7798-7808 Nucleic Acids Research, 2019, Vol. 47, No. 15
doi: 10.1093/narlgkz667

Published online 2 August 2019

Weaving DNA strands: structural insight on ATP
hydrolysis in RecA-induced homologous

recombination

Benjamin Boyer'-2, Claudia Danilowicz®, Mara Prentiss® and Chantal Prévost 14’

'CNRS, Université de Paris, UPR 9080, Laboratoire de Biochimie Théorique, 13 rue Pierre et Marie Curie,

F-75005 Paris, France, 2Presently in Laboratoire Génomique Bioinformatique et Applications, EA4627, Conservatoire
National des Arts et Métiers, 292 rue Saint Martin, 75003 Paris, France, 3Department of Physics, Harvard University,
Cambridge, MA 02138, USA and “Institut de Biologie Physico-Chimique-Fondation Edmond de Rothschild, PSL

Research University, Paris, France

Received March 03, 2019; Revised July 12, 2019; Editorial Decision July 15, 2019; Accepted July 19, 2019

ABSTRACT

Homologous recombination is a fundamental pro-
cess in all living organisms that allows the faith-
ful repair of DNA double strand breaks, through the
exchange of DNA strands between homologous re-
gions of the genome. Results of three decades of
investigation and recent fruitful observations have
unveiled key elements of the reaction mechanism,
which proceeds along nucleofilaments of recombi-
nase proteins of the RecA family. Yet, one essen-
tial aspect of homologous recombination has largely
been overlooked when deciphering the mechanism:
while ATP is hydrolyzed in large quantity during the
process, how exactly hydrolysis influences the DNA
strand exchange reaction at the structural level re-
mains to be elucidated. In this study, we build on
a previous geometrical approach that studied the
RecA filament variability without bound DNA to ex-
amine the putative implication of ATP hydrolysis on
the structure, position, and interactions of up to three
DNA strands within the RecA nucleofilament. Simula-
tion results on modeled intermediates in the ATP cy-
cle bring important clues about how local distortions
in the DNA strand geometries resulting from ATP hy-
drolysis can aid sequence recognition by promoting
local melting of already formed DNA heteroduplex
and transient reverse strand exchange in a weaving
type of mechanism.

INTRODUCTION

Homologous recombination (HR) is a fundamental biolog-
ical process common to all living organisms. It enables both
the faithful repair of DNA double strand breaks, necessary

for cell survival, and the crossover of endogenous genes or
insertion of exogenous genes, which promotes diversifica-
tion and species survival in the long term (1-3). These func-
tions are performed in the cell within long helical nucleo-
protein filaments formed by the polymerization of recombi-
nase proteins (RecA for prokaryotes) on a single-stranded
DNA (ssDNA, also called incoming strand) resulting from
the processing of damaged DNA (4). As will be discussed
below, ATP is hydrolyzed during the process.

In their active form recombinase filaments can locally
incorporate double-stranded DNA (dsDNA) from the
genome, check sequence homology with the bound single
strand, and promote strand exchange if the degree of ho-
mology is sufficient. Kinetics studies have shown that initial
stages of DNA recognition and pairing exchange do not de-
pend on ATP hydrolysis (5-7). Indeed, the time scale of ATP
hydrolysis in recombination filaments exceeds by more than
two orders of magnitude that of these initial HR stages, in
the order of milliseconds, which means that hundreds of ini-
tial search events can occur in a given region of the filament
in the interval between two successive hydrolysis events. We
have shown that tension in the dsDNA strands and a series
of kinetic decisions play prominent roles to account for the
very short time scales of these initial stages (8,9). Intrigu-
ingly, while ATP hydrolysis influences the kinetics of subse-
quent steps (6), hydrolysis is not necessary for the whole HR
reaction to successfully go to completion in vitro on limited
lengths of homologous DNA up to few kilobases (10).

Yet, RecA in its active filament form hydrolyzes large
quantities of ATP (11). ATP hydrolysis mostly occurs when
DNA is bound to the filament, either as a single-strand,
a double-strand, or during strand exchange. The rate of
hydrolysis varies with the number of bound DNA strands
from 20 min~! (dsDNA or strand exchange) to 30 min~" (ss-
DNA) (12,13). In physiological conditions, only a fraction
of ATP molecules bound to the RecA filament is simultane-
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ously hydrolyzed. Although ATP hydrolysis is known to be
involved in the dissociation of terminal RecA monomers,
most hydrolysis events occur in monomers distributed all
along the filament (11) that generally do not dissociate (14).

ATP hydrolysis has been found responsible for a num-
ber of characteristics of the HR process such as the fila-
ment disassembly after strand exchange completion or the
possibility of reverse exchange reaction (4,15-17). More re-
cently, evidence was found that ATP hydrolysis directly in-
fluences the dynamics of strand exchange: when ATP is
hydrolyzed, strand exchange propagation proceeds within
sliding DNA windows with lengths of ~80 bp (18,19),
whereas the turnover rate of the dsDNA that is searched
for sequence match increases (20). In addition, our recent
results indicate that in the presence of ATP hydrolysis, the
formation of heteroduplex segments with length comprised
between 20 and 75 bp remains highly reversible, insensi-
tive to the segment length (19). Even fully homologous seg-
ments can rapidly interrupt strand exchange and return to
reactants. In contrast, in the presence of ATPyS, a non hy-
drolyzable ATP homolog, the stability of the newly formed
strand exchange product strongly increases with length: seg-
ments with lengths >40 bp are almost never observed to un-
bind.

Combined together, these observations provide little in-
dication of what exactly happens at the structural level that
would transform the chemical energy released by ATP hy-
drolysis into a mechanical action accounting for the speci-
ficities of the ATP driven HR process. The major struc-
tural information concerns the nucleotide-dependent pre-
ferred geometries of the HR filament, extended in the
presence of ATP or non-hydrolyzable analogs (active fil-
ament, pitch value ~ 85-100 A) (21) and compressed in
the presence of ADP or with no bound cofactor (pitch
value ~ 65-85 A) (22). The two forms differ by the ori-
entation of the monomers with respect to the axis and by
distinct monomer-monomer binding geometries (21,23,24).
Notably, the ATP cofactor is buried in the interface between
adjacent monomers in the extended form, while it is accessi-
ble to the solvent in the compressed form. At the local level,
quantum chemical studies indicate a reorganization of the
hydrogen-bond network at the protein—-DNA interface (25).

Three possible structural responses to hydrolysis have
been envisioned. In the so-called redistribution hypothe-
sis (26,27), hydrolysis of ATP bound to a given monomer
prompts that monomer to unbind, exchange its ADP co-
factor for a new ATP cofactor, and rebind at the filament
extremity. This hypothesis did not find experimental sup-
port, as only terminal monomers were observed to unbind
(14,28,29). In a second scenario, monomers with hydrolyzed
ATP conserve the binding geometry they have in the ac-
tive filament but this geometry is frustrated. Klapstein and
Bruinsma proposed an elegant physical model where this
frustration would transfer into a rotational movement of
the DNA strands (30). There is, however, no structural clue
about a mechanism for such chemical to rotational energy
transfer. The third hypothesis postulates that monomers
switch their binding geometries in the filament from ATP-
to ADP-favorable interfaces in response to ATP hydrolysis
(24,31). They can then exchange the bound ADP for a new
ATP and perform reverse interface switching, thus complet-
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ing the ATP cycle. In spite of the large monomer displace-
ment (~20 A) that accompanies the passage from ATP-
to ADP-binding geometries (24), this hypothesis is sup-
ported by several in vitro experimental observations. First,
in the absence of a regeneration system, consumption of
all ATP molecules results in the recombination filament
cooperatively adopting the compressed form, without any
monomer dissociation (29,32,33). When provided with ad-
ditional ATP or under variable stretching load, filaments
were observed to cooperatively cycle between extended and
compressed forms. This implies that each monomer modi-
fies its binding geometry and indeed, filaments with mixed
binding geometries could be observed in particular condi-
tions (23,34). Individual switch of monomer binding ge-
ometries as a response to ATP hydrolysis is also consistent
with hydrolysis-related appearance of disorder, observed
in ATP regeneration conditions in the otherwise very stiff
filaments (35,36). Besides, other systems have been docu-
mented where monomers individually modify their binding
interfaces. In cyclic systems such as the DnaB (37) or the T7
gp4 helicases (38), coexistence of different interfaces within
a same ring-shaped oligomer was associated to sequential
stages in the hydrolysis process (38,39). More specifically,
multimeric RecA-like domains generally move relative to
each other during the hydrolysis cycle (40).

The question of how hydrolysis propagates along the
filament was raised. The previously mentioned coopera-
tive cycling between extended and compressed filaments
evoke a possible mediation of hydrolysis progression via
interactions between adjacent monomers (29). Coopera-
tion between adjacent monomer is also implicit in the hy-
drolysis wave model proposed by the Cox group; however,
this model also requires cooperation between non-adjacent
monomers (4). Progression of hydrolysis waves along the fil-
ament with a spatial periodicity of one helix turn has been
detected when more than one DNA strand was present in
the HR filament (41). When only one strand was present,
the observed distribution of hydrolysis events was random.
It has been proposed that different regimes of hydrolysis
propagation may develop depending on the level of avail-
able free ATP in the environment (29). It is also possible
that different propagation regimes occur in different stages
of the HR process.

We previously investigated filament architectures in RecA
systems that include mixtures of interfaces with ATP bind-
ing and interfaces with ADP binding, thus mimicking dif-
ferent distributions of ATP hydrolysis events (24). The
present work builds upon that preliminary study to inves-
tigate the compatibility of an irregular filament geometry,
featuring one ADP-binding geometry in the center of two
turns of extended filament, with the binding of up to three
DNA strands. The strands successively fill filament sites I
(incoming strand, heteroduplex) and II (outgoing strand),
therefore exploring the possibility that such structure may
exist in the presynaptic, synaptic, and post-synaptic states
of the HR process. The stability of these models of irregu-
lar DNA-bound filaments is challenged with all-atom MD
simulations in solvated environment, revealing the possibil-
ity of local reverse pairing exchange that may explain why
destabilization of the strand exchange product commonly
occurs in the presence of ATP hydrolysis (15,19,42). In addi-
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tion, examining the stability of ADP-like interfaces in active
filaments provides information about possible cooperative
assistance to binding geometry changes between neighbor-
ing or distant monomers.

MATERIALS AND METHODS
Model construction with PTools/Heligeom

Construction of two turns of irregular RecA oligomers with
bound DNA was performed using the PTools/Heligeom li-
brary and associated scripts (24,43,44). This program re-
lates monomer-monomer binding geometries to the geome-
try of large oligomeric assemblies. In this work, two specific
RecA-RecA binding geometries were used. The first one, is-
sued from the crystal structure of extended RecA filaments
in the presence of DNA and non-hydrolyzable ATP ana-
log (PDB entry 3CMW) (21), will be referred to as ATP-
binding geometry. The second one, extracted from the crys-
tal structure of a compressed RecA filament in the pres-
ence of ADP (PDB entry 2REB) (22), will be referred to as
ADP-binding geometry. We note that the terms ATP/ADP-
binding indicate a binding mode preference in the presence
of ATP/ADP and do not imply that this geometry may ex-
clusively be associated with ATP/ADP binding. For exam-
ple, the ADP-binding geometry has also been observed in
the absence of any cofactor (22).

A RecA filament made of twice the succession of five
ATP-bound monomers and one ADP-bound monomer was
constructed using the following protocol. First, a regular
hexamer made of six RecA monomers (numbered from (i —
5) to (i) in the direction that corresponds to the 5'-3" orien-
tation of a single-stranded DNA bound in site 1) was built
from two consecutive central monomers of the extended
crystal structure (3CMW) using the heligeom.py script of
the PTools library. We will refer to this structure as a regu-
lar filament. The hexamer was then submitted to the screw
transformation associated to the ADP-binding geometry,
with the transformed hexamer being numbered from (7 + 1)
to (i + 6). The transformation resulted in the formation of a
20.5° kink between the axial direction of monomers (i — 5)
to (i) and that of monomers (i + 1) to (i + 6). The N-terminal
region of monomer (i + 1) (residues [1-37]) was substituted
by the corresponding region taken from the compressed fil-
ament (2REB) after superposition of the structurally close
protein regions (24). The two flexible loops L1 and L2 of
monomer (i + 1) (residues [157-164] and [194-210], respec-
tively), which are disordered in the compressed filament
structure, were attributed the geometry they present in the
extended filament. This produced a dodecameric filament
with all interfaces in the ATP-binding geometry, with the
exception of the interface between monomers (i) and (i +
1). This interface presents an ADP-binding geometry.

Three DNA strands were then successively added, with
sequence (dT)s¢ for the initiating and outgoing strands and
(dA)s¢ for the complementary strand. To this aim, trinu-
cleotide segments respectively taken from the crystal struc-
tures 3CMW and 3CMX for the single strand and heterodu-
plex in site I and from our recent model (8) for the outgoing
strand in site IT were successively added to the filament in
such a way as to conserve their reference binding geometry

with each RecA monomer. Disruption of the DNA back-
bone continuity resulting from the perturbation of the fila-
ment geometry near monomer (i) was corrected via energy
minimization using the NAMD 2.10 software (45,46).

Molecular dynamics simulation

Molecular dynamics (MD) simulations were performed
on each dodecameric filament bound to single-stranded,
double-stranded or three-stranded DNA using the NAMD
2.10 software (45) and the CHARMM 27 force field includ-
ing the CMAP correction (46). The structures were first sol-
vated using a TIP3P water model in a 140 x 144 x 225
A3 box, submitted to periodic boundary conditions. Elec-
tric neutrality and a physiological ionic concentration of
0.15 mol/l were obtained by the addition of respectively
438, 469, 503 Na' and 353, 349, 348 Cl~ ions for the
single-stranded, double-stranded, and three-stranded sys-
tems. The corresponding electric charge before neutraliza-
tion was -85, —120, —155 e~. As a whole, the simulated sys-
tems contained between 435 000 and 439 000 atoms. After
5000 steps of conjugate gradient energy minimization, the
system was progressively heated to 300 K. A 30-ns equi-
libration phase was followed by 100-ns production. The
three-stranded system was submitted to three independent
simulations using identical protocols. In addition, a 100-
ns simulation was independently performed starting from
a three-stranded system with two artificially reversed base
pairings. Time steps were set to 2 fs using the SHAKE al-
gorithm, and long-range electrostatic interactions were ac-
counted for using the particle-mesh Ewald method. Van der
Waals interactions were smoothly switched off between 10
and 12 A. The temperature and pressure were maintained
using a Langevin dynamics scheme and a NosHoover-
Langevin piston, respectively. During equilibration, the po-
sitions of the protein C, carbons were harmonically re-
strained to their initial position, with force constant de-
creasing from 0.5 to 0.05 kcal.mol~'.A=2. No restraints
were applied during the production phase. Analysis used
in-house python scripts based on the PTools library (24,43)
together with VMD tools (47). Notably, the width of the
groove entrance at the level of a given monomer (k) was cal-
culated as the smallest distance between the C-terminal do-
main of that monomer and the N-terminal domains of the
three closest monomers across the groove (monomers (k +
5), (k + 6) and (k + 7)). This definition differs from the rig-
orous groove width definition described in Boyer et al. (24)
that only applies to regular helical filaments.

RESULTS

In the presynaptic RecA filament built on ssDNA as well as
in filaments undergoing strand exchange, ATP is constantly
hydrolyzed (41). In order to explore the structural implica-
tion of isolated hydrolysis events occurring within RecA fil-
aments, we considered filaments where at a given moment
one unique hydrolysis event occurs within a helical turn and
two consecutive hydrolysis spots are separated along the fil-
ament by at least five monomers with bound ATP. Possible
consequences of having shorter or longer distances between
hydrolysis spots will be addressed in the discussion.



Stability of the DNA strands in regular RecA filaments

In the extended form of regular RecA filaments, the DNA
strands interact with the protein via a mixture of electro-
static and hydrophobic interactions in binding sites I and IT
(Figures 1-3A) (9,21). Both sites consist of narrow tracks
separated by an array of bulky L.2 loops (one loop per RecA
monomer) and lined with the inside filament wall on the
other side (Figure 1C, D). During HR, binding sites I and
11, respectively, accommodate the incoming and the outgo-
ing strands, which are stretched by 50% and unwound by
40% with respect to physiological B-form dsDNA. The lat-
eral displacement of binding site II from the filament axis
further increases the extension of the outgoing strand back-
bone, which reaches its upper stretching limit (48). Strong
interactions every three phosphate groups with clusters of
basic residues Arg226, Arg227, Arg243 and Lys245 stabi-
lize this extremely extended conformation (Figure 3A and
supplementary information Supplementary Figure SI-1B)
(9). Both sites I and II can accommodate a second strand,
although the highly stressed dsDNA in site Il cannot ex-
tend over more than ten or twelve base pairs without un-
binding, unless the complementary strand switches from
site II pairing to site I pairing (8). In the present study, we
concentrate on the case where the duplex DNA resulting
from strand exchange is in site I during the elongation stage
where ATP hydrolysis influences the course of the reaction.
In regular filaments, this structure is stabilized by the inser-
tion of hydrophobic residues Ile199 (L2 loop) and Met164
(L1 Loop) within large intercalation sites that result from
the stretching/unwinding distortions of the DNA (21) (Fig-
ure 1C).

Models of mixed ATP/ADP filaments

Dodecameric filaments (approximately two helical turns)
presenting a central ADP-bound monomer (monomer (7))
and with up to three bound DNA strands were modeled as
described in Methods. The first consequence of the change
in monomer (i) binding geometry was to extract its ADP
cofactor from the (i), (i + 1) interface and make it accessi-
ble to the solvent (22), which may facilitate its unbinding
and replacement by ATP. In the mixed filament, the ADP
cofactor is however situated in a very crowded environment
characterizing the filament interior, described below.
Independently of the number of bound DNA strands,
the protein component in all three models showed strong
particularities with respect to the regular form of the ex-
tended HR filament (Figures 1-3). First of all, introduction
of an ADP-like interface within an active filament geom-
etry resulted in modifying the helical axis orientation by
20.5° (24). This brought regions of the filament that are oth-
erwise distant from each other into close proximity. One
of the most striking contacts took place between the C-
terminal domain of monomer (i) and the N-terminal do-
main of monomer (i + 6) (arrow in Figure 1B). This con-
tact, which involves residues 287 to 290, 292, 295 to 297
from monomer (i), and 19 to 21 from (i + 6), completely
closed the filament groove between monomers (i) and (i +
6) (see 3-D view in supplementary information SII). It sta-
bly maintained the groove closed all along the 100 ns MD
runs with one, two, or three DNA strands (Supplementary
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Figure SI-2). The (i), (i + 6) groove closure was accompa-
nied by a narrowing of the groove entrance at the level of
monomers (i — 5), (i — 4), and (i — 1) and some widening
with large amplitude variation at the level of monomers (i
— 3) and (i — 2) with respect to the 28 A value observed in
regular crystal structure filaments (as measured by the clos-
est distance between C-terminal domains and N-terminal
domains across the groove, see Methods). Other structural
elements substantially modified their position inside the fil-
ament and occupied regions in space that are vacant in the
regular filament: Figure 1D and Supplementary Figure SI-
3 show how the bulky LexA-binding loop of monomer (i)
(residues 225 to 245), the L2 loops of monomers (i), (i + 1)
and (i + 2), and the L1 loop of (i + 2) contributed to modify-
ing the internal partitioning of the filament groove, i.e. the
size and spatial organization of cavities the DNA strands
can occupy inside the filament. Notably, the narrow tracks
that form sites I and II were both locally disrupted. In addi-
tion, hydrophobic contacts between L2 loop residue I1e199
of monomer (i) and L1 loop-Met164 of (i + 1) (see previous
section) were lost. We examine below the consequences of
these distortions on the structure, interactions, and stability
of the incoming strand in site I, the heteroduplex in site I,
and the outgoing strand in site II.

Incoming strand in site I

As stated above, the change in the filament axis orienta-
tion between monomers (i) and (i + 1) in the mixed fil-
ament resulted in locally disrupting the interaction net-
work of site I. As a result, the incoming strand backbone
formed an abrupt kink that extended over six nucleotides
(Figure 1B, C). Specifically, residues Argl69 and Argl76
of monomer (i + 1) moved away from site I and could
not maintain their regular interactions with the phosphodi-
ester groups (Supplementary Figure SI-1A). New interac-
tions partly compensated for this loss within the distorted
region, such as salt bridges involving Argl96 and Lys198
of monomer (i) and interactions at the extremities of the
kinked region were reinforced. However, the overall distor-
tion increased the L1 loop fluctuations in monomers (i) and
(i + 1) (Supplementary Figures SI-4A, B and SI-5B). L1
loop fluctuations are important since these loops partici-
pate in the interface between consecutive monomers (24).
In spite of these fluctuations and the loss of interaction be-
tween monomer (i) and the DNA, no destabilization of the
(i), (i + 1) interface was observed (see Supplementary Figure
SI-6).

Although the degree of backbone stretching in the kinked
region, as measured by the distance between the terminal
phosphates, was comparable to that in the rest of the struc-
ture (33-36 A for six base intervals), the bases in the kinked
region were not partitioned in groups of three bases like in
the regular structure. Instead, the bases were separated into
one duplet and one quadruplet, where bases stacked either
as duplets or as a triplet and a single base. This different
partitioning is due to a displacement of residue Ile199 of
monomer (i) with respect to the ssDNA, forbidding its in-
tercalation between base triplets as observed in the rest of
the structure. In addition, intercalation of residues Met164
of (i + 2), and transiently (i + 1), took place every two
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Figure 1. (A, B) Surface view of two turns of RecA filaments built on a DNA single-strand with (A) a regular ATP-binding geometry and (B) a distorted
geometry obtained when replacing the central interface by an ADP-binding geometry. The filaments are represented in white, with the C-terminal domains
in pink and the N-terminal domains in magenta. The DNA strand is in orange. Regions of the protein that cover the DNA strand are represented in
transparency. In (B), the black arrow points at the close contact between the C-terminal domain of monomer (i) and the N-terminal domain of monomer
(i + 6); a 3D view is available in supplementary information SI-II. (C, D) Details of site I (C) and site II (D) disorganization in the distorted filament :
in (C), Met164 (green, from L1 loop, labelled in green with the corresponding monomer index) and Ile199 (silver, from L2 loop, labelled in black) that
form hydrophobic contacts in intercalations sites every three nucleotides are in surface representation; see Supplementary Figure SI-1 for more detail;
(D) the binding site II track, that runs between L2 loops (yellow, surface representation, labelled in black with the corresponding monomer index) and
LexA-binding loops (marron, surface representation, labelled in marron) is represented as a cyan broken line, and its disrupted extremities are featured
with cyan circles. All graphical representations have been made using the VMD software (47).

bases providing new stacking interactions. We note that
residues Met164 do not directly intercalate between incom-
ing strand bases in regular structures made on ssDNA (21).
As a whole, the combined L1 and L2 loops of monomers
(i) to (i + 2) exerted a close steric control on the position
and geometry of the incoming strand kinked region. This
is probably the reason why the structure of the incoming
strand remained stable over 100 ns MD simulations (see
Supplementary Figure SI-7, ‘DNA center’ panel) and af-
ter adding the complementary and outgoing strands to the
structure that originally contained only the incoming strand
(Supplementary Figure SI-8). Noticeably, such steric con-
trol, together with the presence of strong hooking interac-
tions with the phosphate groups at both extremities of the
distorted region, permitted strand distortions to be con-
fined within the kinked region: outside that region, the in-
coming strand conserved an intact interaction network with
site I.

Heteroduplex in site I

A strand with sequence complementary to that of the in-
coming strand was added to obtain a heteroduplex in site
I. Formation of the heteroduplex was accompanied by the
creation of a six-bp long melting bubble in the kinked re-
gion close to monomers (i) and (i + 1). During the course
of the 100-ns MD simulation, the melted region in the
complementary strand gradually got closer to the incom-
ing strand (Supplementary Figure SI-9A), however without
restoring the lost Watson—Crick interactions (Figure 2B).
A new interaction network developed, where bases either
formed inter-strand stacking interactions or flipped out of

the melted region to insert into protein hydrophobic pock-
ets (Figure 2B, insert). During the reorganization, the com-
plementary strand backbone was sterically confined by the
L2 loops of monomers (i — 1) and (i) on one side and by
the L1 loop of monomer (i + 2) on the other side. Again,
this did not have any impact on the Watson—Crick pairing
in the remaining regions of the double helix, which remark-
ably conserved the interactions in site I that are observed in
regular filaments. As will be seen below, adaptation of the
complementary strand to the filament distortions showed a
strong dependence to the presence of the outgoing strand in
site I1.

Heteroduplex in site I and outgoing strand in site II

Similarly to what was observed in site I, the filament dis-
tortion at the junction between monomers (i) and (i + 1)
interrupted the helical cavity track between the array of
L2 loops and the protein core that corresponds to the sec-
ondary DNA binding site (Figure 1 D). In spite of the high
extension of its backbone in site II, and in spite of com-
pletely (for monomer (i + 1)) or partially (for (i — 1) and (i
+ 2)) losing anchoring interactions with the basic residues
Arg226, Arg227, Arg243 and Lys245, the outgoing strand
could fill the discontinuity between site II tracks situated on
each side of the (i), ( + 1) junction, following an extremely
constrained pathway across the filament groove (Supple-
mentary Figure SI-1B). The perturbation of the outgoing
strand spanned nine bases, which is 50% larger than the
six-base perturbation observed in site I. The perturbation
is larger because site II is laterally displaced with respect to
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Figure 2. Same as Figure 1A, B but a second DNA strand (complementary strand, in blue) has been added in site I. Inserts represent details of the steric
interactions between DNA strand bases and selected protein loops L2 (194-212, labelled with the monomer index, in black) and/or L1 (156-165, monomer
index in green) that stabilize the DNA elongation in (A) and the distortions in (B); loops L1 and L2 are represented as transparent surfaces.

Figure 3. (A, B) Same as Figures 1 and 2A, B with a third strand (outgoing strand, in cyan) added in site I1. (C) Analogy between the partitioning resulting
from the internal organization of the filament interior (left) and a weaving machine (right scheme); regions of the protein that participate in the strand
separation or pairing (GSI and GSII) are represented in surface mode and colored according to the monomer they belong to (monomer (7) in marron, (i
+ 1) in pink and (i + 2) in green). In 5, the GSI group formed by the L2 loops of subunits (i) and (i + 1) and loop L1 of (i + 2) separate the two strands
of the heteroduplex while in 3’ the tight connection between the L2 loop of (i + 2) and LexA-binding loop (labelled LL) of monomer (i) (group GSII)
ensures the separation between the outgoing strand (cyan) and the complementary strand (blue). Loops L1 and L2 of monomer (i + 2) also restrain the
complementary strand position in such a way that it stays close to the outgoing strand pathway.

the filament axis, resulting in an increase in the distance be-
tween separated extremities of site II.

In contrast to what was observed in the simulation of
the heteroduplex (Supplementary Figure SI-9A), the com-
plementary strand in the three-stranded system mostly re-
mained far away from the incoming strand during four inde-
pendent MD trajectories (Supplementary Figures SI-9(B-
E) and SI-10(g), panels labelled ‘1-2’). Indeed, several bulky
regions of the filament including the L2 loops of monomers
(i) to (i + 3), the L1 loop of (i + 2), and the LexA-binding
loop of (i), had their positions restrained by the outgoing

strand tension (see e.g. Supplementary Supplementary Fig-
ures SI-3B(a), SI-10(b), SI-11). The interplay between these
bulky regions not only physically separated the complemen-
tary strand from the incoming strand (GSI group in Fig-
ure 3C), but also confined the complementary strand in
a small region of space that crosses the outgoing strand
pathway. In that region, which is shifted by two bases in
the 3’ direction with respect to the heteroduplex melting
bubble, five successive nucleotides of the complementary
strand were found within or below pairing interaction dis-
tance from corresponding outgoing strand nucleotides all
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along the three 100-ns production trajectories (Supplemen-
tary Figures SI-9(B-E), SI-10(g)). Accordingly, transient or
more stable pairing interactions spontaneously formed dur-
ing the MD simulations between bases of the complemen-
tary and the outgoing strands: up to three simultaneous sta-
ble pairings were observed in one of the simulations, com-
prising two Hoogsteen pairings (49) and a triple-base pair-
ing involving one base of each strand in a R-type geometry
(50) (Figure 4). Interactions between one base of the outgo-
ing strand and one phosphate of the complementary strand
could also be observed in all four independent simulations.
In addition, in a simulation with one Watson—Crick and
one Hoogsteen pre-formed pairing interactions between the
complementary and the outgoing strands, the Hoogsteen
pairing remained stable during the whole 100-ns simula-
tion while the less stable pre-formed Watson—Crick interac-
tion was transferred during the simulation to a new nearby
Watson—Crick base pair, which itself remained stable dur-
ing the last 60 ns of the simulation (Supplementary Figure
SI-12). These observations testify to the possibility of re-
verse pairing exchange associated to ATP-induced pertur-
bations in the filament. Interestingly, in addition to the GSI
group separating the complementary strand from the out-
going strand in 5’ of the melted region, we observe that an-
other bulky group GSII formed by the LexA-binding loop
of monomer (i) and the L2 loop of (i + 2), both of them
tightly interacting all along the simulation (Figure 3C), sep-
arate back the outgoing strand from the complementary
strand in 3’ of the distorted region, thus restoring the ini-
tial heteroduplex binding pattern.

DISCUSSION

The present study examines the hypothesis that hydroly-
sis of ATP bound to a given monomer (i) results in this
monomer modifying its binding geometry with monomer
(i + 1) within a filament that otherwise presents an active ge-
ometry in which ATP is bound to each monomer. Our first
significant result is that perturbations resulting from modi-
fying a unique binding interface extend over almost two he-
lical turns. This involves overall shape perturbations due to
a kink in the filament axis between monomers (i) and (i + 1)
and a complete reorganization of the filament internal space
partitioning on the 3’ side of the hydrolysis spot due to the
displacement of bulky structural motifs such as L.2 or LexA-
binding loops. Perturbations in terms of filament shape are
characterized by large variations in the width of the fil-
ament groove, which ends up completely closed between
monomers (i) and (i + 6). During the search for homology,
the groove constitutes the gateway for non-specific binding
of genomic DNA via interactions with the C-terminal do-
mains (8,51), but also a binding site for partner proteins
(52). Therefore variation in the filament groove width may
modulate the access of both the DNA and the partner pro-
teins to the filament in an ATP hydrolysis-controlled way.
In nucleofilament in the active form where no hydrolysis
has taken place, the structures of bound ssDNA or dsDNA
are remarkably stable in spite of important global stretching
and unwinding deformations with respect to physiological
B-DNA (53). The dsDNA structure in site I constitutes a
mechanically optimal response to the overall deformation

imposed by the filament helical characteristics (54-56), yet
its stability mostly relies on stacking interactions involving
hydrophobic groups of protein loops L1 and L2, inserted in
large intercalation sites (21,57). The electrostatic potential
generated by the whole filament also plays an important role
in maintaining the complementary strand in site [ in spite of
few direct interactions with protein residues (53). It could be
expected that distortion in the filament would result in large
destabilization of the bound DNA.

A second important result of our study is therefore that
the filament distortions remain compatible with the pres-
ence of up to three bound DNA strands. We find that per-
turbation in the geometry and binding interactions of the
DNA in site I is confined over two successive base triplets
initially bound to monomers (i) and (i + 1), while the DNA
strand in site IT modifies its course over four triplets from
monomers (i — 1) to (i + 2). Uncoupling the perturbed re-
gion from the remaining DNA structure permits the DNA
strands outside that region to conserve the structure and
interaction they present in regular filaments. Because of
this uncoupling, the ATP-hydrolysis independent initial 8-
nucleotide recognition mechanism we proposed earlier (8),
based on simulations at atomic resolution, remains possi-
ble in 5 or in 3’ of the distorted region. Importantly, the
filament perturbation in site I was not compatible with con-
served Watson—Crick interactions in the kinked region, giv-
ing way to the formation of a 6-bp melting bubble. The pres-
ence of an outgoing strand in site I1, that closely approached
the complementary strand over a short 6-bp stretch overlap-
ping the melting bubble, further contributed to destabiliz-
ing the heteroduplex melted region through the formation
of transient or stable (reverse) pairing interactions with the
complementary strand bases.

Destabilization of the heteroduplex and local reverse
strand exchange are compatible with our recent experimen-
tal results (19) that showed strong destabilization of the
RecA-induced strand exchange product in the presence of
ATP hydrolysis. In this study, reverse strand exchange was
demonstrated based on competition assays. The present
model provides an interpretation at the atomic level for
these observations. Its robustness, successfully challenged
by molecular dynamics simulations, relies to a large extent
on mechanical responses of the system to the large tension
in the DNA strands and to the topological constraints in-
side the filament that strongly restrict the pathway followed
by the strands.

Having shown that the hypothesis of individual monomer
interface switching is structurally possible for all HR steps,
we can discuss whether our simulations provide some hints
regarding the possible modes of ATP hydrolysis propaga-
tion within the filament. Both the redistribution model and
the cooperative propagation models involve a destabiliza-
tion of specific monomer-monomer interfaces as a premise
of either unbinding (here for (i),(i + 1)) or interface switch-
ing ((i — 1),(i) or (i + 1),(i + 2)). We did not observe any
sign of such destabilization (Supplementary Figure SI-6).
We note however that our simulations do not permit us
to draw conclusions regarding the redistribution and co-
operative propagation models since the simulation time is
much shorter than the characteristic time for ATP hydrol-
ysis (100 ns versus half a second) (29). Possible coopera-
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Figure 4. (A) Snapshots of the formation of two successive pairing interactions between bases from the complementary strand (blue) and bases from the
outgoing strand (cyan) during 100-ns molecular dynamics simulation of the system with three DNA strands; snapshot (a) represents the starting structure,
snapshot (b) an intermediate state that occurs during equilibration, and snapshot (c) is the final state. (B) Time evolution of pairing distances within these
two successive base pairs (top and middle panels) and within one base triplet (bottom panel), all of which spontaneously formed during 100 ns of one of
the MD runs; (top and middle) Hoogsteen-type pairing between T17:A 16, and T16:A15 where thymines belong to the outgoing strand and adenines to the
complementary strand : A:N7-T:H3 (black) and A:H61/2-T:02 (grey); (bottom) R-type triplet pairing involving one base from each of the three strands
: the black line reports the evolution of the shortest distance between (N/)T26:04-(N2)A12:H61 and (N7)T26:H3-(N2)A12:N1, the gray line refers to the
(N2)A12:H62-(N3)T23:04 distance and the blue line to the (N1)T26:04-(N3)T23:H3 distance, where N1, N2, N3 stand for the incoming, complementary
and outgoing strands, respectively; inserts represent the final structure of the paired bases.

tion may be mediated by DNA unbinding from site I: our
simulations show that when ATP of monomer (i) is hy-
drolyzed, that monomer loses most of the interactions that
maintained the DNA in site I prior to hydrolysis. DNA
unbinding from site I in consecutive monomers may fa-
vor an overall compressed form in the filament. However,
if neighboring monomers retain an ATP-binding geome-
try, the DNA should easily recover its binding with site I
after monomer (/) has regained its initial conformation at
the end of a hydrolysis cycle, since the distorted DNA re-
gion is uncoupled from the rest of the bound bases. Lo-
cal unbinding/rebinding in site I may facilitate gap elimina-
tion or sequence phasing reorganization recently observed
in RecA filaments where ATP was hydrolyzed (58).

If our simulations cannot permit us to make conclu-
sions about hydrolysis propagation to adjacent monomers,
they strongly argue in favor of possible cooperation be-
tween distant monomers, across what initially was the fil-

ament groove. Cox et al. suggested that cooperation be-
tween monomers separated by five monomers might sup-
port their proposed hydrolysis wave model (41), but such co-
operation does not occur in filaments in which all interfaces
are in the ATP binding geometry. Here, we show that di-
rect and stable interactions spontaneously appear between
monomers (/) and (i +6) as a consequence of ATP hydrolysis
in monomer (i), provided that hydrolysis is accompanied by
local switch of the binding geometry. Along with the range
of internal filament reorganization, which exactly covers
six monomers, these interactions may establish the condi-
tions for a cooperative mode of hydrolysis to develop along
the filament, with a periodicity of six monomers (one he-
lix turn). Indeed, our previous modeling showed that when
repeated with a six-monomer periodicity, the global per-
turbations in the filament structure, that span two filament
turns, nicely overlap within a left-handed superhelix (rep-
resented in Supplementary Figure SI-13) (24). The present
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results indicate that such superhelix may accommodate up
to three DNA strands. Our models, however, do not provide
any clear explanation for the periodic mode being observed
only when two DNA strands are bound to site I. We spec-
ulate that the difference could depend on the cooperativity
provided by the interactions between the tightly bound ini-
tiating strand and the complementary strand since ssDNA
can be extended and twisted much more readily than ds-
DNA.

In the hydrolysis wave model, hydrolysis propagates ev-
ery 0.5 s to the neighboring set of monomers distributed
with a spatial periodicity of 6 monomers. How the melt-
ing bubbles in the heteroduplex DNA, which extend over
two monomers, may progress from one hydrolysis event to
the next one needs to be examined in future work. Remark-
ably, the changes in space partitioning within the three-
stranded filament evoke a weaving machinery, where the
DNA strands are alternatively brought in close proximity
and separated by bulky protein regions (Figure 3C). Local
reverse base pairing exchange may propagate along with the
progression of the hydrolysis wave and destabilize the al-
ready formed heteroduplex, leading to full reverse strand ex-
change. Alternatively, the base pairs that transiently formed
via reverse pairing exchange may break and return to their
initial state. The possibility that either event occurs, or that
they both occur with a given probability, remains an open
question.

Finally, it will be interesting to determine whether the
ATP hydrolysis pathway only involves one monomer that
independently changes its binding mode or if it necessitates
the concerted movement of several adjacent monomers, as
simulated for cyclic ATPases such as the homohexameric
transcription termination factor Rho (59). In the case of
cyclic ATPases, preservation of the ring closure requires the
changes in binding modes to be concerted and, indeed, sin-
gle molecule experiments revealed high degree of cooper-
ativity in such systems (60-64). This is not necessarily the
case for open helical systems such as the RecA filament and
the question merits to be further explored.

CONCLUSION

We believe that the present results unveil essential aspects of
the dynamics of ATP-driven HR mechanism. They provide
atomic level interpretation for recent observations of ATP-
induced destabilization of the product of strand exchange
and the instability of dsDNA binding to site 1. Given the
convergence in cofactor-dependent filament characteristics
between the eukaryotic and prokaryotic recombinases (65),
we can expect this mechanism to have a universal character,
although eukaryotic recombinases may exhibit some func-
tionally important differences. These proteins notably are
weak ATPases; however they are assisted by auxiliary pro-
teins that increase the rate of ATP turnover (66). Our results
strongly appeal to more extensive studies of the structural
role of ATP hydrolysis.

DATA AVAILABILITY

Coordinates of filament structures with mixed ATP/ADP
interfaces and bound DNA are available from the Model

Archive database with codes ma-eaaa9, ma-900pk and ma-
11kAfl.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

CP thanks H. Santuz for his help with figures, C.H. Robert,
M. Takahashi, S. Sacquin-Mora and A.-E. Molza for useful
discussions.

FUNDING

‘Initiative d’Excellence’ program of the French State [DY-
NAMO, ANR-11-LABX-0011-01]; Simulations were per-
formed using HPC resources from GENCI-CINES (2016-
[x2016077438] and 2018-[A0040707438]). Funding for open
access charge: CNRS.

Conflict of interest statement. None declared.

REFERENCES

1. Radding,C.M. (1991) Helical interactions in homologous pairing and
strand exchange driven by RecA protein. J. Biol. Chem., 266,
5355-5358.

2. Kowalczykowski,S.C. and Eggleston,A.K. (1994) Homologous
pairing and DNA strand-exchange proteins. Annu. Rev. Biochem., 63,
991-1043.

3. Bell,J.C. and Kowalczykowski,S.C. (2016) RecA: Regulation and
mechanism of a molecular search engine. Trends Biochem. Sci., 41,
491-507.

4. Cox,M.M. (1994) Why does RecA protein hydrolyse ATP? Trends
Biochem. Sci., 19, 217-222.

5. Kowalczykowski,S.C. and Krupp,R.A. (1995) DNA-strand exchange
promoted by RecA protein in the absence of ATP: implications for
the mechanism of energy transduction in protein-promoted nucleic
acid transactions. Proc. Natl. Acad. Sci. U.S.A., 92, 3478-3482.

6. Gumbs,O.H. and Shaner,S.L. (1998) Three mechanistic steps detected
by FRET after presynaptic filament formation in homologous
recombination. ATP hydrolysis required for release of oligonucleotide
heteroduplex product from RecA. Biochemistry, 37, 11692-11706.

7. Xiao,J., Lee,A.M. and Singleton,S.F. (2006) Construction and
evaluation of a kinetic scheme for RecA-mediated DNA strand
exchange. Biopolymers, 81, 473-496.

8. Yang,D., Boyer,B., Prévost,C., Danilowicz,C. and Prentiss,M. (2015)
Integrating multi-scale data on homologous recombination into a
new recognition mechanism based on simulations of the
RecA-ssDNA /dsDNA structure. Nucleic Acids Res., 43,
10251-10263.

9. Prentiss,M., Prévost,C. and Danilowicz,C. (2015) Structure/function
relationships in RecA protein-mediated homology recognition and
strand exchange. Crit. Rev. Biochem. Mol. Biol., 50, 453-476.

10. Jain,S.K., Cox,M.M. and Inman,R.B. (1994) On the role of ATP
hydrolysis in RecA protein-mediated DNA strand exchange. iii.
Unidirectional branch migration and extensive hybrid DNA
formation. J Biol. Chem., 269, 20653-20661.

11. Brenner,S.L., Mitchell,LR.S., Morrical,S.W., Neuendorf,S.K.,
Schutte,B.C. and Cox,M.M. (1987) recA protein-promoted ATP
hydrolysis occurs throughout recA nucleoprotein filaments. J. Biol.
Chem., 262, 4011-4016.

12. Schutte,B.C. and Cox,M.M. (1987) Homology-dependent changes in
adenosine 5'-triphosphate hydrolysis during recA protein promoted
DNA strand exchange: evidence for long paranemic complexes.
Biochemistry, 26, 5616-5625.

13. Bedale,W.A. and Cox,M. (1996) Evidence for the coupling of ATP
hydrolysis to the final (extension) phase of RecA protein-mediated
DNA strand exchange. J. Biol. Chem., 271, 5725-5732.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz667#supplementary-data

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

Shan,Q. and Cox,M.M. (1996) RecA protein dynamics in the interior
of RecA nucleoprotein filaments. J. Mol. Biol., 257, 756-774.
Zaitsev,E.N. and Kowalczykowski,S.C. (2000) A novel pairing
process promoted by Escherichia coli RecA protein: inverse DNA
and RNA strand exchange. Genes Dev., 14, 740-749.

Volodin,A.A., Bocharova,T.N., Smirnova,E.A. and
Camerini-Otero,R.D. (2009) Reversibility, equilibration, and fidelity
of strand exchange reaction between short oligonucleotides promoted
by RecA protein from escherichia coli and human Rad51 and Dmcl
proteins. J. Biol. Chem., 284, 1495-1504.

Cox,M.M. (2003) The bacterial RecA protein as a motor protein.
Annu. Rev. Microbiol., 57, 551-577.

van derHeijden,T., Modesti,M., Hage,S., Kanaar,R., Wyman,C. and
Dekker,C. (2008) Homologous recombination in real time: DNA
strand exchange by RecA. Mol. Cell, 30, 530-538.

Danilowicz,C., Hermans,L., Coljee,V., Prévost,C. and Prentiss,M.
(2017) ATP hydrolysis provides functions that promote rejection of
pairings between different copies of long repeated sequences. Nucleic
Acids Res., 45, 8448-8462.

Lee,J.Y., Qi,Z. and Greene,E.C. (2016) ATP hydrolysis promotes
duplex DNA release by the RecA presynaptic complex. J. Biol.
Chem., 291, 22218-22230.

Chen,Z., Yang,H. and Pavletich,N.P. (2008) Mechanism of
homologous recombination from the RecA-ssDNA /dsDNA
structures. Nature, 453, 489-484.

Story,R.M. and Steitz, T.A. (1992) Structure of the recA protein-ADP
complex. Nature, 355, 374-376.

VanLoock,M.S., Yu,X., Yang,S., Lai,A.L., Low,C., Campbell,M.J.
and Egelman,E.H. (2003) ATP-mediated conformational changes in
the RecA filament. Structure, 11, 187-196.

Boyer,B., Ezelin,J., Poulain,P, Saladin,A., Zacharias,M.,
Robert,C.H. and Prévost,C. (2015) An integrative approach to the
study of filamentous oligomeric assemblies, with application to RecA.
PLoS One, 10, e0116414.

Reymer,A., Babik,S., Takahashi,M., Nordén,B. and Beke-Somfai,T.
(2015) ATP hydrolysis in the RecA-DNA filament promotes
structural changes at the protein-DNA interface. Biochemistry, 54,
4579-4582.

Kowalczykowski,S.C. (1991) Biochemistry of genetic recombination:
energetics and mechanism of DNA strand exchange. Annu. Rev.
Biophys. Biophys. Chem., 20, 539-575.

Konforti,B.B. and Davis,R.W. (1992) ATP hydrolysis and the
displaced strand are two factors that determine the polarity of
RecA-promoted DNA strand exchange. J. Mol. Biol., 227, 38-53.
Shan,Q. and Cox,M.M. (1997) RecA filament dynamics during DNA
strand exchange reactions. J. Biol. Chem., 272, 11063-11073.
Kim,S.H., Ragunathan,K., Park.J., Joo,C., Kim,D. and Ha,T. (2014)
Cooperative conformational transitions keep RecA filament active
during ATPase cycle. J. Am. Chem. Soc., 136, 14796-14800.
Klapstein,K. and Bruinsma,R. (2000) RecA force generation by
hydrolysis waves. J. Biol. Chem., 275, 16073-16083.

. Manjunath,G.P., Soni,N., Vaddavalli,P.L., Shewale,D.J.,

Madhusudhan,M.S. and Muniyappa,K. (2016) Molecular
mechanism underlying ATP-induced conformational changes in the
nucleoprotein filament of Mycobacterium smegmatis RecA.
Biochemistry, 55, 1850-1862.

Danilowicz,C., Feinstein,E., Conover,A., Coljee,V.W., Vlassakis,J.,
Chan,Y.-L., Bishop,D.K. and Prentiss,M. (2012) RecA homology
search is promoted by mechanical stress along the scanned duplex
DNA. Nucleic Acids Res., 40, 1717-1727.

. vanLoenhout,M.T.J.,, van derHeijden,T., Kanaar,R., Wyman,C. and

Dekker,C. (2009) Dynamics of RecA filaments on single-stranded
DNA. Nucleic Acids Res., 37, 4089-4099.

Brouwer,I., Moschetti,T., Candelli,A., Garcin,E.B., Modesti,M.,
Pellegrini,L., Wuite,G.J. and Peterman,E.J. (2018) Two distinct
conformational states define the interaction of human RAD51-ATP
with single-stranded DNA. EMBO J., 37, €98162.

Bortner,C. and Griffith,J. (1990) Three-stranded paranemic joints:
architecture, topological constraints and movement. J. Mol. Biol.,
215, 623-634.

Ramreddy,T., Sen,S., Rao,B.J. and Krishnamoorthy,G. (2003) DNA
dynamics in RecA-DNA filaments: ATP hydrolysis-related flexibility
in DNA. Biochemistry, 42, 12085-12094.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Nucleic Acids Research, 2019, Vol. 47, No. 15 7807

Yang.,S., Yu,X., VanLoock,M.S., Jezewska,M.J., Bujalowski,W. and
Egelman,E.H. (2002) Flexibility of the rings: structural asymmetry in
the DnaB hexameric helicase. J Mol. Biol., 321, 839-849.
Singleton,M.R., Sawaya,M.R., Ellenberger,T. and Wigley,D.B. (2000)
Crystal structure of T7 gene 4 ring helicase indicates a mechanism for
sequential hydrolysis of nucleotides. Cell, 101, 589-600.

Vukovi¢,L., Chipot,C., Makino,D.L., Conti,E. and Schulten,K.
(2016) Molecular mechanism of processive 3’ to 5 RNA
translocation in the active subunit of the RNA exosome complex. J.
Am. Chem. Soc., 138, 4069-4078.

Ye,J., Osborne,A.R., Groll,M. and Rapoport,T.A. (2004) RecA-like
motor ATPases—lessons from structures. Biochim. Biophys. Acta,
1659, 1-18.

Cox,J.M., Tsodikov,0O.V. and Cox,M.M. (2005) Organized
unidirectional waves of ATP hydrolysis within a RecA filament. PLoS
Biol., 3, €52.

Chow,S.A., Rao,B.J. and Radding,C.M. (1988) Reversibility of strand
invasion promoted by recA protein and its inhibition by Escherichia
coli single-stranded DNA-binding protein or phage T4 gene 32
protein. J. Biol. Chem., 263, 200-209.

Saladin,A., Fiorucci,S., Poulain,P., Prévost,C. and Zacharias,M.
(2009) PTools: an opensource molecular docking library. BMC
Struct. Biol., 9, 27.

Schneider,S., Saladin,A., Fiorucci,S., Prévost,C. and Zacharias,M.
(2012) ATTRACT and PTOOLS: open source programs for
protein-protein docking. Methods Mol. Biol., 819, 221-232.
Phillips,J.C., Braun,R., Wang,W., Gumbart,J., Tajkhorshid,E.,
Villa,E., Chipot,C., Skeel,R.D., Kalé,L. and Schulten,K. (2005)
Scalable molecular dynamics with NAMD. J. Comput. Chem., 26,
1781-1802.

Mackerell,A.D. Jr, Feig, M. and Brooks,C.L. 3rd (2004) Extending
the treatment of backbone energetics in protein force fields:
limitations of gas-phase quantum mechanics in reproducing protein
conformational distributions in molecular dynamics simulations. J
Comput Chem, 25, 1400-1415.

Humphrey,W., Dalke,A. and Schulten,K. (1996) VMD: visual
molecular dynamics. J. Mol. Graph., 14, 33-38.

Egelman,E.H. and Yu,X. (1989) The location of DNA in RecA-DNA
helical filaments. Science, 245, 404-407.

Hoogsteen,K. (1963) The crystal and molecular structure of a
hydrogen-bonded complex between 1-methylthymine and
9-methyladenine. Acta Crystallogr., 16, 907-916.

Zhurkin,V.B., Raghunathan,G., Ulyanov,N.B., Camerini-Otero,R.D.
and Jernigan,R.L. (1994) A parallel DNA triplex as a model for the
intermediate in homologous recombination. J. Mol. Biol., 239,
181-200.

Kurumizaka,H., Aihara,H., Ikawa,S., Kashima,T., Bazemore,L.R.,
Kawasaki,K., Sarai,A., Radding,C.M. and Shibata,T. (1996) A
possible role of the C-terminal domain of the RecA protein. A
gateway model for double-stranded DNA binding. J. Biol. Chem.,
271, 33515-33524.

Adikesavan,A., Katsonis,P., Marciano,D., Lua,R., Herman,C. and
Lichtarge,O. (2011) Separation of recombination and SOS response
in Escherichia coli RecA suggests LexA interaction sites. PLoS
Genet., 7, 1002244,

Danilowicz,C., Yang,D., Kelley,C., Prévost,C. and Prentiss,M. (2015)
The poor homology stringency in the heteroduplex allows strand
exchange to incorporate desirable mismatches without sacrificing
recognition in vivo. Nucleic Acids Res., 43, 6473-6485.

Bertucat,G., Lavery,R. and Prévost,C. (1999) A molecular model for
RecA-promoted strand exchange via parallel triple-stranded helices.
Biophys J., 77, 1562-1576.

Prévost,C., Takahashi,M. and Lavery,R. (2009) Deforming DNA:
from physics to biology. Chemphyschem., 10, 1399-1404.

Bosaeus,N., El-Sagheer,A.H., Brown,T., Smith,S.B., Akerman,B.,
Bustamante,C. and Nordén,B. (2012) Tension induces a base-paired
overstretched DNA conformation. Proc. Natl. Acad. Sci. U.S.A., 109,
15179-15184.

Prévost,C. and Takahashi,M. (2003) Geometry of the DNA strands
within the RecA nucleofilament: role in homologous recombination.
Q. Rev. Biophys., 36, 429-453.

Kim,S.H., Ahn,T., Cui,T.J., Chauhan,S., Sung.J., Joo,C. and Kim,D.
(2017) RecA filament maintains structural integrity using ATP-driven
internal dynamics. Sci. Adv., 3, e1700676.



7808 Nucleic Acids Research, 2019, Vol. 47, No. 15

59.

60.

6l.

62.

Ma,W. and Schulten,K. (2015) Mechanism of substrate translocation
by a ring-shaped ATPase motor at millisecond resolution. J. Am.
Chem. Soc., 137, 3031-3040.

Moffitt,JR., Chemla,Y.R., Aathavan,K., Grimes,S., Jardine,P.J.,
Anderson,D.L. and Bustamante,C. (2009) Intersubunit coordination
in a homomeric ring ATPase. Nature, 457, 446-450.

Chistol,G., Liu,S., Hetherington,C.L., Moffitt,J.R., Grimes,S.,
Jardine,PJ. and Bustamante,C. (2012) High degree of coordination
and division of labor among subunits in a homomeric ring ATPase.
Cell, 151, 1017-1028.

Liu,S., Chistol,G., Hetherington,C.L., Tafoya,S., Aathavan,K.,
Schnitzbauer,J., Grimes,S., Jardine,P.J. and Bustamante,C. (2014) A
viral packaging motor varies its DNA rotation and step size to
preserve subunit coordination as the capsid fills. Cell, 157, 702-713.

64.

65.

66.

. Liu,S., Chistol,G. and Bustamante,C. (2014) Mechanical operation

and intersubunit coordination of ring-shaped molecular motors:
insights from single-molecule studies. Biophys. J., 106, 1844-1858.
Liu,N., Chistol,G. and Bustamante,C. (2015) Two-subunit DNA
escort mechanism and inactive subunit bypass in an ultra-fast ring
ATPase. Elife, 4,09224.

Egelman,E.H. (2001) Does a stretched DNA structure dictate the
helical geometry of RecA-like filaments? J. Mol. Biol., 309, 539-542.
Su,G.-C., Chung,C.-I., Liao,C.-Y., Lin,S.-W., Tsai,C.-T., Huang,T.,
Li,H.-W. and Chi,P. (2014) Enhancement of ADP release from the
RADSI presynaptic filament by the SWIS-SFR1 complex. Nucleic
Acids Res., 42, 349-358.



