless, our finding is consistent with a study
showing reduced rate of acetylation of SSB lysines upon ss-
DNA binding (59) and with a recent coarse-grained simula-
tion study of E. coli SSB interacting with DNA (32), which
demonstrated that electrostatic interactions are essential for
DNA binding in the crystallographic geometry.

The force applied to the DNA ends during the six un-
wrapping simulations exhibited large peaks, Figure 3G and
H. With rupture occurring via multiple stochastic events,
the peaks of the force were not distributed with a discernible
pattern or regularity because the precise unwrapping path
taken by the ssDNA varied in each simulation. The force
may have depended on the orientation of the SSB or on
intrinsic differences in the instantaneous conformation of
DNA–protein contacts. We were unable to find a direct cor-
relation between changes in the force and the occurrence
of unbinding events. The apparent lack of correlation may
be due to the noisy nature of the force data. Overall, the
average forces applied in the simulations were considerably
greater than those applied in single-molecule experiment
(29). Given the difference in the time scales of the simulation
and experiment, the difference in the rupture force magni-
tudes is expected (60).

One of the forced unwrapping simulations was contin-
ued for an extra 145 ns, stretching ssDNA up to 200% of
its force-free contour length. Complete dissociation of SSB
from a taut stretch of ssDNA was not observed. In qualita-
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Figure 3. Forced unbinding of ssDNA from SSB. (A and B) Schematic illustration of the simulation protocol. Each end of a DNA strand is tethered to one
end of a virtual harmonic spring. The other end of each spring is pulled away from SSB along the z-axis of the system at a steady rate of 1 Å/ns. (C and D)
The index of the first (5′ end) and last (3′ end) nucleotide of the ssDNA fragment bound to SSB during forced unwrapping of SSB35 (C) and SSB65 (D). The
nucleotides are numbered in ascending order from 5′ to 3′ ends of ssDNA. Three simulations were performed for each SSB model after approximately 100
(black), 300 (red) and 500 (blue) ns of unbiased equilibration. At any 1 ns interval of the simulation, a nucleotide is considered bound to the SSB if it has at
least one atomic 4-Å contact that was also present at the onset of the simulation. (E and F) Total time spent by a terminal nucleotide prior to parting with
the SSB surface in the simulations of the SSB35 (E) and SSB65 (F) systems. The blocks of color in the background of panels C–F indicate nucleotides that
were closely associated with the DBGs (orange) or with the N-terminal arginine-rich patch (yellow). (G and H) Force applied during removal of ssDNA
from SSB. The force applied to the ssDNA, averaged over the two springs, is plotted against simulation time for each unwrapping trajectory. Each data
point represents a 5 ns time-average of the tension in the springs sampled at 100 ps intervals. The values of the force averaged over the entire MD trajectory
are 75 (black), 61 (red) and 71 (blue) pN for SSB35 and 58 (black), 55 (red) and 39 (blue) pN for SSB65.

tive agreement with this observation, single-molecule stud-
ies have shown that complete removal of ssDNA from SSB
comes with an 8 kBT free energy penalty (29).

In summary, we found unwrapping of ssDNA to proceed
as a sequence of stochastic steps. Unwrapping repeatedly
stalls at distinct arginine-rich patches on the protein surface
whereas the force required to unwrap ssDNA exhibits large
fluctuations. However, we also found the force peak patterns
to differ among repeat simulations of the same system and
no correlation between the occurrence of the force peaks
and the unbinding events.

Spontaneous association of ssDNA with SSB

The process of DNA association with SSB would ideally
be studied through direct simulation of full-length ssDNA
wrapping an SSB tetramer. However, because the relaxation
times of long (35–65 nts) ssDNA polymers are considerably
greater than the typical simulation time, such brute force
simulations would not provide adequate conformational
sampling. Since the interactions of SSB with small ssDNA
fragments are microscopically similar to those with poly-
meric DNA, we instead probed kinetics of ssDNA associa-
tion with SSB and its dependence on ionic condition using
an ensemble of short ssDNA fragments. This approach con-
trasts with usual methods for studying association between
biomolecules which enhance sampling of a ligand that binds
to a single region of the protein (61). However, similar ap-

proaches to the one employed here were recently used to
study the interactions between the amino acid side chains
and DNA (62) and to investigate binding of molecular oxy-
gen to a respiratory protein (63).

Spontaneous association of ssDNA with SSB was ob-
served using an ensemble of six systems, each containing
one SSB protein, fifteen dT3 fragments (45 nts total) ran-
domly placed in electrolyte solution, see Figure 4A. Two sets
of simulations were performed corresponding to the low salt
(40 mM Na+, each system contained the minimum number
of sodium ions required to neutralize the system) and high
salt (1200 mM NaCl) environments. During the 340 ns sim-
ulations, many DNA fragments quickly became associated
with the SSB, see Figure 4A and Supplementary Movie S5.
After about 200 ns from the beginning of the simulation, the
association and dissociation rates became roughly equal;
the number of bound nucleotides approached a steady state
value in the 40 mM system, Figure 4B. At the end of each
340 ns simulation, 10 extra dT3 fragments were added to
each system along with neutralizing counterions, bringing
the total number of nucleotides in each system to 75. The
low salt systems were each simulated for another 250 ns; the
1200 mM electrolyte systems were each simulation for an-
other 450 ns. In the low salt simulation, the concentration
of sodium away from solute increased from 40 to 65 mM
due to the additional neutralizing counterions.

Once bound to the SSB, ssDNA fragments could stay
bound to the same location for the remainder of the simu-
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Figure 4. Spontaneous association of ssDNA with SSB. (A) Microscopic configuration of one of six simulation systems at the beginning (left) and after
340 ns (right) of equilibration simulation. Each system contains 15 dT3 fragments (green vdW spheres), one SSB protein truncated after amino acid 112
(gray molecular surface), water (semitransparent blue surface) and ions (small spheres). Initially, DNA fragments were placed at random positions and
orientations such that no fragment possessed a 4-Å contact with the protein. During the equilibration simulations, the � carbon atoms of amino acids
forming � sheets and � helices were harmonically restrained about their initial coordinates (ksp = 1 kcal/mol) while DNA fragments spontaneously bind
to and dissociate from the SSB surface. (B) Ion concentration-dependent binding of ssDNA fragments to SSB. Purple and blue lines indicate data for the
systems containing 40 and 1200 mM electrolyte, respectively. For each system, six simulations were performed in parallel starting with fifteen dT3 fragments
randomly placed around SSB; no DNA fragment was initially in contact with SSB. After 340 ns, another ten dT3 fragments plus neutralizing counterions
were added to the simulation systems. This brought the bulk-like counterion concentration up to 65 mM for the 40 mM system. The solid/dashed lines
indicate the average (over the six simulation systems) number of DNA nucleotides bound to/unbound from SSB. The gray regions highlight similar steady-
state concentrations of free (not bound to SSB) nucleotides in the 40 and 1200 mM NaCl systems containing 45 and 75 ssDNA fragments, respectively.
The green regions emphasize the dependence of ssDNA binding on ion concentration. (C) Equilibrium density of DNA nucleotides observed in MD
simulations of spontaneous binding of the DNA fragments (top row) and in the simulations of the SSB65 complex in 160 mM KCl (bottom row). The mass
density of DNA atoms was obtained using the volmap plugin of VMD with a 1-Å resolution, averaged over all equivalent simulation trajectories (except
the first 100 ns), and the symmetry axes of the homotetramer. The left-most column depicts the SSB as a gray molecular surface and the DNA mass density
isosurface as a semi-transparent green surface. The surface isovalue was taken to be one tenth of the peak value in each density. The four vertical lines
labeled i–iv depict the locations of the DNA mass density tomograms shown to the right. From left to right, the slices move away from the center of the
SSB.

lation, dissociate from the SSB back to solution or move to
another location along the protein surface. The most preva-
lent nucleotide binding locations were seen to be the DBGs,
which bound the DNA almost irreversibly, and the adja-
cent crevices between the L11′ and L23 loops, see Figure
1A. Nucleotides were also seen to transiently bind across
the �-sheet preceding loop L23, toward the seam between
the upper and lower dimers. By averaging local densities of
DNA nucleotides over the simulation trajectories, the sym-
metry axes of the protein and the six simulation systems, we
obtained three-dimensional maps detailing local concentra-
tions of DNA along the SSB surface; one such map is shown
in Figure 4C. For comparison, we show in Figure 4C a nu-
cleotide density map obtained from the simulation of the
SSB65 complex in solution environment. The two maps ex-
hibit very similar features, although there are some obvious

differences in the local concentration values; the Pearson
correlation of the two maps is 0.72. A slightly lower corre-
lation (Pearson coefficient of 0.62) is observed when com-
paring the DNA density obtained from the simulations of
spontaneous binding to that obtained from the simulation
of the ssDNA–SSB complex in a crystal environment, see
Supplementary Figure S2. For reference, the correlation be-
tween the DNA density maps obtained from the simulations
of the SSB–ssDNA complexes in solution and crystal envi-
ronments is 0.83. The correlation between DNA densities
in various systems described in this manuscript is specified
in Supplementary Figure S3.

The outcome of the spontaneous binding simulations
provide insights into the effect of ion concentration on ss-
DNA association to SSB. The nucleotide association in the
low electrolyte systems is seen to reach dynamic equilibrium
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considerably faster than in other systems, saturating first at
∼25 nts bound to DNA (45-nt systems) and, upon increas-
ing the nucleotide concentration, again at ∼35 nts per SSB.
It is interesting that 35 nts is also the number of DNA poly-
mer nucleotides that SSB will bind under low salt condi-
tions. To provide a fair comparison to experiment, we must
estimate the effective concentration of unbound nucleotides
around each SSB in measurements with excess ssDNA poly-
mers. We assume that in a typical experiment, the free nu-
cleotide concentration near an SSB molecule is dominated
by the two strands emerging from the SSB. Integrating over
the end-to-end distance of a worm-like chain model, the
concentration of nucleotides around an SSB in a volume
matching that of our simulation system was estimated to
be ∼50 mM, close to the ∼56 mM steady-state concentra-
tion of unbound nucleotides realized in our 65 mM elec-
trolyte system containing 75 nts. Hence, the binding of 35
nucleotides to SSB during the simulation at low salt appears
to be consistent with the number of nucleotides that bind
SSB in experiments.

In simulations with high salt conditions, ∼55 nucleotides
were seen to associate with SSB at steady state. This is simi-
lar to but slightly lower than the 65 nts known to bind SSB
under high salt conditions. The free nucleotide concentra-
tion was only ∼30 mM in the simulations, lower than the
effective concentration of nucleotides in a similar volume
around an SSB molecule bound to an ssDNA polymer. The
regions highlighted in Figure 4B show a fair comparison
of the number of bound nucleotides (green background) at
different ionic conditions, possible only because the two sys-
tems have the same concentration in bulk solution (gray
background). We find that, at a concentration of free nu-
cleotides a little below the effective concentration within a
long DNA polymer, roughly 25 and 55 nts bind SSB at low
and high salt, respectively, consistent with experiments that
measure the number of nucleotides that bind SSB (8).

Kinetic analysis of the simulation data yields ion
concentration-dependent rates for the nucleotides’ associ-
ation to and dissociation from SSB. We assumed DNA
binding to be described by the following kinetic model:
[free DNA nts] + [SSB sites] � [bound DNA nts]. To re-
duce the number of fitting parameters to a tractable number,
we assumed that an SSB tetramer has independent bind-
ing sites available for 65 nts, regardless of the ion concen-
tration. The only remaining parameters were the kinetic
rates for DNA nucleotides associating to and dissociating
from the protein. Supplementary Note 2 provides a com-
plete description of the model. Optimization of the remain-
ing parameters yielded good fits to the data, see Supplemen-
tary Figure S4. Going from low- to high-salt solutions, the
binding rate decreased slightly from 2.7 × 108 to 1.2 × 108

s−1M−1 whereas the unbinding rate decreased substantially,
from 4.3 × 106 to 2.9 × 105 s−1. The dissociation constant,
Kd, computed using these rates drops from 16 to 2.4 mM
with increasing ion concentration. The dissociation con-
stants estimated directly from the steady state numbers of
bound nucleotides are within ∼10% of the above values. We
attribute the decreases in the kinetics to increased screening
of electrostatic interactions as well as increased solvent vis-
cosity (64,65).

Similar studies of ssDNA–SSB binding kinetics have
been performed experimentally using longer ssDNA frag-
ments in 20–1000 mM monovalent electrolyte (25,66,67).
Using various theoretical and empirical relations, it is pos-
sible to obtain semi-quantitative comparisons with the re-
sults of these studies. The study baring the greatest simi-
larity to the simulations performed here included measure-
ments of the binding kinetics dT8 and dT16 with SSB in a
220 mM monovalent electrolyte (66). The association rate is
expected to be proportional to the diffusion rate, which in
turn should be proportional to

√
1/N where N is the num-

ber of nucleotides in the DNA fragment, according to an
ideal Zimm polymer model (68). Using the association rate
of dT3 in a high-salt solution as a reference, the simulation
data suggest association rates of 7.3 × 107 and 5.2 × 107

s−1M−1 for dT8 and dT16, respectively, in perfect agreement
with the corresponding experimental values of 7 × 107 and
5 × 107 s−1M−1.

As shown below, the simulated dissociation rate of 29,000
s−1 for dT3 in high salt is consistent with the experimental
dissociation rates for dT8 and dT16, 1700 and 40 s−1, re-
spectively (66). According to the Arrhenius equation, koff =
k0e−Ubarrier/kBT, where Ubarrier is the height of the free energy
barrier for unbinding, kBT is the thermal energy, and k0 is
an intrinsic unbinding rate. Assuming Ubarrier = uN + u0,
where u is the energy per nucleotide, N is the number of nu-
cleotides and u0 is a constant offset, a least squares fit to
the simulated and experimental kinetic rates provides u =
0.56 kBT/nt. Using this energy and the simulated rate, we
calculate dissociation rates of 1760 and 20 s−1 for dT8 and
dT16, respectively. In addition, the energy per nucleotide
is in good agreement with the 0.44 kBT/nt value obtained
from single-molecule experiment (11).

The ion dependence of experimentally measured kinetic
rates for dT70 interacting with SSB were very similar to the
dependence observed in our simulations of the dT3 systems
(25,67). Going from 20 to 1000 mM, the experimentally
measured association rate dropped by a factor of 3 (25).
In our simulations, the rate dropped by a factor of 2 upon
changing the effective counterion concentration from 40 to
1200 mM. The experimentally measured dissociation rate
decreased by a factor of 5 for the concentration change from
20 to 200 mM (67) and by another factor of 2 from 200
to 1000 mM (25). Hence, increasing the ion concentration
from 20 to 1000 mM decreases the unbinding rate of dT70 by
a factor of 10 in experiment, which is similar to the 15-fold
decrease of the dT3 unbinding rate observed in the simula-
tions of the 40 and 1200 mM systems.

The acidic C-terminal tips of wild-type E. coli SSB may
compete with ssDNA for SSB binding sites (69,70). To ex-
amine such a possibility, we constructed twelve replica sys-
tems, each containing one copy of SSB, 15 dT3 fragments,
40 mM Na+ or 1200 mM NaCl solution and eight 3-residue
peptides; the peptides had the amino acid sequence of the
acidic C-terminal tip of SSB. We found that, regardless of
ion concentration, DNA binding was unhampered by the
competition with the tips, see Supplementary Figure S5 and
Movie S6. Indeed, SSB affinity for the peptides was seen to
be overall quite low, suggesting that non-specific binding of
acidic tips, e.g. through electrostatic interactions, does not
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directly mediate interaction between SSB molecules. Given
the experimental observation that acidic tips promote co-
operative ssDNA binding (69,70), our simulations suggest
that SSB may possess a specific binding site for the acidic
tips that our simulations could not identify because of their
relatively short duration.

Thus, we have shown that simulation of spontaneous
binding can map local affinity of DNA to the SSB surface,
revealing features that are in good agreement with the crys-
tallographic studies. Good quantitative agreement between
the simulated and crystallographic affinity maps suggest
that our simulation method can be applied to other DNA
binding proteins to predict and characterize the DNA bind-
ing sites. We find the kinetic and equilibrium properties of
DNA binding to SSB to depend on electrolyte conditions:
∼35 nts bind SSB under low salt conditions; the number
of bound nucleotides increase to ∼55 at high salt concen-
tration. The rate of DNA binding decreases twofold when
changing salt conditions from 40 to 1200 mM, whereas the
unbinding rate drops by an order of magnitude. Finally, we
find acidic tips of the SSB tails to not affect DNA binding
to SSB.

Local reptation of ssDNA during microseconds-long simula-
tions of SSB65 in solution

Using the D.E. Shaw Research Anton supercomputer (49),
we examined interactions of ssDNA with SSB at the mi-
croseconds time scale. In addition to extending our simula-
tion of the SSB65 complex in 160 mM KCl, we also simu-
lated the same SSB65 complex in 50 mM K+ (neutralizing
condition) and 1100 mM KCl electrolyte. Each system was
simulated for 10 �s, see Supplementary Movies S7–9 in the
Supplementary Data. We also performed a fourth simula-
tion of the SSB-GG mutant (70), which had the tips fused
directly to the SSB core without a linker, see Supplemen-
tary Movie S10. The SSB-GG mutant was simulated in 170
mM KCl. This mutant was selected because it included the
C-terminal tip, but the tails were nevertheless short enough
to allow good sampling during an MD simulation.

A number of observations are common to all simulation
systems. First, the DNA is rather mobile at the surface of
SSB, Figure 5A and Supplementary Figure S6, but explores
a similar volume of conformational space regardless of the
ion concentration or the presence of C-terminal tips. Sec-
ond, dynamics of ssDNA at the surface of SSB is consistent
with diffusion by reptation. An exemplary, but not unique,
bulge formation event is highlighted in the panels of Figure
5B. This bulge was seen to move short distances through the
nucleotides on the 100-ns timescale, but did not appear to
disturb adjacent nucleotides bound to a DBG.

Bulges were quantified by examining those nucleotides
with fewer than fifteen 6-Å contacts with the protein, Fig-
ure 6A. A number of bulges were seen to form, with most
located on or adjacent to a DBG and involving 1–6 nts,
Figure 6B. In general, the bulges underwent conforma-
tion changes and sometimes dissipated on the microsecond
timescale, Figure 6C. Other local conformational changes
were observed where nucleotides would change how they
contact the SSB surface. Although we observed many local
conformational changes, displacement of the DNA along

the wrapping pathway was seen to be quite rare on this
timescale. Events consistent with diffusion by reptation are
depicted in Supplementary Movies S11–13 in the Supple-
mentary Data.

The DNA strand was also observed to undergo several
large-scale cooperative rearrangements. In each of the four
simulations, a similar change of a DNA wrapping config-
uration occurred within the first 200 ns: the 6 nts forming
the 3′ DNA end migrated along the SSB surface to adopt a
new wrapping pathway, see Supplementary Figure S7A and
Supplementary Movies S7–10, increasing the distance be-
tween the DNA ends from 25 to 31–54 Å depending on the
system. Another dramatic conformational change was ob-
served after 6.3 �s of simulation of SSB-GG, where a group
of nearly 8 nts was seen to move across the SSB surface
orthogonal to the wrapping path before returning to the
original location, see Supplementary Movie S14 and Sup-
plementary Figure S7B. One end of these nucleotides re-
mained bound to a DBG and the other end remained bound
to one of the N-terminal arginine patches. The observation
of concerted motion between arginine-rich sites suggests
that DNA may be loosely associated with SSB away from
arginine-rich locations. With the exception of the motion
of the 3′ DNA end, all of the bulge formations and DNA
motions discussed above were observed in nucleotides that
were resolved by x-ray crystallography.

Contrary to our initial expectations, the electrolyte con-
ditions and presence of acidic tips had rather modest ef-
fects on the manner of ssDNA association with SSB despite
a multitude of statistical characterizations, including RMS
displacements and fluctuations, the number of nucleotides
making 4-Å contacts with the protein, and the number of
initial 4-Å atomic contacts between DNA and protein that
remained intact, see Supplementary Figures S8 and S9A
and B. A small but statistically significant difference was
observed in the average RMS fluctuation of the CoMs of
resolved nucleotides, which was ∼4 Å for complex in a 50
mM solution and ∼3 Å for SSB in the higher salt solutions.
We also found that it was possible to distinguish the systems
using pairwise-q, a measure of the similarity of two poly-
mer configurations, see Supplementary Figure S9C and D.
The mean of the pairwise-q distributions increased with the
ion concentration from ∼0.3 in the absence of added ions
to ∼0.4 for 160 and 1100 mM, indicating that the DNA
was slightly less dynamic under higher salt conditions. The
reduced RMS fluctuations and increased mean pairwise-q
values for systems in higher salt solution are both in quali-
tative agreement with the reduction of the ssDNA dissoci-
ation rate observed in our MD simulations of spontaneous
binding of ssDNA fragments to SSB (see previous section).
In the simulation of the SSB-GG system, the acidic tips were
seen to explore a large number of possible configurations,
but remained adsorbed to the SSB surface, which contrasts
with the results of the simulations of competitive binding
of small ssDNA and acidic tips fragments, Supplementary
Figure S5. The strong association of the acidic tips to the
SSB surface seen in the simulations of the SSB-GG system
is caused by the very high local concentration of the tips re-
sulting from their covalent attachment to the SSB core via
a short, two-residue tether.
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Figure 5. Motion of DNA bound to SSB in solution during microseconds-long simulations. (A) Extent of motion of DNA backbone. Each row shows the
DNA backbone conformation sampled every 96 ns during the simulation. The DNA is depicted as a tube that is colored from green to blue every 10 nt.
The top row corresponds to the simulation of the GG-tip mutant and shows the acidic tip conformation using a purple tube representation. The bottom
row depicts the simulation trajectory of SSB with C-terminal tails truncated. The protein–DNA complex was surrounded by a 160 mM KCl electrolyte
(not depicted). Each image depicts the protein using a molecular surface representation. Each column shows the complex rotated by 90◦ compared to the
previous column. (B) Highlight of the formation of a bulge. After nearly 4 �s of simulation in 160 mM KCl, a prominent bulge was seen to form adjacent
to a DBG. The DNA backbone is shown every 300 ns from left to right and top to bottom using a vdW representation with nucleotides colored between
dark green and purple every 10 nt. The bulge continued to change its conformation during the remainder of the simulation. Supplementary Movie S13
illustrates the formation of the bulge.

Thus, in our long timescale simulations of the SSB65 com-
plex, we directly observed formation of bulges in the ssDNA
conformation that likely represent the microscopic mech-
anism underlying diffusion of SSB along ssDNA (29,71).
The extensive dynamics of ssDNA observed in our simu-
lations suggests that the majority of ssDNA bound to SSB
can be easily repositioned. Unexpectedly, we found the con-
centration of ions to not substantially affect the dynamics
of ssDNA bound to SSB, despite seeing considerable effects
of ion concentration on rates of ssDNA fragment bind-
ing to and unbinding from the SSB surface. We attribute
the apparent discrepancy to strong association of the DNA
polymer to the high-affinity regions at the SSB surface (e.g.
DBGs) that greatly reduce ability of loosely bound DNA
nucleotides to dissociate from the SSB surface. We expect
that much longer simulation would be required to observe

partial spontaneous unraveling of the SSB65 complex at low
salt condition.

DISCUSSION

Using several complimentary MD approaches, we have
characterized the interactions between ssDNA and SSB at
the microscopic level. Stated concisely, our main findings
are that ssDNA bound to SSB is highly dynamic, stabilized
by arginine-rich patches of the protein surface, stabilized
by polymerization, insensitive to competition for binding
from C-terminal tips of SSB, and able to diffuse through the
propagation of small bulges around the SSB surface. Below
we discuss each of these findings.

Our simulations indicate that ssDNA bound to SSB re-
mains highly mobile and can rearrange its wrapping of the
SSB protein within microseconds. The strongest evidence
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Figure 6. Quantification of DNA bulges on the SSB surface. (A) DNA bulges on the SSB surface during 10-�s simulations of the SSB complex, as
characterized by nucleotides having fifteen or fewer 6-Å contacts between backbone atoms and non-hydrogen SSB atoms. For reference, the nucleotides
each had ∼30 such contacts on average. The contact data were sampled for each nucleotide every 2.4 ns and were smoothed using a 1.5-nt by 20-ns wide
2D Gaussian kernel. Motion of the density shown in the plot corresponds to propagation of the bulge through the DNA. (B) Distribution of bulge sizes
during 10-�s simulations of the SSB complex. The bulge sizes were determined from the contact data shown in panel A for each microscopic conformation.
(C) Distribution of bulge lifetimes during 10-�s simulations of the SSB complex. The lifetime of each bulge was determined from the contact data shown
in panel A.

supporting this statement comes from the direct observa-
tion of substantial DNA motion in all four 10-�s simula-
tions of SSB, Figures 5 and 6; Supplementary Figures S6
and S7, quantified by the average RMS deviation values of
10 Å for DNA fragments resolved in the crystal structure,
Supplementary Figure S8A and the low fraction of native 4-
Å contacts Supplementary Figure S9B. At the same time, we
find spontaneous displacement of DNA nucleotides to be
suppressed in the crystal environment, which is consistent
with the existence of an atomic structure derived from x-
ray crystallography. Further support of the highly dynamic
DNA–SSB binding interface is derived from the simulations
of spontaneous binding of ssDNA fragments, where the
characteristic timescale of a fragment becoming unbound
was as low as ∼100 ns, depending on the ion concentra-
tion. Taken together, our simulations support a view of SSB
where contacts between ssDNA and the protein can readily
be traded to realize many possible microscopic conforma-
tions.

We also demonstrated that DNA bound to SSB is stabi-
lized by arginine-rich patches on the protein surface. During
the simulated process of forced unwrapping of ssDNA from
SSB, we observed the unwrapping process to stall at sev-
eral arginine-rich patches that included the DBGs, Figure

3C–F. Furthermore, rearrangement of DNA bound to the
DBGs was minimal during equilibrium simulations of the
SSB complex in solution, Figure 2C. Such rearrangement or
unbinding of DNA from the DBGs and other arginine-rich
regions may represent a rate-limiting step during the pro-
cess of SSB sliding along ssDNA. Finally, in the simulations
of spontaneous binding of ssDNA fragments to SSB, Fig-
ure 4C, the highest affinity sites were the DBGs (peak DNA
density 50–140 times bulk density), followed by grooves in
the SSB surface bordered by Lys3, Arg41, Tyr60, Arg3 and
Arg115 (peak DNA density 30-85 times bulk density).

Most of our simulations used models of SSB that had the
C-terminal tails truncated due to the difficulty of simulat-
ing intrinsically disordered proteins. The acidic C-terminal
tips play an important role in the coordination of proteins
involved in DNA metabolism (17). Furthermore, it was re-
cently suggested that the C-terminal tips could compete
with DNA for binding SSB, which could have implications
for their ability to recruit DNA processing proteins. We
found, however, that the acidic C-terminal tips of SSB do
not effectively compete with ssDNA for SSB binding, Sup-
plementary Figure S5, at least not for unspecific binding.
This observation is consistent with the notion that the in-
trinsically disordered linkers, and not the C-terminal tips,
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directly mediate SSB–SSB interactions (72). In our long
time-scale MD simulation of the SSB-GG mutant the local
concentration of the tips was very high, and we observed
the acidic tips to sample a diverse range of microscopic
conformations while remaining strongly associated with the
grooves at the dimer–dimer interface of the SSB.

Finally, we directly observed the microscopic steps that
occur when SSB diffuses along a DNA strand in multi-
microsecond simulations of SSB65 in electrolytes ranging
from 50 mM K+ to 1100 mM KCl. Specifically, we observed
the formation and short-ranged diffusion of several small
bulges, usually 1-5 nts in size (see Figure 6), consistent with
the results of the single-molecule fluorescence experiments
that found SSB to move along DNA according to the rep-
tation model of diffusion, with DNA bulges averaging 3-
nt in size (28). None of the bulges were observed diffus-
ing through a DBG, suggesting that the motion of bulges
through the DNA binding grooves represents a rate-limiting
step during the process of diffusion. One implication of this
conjecture is that the rate of diffusion of SSB along ssDNA
should be faster for SSB35 than it is for SSB65 because a
bulge needs to propagate through fewer DBGs.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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