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The nucleoprotein filament (NPF) is the fundamental element of homologous recombination (HR), a major
mechanism for the repair of double-strand DNA breaks in the cell. The NPF is made of the damaged DNA
strand surrounded by recombinase proteins, and its sensitivity to base-pairing mismatches is a crucial feature
that guarantees the fidelity of the repair. The concurrent recombinases are also essential for several steps of HR.
In this work, we used torque-sensitive magnetic tweezers to probe and apply mechanical constraints to single
nucleoprotein filaments (NPFs). We demonstrated that the NPF undergoes structural transitions from a stretched
to a compact state, and we measured the corresponding mechanochemical signatures. Using an active two-state
model, we proposed a free-energy landscape for the NPF transition. Using this quantitative model, we explained
both how the sensitivity of the NPF to the homology length is regulated by its structural transition and how the
cooperativity of Rad51 favors selectivity to relatively long homologous sequences.

DOI: 10.1103/PhysRevE.101.032407

I. INTRODUCTION

Homologous recombination (HR) is the process that cells
employ to faithfully repair double-strand damages of the
DNA. To reconstitute the genetic information lost in the dam-
aged DNA, HR uses as template the homologous sequence
stored in the sister chromatid [1-3]. HR is thus essential
for the maintenance of genome integrity and to avoid cancer
development.

In humans, HR is mediated by the protein Rad51. In the
presence of adenosine triphosphate (ATP), the Rad51 protein
assembles on a single-strand portion of the damaged DNA
fragment and forms a nucleoprotein filament (NPF). Then,
the NPF gets in contact with the homologous double-stranded
DNA to initiate the homology search. When, and only when,
the NPF has found its homologous counterpart, a three-strand
synapse is established and the strand exchange is initiated
[4]. Although the strand exchange is irreversible and requires
ATP hydrolysis [5], the search phase does not [6]. It is thus
fully reversible and can be repeated indefinitely, until the
homologous sequence is found.

In this article, we discuss the ability of the recombinase
protein Rad51 to discriminate between homologous and non-
homologous sequences. Clearly, the free energy associated
with Watson-Crick pairing between homologous sequences
drives the homology recognition. Recent works have pro-
vided a precise experimental determination of the free energy
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reduction during the recombination-mediated base pairing [7]
and evaluated the energy cost associated with a given mis-
match [8]. Although the mismatch cost is small, it is sufficient
to impede the recombination. The reasons for this sensitivity
are still debated, but can be attributed to the way the Rad51
protein redefines the reaction path.

A peculiarity of the Rad51 protein is to modify the topo-
logical and mechanical state of the broken DNA fragment:
polymerizing on the DNA fragment in a helical manner [9,10],
Rad51 stretches the DNA molecule to 150% and unwinds it by
439% with respect to the crystallographic conformation (super-
coiling degree 0 = —0.43). In this canonical conformation,
the NPF stores a given amount of elastic energy. Thus, an
effective energy barrier appears in the energy landscape of
homologous recombination. We hypothesize that this barrier
impedes the spontaneous recombination between similar, but
nonhomologous, DNA sequences. In this work, we model
and estimate this energy barrier, and we discuss the possible
impacts of such a barrier on the specificity of homologous
recombination.

Single-molecule experiments have enabled the direct ob-
servation of NPF dynamics [11-13] and provided the longi-
tudinal and torsional stiffness of the NPF [14,15], two essen-
tial parameters to estimate the energy barrier. Together with
electron microscopy, single-molecule experiments have also
proven the existence of a compact NPF [9,16,17]. To draw
the energy landscape of the NPF in interaction with the three
DNA strands, we proposed an active two-state model. We
introduced two major hypotheses: (i) the NPF transition from
the stretched to the compact form (S — C) is induced by the

©2020 American Physical Society
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torque developed during the interaction between the two DNA
molecules; and (ii) the S — C transition is associated with
ATP hydrolysis and, thus, makes the reaction irreversible. To
verify the prediction of the active two-state model, we used
hybrid magnetic tweezers to manipulate a single NPF and to
measure the torque developed during the interaction between
the Rad51 protein on the DNA molecule. We showed that
this model introduces a dynamic instability, located at the
critical energy that discriminates between homologous and
nonhomologous sequences. Taken together, our experimental
and modeling work identify a physical mechanism to account
for the high sensitivity and reliability of HR.

II. MATERIALS AND METHODS

A. Experimental setup

The experimental setup used here was an improvement
of the one proposed by Lipfert et al. [18]. It aims at easily
switching between “classical” and “free-orbiting” [19] mag-
netic tweezers. The first are useful to impose the supercoiling
degree, while the second ones allow a free rotation of the
beads around the vertical axis. The setup is constituted by a
main hollow cylindrical magnet [white magnet in Fig. 1(a), R-
06-02-02-G, Supermagnete] coupled with a pair of side cylin-
drical magnets (black magnets, S-04-07-N, Supermagnete).
The cylinder imposes a vertical gradient of the magnetic field
that depends on its distance from the bead. This gradient is
used to pull the bead up with a defined force. The side magnets
can be raised or lowered at will. When lowered, the smaller
magnets add a horizontal component to the magnetic field that
hinders rotations of the beads. If raised, the contribution of
the smaller magnets is negligible and thus equivalent to free-
orbiting magnetic tweezers. Translations and rotations of the
magnet were performed with five independent stepper motors.

The torque was calibrated experimentally for each bead
and at different heights of the lateral magnets. We recorded the
angular fluctuations of the bead, and through Boltzmann’s dis-
tribution of the fluctuation amplitude we deduced the potential
energy of the bead with respect to its angular coordinate. For
small angular fluctuations the potential is approximately har-
monic, thus by fitting the power spectrum of the bead fluctua-
tions to a Lorentzian function, we simultaneously evaluate the
angular stiffness of the trap and the viscous drag of the bead.

B. Synthesis of Rad51 and DNA

Human Rad51 was expressed in Escherichia coli and
then purified following the protocol described in Ref. [16].
Two different DNA constructs were used. The first one was
composed of a 14 435-bp central fragment ligated at one
end to a multidigoxigenin-labeled DNA fragment of 672 bp
and at the other end to a multibiotin-labeled fragment of
834 + 81 bp. All fragments were obtained by polymerase
chain reaction of the A-phage DNA. The central fragment was
amplified between the positions 22 180 and 37 096 (Expand
Long Template PCR System, Roche) and digested by Mlul
and Eagl (New England Biolabs) at, respectively, 22 220 and
36 654. The biotin fragment was amplified between positions
35901 and 37 568 with biotin-modified deoxyuridine triphos-
phate (dUTP, Roche) and digested by Eagl at 36 554. The

N N
i : 1.5
@ > B I
H H 4
H H
> 8 c
N 5 125 2
s s. 5
) 2 i
{ gfadB 3 103
g 8
©
» 075 <
0 20 40 60
Time [min]
F
(c r

S-state C-state

FIG. 1. (a) Schematic of the hybrid magnetic tweezers. Small
magnets on both sides of the main hollow cylindrical magnet are
mobile in the vertical direction and able to rotate around the central
axis. A single NPF is bound to a glass slide on one extremity and
to a magnetic bead on the other. The magnetization moment of the
bead aligns with the quasivertical magnetic field which also has
a small horizontal component. The field gradient remains vertical.
(b) Supercoiling degree (dotted line) and normalized extension (solid
line) of a NPF during controlled unwinding with the HMT. The
dashed line indicates the supercoiling degree of the canonical form
of the NPF. o0 = —0.43. (¢) A schematic view of the two-state
model of the Rad51 protein in interaction with the DNA molecule
(nucleoprotein filament). The transition from the S state to the
C state (S — C) requires a positive twist (A¥') and compression
(Af). Whereas the hybrid magnetic tweezers always apply a tension
(F > 0), they allow both positive and negative torques (I") to facili-
tate the S = C transition bidirectionally.

digoxigenin fragment was amplified between positions 20 281
and 20 962 with digoxigenin-modified dUTP (Roche) and
digested by Mlul at 20 952. The second DNA construct was
composed of a 10 338-bp central fragment ligated at one end
to a multidigoxigenin-labeled DNA fragment of 907 & 172 bp
and at the other end to a multibiotin-labeled fragment of
696 £ 496 bp. The central fragment was obtained by transfor-
mation of the pREP4 vector in E. coli cells (Turbo Competent
E. coli cells, New England Biolabs) which was linearized
through digestion by HindIII and NotI (New England Biolabs)
at positions 592 and 603, respectively. The digoxigenin and
biotin fragments were obtained by polymerase chain reaction
(PCR) with digoxigenin-modified or biotin-modified dUTP
(Roche). The digoxigenin fragment was amplified between
positions 43 063 and 44 875 of the A-phage DNA and digested
by HindIIl at 44 141; the biotin fragment was amplified
between positions 4557 and 5947 of the pTYB4 vector and
digested by Notl at 5748. PCR products were purified on spin
columns (BD Chroma Spin 1000 or 100), and fragment liga-
tion (T4 DNA ligase, New England Biolabs) was conducted
with excess multidigoxigenin and multibiotin fragments to 20
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to ensure optimal reaction of most of the central fragments.
Ligation products were then purified and selected through gel
extraction (QiaQUICK Gel Extraction Kit, QIAGEN). The
final products were unnicked DNA molecules of, respectively,
5.42 +£0.03 and 4.06 £ 0.23 um with multiple biotin labels
on one end and multiple digoxigenin labels on the other end.

C. Microfluidic setup

A polydimethylsiloxane (PDMS) microchannel (2 cm x
2 mm x 110 um) was placed on a glass coverslip of 24 x
40 mm (Erie Scientific Company, France) treated with Sig-
macote (Sigma-Aldrich) followed by antidigoxigenin (Roche,
France) for subsequent binding of digoxigenin-labeled DNA
molecules. To minimize adsorption of Rad51 onto the glass
surface and onto the PDMS walls, the channel was coated with
Pluronic F-127 (Sigma-Aldrich).

The biotin-labeled ends of DNA molecules were
bound to streptavidin-coated 2.8-um magnetic beads
(Dynabeads M-280 Streptavidin) in a binding buffer [10 mM
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl),
pH 7.5, 1 mM ethylenediamine tetra-acetic acid (EDTA),
50 mM NaCl]. The DNA-bound bead suspension was
then introduced at a controlled flow rate into the PDMS
microchannel. After 30 min of incubation, most of the
unbound beads were washed out of the channel with TE
buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.5).

III. RESULTS

To explain the specificity of HR, we introduced the two
aforementioned hypotheses.

(i) The NPF stretched-to-compact (S — C) transition is
driven by the torque developed during the interaction between
the two DNA molecules.

(ii) The S — C transition favors the ADP-bound state and

the consequent NPF dismantling.
These hypotheses challenge the historical picture, which con-
siders ATP hydrolysis to be the cause of the S — C transition
[20-22]. To verify them, we assembled the NPF on a sin-
gle DNA molecule inside a microfluidic channel, where the
concentration of reactants (Rad51 proteins, nucleotides, and
cofactors) can be modified at will. We used hybrid magnetic
tweezers [HMT, Fig. 1(a)] to constantly monitor the length
and the twist of the NPF and to impose a given tension
and torque to it. The length and the twist of the NPF were
normalized to that of B-DNA. In practice, the canonical active
form of NPF (S state) has a normalized extension of L/Ly =
1.5 and a supercoiling degree of 0 = —0.43, like the common
standard in the literature [9,23].

Similarly to other previous work [15,24], the NPFs were
assembled onto a double-stranded DNA (dsDNA), because
single-stranded DNA (ssDNA) does not store torsional energy.
Although Rad51 polymerizes on ssDNA in vivo, it has been
shown that polymerization also occurs on dsDNA, with the
same structure and biochemical activity [9,25]. Moreover,
since ATP is not hydrolyzed during the homology search
[6], the reaction remains reversible during this phase. The
conservation of energy implies that the order by which the
ssDNA and the dsDNA interact with the NPF does not change

the free energy between the beginning of the process and the
formation of a three-strand synapse.

The ATPase activity of the Rad51 protein was controlled
by changing the ionic conditions, ATP hydrolysis being pre-
vented in the presence of Ca’* and permitted in the presence
of Mgt [26,27].

A. The compact NFP and the compact-stretched transition

We first verified the existence of a compact NFP. The
Rad51 protein was injected in the observation chamber, to-
gether with ATP and Ca*, while the dsDNA molecule was
kept under tension (2-3 pN) and with a supercoiling degree
locked at o = 0. In the presence of Rad51, the DNA only
slightly lengthened [Fig. 1(b), + = 10-20 min]. Then, the
molecule was unwound in a stepwise manner [dotted line
in Fig. 1(b)]. As expected, the NPF length increased conse-
quently (continuous line) and reached the canonical values of
L/Ly=15atc = —0.43 (+ = 60 min).

To rule out the hypothesis that the Rad51 protein progres-
sively binds to the dsDNA molecule during DNA unwinding,
we repeated the experiment with the Rad51 protein transiently
injected into the chamber, but washed before DNA unwinding.
The results were identical and are summarized in Fig. 2(a),
where the NPF length is plotted as a function of the supercoil-
ing degree. This proves that, in the absence of ATP hydrolysis,
Rad51 stoichiometrically binds to the dsDNA, even when kept
locked at o = 0. This produces a compact NPF, whose length
is dictated by the DNA molecule extension at rest.

B. Stretched-compact transition depends on ATPase activity

Although the NPF can be assembled in the compact state at
o = 0 and then driven to the stretched conformation through a
progressive unwinding, the contrary is not true. When assem-
bled on a DNA molecule previously unwound to o = —0.43,
the NPF reached directly its canonical length of L/Ly =
1.5. Under ATPase-permitting conditions, the NPF short-
ened under positive supercoiling to reach L/Ly >~ 1 atc =0
[Fig. 2(b), A]. Conversely, if ATP hydrolysis was impeded,
the NPF only moderately shortened under positive twisting
(0 — 0) and never reached the compact state [Fig. 2(b), o].
Thus, the S — C transition does not occur without ATP hy-
drolysis. Interestingly, as soon as Ca®" ions were replaced by
Mg** ions, the nucleoprotein filament spontaneously short-
ened [Fig. 2(c), bottom line, red].

This behavior was not only the result of Rad51 depoly-
merization because when the filament was unwound back
it partially extended [Fig. 2(a), ¢ and A]. In addition, the
NPF shortening was several times slower on nicked dsDNA
molecules [Fig. 2(c), top line, black], where no torsion was
applied. This shrinkage cannot be due to plectoneme for-
mation either, because the rate of DNA-plectoneme folding
and unfolding at these forces (1-3 pN) as a function of the
supercoiling degree [28] is almost double the value observed
here. Instead, the plateau of the final part of the unwinding
[Fig. 2(a), © and A] likely corresponds to the torsional be-
havior of naked DNA at these forces [28], which indicates
partial depolymerization during twisting. This suggests that
the NPF could be driven to a more compact state by a
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FIG. 2. Structural transition of the NPF. (a) Elongation of the
NPF under negative supercoiling, with no Rad51 protein in the
solution. In Ca®* buffer the NPF reaches the canonical length of the
active filament (o), while in ATP + Mg?** (o) or ADP (A) it reaches
an intermediate extension. (b) Compaction of the NPF under positive
supercoiling, in Mg?* buffer (ATPase-permitting conditions; A) and
in Ca* buffer (ATPase-nonpermitting conditions; o). The NPF only
moderately shortens in Ca?" buffer, with a length of L/Ly ~ 1.4 at
o = 0. When Ca" is replaced by Mg>* [red (gray) arrow and panel
(c)], the NPF progressively evolves toward the compact state (bottom
curve, red). NPF shortening is also observed on nicked dsDNA,
where the torsion is not imposed (top curve, black). However, the
shortening rate is fivefold smaller than when the NPF is forced to
o =0.

torsional constraint in a partially reversible manner, but part
of the protein depolymerizes during twisting under ATPase-
permitting conditions [20]. The fact that this NPF compaction
cannot be induced with no ATPase activity also suggests a
potential mechanochemical coupling between ATP hydrolysis
and the conformational state of the NPF, as already proposed
in previous works [15,16,27,29]. Moreover, the high torsional
rigidity that we observed under ATPase-inhibiting conditions
confirms recent results on Rad51-dsDNA mechanics [15] and
Rad51-ssDNA structure [27].

With these experiments, we show the following.

(i) The NPF exists in two states (C and S), with the same
number of Rad51 proteins bound.

(i1) The stretched NPF is stable under ATPase-inhibiting
conditions, whereas the compact one requires ATP hydrolysis.

(iii) The S — C transition can be mechanically induced
by torsion of the dsDNA within the NPF, under ATPase-
permitting conditions.

C. Energy landscape of the stretched-compact transition

We used our results along with the previous literature to
estimate the energy difference between the stretched and the
compact state of the NPF, the torsional stiffness of the NPF,
and the energy barrier between the two states.

We modeled the NPF as a polymer made of N Rad51
monomers, among which n; are in the S state and N — n;
are in the C state. When perturbed by torsion or traction,
the monomers either deform elastically or switch from one
state to the other (S = C). Given the small nominal strain
per monomer in the NPF, we assume elastic response with
torsional and longitudinal stiffnesses Ky and K, per monomer,
respectively. Eventually, we neglect the protein chemical po-
tential and binding energy, as at negative supercoiling de-
polymerization is much slower than the S = C transition
[12,16,17] The free energy G is thus the sum of the following:

(i) the elastic energy stored in the strained NPF (extension
L and torsion ®),

(i1) the work injected by the tweezers (force F and torque
),

(iii) the internal energy difference Ae between the two
conformations, and

(iv) the entropic contribution due to the mixing of
monomers in the S state and the C state:

Elastic Energy from Extension

K; )
G(L,0O,n;) = W{L — [N€s — (N — ny)AL]}

Elastic Energy from Torsion

Ky _ 2
+ ﬁ{@ [NU; + (N — ng)AD]}

— (FL+TO)+
—_——

Tweezers Work

+ NkBT[%ln% + (1 - %)m (1 - ”N)]

nyAe
—

Conformational Energy

Entropy

ey
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TABLE 1. Parameters of the two-state model.

Parameter Value Reference
K, 350 pN/nm [30]
K To be determined Fitted
2 1.082 rad [15]
AV 0.803 rad [15]

£ 1.55 nm [9]
AL 0.53 nm 9]
Ae To be determined Fitted
F 0-10 pN Measured
L 0-8 um Measured
r 0-30 pN nm Measured
(C] 0-10 000 rad Measured

In Eq. (1), £; and 9, are respectively the length and the twist
per unit of Rad51 in the S state, and A¢ and A¥ are the
respective differences in the C state. All the parameters are
summarized in Table I.

At the equilibrium, the free energy is minimal. Thus, all
partial derivatives dG/dn;, dG/dL, and 0G/90® vanish (see
details in Appendix A):

ng 1

N 14 eCA0—FAC+Ae) k5T 2)
Lo (1 ”‘Y)M 3)
N K N7

® r g

2o 4w, (1 _ —*)M. 4
NTK + 9, + N “4)

By combining Egs. (2) and (4), we deduce the analytical
function of the supercoiling degree o of the NPF as a function
of the torque I':

® 1T AD
oM =— 1= —|—— :
N??O 290 Kz? 1+ e(FAﬂfFM+Aa)/kBT
4)
with ¥ being the canonical torsion of dsDNA.
Equation (5) indicates that there is a critical torque,
FAC — Ae
M=——, (6)
A

at which the mechanical energy introduced by the tweezers
exactly compensates the energy difference of the transition
Ae. From this perspective, the NPF is a mechanosensitive
complex, with maximal sensitivity at I'*: for a little pertur-
bation of the torque around I'*, the portion of Rad51 proteins
in the S state varies very quickly and undergoes the transition
to the C state for I" > I'*.

D. Mechanical and energetic properties of the transition

To test the prediction of Eq. (5), we used the HMT to
measure the torque developed by the NPF as a function of
its supercoiling degree. Following the method developed by
Bryant et al. [31], we deduced the torque from the angular
velocity @ of the bead in the absence of external angular
constraints. This condition is obtained when the side magnets
are lifted, and it corresponds to the continuous segments
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FIG. 3. Torque measurements. (a) Rotation of the nucleoprotein
filament as a function of time, at different supercoiling degrees. The
residual horizontal magnetic field was nullified during free rotation
(continuous segments). An external torque was applied to change the
supercoiling degree of the filament (dashed line). During filament-
induced rotation, the tweezers applied a constant pulling force of
F = 1.4 pN. (b) Direct measurement of the critical torque I'*. For
very small magnetic torques (nonmeasurable), the filament carries
the bead. The stronger the torque is, the more laborious the rotation
becomes, up to a point where it is completely stalled (I' > 17 pN
nm).

in Fig. 3(a). The torque is indeed I' = £w, where & is the
rotational drag coefficient directly inferred from the angular
fluctuation of the bead. Due to its large rotational drag,
the bead rotates slowly. Thus, we used the side magnets to
rapidly unwind the NPF [dashed segments in Fig. 3(a)] and
to measure the angular velocity w(o ) at different supercoiling
degrees. Experiments were replicated 24 times under ATPase-
permitting conditions (Mg?*) and 26 times under ATPase-
inhibiting conditions (Ca’*).

We also used the HMT to apply a calibrated torque during
the NPF revolution and thus to directly measure the stall
torque. We observed that for I' < 17 pN nm the NPF un-
wound freely, while larger torques (I" > 17 pN nm) blocked
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FIG. 4. Torque and supercoiling degree. (a) Torque developed
by the NPF as a function of the supercoiling degree imposed by
the HMT. The solid line indicates a fit following Eq. (5). The
critical torque I'* was deduced from Eq. (6), and its corresponding
supercoiling degree was computed from Eq. (5). Error bars rep-
resent the standard deviation obtained from different experiments.
(b) Fluctuations of the NPF relative length (AL?(c)) as a function
of the supercoiling degree. The continuous line represents the best
quadratic fit for the fluctuations expected using a two-state model.
The best agreement is obtained for a slightly positive supercoiling
of the compact state o, = +0.14. A value of o, = +0.1 clearly
optimizes the fit of I'(o') [dotted line in panel (a)].

the bead revolution [Fig. 3(b)]. An intermediate regime ap-
peared at I" >~ 17 pN nm, where the unwinding phases were
intercalated by pauses. This suggests the existence of a critical
torque I'* = 17 & 5 pN nm (the error bar corresponds to the
standard deviation obtained from 12 measurements).

The torque corresponding to each supercoiling degree is
reported in Fig. 4(a). Here, the torque-supercoiling curve I'(o')
was fitted to Eq. (5) to determine the energy difference Ae
between the § state and the C state and the torsional stiffness
K. The best agreement was obtained for Ae = —14 + 2 pN
nm and Ky = 390 & 110 pN nm. With a stretching force of
F =2 pN, we expect a critical torque of I'* = 18 &2 pN nm
for a critical supercoiling degree of 0* = —0.19 £ 0.03. This

value is consistent with the experimental value of 17 pN nm
deduced from Fig. 3(b).

E. NPF length fluctuations

An additional prediction of the two-state model is that
the fluctuations of the NPF length have to be maximal at
the critical supercoiling degree o*, where ny = N/2, and
minimal when n; = 0 or ny = N [see Eq. (B2)]. To verify the
prediction, we measured the variance of the NPF length (AL?)
at different o [Fig. 4(b)].

As expected, around o* the variance is significantly larger
than at 0 = —0.43, where the S = C transition does not
contribute to the fluctuations. Hereafter denoted (AL ) /L2,
this difference in amplitude is precisely predicted by the
binomial distribution (see details in Appendix B). For our
DNA molecule constituted by 15 941 base pairs (roughly 5300
Rad51 molecules) we expect (AL _..)/L3 = 1.2 x 107>, Ex-
perimentally, we measured (ALg:C) /Lg =@48+1)x 1073
[Fig. 4(b)]. This discrepancy can be understood if one admits
that there is a certain degree of cooperativity between adjacent
Rad51 proteins, during the S = C transition. In this case, the
NPF would be constituted by fewer but larger active units,
which would result in larger fluctuations. From the measured
fluctuation amplitude and using Eq. (B4), we estimate that the
active unit is made of approximately four Rad51 monomers
(Hill index = 4 % 1), which simultaneously undergo the § =
C transition. Noticeably, this observation is compatible with
the fact that Rad51 also cooperatively polymerizes and/or
depolymerizes on the DNA to form the NPF, with a Hill Index
of about 4.5 [20,32,33].

The quadratic fit in Fig. 4(a) also suggests that the compact
conformation of the NPF is shifted toward positive super-
coiling, around o, = +0.14. Unfortunately, neither the torque
nor the fluctuations were measurable at positive supercoiling,
where the NPF rapidly depolymerized. However, when data in
Fig. 4(a) were fitted with 9. as an additional free parameter,
we obtained the best agreement for ¢, corresponding to o =
+0.1 and Ae = —20 =+ 2 pN nm. Interestingly, o = +0.1 for
the compact state is also compatible with the data shown in
Fig. 2(b), where the curve L(o) exhibits a change of slope at
o > 0.05. In the following discussion, we use Ae >~ —20 pN
nm.

F. Energy landscape

Figure 5(a) shows what the energy landscape of the S — C
transition looks like, using the two-state model described by
Eq. (1) and the values of Ae and Ky determined experi-
mentally. A clear energy barrier of AG 2~ 60 pN nm appears
between the two states.

Using Eq. (2), we also estimated the probability n;/N of
finding a Rad51 monomer in the stretched conformation, as a
function of the external work done on the NPF [Fig. 5(b)].
As expected, the probability curve exhibits the maximum
steepness where the mechanical work brought by the tweezers
at the critical torque I'* (or by base pairing) exactly balances
Ac.
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FIG. 5. Energetic properties of the NPF transition. (a) Energy
landscape per monomer of Rad51, as a function of the supercoiling
degree. (Left) Elastic energy in the stretched conformation. (Right)
Elastic energy in the compact conformation. (b) Portion of the NPF in
the S state as a function of the mechanical energy supplied by either
the tweezers or the DNA molecules [from Eq. (2)]. The gray-shaded
areas indicate the energy values when the NPF interacts with either
a partially homologous DNA fragment or a fully homologous DNA
fragment.

IV. DISCUSSION
A. Selectivity for homologous sequences

With these results, we suggest a possible explanation for
the reversibility — irreversibility transition in HR. As already
mentioned, since ATP is not hydrolyzed during the homology
search [6], the mechanical energy is conserved and the order
by which the ssDNA and the dsDNA interact with the NPF
does not affect the energy difference Ae*+9 between the C
state and the § state of the NPF with three DNA strands:

Ae® + AWS . (])

dsDNA first (experiments)

A8s5+ds — ASSS—}— AWdS —

ssDNA first (in vivo)

Here, Ae% and Ae% are the energy differences between the
C state and the S state of a NPF, respectively assembled on a
ssDNA and on a dsDNA. AW*S and AW are the mechanical
work required to extend, to unwind, and to denature the DNA
molecule inside the NPF.

When the NPF was assembled on the dsDNA molecule,
we measured an energy difference of Ag® ~ —20 pN nm;
AW ~ +5 pN nm was estimated by Bustamante et al.
[34]. With these values, we computed Ag**% ~ —15 pN
nm [dashed line in Fig. 5(b)]. This negative value means
that in the three-strand synapse the S state remains favorable
as compared to the C state, even considering the additional
energy required to extend the third DNA strand (ssDNA),
which penalizes the stretched state.

Pairing of a fully homologous sequence brings 8—12 pN
nm per base pair [35,36], i.e., a net energy gain per Rad51
monomer of between 24 and 36 pN nm. Conversely, a
denaturation bubble due to a single mismatch in a triplet
gives an energy penalty of ~10 pN nm [37], thus a net
energy gain per triplet between 6 and 14 pN nm, for a
homology of 67%. Those two energy ranges are highlighted
in Fig. 5(b). It appears that in the case of partial homol-
ogy the energy brought by base pairing is not sufficient
to fully trigger the S — C transition, while the transi-
tion occurs with an efficiency of 99% in the case of full
homology.

The observation that the transition cannot be induced me-
chanically by the tweezers under ATPase-inhibiting condi-
tions [Figs. 2(b) and 2(c)], but it is allowed under ATPase-
permitted conditions, indicates that the energy from ATP
hydrolysis is stored to keep the NPF in the S state for the
reversible phase and dissipated in the mechanically induced
transition. This triggers the irreversibility of HR. We also
know that hydrolysis does not induce spontaneous disman-
tling of the NPF [32,38] and that the NPF depolymerization
is sensitive to the torque [20]. This suggests that the ATP
hydrolysis is not the cause of the S — C transition, but it
is concomitant with a § — C transition triggered by the
additional energy brought by the pairing between homologous
DNA sequences.

Whereas this hypothesis is unconventional in the recom-
bination context, it is well accepted for the ATP synthase, a
mechanoenzyme that bears many similarities with the NPF in
terms of both function and structure. The similarities are as
follows.

(i) Similarly to the y subunit of ATP synthase, the dSDNA
molecule acts as a rotor inside the Rad51 NPF. In both cases, a
counterclockwise rotation of a central pivot (i.e., the y subunit
or the dsDNA molecule) triggers a change in the chemical
state of the complex from ATP to ADP, and vice versa for a
clockwise rotation.

(ii) ATP synthase is a ring constituted of three het-
erodimers. NPF is a helix constituted of three homodimers per
turn [39].

(iii) The loops that bind the DNA in recombinase proteins
are topologically analogous to those that bind the coiled-coil
y subunit in the ATP synthase [40].

(iv) The nucleotide-binding sites of the two proteins are
structurally homologous [41].
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Within this analogy, the proton gradient that fuels the
structural change of ATP synthase is comparable to the base
pairing within the NPF, which triggers the S — C transition.

B. Cooperativity and sensitivity to the length
of homologous sequences

Eventually, the two-state model also captures an additional
feature of homologous recombination. HR requires more than
8-15 consecutive homologous base pairs to succeed [7],
which is interpreted as a way to avoid recombination in the
case of partial homology.

We know that the NPF nucleation requires the simulta-
neous binding of several Rad51 proteins, as indicated by a
Hill index of ~4.5 [32,33]. This result is compatible with
the hexameric structure of the NPF helix. Similarly, NPF
depolymerization occurs by the unbinding of several Rad51
proteins at a time [20]. Eventually, the fluctuations of the NPF
length (Sec. IIIE) suggest a certain degree of cooperativity
also during the S = C transition. All those findings indicate
that the active unit of HR may not be the single Rad51, but a
complex of four to six proteins.

To explore the potential behavior of a multimeric active
unit in the two-state model, we compared the free-energy
landscape of a single Rad51 protein (Fig. 6, black line) to that
of aRad51 pentamer [Fig. 6, red (gray) line]. The energy land-
scape was computed by extrapolating the two-state model to a
pentameric structure, without considering any additional term
due to the mutual interaction between adjacent Rad51 proteins
[42,43]. Although qualitative, this extrapolation highlights an
interesting feature of the recombinase proteins. Intrinsically
more compliant than a single protein, in terms of both torsion
and extension, a Rad51 pentamer exhibits multiple little en-
ergy barriers (15 pN nm) instead of a large one (~60 pN
nm), in the S — C transition. In the case of 15 homologous
base pairs, which involve a Rad51 pentamer, the multiple
little barriers can be easily overtaken to achieve the § — C
transition. Conversely, the large barrier that appears in the
case of a single homologous triplet slows down the S — C
transition, thus favoring the unbinding of the nonhomologous
sequence and a new search.

V. CONCLUSION

In conclusion, using single-molecule measurements and a
minimal two-state model, we provided a physically plausible
mechanism to explain the sensitivity of homologous recom-
bination to base mismatches and to justify the cooperativity
between recombinase proteins. The block diagram in Fig. 7
illustrates the steps of this process, as suggested by our
experiments and modeling, along with previous results from
the literature.
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APPENDIX A: FREE ENERGY OF THE ACTIVE
TWO-STATE MODEL

The internal energy of a monomer in the S and C states is
given by the contribution of (i) the mechanical energy stored
in the monomer (extension and torsion), (ii) the work injected
by the tweezers (force and torque), and (iii) the potential
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FIG. 7. Block diagram for the homology recognition. Scheme of the potential regulation of the homology search based on the energy

properties of the DNA-recombinase assembly.

energy of the state:

Extension Energy Torsion Energy

Tweezers Work

KZ 5 I(19 ) P
Us(l, 9) = (L= 6P+ —-(0 =9 = (FE+T - 9) +e,
(A1)

K , Ky )
Uct,v) = 7[5 — (=AD" + 7[19 — (s + AD)])

Extension Energy Torsion Energy

— (FL+T-9)+ec.
—_— —

Tweezers Work

(A2)

By summing the internal energy contribution of all the N
monomers in series (U), and by considering the contribution
from the entropy of mixing (S), one obtains the free energy G
of the NPF:

Elastic Energy from Extension

K; 2
G(L,0O,n,) = ﬁ{l‘ — [N€; — (N — ny)AL]}

Elastic Energy from Torsion

Ky _ 5
+ ﬁ{® [NU; + (N — ng) A ]}

— (FL+TO)+
————

Tweezers Work
n n n n
NkT[—sl el (1—1)1 (1——‘)].
+ Nkp N nN + N n N

Entropy

nyAe
———

Conformational Energy

(A3)

At the equilibrium the free energy is minimal and its deriva-
tives vanish. This results in the following:

oG _ K (L—[Nt;— (N —n)AL—F=0  (Ad)
- = — — s — —n — =

aL N ‘ ’

3G K

2O [N+ (N—n)A®]}—T =0 (A5
6" N { [NV + ( ng) A1} (A5)
G ng
5 = ~FALHTAD + A+ ksT In =0 (A6)
Ng — Ny

By solving these equations, one obtains Egs. (2)—(4).

APPENDIX B: LENGTH FLUCTUATIONS OF THE
NUCLEOPROTEIN FILAMENT

The mean length ((L)) of a nucleoprotein filament and
its variance ((AL?)) both depend on the total number of the
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number n; of the Rad51 protein in the S state. According to
the binomial distribution, we expect

(L) AL ny
E—1+€C N (B1)
2 2
SEE G -
L N\ ¢, N N

where ¢, = £; — Al is the length of a Rad51 protein in the C
state.

If we consider that the active unit of HR is not the single
Rad51 protein, but rather a multimeric complex made of o
proteins, then the length of each unit is multiplied by «, while

their number is divided by « (« is commonly called the Hill
index). Whereas the mean length of the molecule remains
unchanged [Eq. (B1)], the variance increases proportionally

to o:
[(ALZ)} o (A L
] = (2) (F)0-%)

Due to the S = C transition, the variance is maximal for
ny/N = 1/2, AL/l. = 0.5 for Rad51, and the maximal square
amplitude of the fluctuations (ALg:d becomes
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