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In prokaryotes, the RecA protein catalyzes the repair and strand exchange of double-stranded DNA.
RecA binds to single-stranded DNA (ssDNA) and forms a presynaptic complex in which the protein
polymerizes around the ssDNA to form a right-handed helical nucleoprotein filament structure. In the
present work, the mechanism for the formation of the RecA-ssDNA filament structure is modeled using
coarse-grained molecular dynamics simulations. Information from the X-ray structure was used to
model the protein itself but not its interactions; the interactions between the protein and the ssDNA
were modeled solely by electrostatic, aromatic, and repulsive energies. For the present study, the
monomeric, dimeric, and trimeric units of RecA and 4, 8, and 11 NT-long ssDNA, respectively, were
studied. Our results indicate that monomeric RecA is not sufficient for nucleoprotein filament formation;
rather, dimeric RecA is the elementary binding unit, with higher multimeric units of RecA facilitating
filament formation. Our results reveal that loop region flexibility at the primary binding site of RecA is
essential for it to bind the incoming ssDNA, that the aromatic residues present in the loop region play an
important role in ssDNA binding, and that ATP may play a role in guiding the ssDNA by changing the
electrostatic potential of the RecA protein.
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filament takes place in the presence of an adenosine triphos-
phate (ATP) molecule that is sandwiched between two RecA

Introduction

In an organism, when damage to dsDNA occurs through meta-
bolic processes or external effects, such as radiation, a DNA
repair process begins. The repair of the damaged dsDNA is
carried out by the homologous recombination process. This
recombination process is constantly active throughout the entire
lifespan of prokaryotes and eukaryotes," and defects in the
dsDNA repair process cause cancer. Proteins, such as RecA or
Rad51 for prokaryotes and eukaryotes respectively, are involved
in this repair process."”” The recombination process occurs in
three stages: (i) the assembly of the protein and ssDNA to form a
protein-ssDNA complex; (i) dsDNA binding to the complex and
the initiation of complementary strand search; and (iii) strand
exchange.’

One of the main reactions in this recombination process is
strand exchange between ssDNA and dsDNA. Once damage
occurs in dsDNA, ssDNA forms in that region. One of the ssDNA
strands gets degraded, and the other strand interacts with the
RecA protein in a highly cooperative manner to from a right-
handed helical nucleoprotein filament that is also called a
presynaptic filament.”"® The formation of the nucleoprotein
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monomers® (Fig. 1). The ATP-bound protein has a higher
affinity for ssDNA binding, whereas the hydrolyzed state of
the ATP (i.e., the adenosine diphosphate-bound (ADP-bound)

Fig. 1 The complex of the trimeric RecA with ssDNA. The three monomers
of RecA are shown in grey and the ssDNA in orange. (A) Pictorial repre-
sentations of the L1 and L2 loops in the RecAl(trimer)-ssDNA complex.
(B and C) Show a close-up view of the dashed square. Loops L1 and L2 are
shown in blue and green, respectively. The ATP analogues are shown in
red. The structures were made using the PDB code 3CMU.
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state of the protein) strongly affects the thermodynamic and
kinetic stability of the RecA-ssDNA complex. Previous experi-
mental studies confirmed that the nucleoprotein filament adopts
a stretched conformation in the ATP-bound state, whereas in the
ADP-bound state, the conformation changes to a compressed
state (also known as the inactive state).'®

In the next step, the filament extension process begins via
the association of more RecA monomers with the ssDNA in the
5 — 3’ direction, and hence the displaced strand is also
released in that direction.'® Traditionally, the location at which
ssDNA binds with the RecA protein is known as the primary
binding site. A recent structural analysis revealed that the RecA-
ssDNA complex has a secondary binding site as well, where the
donor dsDNA binds weakly during the presynaptic phase.” In the
synaptic phase, the RecA-ssDNA filament structure starts inter-
acting with dsDNA by searching for the complementary strand
within the bound dsDNA.>***?" This search process takes place
in the presence of ATP. The reaction between RecA-ssDNA and
dsDNA occurs at the primary binding site, and the growing DNA
heteroduplex remains in place at the primary binding site.
However, the displaced ssDNA strand from the donor dsDNA
system binds more tightly at the secondary binding site and thus
provides stability to the overall system. After the strand exchange
reaction, the filament is disassembled by the hydrolysis of ATP at
the interface between the RecA units.>®'*">2>

Over the past two decades, several groups have endeavored to
understand the mechanism by which the filament forms.” >3
From the experimental perspective, it is clear that the filament
formation process takes place in two steps: (i) nucleation and
(ii) filament extension.® However, the mechanism of the nuclea-
tion step (i.e., the minimum number of monomers required to
start nucleation) is still not clearly understood. Based on circular
dichroism spectroscopy, gel filtration, and electron microscopy
experiments, it was concluded that a monomeric unit of RecA is
the basic unit for filament formation.” In contrast, other advanced
experimental techniques showed that a RecA-dimer®'? or a RecA-
pentamer™ may serve as the fundamental unit for filament
formation. Thus, the origin of the nucleation mechanism between
RecA and ssDNA remains unclear and requires study by a compu-
tational approach.

In this work, we probe the nucleation mechanism using
coarse-grained modeling of the RecA protein and ssDNA systems.
We took the structures of RecA-monomer, RecA-dimer, and RecA-
trimer with ssDNA molecules of length 4 NT, 8 NT, and 11 NT,
respectively, to investigate the nucleation mechanism. We inves-
tigate the degree of specificity in the interactions between ssDNA
and RecA by examining the various binding modes in addition to
the one found in the X-ray structure. We thus ask to what extent
the RecA is frustrated for interaction with ssDNA and whether
their interactions® are governed by a funneled energy land-
scape.”**® Furthermore, the RecA-ssDNA complex (PDB ID:
3CMU) clearly shows the presence of protein loops at the primary
binding site where ssDNA binds. Therefore, we performed the
coarse-grained simulations by varying the flexibility of the loop
present near the primary binding site. The role of ATP in complex
formation was investigated as well.
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Materials and methods
Coarse-grained model for RecA-ssDNA interactions

We used a newly developed coarse-grained model to explore the
mechanism of the RecA nucleation process at the molecular
level.?® In this model, each protein residue is represented by two
beads placed at the C, and Cg positions (only C,, for Gly).>**® For
the charged amino acids (K, R, D, and E), a positive/negative unit
charge is placed at the Cg positions. The protein is simulated
by a native topology-based model in which the Lennard-Jones
potential is used to represent native contact interactions. For
ssDNA, each nucleotide is modeled by three beads to represent
phosphate, sugar, and base. The potential energy of interaction
between a protein residue and an ssDNA nucleotide is modeled
from three components: (i) electrostatic interactions between
the Cg beads of the charged residues (K, R, D, and E) and the
negatively charged phosphate beads of the ssDNA; (ii) stacking
interactions between the Cg beads of the aromatic residues
(W, F, Y, and H) and the ssDNA base bead; and (iii) repulsive
interactions between all other beads of the protein and ssDNA.
The details of the potentials used for the protein, the ssDNA,
and their interactions are described in detail in ref. 26.

The RecA protein consists of 352 amino acids and has three
structural domains: an N-terminal domain (residues 1-33); a
central core (residues 34-268); and a C-terminal domain (resi-
dues 269-352). Monomer, dimer, and trimer RecA units were
identified from the crystal structure of the RecA hexamer (PDB
ID: 3CMU). Missing residues in these units were modeled using
the Iterative Threading ASSEmbly Refinement (I-TASSER) server
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/).*>*° In this
manner, five output structures were created and the one whose
root-mean-square deviation (RMSD ~ 0.5 A) from the corres-
ponding X-ray crystal structure of RecA was lowest, was used in
the simulations. To study the assembly mechanism of RecA-
ssDNA, simulations were started from dissociated RecA and
ssDNA. We adopted the same procedure as described by Mishra
and Levy in their work®® for the prediction purpose in each
system (RecA-monomer, -dimer and -trimer), that is, the corres-
ponding free ssDNA molecules (4, 8, and 11 NT long, respec-
tively) were placed randomly in different positions all around
the protein.

Simulation protocol

In the RecA crystal structure, the RecA monomers were assembled
along a crystallographic 6,-screw axis to form a helical filament
structure with ~6 monomers per helical turn.” ATP analogues
(ADP-aluminum fluoride-Mg, ADP-ALF-Mg, a non-hydrolysable
ATP analogue that mimics the transition state of ATP hydrolysis)
are present at the interfaces between two RecA subunits.’
To incorporate the effect of the ATP analog, positively charged
Cp beads lying within 5 A of any atom of the ATP analog or of
another monomeric unit of RecA are neutralized to zero charges
(Lys72 and Lys599 for RecA(dimer) and also Lys421 and Lys948
for RecA(trimer)) since these residues are not accessible for
interaction with the incoming ssDNA strand. Apart from this,
the loop structure near the ssDNA binding site was rendered
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flexible during the simulation by removing the native contact
pairs between the beads of loops L1 (residues 156-166) and L2
(residues 197-213). The deleted pairs that correspond to the
flexible region were modeled as excluded volume interactions.

The dynamics of the protein and ssDNA were simulated
using Langevin dynamics. The RecA-ssDNA complex was
studied at a salt concentration of 10 mM using a dielectric
constant of 10 at a temperature of 0.10 (arbitrary units). At this
temperature, the protein does not undergo unfolding but
remains flexible (the folding/unfolding transitions occur at a
temperature of about 1.0). We used a lower dielectric constant
than normal (70 for water) as well as a relatively lower tem-
perature to achieve conditions in which the bound state of the
complex was more populated and thermodynamically more
favorable than the dissociated state. Electrostatic interactions
play a major role in RecA-ssDNA interactions,>” hence per-
forming simulations at a lower dielectric constant facilitates
the electrostatic interactions between the protein and ssDNA
beads. For each system, a total of 600 simulations (100 for each
of the six initial configurations where the ssDNA faced a
different patch of the RecA surface) were performed to achieve
extensive sampling of the association mechanisms. Each simu-
lation consisted of 10’ molecular dynamics steps, each with a
time step of 0.005. Finally, the last 20% of each trajectory was
used for the analysis in which the conformation was collected
every 20000 steps resulting in 100 conformations from each
trajectory. Thus, a total of 60000 conformations from each of
the RecA-ssDNA systems were analyzed.

Structural similarity parameter

The degree of conformational similarity (D) between the simu-
lated RecA-ssDNA complex structure and the crystal form is
measured using eqn (1):

1 Nprotein NgspNA

DAy=— (
( ) NproleinNssDNA 7 7

)

Tg =1y

where Nprotein is the number of Cg beads among the interface
residues, that is, among the positively charged or aromatic
residues lying within a certain cut-off distance from any Ngspna,
phosphate or base bead. Different cut-off distances of 12 A,
12 A, or 10 A were used for monomer, dimer, and trimer systems,
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respectively, to maintain a roughly constant number of protein
beads (Nprotein) arranged around the ssDNA. The r; term is the
measured distance between each of the selected protein beads
and each of the phosphate and base beads of the model ssDNA
and r is the experimental value of the same®® (eqn (1)).

To obtain a better structural classification of the model vis-a-
vis the experimental structure, D; and D, values were measured
by dividing the protein-ssDNA interfacial Cg beads (both posi-
tively charged and aromatic) into two groups—a group closer to
the 3’ end and a group closer to the 5’ end—and then calculat-
ing the similarity parameters measured between the ssSDNA and
these two groups. The D; and D, values were calculated for the
RecA-monomer using the group of residues (H163, R169, K216
and F217) and (R196 and K198), respectively. For dimeric
RecA, the groups of residues were (H163, R169, R176, K216,
F217, Y218 and R525) and (R196, K198, H512, R518, R545,
K547, K565 and F566) for D; and D, calculations, respectively.
For trimeric RecA, the groups of residues were (H163, R169,
R176, R196, K198, R518, R525 and K565) and (H512, R545,
K547, H861, R867, R894 and K896) for D, and D, calculations,
respectively.

Results and discussion

Structural analysis of ssDNA binding at the primary binding
site of RecA

To understand the mechanism of nucleation formation and
protein-ssDNA interaction, we performed structural analyses of
the coarse-grained molecular dynamics (CGMD) simulations
and plotted the distribution of the D; and D, values.

Fig. 2(A-C) presents these data for the three coarse-grained
model systems: monomeric RecA, dimeric RecA, and trimeric
RecA complexes with ssDNA of length 4 NT, 8 NT, or 11 NT,
respectively. The contour maps in Fig. 2(A-C) indicate the
probability of the distributions of different configurations of
the ssDNA in different regions of the RecA protein, which in
turn relates to the free energy of the different binding states
of the complex modeled by protein—ssDNA electrostatic and
aromatic interactions. The maps of the binding ensembles of
RecA with ssDNA illustrate the existence of various binding
ssDNA modes that are the outcome of transient interactions

RecA(trimer)-ssDNA

10
D1 (4)

Fig. 2 Energy landscape of RecA-ssDNA binding. Conformational ensemble for complexes between RecA(monomer), RecA(dimer), and RecA(trimer)
with ssDNA of length (A) 4 NT, (B) 8 NT, and (C) 11 NT. Population density in regions having low D; and D, values (<5 A) corresponds with greater
structural similarities between the predicted protein—ssDNA binding interface and the crystal structure (the relative population of that region is shown in %).
The color bar corresponds to the free energy which is estimated by —log(P), where P is the probability of sampling conformations with each value of D; and
D,. Greater population (red color) means greater sampling.
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Fig. 3 Electrostatic surfaces of (A) monomeric, (B) dimeric and (C) trimeric RecA. Positively and negatively charged surfaces are shown in blue and red,

respectively. ssDNA is shown in orange.

with positively charged residues or aromatic side-chains on the
surface of the RecA proteins. The native binding mode is
defined by low D values. Here we consider D; and D, values
within 5 A as native-like assemblies. Fig. 2 suggests that the
population of native-like configurations of RecA(dimer)-ssDNA
is smaller than that obtained for RecA(monomer)-ssDNA. This
is indicated by the smaller sampling of states with low D values
for the dimeric RecA than the monomeric RecA. Similarly,
the population of native-like configurations is smaller for the
RecA(trimer)-ssDNA (Fig. 2C) than for the monomeric (Fig. 2A)
and dimeric complexes (Fig. 1B). This could be attributed to the
increasing complexity of ssDNA binding at the primary binding
site of the RecA protein when moving from monomeric to
trimeric RecA.

The force-field used in the CGMD model comprises two
attractive energy terms for protein-ssDNA interactions: (i) electro-
static interactions between positively charged Cg protein beads and
negatively charged ssDNA phosphate beads; and (ii) aromatic
interactions between aromatic Cp protein beads and ssDNA bases.
The electrostatic surfaces of the RecA-monomer, -dimer, and
-trimer (Fig. 3) show the presence of a positively charged (blue)
surface other than the primary binding site of the protein. This
may explain the population at high D, and D, values for the three
systems. As the monomers assemble with each other to form a
dimer or a trimer, the number of positively charged surfaces on
the protein grows and the tendency of the model ssDNA to bind
at different surfaces increases, and therefore the population
density of the model complex at the correct binding site reduces
(low values of D; and D,). Similar D; vs. D, distribution plots
were also obtained using the same model for other protein-
sSDNA systems.>®

Energetics of RecA-ssDNA binding

Electrostatic and aromatic interactions are crucial stabilizers of
ssDNA and RecA protein binding.>>*! To explore the energy
landscape of RecA-ssDNA complexes, the total interaction
energy (E; the sum of electrostatic and aromatic energies) is
plotted against the D order parameter for the three systems
(Fig. 4(A-Q)).

The existence of several binding modes for ssDNA when
interacting with monomeric RecA is seen in the plot of Ey
against D for the conformational ensemble of RecA(monomer)-
ssDNA (Fig. 4A), which is similar to the heterogeneous assembly
seen when plotting D, against D, (Fig. 2A) for the same ensemble.
The diverse binding of ssDNA is also observed for dimeric and
trimeric RecA (Fig. 2(B and C)). However, the total energy

2700 | Mol. BioSyst., 2017,13, 2697-2703

landscapes for the RecA(dimer)-ssDNA and RecA(trimer)-
ssDNA are funnel-like (Fig. 4(B and C)), whereas the corres-
ponding energy landscape for the RecA(monomer) has a
non-funneled shape (Fig. 4A). This non-funneled characteristic
is illustrated by the relatively high energy of the near native
conformations of RecA(monomer)-ssDNA (D < 5 A). The total
energy of the RecA(monomer)-ssDNA for different values of the
D measure suggests that the interaction of ssDNA with mono-
meric RecA is nonspecific. We may therefore conclude that the
monomer is not the elementary unit for nucleoprotein filament
formation; rather, dimeric RecA is required to initiate the
formation of the RecA-ssDNA assembly.

Separating the total energy of the interface between RecA
and the ssDNA into its electrostatic (Fig. 4(D-F)) and aromatic
(Fig. 4(G-1)) components shows that the former contributes
more to the total energy than the latter (the largest electrostatic
and aromatic energies in the native-like assembly are about
3 and 2 keal mol™" per nucleotide, respectively). The average
protein-ssDNA electrostatic interaction computed by the pre-
sent model for the RecA-ssDNA conformations of the three
systems (i.e., monomeric, dimeric and trimeric RecA) having
5 A or less D values are —1.9 + 0.3, —1.9 &+ 0.4, and —1.8 +
0.6 kcal mol ™" per nucleotide, respectively. These values further
confirm that electrostatic interactions play an important role in
the total energy, as has been found for other biomolecular
recognition processes.>”>! Moreover, the electrostatic contri-
bution to ssDNA-RecA binding does not depend on the ssDNA
length, and its strength remains very similar even if the binding
results in a non-native assembly.

The role of aromatic residues, and particularly those in
loops L1 and L2 near the primary binding site of RecA, is not
fully understood. The average aromatic interaction energies for
native-like structures of the RecA-monomer, -dimer, and -trimer
that were computed using the present model are —0.09 £ 0.2,
—1.3 4+ 0.3, and —1.6 & 0.2 kcal mol* per nucleotide, respec-
tively. These data clearly indicate that increasing the number of
RecA units in the association increases the strength of the
aromatic interactions (but not of the electrostatic interactions)
between ssDNA and RecA and hence improves the nucleating
agent for filament formation.

The role of aromatic interactions in the RecA-ssDNA assembly
was explored experimentally. Particularly, the role of the Phe203
residue in loop L2 of RecA was studied by site-directed muta-
genesis of the other nineteen amino acid residues.?" The results
clearly showed that the activity of wild-type RecA is partially
reduced when Phe is replaced with the aromatic residues Tyr

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Comparison of the binding energies per nucleotide for monomeric (left column), dimeric (middle column), and trimeric (right column) RecA.
Binding energy per nucleotide is plotted against D, with the total, electrostatic, and aromatic energies shown in the top, middle, and bottom rows,
respectively. The color bar corresponds to the population of the conformation with values of D and binding energy (total energy, electrostatic energy or
aromatic energy). The probability, P, is presented by calculating —log(P), where greater population (red color) means greater sampling.

or Trp, whereas the activities of all other mutant proteins were
reduced significantly or completely.®” This reflects the signifi-
cance of the aromatic residue Phe203 in the L2 loop region for
the activity of RecA. Moreover, fluorescence quenching experi-
ments on F203W mutant RecA-ssDNA/dsDNA complexes also
provided evidence of indirect interactions between Phe203 and
DNA bases.*® The structural analysis of the lowest aromatic
energy for a model containing a native-like RecA-ssDNA system
showed that introducing loop flexibility brings the aromatic
residues, His163 in loop L1 and Phe203 in loop L2, closer to the
bases of ssDNA. Several other experimental studies showed that
the L2 loop region in RecA plays a vital role in ssDNA binding.
A 20 AA long peptide derived from the L2 region is capable of
strongly binding with both ssDNA and dsDNA.?*> The Phe203
residue present in the L2 loop region is highly conserved and a
spectroscopic study also confirmed that the aromatic residue
Phe203 is functionally important.*?

From an experimental study, Wittung et al.** showed that
RecA has a net preference for polynucleotide thymine DNA
strands, p(dT), compared with polynucleotide adenine DNA
strands, p(dA). The X-ray structure of the RecA-ssDNA complex
reveals the presence of aromatic residues in the loop region
that lies far from the DNA bases. In contrast, the L1 and L2
loops present in the primary binding site of sSDNA create steric
clashes and thus prevent the incoming DNA strand from
accessing the protein binding site. Therefore, the movement
of loops is essential for the protein-ssDNA binding phenom-
enon. Using the present method, it was possible to successfully

This journal is © The Royal Society of Chemistry 2017

predict the structure of the protein-ssDNA complex only when
loop flexibility was introduced into the CGMD model, because
loop flexibility brings aromatic residues present in the loop
region closer to the DNA bases.

Further examination of the energy landscapes for the electro-
static (Fig. 4D) and aromatic energies (Fig. 4G) of RecA(monomer)-
ssDNA against D indicates that neither exhibit a funneled shape.
However, the corresponding energy landscapes for RecA(dimer)-
ssDNA (electrostatic: Fig. 4E; aromatic: Fig. 4H) and RecA(trimer)-
ssDNA (electrostatic: Fig. 4F; aromatic: Fig. 4I) are funneled.
Although electrostatic energy contributes more to the stability of
the protein-ssDNA interface, the funnel shape of the aromatic
energy landscape is steeper. This may indicate that aromatic
interactions dominate the specificity of the interactions between
ssDNA and the RecA.

Role of protein loop flexibility and ATP in ssDNA binding

The central core domain of RecA contains two loops, L1 and L2,
which are close to the binding sites of ssDNA. Each loop con-
tains one aromatic residue (His163 in L1 and Phe203 in L2).
One of the most interesting aspects of RecA is the conservation
of loop regions L1 and L2 in bacterial RecA.”> From the X-ray
structure, it is clear that the side chains of His163 and Phe203 do
not directly interact with the ssDNA, but the L1 and L2 regions
may clash with an incoming ssDNA. Hence, the movement of
loops L1 and L2 is essential when RecA binds ssDNA. A previous
all-atom molecular dynamics simulation of the RecA-ssDNA
system observed that binding caused a 4-6 A change in the

Mol. BioSyst., 2017, 13, 2697-2703 | 2701
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Fig. 5 Predicted conformational ensemble of RecA(trimer)-ssDNA when the mobilities of L1 and L2 are restricted (A), when ATP binding is not included (B),
and when both loop flexibility and ATP binding are included (C). The greater population found with low values (<5 A) of D; and D in (B) and (C) suggests that
ssDNA can approach the binding site only when the loops undergo conformational changes that make space for ssDNA to bind with RecA. The relative
population of the region with low values of D; and D, (marked with the dashed lines) is shown in %.

root-mean-square difference of the L1 and L2 loop regions.?”
In the present coarse-grained model, the flexibility of L1 and L2
was enhanced by eliminating a few interactions between them.
This enhanced flexibility model successfully predicts RecA-
ssDNA binding. The L1 and L2 loops (Fig. 5) might be viewed
as serving as a gate that must be open for RecA to bind ssDNA.

To evaluate the importance of loop flexibility, we also
studied the interaction between RecA and ssDNA in its absence,
and found that loop rigidity reduces the model’s predictive
power. The D, vs. D, plot of the RecA-trimer (rigid loop) binding
ssDNA (Fig. 5A) indicates that it fails to capture the native
structure. The lowest D value is increased from 3.3 A to 6.9 A for
the trimeric RecA-ssDNA complex. Therefore, in order to bind
ssDNA to the primary binding site of RecA, loop flexibility is
mandatory.

In addition to flexibility, ATP binding is essential to the
RecA-ssDNA binding process. In the crystal structure, instead
of ATP, an analogous mixture of ADP-ALF4-Mg>" was used to
mimic the transition state of ATP hydrolysis. The ATP binding
site is located at the interface between RecA monomers. We
examined the effects of ATP on the binding of ssDNA to
RecA(trimer) by considering the two binding pockets for the
ATP analogs at the interface of neighboring RecA monomers.
The effect of ATP binding was effectively modeled by neutraliz-
ing the positively charged residues within 5 A of any atom of the
ATP analog (see the Methods section). In the absence of the ATP
analogs, there is a decrease in the population of native-like
conformations of RecA-trimer-ssDNA. This is seen in Fig. 5B,
which shows negligible populations of configurations with low
values of D, and D, (<5 A). This result supports the experi-
mental findings of low ssDNA affinity for RecA in the absence of
ATP and thus the importance of ATP for the assembly of ssDNA
with RecA (Fig. 5C). The simple model of ATP binding may
suggest that the ATP guides ssDNA by changing the electrostatic
potential of the RecA protein.

Conclusions

The mechanism for the nucleation process in RecA-ssDNA
filament formation was studied here using a coarse-grained
model for protein interactions with ssDNA. The interactions
between RecA and the ssDNA were modeled by electrostatic

2702 | Mol. BioSyst., 2017, 13, 2697-2703

interactions between charged amino acids and the phosphate
groups of the DNA and by aromatic interactions between
aromatic residue side chains and DNA bases. The simulations
illustrated that the surface of RecA is frustrated and the ssDNA
can interact with different sites on the surface. The degree of
molecular frustration is smaller for dimeric and trimeric RecA
than for their monomeric counterpart. Additionally, the model
shows that loop flexibility is essential for an incoming ssDNA
strand to bind with RecA. Starting from the unbound structure,
only a few ssDNA were able to bind to the RecA-dimer or -trimer
when the loop residues were not flexible. However, the ability to
bind RecA improved dramatically when the loop residues were
allowed to move, thus indicating the importance of the role of the
loop flexibility in ssDNA binding. Aromatic residues in the loop
region play a crucial role in ssDNA binding. A non-funneled
shape energy landscape of RecA-monomer suggests the non-
specificity of ssDNA binding, and therefore the RecA-monomer
is unlikely to serve as an elementary unit for a nucleoprotein
filament. The funneled shape energy landscape for either dimeric
or trimeric RecA indicates that dimeric RecA is required to
initiate the formation of the RecA-ssDNA assembly. Finally, the
ssDNA affinity for RecA was found to be low in the absence of
ATP and it may be that the ATP guides ssDNA by changing the
electrostatic potential of the RecA protein.
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