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Abstract Homologous recombination (HR) is the major
DNA double strand break repair pathway which maintains
the genomic integrity. It is fundamental for the survivability
and functionality of all organisms. One of the initial steps in
HR is the formation of the nucleoprotein filament com-
posed by a single stranded DNA chain surrounded by the
recombinases protein. The filament orchestrates the search
for an undamaged homologue, as a template for the repair
process. Our theoretical study was aimed at elucidating the
selectivity of the interaction between a monomer of the
recombinases enzyme in the Escherichia coli, EcRecA,
the bacterial homologue of human Rad51, with a series of
oligonucleotides of nine bases length. The complex,
equilibrated for 20 ns with Langevian dynamics, was
inserted in a periodic box with a 8 A buffer of water
molecules explicitly described by the TIP3P model. The
absolute binding free energies are calculated in an implicit
solvent using the Poisson-Boltzmann (PB) and the gener-
alized Born (GB) solvent accessible surface area, using the
MM-PB(GB)SA model. The solute entropic contribution is
also calculated by normal mode analysis. The results
underline how a significant contribution of the binding free
energy is due to the interaction with the Argl96, a critical
amino acid for the activity of the enzyme. The study
revealed how the binding affinity of EcRecA is significant-
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ly higher toward dTg rather than dAo, as expected from the
experimental results.
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Introduction

Improving the understanding of DNA repair mechanisms
and pathways has not only an academic interest but it can
have a strong influence on our understanding of disease, by
helping to clarify how pathologies can be treated or
diagnosed more effectively. Deficiencies in DNA repair
[1] often contribute to developmental abnormalities, in-
creased rates of cancer, and tissue and organ degeneration.
DNA lesions are induced from endogenous sources such as
free radicals generated by metabolic processes to environ-
mental agents like ultraviolet lights (UV), chemical agents,
or ionizing radiations. Of the various classes of strand-
breaks and base damages, the double strand break (DSB) is
the most genotoxic [2]. The DSB phenomena is also
relevant in human space exploration and radiation protec-
tion on Earth [3]. Our interest is mostly oriented toward the
homologous recombination (HR), which is the primary
DSB repair pathway that keeps the genomic integrity by
using an undamaged homologue, a sister-chromatid, as a
template for the repair process [4]. The dominant step of
this process involves the DNA recombinase proteins, RecA
[5] in bacteria, RadA in archaea [6], and Rad51 in
eukaryotes [7], which promote an ATP-mediated DNA
strand-exchange reaction.

A molecular framework to model HR is via a three-
strand exchange reaction between linear double stranded
DNA, dsDNA, and circular single-stranded DNA, ssDNA,
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promoted by the recombinases enzymes. Biochemical
studies have revealed that the reaction proceeds in two
distinguishable steps. The first phase consists in the
presynaptic polymerization of RecA protein on ssDNA
forming a helical nucleoprotein filament assembled in the
5'-3" direction [8]. The second is the synaptic homologous
alignment of nucleoprotein filament formed by RecA-
ssDNA with a naked dsDNA filament. In the final step, a
unidirectional strand exchange, promoted by ATP hydroly-
sis, brings to a stretching of heteroduplex DNA and to a
dissociation of the RecA.

Each RecA monomer is formed by three domains, whose
X-Ray structure was determined for the first time by Story
et al. [9]. The residues 1-33 (the N domain) form an -
helix and (3-strand which have the function to pack against
the neighboring subunit, including the majority of the
monomer interface. The central part of the enzyme, core
domain, residues 34-268, is formed by eight stranded
mixed «-helices and 3-sheet and that is the area where the
ATP binding site is located. The position of the loops
binding the ssDNA in the presynaptic filament, L1 and L2
has recently been elucidated after the X-ray structure was
solved by Chen et al. [10]. The final part of the protein is
represented by the C-terminal domain, residues 269-352,
which is rather far from the core of the enzyme and it is
responsible for the formation of the synaptic filament [11,
12]. An interesting aspect of RecA is the high degree of
conservation that the L1 and L2 have in prokaryotic cells.
In a sequence of 64 bacteria the RecAs have 11 of the
residues from 193 to 212 almost identical, and 6 are highly
conserved, thus 17 over 20 residues are either identical or
chemical conserved [13, 14]. Moreover, the eukaryotic
homologues Rad51 and Dmc1 have an analogue function to
RecA, and reveal a homology sequence, especially in
within the 230 aminoacids in the core of the structure
[15]. Despite the similarities, some of the residues in L2 of
RecA like Argl96 and Lys198 are not present in the
corresponding region of the Rad51 and Dmcl [16]. It has
been proposed that part of the functions provided by the
missing aminoacids can be restored by other proteins not
yet discovered [17]. Since the degree of conservation in the
family of the recombinase enzymes is very pronounced, we
centered our study on the Escherichia coli RecA for which
the crystal structure of the binding complex has been
determined.

We aim to model by classical dynamics, the interaction
of the monomer of the EcRecA with a sequence of
oligonucleotydes of 9 bases length, dTy, dAy, dCy, and
dGy, to evaluate the charge in binding free energy and the
modification of the complex hydrogen bonding network
present in the complex. To shed light on the binding
mechanism we looked at several aspects of the enzyme
interacting with the ssDNA fragment. The mobility of the
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complexes is analyzed by comparing the averaged RMSD
values as a function of residue number. The study is
extended to the analysis of the correlated and uncorrelated
motions revealed by the cross correlation matrix plotted for
the systems. We restricted the configuration space by
performing a principal component analysis (PCA) on the
trajectory of molecular dynamics. This approach is aimed to
complement the previous results by providing a more
accurate description of the distinct states for the complexes,
compatibly with the inevitable error that a short sampling
will imply [18]. Our interest, however, is not only in the
conformational analysis of the complexes, but also in the
estimation of the binding free energy.

For this purpose, we adopted the MM-PB(GB)SA
protocol, using the Poisson-Boltzmann (PB) and general-
ized Born (GB) solvent accessible surface area methods. In
order to calculate the absolute binding free energy, we
calculated the solute entropy by normal mode analysis. The
results revealed how the main contribution of the binding
free energy is due to the interaction with the Argl96,
critical amino acid to maintain the activity of the enzyme
[17]. The model showed how the free binding energy of
EcRecA is higher for dTy than for dAy, and dCo in
agreement with experimental evidence.

Materials and methods

The structure of the of EcRecA monomer binding dTy, T,
was built by taking part of the crystal structure determined
by Chen et al. [10] (pdb id 3mcu). The terminal C was
removed since its role is to recognize the homologue
dsDNA once the presinaptic filament is formed [11, 12],
thus it is assumed to be irrelevant for the binding process.
The terminal N was also disregarded because its role is to
allow the protein fusion by polymerization [10]. The ATP
residue was inserted in the same geometry of the ADP-AIF,
present in the crystal structure. The library from Carlson et
al. [19] was used to model the nucleotide. The geometry of
T was used as a template to generate the initial structure of
the RecA interacting with dAy, dCy, and dGy (A, C and G
respectively), in which the fragment dTo was replaced with
the new sequence of nucleotides. Several Na* ions were
added to reach the neutrality of the complex. The molecular
dynamics calculations and the data analysis were carried
out with the AMBER 10 [20] package using the parmbscO
force field [21]. The solute was modeled in a periodic box
with a 8 A buffer of water molecules explicitly described by
the TIP3P [22] model. The particle mesh Ewald (PME)
method [23] was used to treat the long range electrostatic
interactions.

The equilibration of the system was performed according
to the following protocol. Initially the geometry of the
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system went through an optimization process with 4000
cycles, the first 1000 by steepest descent and the rest with a
conjugate gradient method, with the complex constrained,
to relax the solvent. Then a further optimization of 9000
cycles with no constraints on the whole system was carried
out to obtain the final relaxed geometry. The first
equilibration was executed with a weak restraint on the
complex for 50 ps at constant volume, constantly increasing
the temperature from 0 to 300 K. The equilibration
continued to for 100 ps at a constant pressure of 1 atm,
by keeping the temperature constant with the Langevin
temperature equilibration scheme [24] using a collision
frequency of 1.0 ps™. Under these conditions the restrains
were gradually removed. Finally, the production run was
performed without restrains for 20 ns. During the simu-
lations, hydrogen stretching motions were removed using
SHAKE bond constraints [25], allowing a longer sampling
time step of 2 fs. The Molecular Mechanics Poisson
Boltzmann and Generalized Born Surface Area method,
MM-BP(GB)SA, was used to calculate the free binging
energies of the complex. According to the MM-BP(GB)SA
protocol, the binding free energy is estimated by taking the
average energy difference between the complex, Geomp, and
the reactants, G, + Gig.

AGbind = Ecomp - (EI‘EC + al[g) (1)

Where the average free energy, G for the complex, RecA-
ATP-Mg”"dN,, receptor, RecA-ATP-Mg*", and ligand,
dNy, is composed by:

G = Eyns + Grpjgp + Gsa — TAS® (2)

where Eppy is the molecular mechanics interaction energy,
in “gas phase”, within the system, Gpg,gp is the electro-
static energy component calculated with the Poisson-
Boltzmann (PB) [26], or generalized Born (GB) [27]
methods. One of the advantage of using the MM-PB(GB)
SA method is that the “nonphysical” annihilation [28, 29]
or decupling [30, 31] of the species alone in solution or
bounded to a substrate is not required anymore. Moreover,
contrarily to the umbrella sampling method, it is not
necessarily to model the partially unbound states. The
MM-PB(GB)SA method was extensively mentioned in the
literature as a model capable to well reproduce qualitatively
the binding free energy of such systems [32-34]. We used
different GB methods to compare the results of different
protocols to our systems. We used the protocol of Howkins
et al. [35], IGBI1, the modified GB methods, GB®®C, as in
the approach of Onufriev et al. [36], IGB2, a modification
of IGB2 [37], IGBS, and the modification of Mongan et al.
[38], IGB7. For all the GB®® approaches, we used the
bondi and the mbondi2 radii definitions, IGB2’, IGB5' and
IGB7'" respectively, whereas in IGB2"” we used PBradii,

Table 2. The AGgya represents the non-polar contribution to
the solvation free energy which is determined with solvent-
accessible-surface-area-dependent terms (SA) [39] ap-
proach. The term TAS® is the conformational entropy
change of the solute which was calculated but normal mode
analysis. The grid size used to solve the Poisson-Boltzmann
equation was 0.5 A, and the values of interior dielectric
constant and exterior dielectric constant were set to 1 and
80, respectively. The gas phase and the solvation free
energies were calculated over 400 snapshots taken at 20 ps
interval from the last 8 ns of the MD trajectories. To model
the experimental conditions, the bulk of the salt concentra-
tion was set 50 mM.

We calculated the correlation matrix for the complex,
displayed as a two dimension correlation map to investigate
motion between regions in the protein, as domain-domain
communication [40—42], or between ligand and receptor. A
positive value shows that the atoms are moving in the same
direction, whereas a negative value indicates an anticorre-
lated motion. We used ptraj applet in Amber code to
generate the correlation matrix and Matlab to generate the
3D plots.

The coordinate trajectory matrix, in a MD calculation,
has the dimensions of (3N, n) where N is the number of
atoms and n the number of snapshots used in the analysis.
The corresponding conformational space has a high
dimensionality and a simple description or visualization is
impracticable. We used the principal component analysis
(PCA), methods to reduce the number of dimensions of the
conformation space, to allow the depiction of extreme
structures and the major fluctuations of motions which
results correlated. This protocol projects the multidimen-
sional conformational space onto a new set of axis which
maximizes the variance of the projection along orthogonal
directions. Following this procedure, the resulting projec-
tion has a low-dimensional representation of the spatial
relationship between conformations. The analysis starts by
diagonalizing the covariance matrix o,y whose individual
element is:

(o) = (i = ) 0 = (3)))- (3)

The MD trajectory is projected onto the main essential
directions, corresponding to the larger eigenvectors. At this
point the visualization of the extreme structures and the
major fluctuations of the correlated motions is possible.
Because of the memory limitations we considered only the
Co and P atoms in the projection of the MD trajectories,
onto the first two principal eigenvectors. The eigenvectors
and the energy landscapes are visualized with Matlab. The
PCA [43-48] analysis was carried out with PCAZIP
software [49], and the collective dynamic modes are plotted
using the porcupine method developed by Tai at al. [50].
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Results

The model was constructed on the crystal structure of the
active complex RecA-ATP-p(dT) determined by Chen et al.
[10], (PDB id 3cmu). The geometry revealed that each triplet
set of dT base interacts with three adjacent RecA monomers,
however the binding process propagates via a monomer
initiation [51-53] and continues via a co-operative binding
mechanism [51, 53, 54]. As a consequence, it is appropriate
to design a model formed by a single monomer to study
the geometry of the complex at the incipient formation of the
nucleoprotein filament. In our simulation we considered the
monomers of the experimental crystal structure of EcRecA
interacting with a sequence of nine bases, dTo, T. The 9-mer
was then replaced with dAy, dCo, and dGy, kept in the same
orientation of dTy, obtaining the complexes A, C, and G
respectively.

For all trajectories, the root mean square deviation, rmsd,
of the backbone atoms in function of the residue number is
shown in Fig. 1. The loops, L1, and L2, (residues 157-164
and 194-209) and the 9-mers, dNy are the residues directly
involved in the binding process. For the four complexes the
core part of the enzyme shows a rather high rigidity with a
value of rmsd below the unity, underlying how the
geometry change of the binding moieties does not deviate
sensibly from the original X-Ray structure. However a
noticeable change in the rmsd in the binding loops regions
is observed, with values from 4 to 6 A and ~3 A for L1 and
L2 respectively. The complex T shows en extended stability
in the L1 and L2 regions, and in the core part of the
enzyme, with relatively low RMSD values. A, on the other
side, reveals the highest values in rmsd: ~6 A for L1 and
~3 A for L2 respectively. C, unexpectedly, appears to have
very little movement, with RMS values very low in L1 and
in most of the core part of the enzyme. On the other end, G
present a rather wide range of movements, with a rmsd
value of ~5 A in the L1 region and ~2.5 A in the L2
binding site. The fluctuation of the core part of the enzyme
is in range with the other complexes.

In order to investigate motion between different region
in the protein, as domain-domain communication [40—42],
or between ligand and receptor, we calculated the correla-
tion matrix for the binding complexes, displayed as a two
dimension correlation map. A positive value (in red) shows
atoms moving in the same direction, whereas a negative
value (in blue) indicates an anticorrelated motion.

Our data display the correlation values of the Coc atoms for
the protein and P atoms for the nucleotide, Fig. 2. The
complex T shows areas of mild correlation and anticorrela-
tion, with values changing from -0.3 to 0.3. The movement
of the residues belonging to L1 is anticorrelated, underlying
the low bonding character of the fragment. The interaction of
the enzyme with dTy can be seen by looking at the top and
right border of the graph. dTy shows a barely noticeable
correlation with L2, and a sporadic small correlation motion
with respect to the rest of the protein. The smallest values in
the correlation matrix found in T are due to a minor change
in the geometry of the complex during MD simulation,
suggesting how the geometry of crystal structure is close to
corresponding modeled structure in solution. The change of
the ligand leads to an increase in the absolute values of the
correlation matrix elements for A and T, underlining how
the resulting geometries change during the simulation. The
complex C shows a mild region of correlation and
anticorrelation, indicating how the initial guess is already
close to the final structure. In particular, the correlation map
shows a significant increase in the correlation and anti-
correlation areas to values closer to +0.5 for A and G,
including extended areas with values close to the unit. Those
regions are almost uncorrelated with the binding loops of the
RecA, confirming how the binding geometry does not
change significantly from the X-ray structure.

Because of the size of the systems considered and the
potential flexibility that the binding units might show, we
extended our analysis to a study based on the principal
component analysis (PCA), often called essential dynamics
[48] applied to protein dynamics [50]. The PCA technique
was extensively used [48, 55-58], despite the issues raised

Fig. 1 RMSD value per residue 9 —T
averaged over 20 ns for 8 —A
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on the effective accuracy [59]. With this approach, the high
dimensional space spanned by 3N-6 degrees of freedom
(where N is the number of atoms) is highly reduced. The
eigenvalues resulting from the principal component projec-
tion represent the variation of the original set of data along
the corresponding eigenvector. These eigenvalues are
normally sorted in terms of their magnitude, and their
accumulative sum gives an indication of the quality of the
representation for a given number of dimensions. As a
limiting case, if all the eigenvectors are considered, the
original space is correctly represented in the projection
subspace. The representations of the two principal compo-
nent eigenvectors, relative to Cx and P atoms, for RecA-
dNy are shown in Fig. 3. The eigenvectors evl and ev2
relative to RecA are shown in red, while the vectors for the
dNy are shown in blue. The binding loops are represented

in marine blue and green for L1 and L2 respectively. The
main component of the motion of T, evl, is dominated by a
concerted motion of the monomers toward dTo. In
particular, L2 has a strong component toward the binding
regions. L1, on the contrary, seems showing a minor
binding character, with vectors pointing far from dTo.

The components of ev2 are lower in magnitude, but still
they underline the motion of the RecA toward dT,.
Changes in the ligand alter the values of evl and ev2 but
the general pattern results preserved. The common tenden-
cy in binding the dNy fragment is maintained, noticeable by
the motion of the protein toward the bases. As a general
picture we can identify two main motions for all the
systems: a combined rotation of dNy toward the monomer
in particular in evl for T, A and C, and a general motion of
the core of the enzyme toward the dNy moiety. In a more

Fig. 2 Results for the cross correlation matrix. Positive values (in red) show atoms moving in the same directions, whereas negative values (in
blue) indicate anti correlated motions
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Fig. 3 The first and second
component of the principal
component analysis plotted for
Co and P atoms. The vectors
are generated with the porcupine
program

specific case, C shows a strong component for evl in the
L1 and L2 regions toward dCy. A and G, however, have the
evl component on L1 and L2 pointing not directly on dNg
fragment, underlining a minor binding tendency. The
components in ev2 show a binding propensity in T and
G, while in A and C the components of the eigenvector ev2
describe a dendency to separate the dNo from L1 and L2.
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According to the energy landscape model [60], the
binding coupling is often followed by conformational
changes related to the biological functions of proteins and,
as such determine the nature of the energy landscape [61—
66]. In this model a selection of conformations for the
binding process in biomolecules, implies that the flexibility
of the binding partners and the binding mechanism can be
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established by the dynamic equilibrium of the complex
conformational states [67].

The two dimensional projections of the trajectories of the
systems considered onto the first and second principal
components is shown in Fig. 4. This technique allows to
visualize the shape of the potential energy surface in spite
the inevitable distortion introduced by the projection. The
model was performed using only the Co atoms of the
protein residues and P atom for the dNy fragment, thus it
describes the interaction with the ssDNA only partially.
Nevertheless, it is relevant to observe groups of local
minimum along the trajectories which are more or less
pronounced in function of the nature of the ligand. It is
interesting to remark how the interpolation of the values of
the projection of the trajectory onto the two main principal
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eigenvectors along the simulation, black line, crosses the
funnel areas shown by the histogram.

The numbers have not been scaled to reproduce relative
energies because our statistics from MD simulation is
insufficient to obtain a quantitative accuracy; however the
results show how the basins structure is altered by changing
the nature of the ligand. For T there are several small basins
separated by low barriers showing the exploration of the
conformational space along the simulation. The first basin,
encountered at the initial 4 ns of the simulation, is located
in proximity of the point with evl, ev2 coordinates (-20,
15). The system rapidly evolves though a shallow valley,
for about 4ns, to reach the most dominant basin at
coordinates (10, 0) for all the remaining time of the
simulation. A similar behavior is found for C, where from
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Fig. 4 The “minimum energy envelope” mapping the potential energy surface of the complexes. The black line represents the interpolation of the
values of the projection of the trajectory on the first two principal eigenvectors
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the initial point (-20, 10) the complex reaches in 4 ns the
final state at (10, 5), through a deeper valley. Both final
basins are the deepest compared to the other complexes.
The binding structures A and G have common differences
respect the previous cases. Both reveal a complex structure
of basins, more separated rather then connected by valleys
as previously encountered. In addition, the basin reached at
the end of the simulation lies to a higher minimum. The
shape of the energy envelope graph appear correlated to the
binding properties, where the highest is the binding energy
the deeper and pronounces is the final minimum samples
for the same numbers of bins.

The input for the MM-PB(GB)SA calculations were
extracted from the last 8§ ns of the MD trajectories, from
400 adjacent snapshots, at 20 ps time interval. Since the
correlation time for decay of fluctuation of the free energy
is about 1 ps, extracting the snapshots at a time significantly
longer should lead to independent series of sample points.
Under these conditions, the standard error in the mean
value, (sem), decreases with the square-root of the number
of points, thus having a number of sample big enough it is
possible to estimate the value for the binding free energy.
The study conducted by Kollman and Case [68, 69],
revealed how a number of snapshots from 100 to 200 is
sufficient to calculate the binding energy with a good
numerical accuracy. The values for the binding free energy,
calculated by MM-PB(GB)SA, oscillate in an expected
range respect the average value.

The entropy of the solute, necessarily to obtain the
absolute binding free energy, has been calculated by normal
mode analysis based on a harmonic approximation.

In our study we used several methods to calculate
binding free energy. To the MM-PBSA method, Table 1, we

compared several MM-GBSA approaches with different
effective Born radii formulations, Table 2. To verify the
consistency of the results, we plot the MM-PBSA and MM-
GBSA values (for this case we considered the IGB2"), for
each snapshot for the last 8 ns of the trajectory, Fig. 5. In
the discussion we consider the MM-PBSA energies as a
reference to evaluate the relative stability of the complexes.

Table 1 reports the mean decomposition values of the
MM-PBSA energies relative to RecA binding the different
dNy, including the contribution of the binding entropy. The
two major attractive contributions are the gas phase
Coulombic energy, Hejee, and van der Waals energy, Hyqw,
whose sum is labeled as Hg,. In general the antibonding
components are due to the polar solvation values, Ggp,
while the non-polar part, Gyp, gives a minor contribution.
The sum of both quantities is labeled as G- The polar
solvation part of the free energy is calculated by solving
the Poisson-Boltzmann (PB) equation using radii from
the PARSE parameter set [70], while G, is calculate by the
solvent accessible surface area dependent method, SA. The
overall MM-PBSA energy, Ggasisolv» tepresents the sum of
Hee and Gy, The absolute binding free energy, Gy,
includes the solute binding entropy.

The contributions to the overall Ggggiso1y is similar for the
complexes having a binding character, T, C and G, contrarily
to A which shows a different composition of Ggggtsor- The
highest binding contribution of Hge. is found in T with a
value of -209.2 kcal mol ™!, and similar values are encoun-
tered for G and C, -147.9 kcal mol™ and -189.8 kcal mol™!
respectively, in contrast with A which has a very unfavorable
Coulombinc energy contribution term, +183.7 kcal mol™.
Hyq4w energy component has negative values for all com-
plexes, with the highest term for G and T, -104.1 kcal mol™

Table 1 MM-PBSA energy components of the complexes calculated for 800 equidistant snapshots extracted from the last 8 ns of the same

trajectory
Contrib T A G C
Mean sem” Mean sem Mean sem Mean sem

Hetee” -209.2 6.4 183.7 6.7 -147.9 6.4 -189.8 6.7
Hyaw” -101.7 1.9 -63.9 1.8 -104.1 1.6 -85.9 1.6
Hgoo -310.9 6.8 119.9 7.0 -252.0 6.8 2757 7.0
Gup’ -13.6 0.1 9.9 0.1 143 0.1 -11.6 0.1
Gpp® 249.4 5.8 -128.3 6.4 221.1 55 2253 6.1
Geord 235.9 5.7 -138.2 6.4 206.8 5.5 213.7 6.1
Gassolv® -75.1 32 -18.3 3.4 452 3.4 -62.0 32
TS -39.4 2.7 37.9 2.8 -39.1 2.4 42.6 2.1
Giof' -35.7 42 19.6 44 -6.1 42 -19.4 3.9

The values are averaged over 400 snapshots, 20 ps time interval, of the last 8 ns trajectories. The standard state is assumed to be at 50 mM. The

units are in kcal mol™ . Hge, coulombic energy; ® Hyqw van der Waals energy; © Hy, =

Heee + Heaw 5 @ Gy, non-polar solvation free energy

calculated by MM-PBSA; © Gpp polar solvation free energy; D Gyopy = Gyp + Gpp; © Gastsolv = Hgas T Giolvs ™ Standard error of mean values; ? TS,®

total solute entropy contribution; ” Gyo, = Gaastsolv — TS .
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Table 2 Comparison of MM-GBSA method calculations for the RecA-dNg, extracted from the last 8 ns of the trajectory
Method” T A G C

mean sem® A mean sem A mean sem A mean sem A
GB1 -103.1 2.9 -28.1 -44.0 3.2 -25.6 -87.2 3.2 -42.0 -77.4 3.1 -15.4
GB2 -76.3 2.9 -1.2 -18.8 32 -0.4 -523 3.1 -7.1 -54.6 3.1 7.4
GB5 -205.0 3.8 -130.0 -71.7 3.6 -53.4 -151.1 4.0 -105.9 -148.2 3.7 -86.2
GB7 -200.2 7.2 -125.1 -198.0 6.7 -179.6 -216.2 6.2 -171.0 -209.5 6.7 -147.5
GB2' -84.1 2.9 -9.0 -22.9 1.6 -4.5 -57.8 32 -12.6 -60.8 3.1 1.2
GBS’ -229.6 42 -154.5 -90.6 6.8 -72.3 -177.8 4.4 -132.5 -169.8 4.1 -107.8
GB7' -241.7 7.0 -166.6 -216.2 0.1 -197.8 -251.1 6.0 -205.9 -244.8 6.5 -182.8
GB2” -81.8 29 -6.7 214 32 -3.0 -56.7 32 -11.5 -58.6 3.1 34

The values are averaged over 400 snapshots, 20 ps time interval, of the last 8 ns trajectories. The standard state is assumed to be at 50 mM. The
units are in kcal mol™ .  Several MM-GBSA methods, see text for details; ® Standard error of mean values, © Difference respect the corresponding

MM-PBSA value reported in Table 1.

and -101.7 kcal mol™ respectively, and significantly smaller
for A, -63.9 kcal mol". The values of Gy, for all systems
is between -9.9 kcal mol' and -14.3 kcal mol”. The
polar contribution, however, helps the binding only in
A, -128.3 kcal mol”, while for the other cases the terms
are largely positive, 235.9 kcal mol™, 213.7 kcal mol™,
and 206.8 kcal mol' for T, C and G respectively. The
strongest binding character is encountered for T, Gy is
-35.7 kcal mol™, despite the unfavorable entropic contribu-
tion of -39.4 kcal mol”'. The data come from a well
equilibrated structure with a linear regression slope of
10 kcal'molps”!, Fig. 5, comparable to previously
published results [33].

The binding of RecA with dAy reveals a completely
different feature. Even if the G501 is negative, -18.3 keal
mol™, the binding entropy, -37.9 kcal mol”, make the
process unfavorable. The convergence for A is achieved
with a higher slope value, -1.44-107 kcal'‘mol™-ps™". This
result is in full accord with a series of experiments, for
instance Wittung et al. showed that the binding enthalpy of
RecA to ssDNA is a function of the base sequence, with a
net preference of the p(dT) rather than p(dA)[71]. The
absence of cofactor was also considered and the binding
affinity are still in the same order, with a strong preference
of p(dT) [72]. The data presented by Bugreeva et al. [73,
74] confirm that the RecA affinity to dT, is about 240 time
higher than to dA,,. Experimental results on the affinity of
RecA to p(dC) are much more elusive, and the data
reported in the literature are controversial but still confirm-
ing an intermediate affinity of RecA for p(dC) respect p(dT)
and p(dA) [71, 75, 76]. Consistently, our results on the
complex C reveal an intermediate binding character, with a
Gyiot of -19.4 kcal mol’l, despite the strong entropic factor,
-42.6 kcal mol™. Experimental studies on the interaction of
RecA with p(dG) are rare and they are mainly relative to the
ATP hydrolysis rather than on the binding affinity [76].

Thus, the comparison of G with the other systems is based
only on the theoretical prediction. Our simulation shows
that there is a mild binding, -6.1 kcal mol™, and a similar
entropic contribution to T, -39.1 kcal mol™. The con-
vergence achieved in C is very good with a slope of
2.5:107 kcal'mol'-ps”', whereas G shows and intermediate
value of 2.5-107 kcal-‘mol™-ps™, but still in an acceptable
range.

Contrary to the PB method, in the GB approach each atom
is modeled as a sphere with a radius referred as the effective
Born radii. In order to increase the speed of computation,
several methods have been proposed to evaluate the Born
radii. The modified CFA method introduced by Hawkins et al.
[35], denoted as IGB1, was one of the first introduced in the
Amber code. This method, however, showed some problems
related to the buried atoms. A rescaling approach was
introduced to estimate more accurately the Born radii, with
the GB®®® methods, namely IGB2 and IGB5. The most
recent model developed on the GB®®C technique is the
IGB7. In our calculations we compared all the methods
available, considering two different radius definitions, bondi,
IGB2, 5, 7, and mbondi2, IGB2’, 5', 7'. In IGB2" we used
PBradii. All data summarized in Table 2 report the mean
values for MM-GBSA energies, sem, and the energy
difference with respect to the corresponding MM-PBSA
results listed in Table 1.

The MM-GBSA results are very sensitive to the method
used, even if the order of binding is preserved among the
considered species. The methods IGBS and IGB7, regardless
off the radii definition, give an unrealistic result with overesti-
mation of the binging free energy. IGB1 and IGB2, however,
predict a binding free energy comparable with the PB method.
The corresponding sem results are close with values between
3 and 7. IGBI1 has a general tendency to overestimate the
binding energy, in particular in G where the overbinding
character is -42 kcal mol™. For the other species, the
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Fig. 5 MM-PB(GB)SA binding
free energies for T, A, G and
C, calculated in the last 8 ns of
the trajectory. Each snapshot is
taken at 20 ps time step
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overbinding character is less pronounced, -28.1 kcal mol™
for T, and -25.6 kcal mol™ and -15.4 kcal mol™ for A and C
respectively. On the contrary, IGB2 shows a small under-
binding character by only +7.4 kcal mol™ for C, while G
results over bonded by -7.1 kcal mol™. The corresponding
values for A and T are very close to the PB results. The
change of the radii definition effects the results. In IGB2—
there is an overbinding tendency but not so pronounced as in
IGB1, except for C where the binding free energy is higher
by 1.2 keal mol™. The IGB2—method provides values that
are very close to IGB2—confirm a general overbinding,
which is not uncommon [77], but still in much better
agreement than IGB1. Because of the good agreement with
the PB results, we used IGB2" to analyze the residue
contribution to the binding free energy, Fig. 6.

The MM-GBSA protocol allows to decompose the
binding free energy in terms of contribution from each
residue in a given structure. The data calculated with the
IGB2" method, Fig. 6, reports three components for each
residue in the complex for the highest 20 contributions to
the binding energy, Ggasiso, the Coulombic interaction
summed with the solvation free energy (coul + GB), the
non polar (NP) contribution, and the van der Waals (vdW)
energy. The results shown in Fig. 6 reveal few intriguing
common features. First of all only about 15 aminoacids
contribute to the overall binding free energy with values
from -10 to -2 kcal mol™, confirming the complexity of the
binding process and its strong cooperative character. For all
cases arginine, positively charged, gives the major binding
contribution, in particular in position 196 and 169. The
former amino acid is located in the L2 binding site and
it contributes by -9.8 kcal mol™! to Ggasisol in T,
-5.6 kcal mol™! in G, -2.0 kcal mol™ in C, and -8.4 kcal
in A. The position 169, close to L1, is considered to have a
marginal effect in the binding process. The calculations,
however, revealed an unexpected strong role of Arg169 in the
interaction with the oligomer, with contributions between
-6 kcal mol™ to -4 kcal mol™'. Another aminoacid commonly
involved in the interaction with dNy with a significant
binding character is the aspargine in position 213. Minor
contributions to the oveall Ggugis01v are given by Thr210,
[le199, Metl64, Gly211, Glyl21, and Alal68. There are,
moreover, few minor antibonding contributions due to the
negatively charged ATP, by less than 2 kcal mol™, and to
the Mg>" ion, close to 1 kcal mol™.

To evaluate which domain in the complex is more
relevant to the Ggasisorv Values, we grouped the 1GB2”
contributions to the relevant part of the complex as L1, L2,
the oligomers, and ATP, Table 3. The analysis shows that
L1 has a minor contribution to the binding, with -7.9 kcal
mol! for G and -5.0 kcal mol! for T, and almost a
negligible portion for A and C. The role of Mg®" and ATP
is minor with a weight of less than a kcal mol™. L2, on

the other side, has the most significant contribution to
the Ggasisorv With values from -23.3 kcal mol” for T to
8.6 kcal mol' for A. The affinity of the oligomer is
sensitive to the nature of the nt used in the model. For
instance, dTy contributes by -13.7 kcal mol™' while dAy has
an antibonding character of +13.7 kcal mol™.

The geometries of the averaged structures over the last
4 ns are reported in Fig. 7. L1 and L2 are shown in light
blue and violet cartoon respectively. The labeled amino-
acids are the ones located at a distance for which a
Coulomb interaction with the oligomer is expected, dotted
line. The ATP and Mg®" are in gray. In T, the complex
series of interaction between RecA and the oligomer
delineated by the X-Ray structure [10] is globally main-
tained along the simulations except for some minor
changes. In L1, Ser172 and Argl76 lose the bond with
the dTy fragment in favor of the oxygen of the peptide
group in Metl64, the nitrogen of the peptide moiety of
Glyl165, and the amino terminal of Argl69. These results
are consistent with the MM-GBSA energy per residue
reported in Fig. 6. The NH fragment of Gly196 interacts
with the back-bone of the oligomer, but not with a specific
base justifying the presence of this interaction for all the
series considered. Similarly, the peptidic NH interaction
found in Gly211, Gly212, and Asn213 with the phosphate
of dTy is encountered in all the complexes examined. In A,
the number of effective bonding interactions has signifi-
cantly decreased, where only few animoacids contribute to
the binding free energy. Argl96 and Argl69 still have a
major role in the binding, as well as Thr210. L1 shows a
low affinity, as clearly moved far from the oligomer. This
can be an interesting factor describing the low affinity of
RecA with p(dA) observed experimentally. The complex G,
consistent with the previous cases, has Argl96 and Argl69
as major components t0 Ggasrsorv» together with Gly211,
Asn213, and Gly212. The complex C, contrarily to the
previous cases, has Asn213 and Ile199 providing the
strongest binding contribution, whereas Argl196 contributes
only marginally to the overall binding.

Discussion

To model the interaction between RecA and ssDNA the
position of the binding loops, L1 and L2 (residues 157-164
and 195-209 respectively) has to be known. Chen et al.
[10], were able to solve the X-Ray structure relative to the
orientation of the loops, and describe their interaction with
the sequence of ssDNA (pdb id 3cmu). The network of
hydrogen bonds is rather complex: each nucleotide triplet
interacts with three consecutive RecA monomers. The first
nucleotide interacts with the closest RecA and with the next
monomer proceeding in direction 5’ of the ssDNA. The
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Table 3 Components of the binding free energy calculated with the
IGB2” model summed for each binding loops and, ATP, Mg*" and
dNy

Contrib® T A G C

L1 5.0 22 7.9 0.8
L2 23.6 8.6 21.6 -13.1
ATP 1.0 2.5 1.0 0.6
Mg>* 0.3 0.2 0.3 0.3
dN, -13.7 13.7 1.1 6.3
tot” 415 5.2 277 -19.8
A€ 403 26.6 29.0 38.7

@ Mean contributions to the MM-GBSA energy, using the IGB2”
protocol, in kcal mol™, restricted to significant part of the complex. The
values are averaged over 400 snapshots, 20 ps time interval, of the last 8 ns
trajectories. The standard state is assumed to be at 50 mM. ® sum of
energy of the components considered. “ Difference respect the
corresponding IGB2” calculated for the entire complex, reported in Table 2.

second nucleotide interacts only with the closest RecA
monomer. The third nucleotide is bound to the closest
RecA and with the following monomer in direction 3’ of the
filament. The hydrogen bonds between the backbone of the
nucleotide triplet and the RecA monomers where depicted,
involving Metl197, for the first RecA, Asn213 Gly211
Gly212 from the closest RecA monomer and Ser172 and
Arg176 with the following RecA monomer. The bases also
are located to a position that might suggest an interaction
with the RecA monomers. The first base has a van der
Waals contact with Metl197, 11e199, Gly200 of the first
RecA, while the last base is close to Lys198, 1le199, and
Thr208 of the third RecA monomer. Also the closest RecA,
in the central position, is far from any base. Although the
work of Chen depicted the structure of the RecA-p(dT)
complex, many questions remain on the activity controlled
by a growing network of functional interactions [52, 78—
85]. The kinetic rates are particularly hard to determine,
except for the work of Ha et al. [86] who provides relative
values measured using a single molecule fluorescence assay.

Up to now, the mechanism of formation of the nucle-
oprotein filament, despite numerous years of study, is still
unclear [53, 78, 87-89]. It was particularly elusive to
determine which is the binding unit involved in the
formation of the nucleoprotein filament [S51, 90] since
the oligomeric form of RecA is sensitive to the condition
in which the protein is studied [91-96]. It has been
observed that RecA must disassemble from the inactive
form prior to reassembly on the nucleoprotein filament
[89, 97]. The work of Knight et al. [90] indicates that the
disassembly has not to continue up to the monomeric
form, but even the dimeric RecA can have the role as
nucleating unit for the assembly onto ssDNA. Often,
however, the monomeric form of RecA can indeed start

the nucleoprotein formation [16, 98]. The process of
nucleation has a high degree of co-operativity [51, 53],
even if the oligomeric form of the protein takes place in
the assembly [90]. Several mechanisms were proposed to
elucidate the kinetics of the formation of the nucleoprotein
filament, by considering the presence of various reactions
and functional states in equilibrium [80, 84, 85, 99—103].
Despite the efforts spent in understanding the RecA
kinetics, a clear model capable of properly describing the
RecA binding rate to ssDNA is also missing.

A strong contribution on the kinetics of the RecA
binding was brought by Joo et al. [51], where, for the first
time using very sophisticated single molecule FRET
technique [104-106], the dissociation and binding unit
and the corresponding rates were measured in proximity of
both ends of the filament but near the ss-sdDNA junction.

Numerous studies have been conducted on the RecA
activity in function of different mutants [17], however
measurements of binding free energies for RecA to the
corresponding mutants are absent in the literature.
Camerini-Otero et al. [17] reveiled that, by an extensive
site-directed mutagenesis of the L2 chain of EcRecA, there
is a significant possibility that only a minor part of the loop
is indeed involved in the reactivity of the enzyme [10]. This
picture of RecA binding with ssDNA is consistent with a
recent concept of interaction energy “hot spots”, where
only a resticted set of amino acids located at the binding
interface make a dominant contribution to the binding free
energy [107], leading to a distinction between functional
epitope (hot spot residues) and structural epitope (all
residues that participate in the interface) [108].

The lack of accurate experimental evaluation of the
standard binding free energy prevents us from validating
our results in a more quantitative manner; however a
qualitative description was addressed. With this prospec-
tive, our purpose is to try to understand in more detail
some of the crucial aspects of the binding process by using
molecular dynamics (MD) simulations.

The main principle governing ligand receptor interactions
are reasonably well known; however methods which allow a
good estimate of the binding free energy of large ligands are
still unavailable despite the unquestionable importance in
bimolecular reactions [109-112]. In many cases physics-
based approaches such as free energy perturbation based on
molecular dynamics calculation (FEP/MD) are the most
accurate for relative binding energy evaluations. The
observable of relevance is the standard binding free energy,
AG®, often referred to in theoretical studies as “absolute”
binding free energy, to distinguish it from the relative
binding free energy calculated by FEP. Despite the ambiguity
in the nomenclature, in order to calculate the AGP, it is
necessary to develop a mathematical model capable in order
to extend the microscopic properties of the molecular model
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T210

R196

Fig. 7 Averaged structures of the last 4 ns of the trajectory for T, A, C and G. The binding loops L1 and L2 are shown in light blue and violet
respectively. The polar contacts are represented in yellow, and in pink the ARG196 residue

to derive the value of the experimental measured quantity.
Encouraging results were recently achieved by Roux [113,
114] and Gilson [115, 116], where the estimation were shown
to have a reasonable accuracy. However their approach is
designed for small ligands, significantly smaller than dNg
considered in this work. Nevertheless, there are other methods
which provided a good estimation of the binding free energy,
such as the above mentioned FEP [117, 118], thermodynam-
ical integration (TI) [119], and molecular mechanics general-
ized Born/Piosson-Bolzmann surface area (MM-GBSA/
PBSA) [33, 120]. More recently, the MM-PBSA method has
been well developed [27, 121] and applied to HIV reverse
transcriptase [122], avidin [123], neuraminidase [124], cath-
espin D [125], growth factor receptor binding protein 2 [126],
metallo-protease [127, 128] hystone deacetylase [129], DNA
glycosilase [34], and protein-protein interface [130].

@ Springer

As above mentioned, the monomeric form of RecA
initiates preferentially the formation of the nucleoprotein
filament. This assumption supports our choice of the
monomer of EcRecA as a model system to study the
interaction with a ssDNA homopolymer. The size of
the ligand, dNo, prevents us from using the above
mentioned methods. As an alternative, we estimated the
absolute binding free energy by the MM-PG(GB)SA
protocol, in combination wiyh a normal mode analysis for
the solute binding entropy. This approach, regardless of the
use of single or multiple trajectories, gives an approximate
value of the standard binding free energy [114]. Because of
these limitations, our study is centered on a qualitative
evaluation of the binding free energies, which will permit
us to describe the most relevant aspects of the binding
process of RecA. Our model predicts, in full agreement
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with experiment, the highest binding free energy for T, and
C, and the weakest for A and G, confirming the highest
affinity of RecA with homopolymers composed by pyridine
residues, p(dT), p(dC), than homopolimers composed by
purine residues, p(dG) and p(dA).

These results are in agreement with the binding enthalpy
values measured by Wittung et al. [71] by isothermal
titration calorimetry. The thermodynamic data showed that
the enthalpy of interaction between RecA and (dT);¢ is
4 keal mol™ higher than the value measured for (dA)s6. The
binding with p(dC)s;s gives values closer to p(dA)se,
consistently with our predictions, Table 1. A similar
agreement is found also with the work of Bugreeva et al.
[74] which shows by monitoring the ATP hydrolysis a
higher affinity of RecA toward (dT),, versus a much lower
affinity for (dA)o, and intermediate activity with d(C),o.

Even though experimentally, consistently with our results,
the highest affinity of RecA is for p(dT), data on the binding
and ATP hydrolysis relative to RacA interacting with p(dC)
and p(dG) are still inconclusive [72, 75, 76, 131].

It has been reported that the nucleoside triphosphate
cofactor, ATP, can induce a transient dissociation of the
RecA filament [72, 87-89, 132], hence ATP plays a major
role to mediate the interaction between the RecA and the
single stranded DNA. According to the model, ATP has a
small antibonding contribution, about a kcal mol™ for all
the complexes, which is partially balanced by the interac-
tion component of its counterions, Mg2+, which stabilizes
the complex by a fraction of kcal mol™.

In our model the aminoacids involved in the interaction
with the ssDNA are always in the binding loops or very close
to them, but no contribution coming for other sides of the
protein has been observed. This result although intuitively
expected is not always verified; in fact few cases showed how
the position of the binding units can be far from the interacting
area of the enzyme with the substrate [33].

The results derived from the correlation analysis are
fully consistent with the thermo chemistry. The correlation
matrix, Fig. 2, shows how T and C have a smaller
covariance values respect A and C, consistently with a
higher binding affinity. The PCA analysis also predicts
binding motion in L2 for T and C, contrarily to A and G.
The energy landscape locates a deeper and localized basing
for T and C, while for A and G the reduced potential
energy surface is more characterized by the presence of
several basins, confirming the lower binding tendency or
RecA versus dGy and dA,.

Conclusions

The goal of this study is to shed light on the modality of the
interaction of the recombinases protein RecA with a series

of ssDNA oligomers. To achieve this goal, a series of
calculations aimed to estimate the absolute free binding
energy were performed using the MM-PB(GB)SA protocol.
The technique is based the Poisson-Boltzmann (PB) and the
generalized Born (GB) solvent accessible surface area
methods. The solute entropic contribution is also included
and estimated by normal mode analysis. The results show
how a strong contribution of the binding free energy is due
to a minor number of aminoacids, in particular with
Arg196, critical residue for the functionality of the enzyme.
The data confirm how the free binding energy of RecA is
significantly higher for dTy than for dAy, in agreement with
experimental results. Moreover, the data confirms the more
controversial data still pointing at a higher affinity of RecA
for dC rather than dG.

Even if our study is a qualitative approach to describe the
binding interaction of the RecA monomer with a model
sequences of ssDNA, the agreement with the experimental
findings made the results useful to underline the major residue
contributions to the binding free energy, and the geometry
modification in function of the change of the ligand.
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