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ABSTRACT

Mg?* ion stimulates the DNA strand exchange reac-
tion catalyzed by RecA, a key step in homologous
recombination. To elucidate the molecular mecha-
nisms underlying the role of Mg?* and the strand
exchange reaction itself, we investigated the inter-
action of RecA with Mg?* and sought to determine
which step of the reaction is affected. Thermal sta-
bility, intrinsic fluorescence, and native mass spec-
trometric analyses of RecA revealed that RecA binds
at least two Mg?* ions with Kp ~ 2 mM and 5 mM.
Deletion of the C-terminal acidic tail of RecA made
its thermal stability and fluorescence characteristics
insensitive to Mg?* and similar to those of full-length
RecA in the presence of saturating Mg?*. These ob-
servations, together with the results of a molecular
dynamics simulation, support the idea that the acidic
tail hampers the strand exchange reaction by inter-
acting with other parts of RecA, and that binding of
Mg?* to the tail prevents these interactions and re-
leases RecA from inhibition. We observed that bind-
ing of the first Mg?* stimulated joint molecule for-
mation, whereas binding of the second stimulated
progression of the reaction. Thus, RecA is actively
involved in the strand exchange step as well as bring-
ing the two DNAs close to each other.

INTRODUCTION

Homologous recombination involves strand exchange be-
tween two DNAs with identical or similar sequences. This
reaction plays important roles in the repair of double-strand
breaks and collapsed replication forks (1-3), and is con-
served in all living organisms, including some viruses. As an
error-free repair process, it is important for genome stability
and survival of individual organisms. In addition, the reac-
tion promotes genomic diversity, e.g. by enabling the inte-
gration of external DNA into chromosomal DNA (4,5). In
eukaryotes, homologous recombination occurs frequently
during meiosis, and mixes maternal and paternal genetic in-
formation to increase genetic diversity (1-3). Both impaired
and excessive homologous recombination can increase can-
cer risk in humans (6,7). In addition to its biological impor-
tance, the reaction has been exploited in biotechnological
and medical applications such as gene therapy (8).

The RecA family protein plays a crucial role in this re-
action by pairing two DNAs with identical or very similar
sequences and promoting strand exchange between them
(2,9,10). The canonical RecA from Escherichia coli has been
extensively studied. E. coli RecA first binds to a single-
stranded region of DNA (ssDNA region) created by an ex-
onuclease. This binding is highly cooperative (11), resulting
in formation of a long filament of DNA/RecA complex,
termed the presynaptic complex. The RecA—ssDNA fila-
ment then binds a double-stranded DNA (dsDNA), finds
a homologous sequence within the dSDNA, and then re-
places one strand of the dsDNA with the ssDNA (strand
exchange). The molecular mechanism of the reaction has
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been investigated in detail (for reviews: 2,12—15), but has not
yet been completely elucidated. For example, it remains un-
clear whether RecA solely serves to bring two DNAs close
to each other, or instead promotes strand exchange more
actively by repositioning the DNA strands. Precise elucida-
tion of the mechanism is challenging because the reaction is
complex and differs in many ways from conventional enzy-
matic reactions, e.g. rather than a small-molecule substrate,
the reaction involves a long nucleoprotein filament contain-
ing many RecA molecules, and promotes strand exchange
of very long DNAs (hundreds of bases).

In this study, we sought to obtain insight into the mech-
anism of the strand exchange reaction by elucidating the
mechanism of activation by Mg”*. In vitro studies showed
that the RecA-promoted DNA strand exchange reaction
is strongly stimulated by relatively high concentrations of
Mg?* (5-10mM) (9,10,16,17). Cox and colleagues observed
that deletion of the C-terminal acidic tail of RecA, where
several negatively charged residues are clustered, enables
RecA to promote strand exchange at lower concentrations
of Mg?* and makes the reaction almost insensitive to Mg>*
concentration (17). They proposed that, in the absence of
Mg?*, the negative charges in the acidic tail interact with the
second DNA-binding site of RecA. Binding of Mg”* neu-
tralizes the negative charges and abolishes the interaction
with the second DNA-binding site, making it accessible to
the second DNA. Thus, Mg?* facilitates the binding of the
second DNA and stimulates the strand exchange reaction.

We tested this hypothesis experimentally by examining
whether (i) Mg?* indeed stimulates the reaction via bind-
ing to RecA, (ii) Mg?* binds at the acidic tail of RecA
and (iii) Mg?* facilitates the binding of the second DNA
to the RecA—ssDNA filament (i.e. joint molecule forma-
tion). The first point had to be addressed because other fac-
tors in the strand exchange reaction (DNA and ATP) can
bind Mg?* (18), and such interactions might also stimu-
late the reaction. For this purpose, we investigated whether
RecA binds Mg?* in the absence of DNA and ATP and
estimated the binding affinity. We studied the RecA/Mg>*
interaction by measuring changes in the thermal stability,
fluorescence, and circular dichroism (CD) signals of RecA
upon addition of Mg?*. Protein thermal stability measure-
ments are frequently used in drug discovery to search for
small ligands that bind a target protein (19). Using this ap-
proach, the binding constant could be estimated by analyz-
ing the variation in thermal stability with ligand concentra-
tion. Fluorescence and CD measurements can detect sub-
tle structural changes in protein upon binding of a ligand
(20,21). Thus, we could detect Mg?* binding and determine
the binding constant at a given temperature. We also veri-
fied Mg?* binding more directly by native mass spectrome-
try (22,23).

The same experiments were then carried out on RecA
without the C-terminal acidic tail (RecA AC-tail) to deter-
mine whether Mg”* binds in this region, as proposed by
Cox and colleagues (17). If so, we would expect no Mg>*
binding following deletion of the tail. Finally, we performed
the strand exchange reaction under almost the same condi-
tions and investigated whether the concentration of Mg>*
required to activate strand exchange corresponds to the
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binding affinity of the RecA/Mg?>" interaction, and sought
to determine which reaction step is stimulated by Mg?*.

Our analyses support the proposal of Cox and colleagues
that RecA binds Mg?" via its acidic tail, and that this bind-
ing stimulates joint molecule formation. In addition, we ob-
served that RecA binds two Mg?* molecules, and that the
binding of the second Mg?* stimulates another step: the
progression (or completion) of strand exchange. These re-
sults suggest that RecA actively promotes the displacement
and repositioning of DNA strands for strand exchange, as
well as bringing the two DNAs close to each other.

MATERIALS AND METHODS
Materials

Wild-type full-length RecA protein (RecA) from FEs-
cherichia coli was purified as described in (24). The recA
gene was cloned into a His-smt3 fusion protein expression
vector, a gift from Dr. T.-F. Wang. RecA fused to His-
tag SUMO protein was expressed in BL21-RIPL cells in-
duced with IPTG (0.5 mM) and cultured overnight at 20°C.
The protein was bound to a Ni** column and released
by cleaving the His-tag SUMO moiety with SUMO pro-
tease (Ulpl 403-621 = Ulpl [CTD]). RecA AC-tail (dele-
tion of 16 amino acids from the C-terminal end) was pre-
pared as following. The protein was expressed in E. coli
BL21 ArecA (DE3) cells transformed with the pET3a-
RecA AC-tail vector, induced with IPTG (0.5 mM) and cul-
tured for 5 h at 37°C. RecA AC-tail was then purified by
using TOYOPEARL Butyl-650M column (TOSOH), P11
column (Whatman) and MonoQ 5/50 GL column (GE
Healthcare).

$X174 circular ssDNA and dsDNA were purchased from
New England Biolabs. The circular dsDNA was linearized
by digestion with ApalLl restriction enzyme. Poly(dT), ATP
and ATPyS were from Sigma-Aldrich. Their concentra-
tions were determined from their UV absorption using
the following molar extinction coefficients: €564 nn = 8520
M~ cm~! for poly(dT); €260 nm = 15400 M~'em~! for ATP
and ATP~yS.

Experimental conditions

Experiments were performed in Buffer T containing 30
mM Tris/HCI (pH 7.5), 0.1 mM EDTA, 0.07% Tween-20
(Sigma), and the indicated concentrations of Mg?* and ATP
(or ATPyS). In the text, the concentration of free Mg>* (af-
ter subtraction of 0.1 mM Mg?* chelated by EDTA) is pre-
sented without further mention. Tween-20 was present to
avoid adsorption of RecA on the surface of the quartz cell
or plastic tube.

CD measurements

CD spectra were measured in a Jasco J-810 or J-820 CD
spectrometer in step mode (data interval: 0.1 nm; time con-
stant: 0.175 s; bandwidth: 2 nm). Temperature was con-
trolled by a Peltier effect controller. A 1 x 1 cm quartz cell
was used for quick mixing of added Mg?* with the help of
magnetic stirring. This approach was taken to avoid locally
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high Mg?* concentrations, which can promote precipitation
of RecA (25). On the other hand, because the path length
of the cell was 1 cm, the UV absorption of samples was too
high to measure CD signals below 210 nm.

Thermal unfolding

Thermal unfolding of RecA was assessed by monitoring the
change in the CD signal at 222 nm (bandwidth, 5 nm; data
interval, 0.1°C; time constant, 2 s) upon temperature ele-
vation (1°C/min). A mini-cuvette of 1 x 0.2 cm (Hellman)
with a path length of 1 cm was used for these measurements.

Fluorescence measurements

Fluorescence of RecA was measured in a Jasco FP-8300
fluorometer. Total fluorescence (intensity) and fluorescence
anisotropy were measured at the same time using auto-
mated anisotropy measurement software (Jasco). Fluores-
cence from tyrosine residues was measured at 305 nm (band-
width: 10 nm) upon excitation at 270 nm (bandwidth: 5
nm). Fluorescence from tryptophan residues was measured
at 350 nm (bandwidth: 10 nm) upon excitation at 295 nm
(bandwidth: 5 nm). The results of 20 measurements were
averaged. Temperature was held constant using a Peltier ef-
fect controller.

Native mass spectrometry

Native mass spectrometry was performed as described pre-
viously (26). Briefly, 30 wM full-length RecA or RecA AC-
tail was incubated for 30 min on ice in the presence or ab-
sence of 100 wM MgCl, in Buffer T. The buffer was then re-
placed with 150 mM ammonium acetate (pH 6.8) by passing
the samples through a MicroBioSpin-6 column (Bio-Rad).
The buffer-exchanged samples were immediately analyzed
on a nanoflow electrospray ionization mass spectrometer
using gold-coated glass capillaries made in-house (approx-
imately 2-5 .l of sample was loaded per analysis). Spectra
were recorded on a SYNAPT G2-Si HDMS mass spectrom-
eter (Waters) in positive-ionization mode at 1.33 kV with
sampling cone voltage and source offset voltage of 150 V,
trap and transfer collision energy of 0 V, and trap gas flow
rate of 5 ml/min. The spectra were calibrated using 1 mg/ml
cesium iodide and analyzed using the MassLynx software
(Waters).

Molecular dynamics simulation

The molecular dynamics simulation of the RecA presynap-
tic filament was performed based on the crystallographic
structure of RecA with an ATP analog and oligo(dT) (PDB:
3CMW) (27). The acidic tail (residues 334-352), which is
absent from the crystal structure due to its disordered char-
acter, was added in extended conformation using scripts
written in-house. The filament was then soaked in a box
with 289, 200 TIP3P water molecules. To accommodate the
tails in their extended conformation, a box size of 241 x
209 x 186 A with periodic boundary conditions was re-
quired. A total of 914 Na* and 816 CI~ ions were added
to reach a concentration of 0.15 mol/l after maintaining

electro-neutrality. The system was subjected to molecular
dynamics simulations using the NAMD 2.10 software (28)
and the CHARMM27 force field (29). Following 5000 steps
of conjugate gradient energy minimization, the simulation
protocol included heating to 310 K in steps of 2 K, with a 30
ns equilibration phase and a 100 ns production phase. Time
steps of 2 fs were used (SHAKE algorithm). The particle-
mesh Ewald method was used to account for long-range
electrostatic interactions, and van der Waals interactions
were smoothly switched off at 10-12 A. Temperature and
pressure were maintained throughout the simulation using a
Langevin dynamics scheme and a Nosé-Hoover-Langevin
piston, respectively. During equilibration, the protein Ca
carbons were harmonically restrained in their initial po-
sitions, with a force constant decreasing from 0.5 to 0.05
kcal mol~! A=2, in order to allow the large solvent box to
equilibrate. No restraint was applied during the production
phase.

The simulation of isolated RecA protein was performed
based on the structure of the central monomer from the
3CMW crystal structure as a starting point, using a 107 x
128 x 105 A solvent box filled with 44 018 water molecules,
133 Na* ions, and 124 CI~ ions. The simulation protocol
was identical to that used for the filament, except that the
production phase was prolonged to 150 ns. The final 50 and
100 ns of the production phase were considered in the anal-
yses of the filament and the isolated protein trajectories, re-
spectively.

In-house Python scripts based on the PTools library (30)
were used to compute the number of contacts between dif-
ferent regions of the system. For each contact pair, both the
contact occurrence and the persistence time of the contact
were recorded.

DNA three-strand exchange reactions

Three-strand exchange reactions were carried out in 30 mM
Tris—HCI (pH 7.5), 1 mM dithiothreitol, 5% (w/v) glycerol,
2 mM ATP and the indicated concentration of MgCl,. The
reaction solution also contained an ATP regeneration sys-
tem of 8 units/ml creatine kinase and 8 mM phosphocrea-
tine, as described in (31). All incubations were carried out
at 37°C. The full-length wild-type RecA protein (5 puM) was
pre-incubated with 10 uM (in nucleotides) $X174 circular
ssDNA for 10 min. SSB protein (1 pwM) was added and fur-
ther incubated for 10 min. The reaction was initiated by the
addition of ApaLl-treated $X174 linear dsDNA (10 wM in
nucleotide pairs). After another 60 min of incubation, the
reaction was stopped by addition of 1.2 pg of proteinase
K and 1% SDS (final concentrations), incubated for an ad-
ditional 15 min, and then mixed with one-tenth volume of
a solution containing 0.9% SDS, 50% (w/v) glycerol and
0.05% bromophenol blue. Samples were subjected to elec-
trophoresis for 120 min at 50 V on 1.0% agarose gels in 1x
TAE buffer, stained with SYBR Gold, and exposed to ul-
traviolet light. Gel images were digitized on a LAS-400mini
image analyzer (Fujifilm), and DNA bands were quantified
with Multi Gauge software, version 3.2 (Fujifilm).
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Figure 1. Mg2" ion facilitates thermal unfolding of RecA. (A) Thermal unfolding of 2 wM RecA with increasing temperature was followed by a change in
the CD signal at 222 nm. Mg?* concentrations are 0 (black), 2 (cyan), 5 (green), 10 (orange) and 15 mM (magenta). (B) The same experiment described in
A was performed for 2 wM RecA in the presence of 6 LM (in bases) poly(dT) and 50 M ATPyS. The result for 0.1 mM Mg>* (magenta) is also shown.
(C) Temperature of the second transition of full-length RecA, plotted as a function of free Mg2" concentration. Expected curves for various equilibrium
dissociation constants (Kp = 1 mM [dotted line]; 2 mM [solid line]; 5 mM [dashed line]) are shown for comparison with the experimental data. (D)
Temperature of the third transition, plotted as in panel C. Expected curves were generated with Kp = 2 mM (dotted line), 5 mM (solid line) and 10 mM

(dashed line).

Fluorescence resonance energy transfer (FRET)-based real-
time measurements of DNA strand pairing and DNA strand
displacement

Reaction protocols were described in (32,33). DNA sub-
strates, 83 bases ssDNA and 40 base pair long dSDNA were
identical to those used in previous paper (32) and were pre-
pared in the same manner. The concentrations of all compo-
nents are stated as their final concentrations in the reaction
mixture, and those of DNA in fragment. The reactions were
carried out in buffer T containing indicating MgCl, and
2 mM ATP at 37°C. In assay 1 (pairing assay), the presy-
naptic filament was formed by incubating 36 nM 5’ fluores-
cein amidite (FAM)-labeled ssDNA with 1.5 wM RecA for
5 min. The reaction was started by the addition and mixing
of 36 nM 3’ carboxy-x-rhodamine (ROX)-labeled dsDNA
to the presynaptic complex solution in the cuvette by pipet-
ting. To follow the reaction, the change in fluorescence of

the FAM probe was monitored at 525 nm (bandwidth: 20
nm) upon excitation at 493 nm (bandwidth: 1 nm) in an FP-
8300 spectrofluorometer (JASCO) equipped with a Peltier
temperature control apparatus. Data were collected every
second (response time: 0.2 s). Dead time was less than 15
s. For assay 2 (standard DNA strand displacement assay),
the presynaptic filament was formed as in the pairing assay,
except non-labeled ssDNA was used. The reaction was ini-
tiated through the addition of 36 nM dsDNA, labeled with
FAM at the 5’ end of the outgoing strand and ROX at the 3’
end of its complementary strand, to the cuvette containing
the presynaptic complex solution. The reaction was moni-
tored as described above.
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RESULTS

Binding of two Mg?* ions decreases the thermal stability of
RecA

We first examined binding of Mg?* to RecA by monitor-
ing changes in protein thermal stability, which is often af-
fected by binding of ligand (19). Specifically, we assessed
the thermal unfolding of RecA based on the change in
the intensity of the CD signal at 222 nm, which primar-
ily reflects alpha-helix structure (21). The thermal unfold-
ing curve of RecA exhibited three transitions: the first at
a low temperature (around 35°C), the second at 62°C, and
the final at 71°C (Figure 1A). Crystallographic analysis of
RecA has shown that it is composed of three domains, the
N-terminal, C-terminal, and large central domains (27,34).
Because each domain contains alpha-helix structures, the
presence of three transitions likely reflects this three-domain
structure, i.e. each transition corresponded to the unfolding
of one of the domains, and each domain unfolded indepen-
dently. None of the transitions was reversible, preventing a
rigorous thermodynamic analysis.

The presence of Mg?* ions significantly decreased the
temperatures of the second and third transitions, but in-
creased that of the first (Figure 1A). The second transi-
tion was affected at lower Mg>* concentrations, whereas the
third transition was affected at higher Mg?* concentrations.
The effect on the second transition was saturated around 5
mM Mg?*, with the half-maximal effect at around 2 mM,
whereas the effect on the third transition required more than
10 mM Mg>* for saturation, with the half-maximal effect at
around 5 mM (Figure 1A). Thus, RecA binds at least two
Mg?* ions with distinct binding affinities: Kp; =2 mM and
Kp; = 5 mM. The changes in the first and third transitions
probably occurred at the same time, i.e. upon binding of the
second Mg”*.

To more precisely estimate the binding affinity for each
Mg?*, we analyzed how the second and third transition tem-
peratures varied with Mg?* concentration. Such an analysis
could not be performed for the first transition because the
change was small, and also because this transition merged
with the second one at 3 mM Mg?*. The transition temper-
atures were estimated at each Mg concentration by two
approaches: analysis of the first derivative of the unfolding
curve and the half-transition point. Both methods yielded
similar temperatures, and the difference was less than 0.5°C.
The half-transition temperatures were used for the analysis.
The variation in the second transition could be fitted with a
binding curve with Kp; =2 + 1 mM (Figure 1C), and that
of the third transition with a binding curve with Kp, =5 +
2 mM (Figure 1D).

The change in thermal stability was not due to a simple
increase in ionic strength or salt concentration. Addition
of KCI did not change the stability as much as addition of
Mg?* (Supplementary Figure S1): 100 mM KClI caused a
5°C decrease in the second and third transitions. The effect
was smaller at 50 mM and even reversed at higher concen-
trations (500 mM). Therefore, the large change in the ther-
mal stability observed in the experiments described above
was due to a specific effect of Mg?".
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Figure 2. Deletion of the acidic tail makes RecA thermal stability insensi-
tive to Mg?" ion. Thermal unfolding of 2 uM RecA AC-tail was studied
with 0 mM (dotted line), 5 mM (dashed line) and 10 mM (solid line) Mg?*
as described in Figure 1A. All of the resultant curves are almost fully super-
imposed and are consequently not distinguishable. The unfolding curves of
full length RecA without (purple dots) and with (purple line) 20 mM Mg?>*
are shown for comparison.

The Mg”*-dependent destabilization of RecA occurred
also when RecA was in the presynaptic filament, the RecA—
ssDNA complex. The thermal folding of RecA was car-
ried out in a complex with oligo(dT), a model ssDNA, and
ATP~yS, an ATP analog that is hydrolyzed very slowly. A
decrease in the temperature of the second and third transi-
tions was observed with the half-maximal effect at 1.5 and
5mM of Mg?*, respectively. The binding affinities of Mg>*
to RecA in the presynaptic filament was, thus similar to the
affinities to free RecA. Formation of the presynaptic com-
plex was indicated by an overall increase in thermal stabil-
ity: the first transition was at 46°C (vs. 35°C), the second
at 75°C (vs. 62°C), and the third at 82°C (vs. 71°C) in the
absence of Mg?* (cf. Figure 1A and B).

When RecA was in the presynaptic complex, binding
of another Mg?* was observed at low concentrations. The
presence of 0.1 mM Mg>* stabilized the first transition
(from 45 to 50°C) without affecting other transitions (Fig-
ure 1B). However, 0. mM Mg>* had no effect on the
thermal unfolding pattern of free RecA (not shown). The
change in the first transition of RecA in the presynaptic fil-
ament probably reflects the high-affinity binding of another
Mg?* ion at the ATP/RecA interface. A similar change was
observed for RecA with ATP+yS alone (Supplementary Fig-
ure S2). We conclude that Mg”* ions bind RecA in the presy-
naptic filament in a similar manner to free RecA, as well as
binding to the ATP/RecA interface.

Deletion of the C-terminal acidic tail abolishes the Mg?* ef-
fects

To verify that Mg?* binds to the C-terminal acidic tail of
RecA, we studied the thermal stability of RecA AC-tail.
No significant change was observed in the thermal stabil-
ity of the RecA AC-tail by Mg?* (Figure 2), supporting the
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proposition of Cox and colleagues that the tail binds Mg>*
(17). Furthermore, the thermal unfolding curve was similar
to that of full-length RecA in the presence of 20 mM Mg?*,
the saturating concentration. In other words, the binding of
Mg?* exerted the same effect as deletion of the acidic tail.
This is consistent with the idea that the tail interacts with
other part(s) of RecA via its negative charged residues, but
neutralization of these charges by Mg?* abolishes these in-
teractions and decreases the thermal stability of the protein.

Mg?* does not affect the folding pattern of RecA

To determine whether the decrease in RecA thermal stabil-
ity is due to a modification of its folding pattern, we mea-
sured the CD signal. The CD signal at 222 nm, which is
primarily related to the alpha-helix structure (21), was un-
changed upon addition of Mg?" at a low temperature, 20°C
(Figure 3A). Similarly, the CD spectral shape in the far-
UV region was not at all altered upon addition of Mg>* up
to 15 mM (Figure 3B). Thus, Mg”* did not affect the sec-
ondary structure, i.e., the folding pattern of RecA, suggest-
ing that the decrease in thermal stability was due to changes
in its tertiary structure (i.e. domain/domain contacts) or
subunit/subunit contacts.

Fluorescence analysis detects binding of Mg?* ions to RecA

Next, we investigated the binding of Mg?* and the resulting
structural change in RecA by monitoring the fluorescence
change of RecA upon addition of Mg?*. Because fluores-
cence is very sensitive to changes in a residue’s local envi-
ronment, measurement of this feature can reveal changes in
the tertiary and quaternary structures of a protein (20). In
contrast to the thermal stability analysis, fluorescence mea-
surement enabled us to study binding of Mg?* to the native
form of RecA at a given temperature. Hence, these exper-
iments were carried out at 20°C, a temperature at which
RecA exists in its native form. RecA contains two tryp-
tophan residues and seven tyrosine residues (35), none of

which are in the acidic tail. The two tryptophan and three
tyrosine residues are in the C-terminal domain, whereas
four tyrosine residues are in the central domain (27,32).
Tryptophan and tyrosine fluorescence were observed sep-
arately by selection of appropriate excitation and emission
wavelengths (20).

Upon addition of Mg?*, tryptophan fluorescence de-
creased slightly (about 10% in intensity) (Figure 4A), but no
such change was observed for RecA AC-tail. The change in
fluorescence intensity with Mg?* fit closely to a curve gen-
erated by a model in which two Mg?* ions bind with Kp;
=2 mM and Kp; = 5 mM, with the assumption that the
first binding does not affect intensity. Because the measure-
ments were performed at 20°C, whereas the binding con-
stants were estimated around the unfolding temperature in
the thermal stability experiments, these results indicate that
the binding constants are not especially sensitive to temper-
ature, and that Mg”* ions bind to the native form of RecA.
This observation excludes the possibility that Mg?* binds
mainly to unfolded RecA and thereby promotes its destabi-
lization. The small magnitude of the fluorescence change in-
dicates that the environment of the two tryptophan residues
did not undergo a large change.

By contrast, no significant change (<5%) was observed
in tyrosine fluorescence upon addition of Mg?* (Figure 4B).
Thus, either Mg?* binding does not affect the environment
of any tyrosine residue, or (given that there are so many ty-
rosines) the potential change in fluorescence intensity of one
of the tyrosines is masked or compensated by the fluores-
cence of another.

We then performed fluorescence anisotropy measure-
ments, which are related to the local motion of tryptophan
and tyrosine residues (20). Large anisotropy values (>0.2)
indicate an absence of quick (nanosecond-scale) local mo-
tion. The fluorescence anisotropy of tryptophan residues
was 0.10, indicating some local motion, and was not af-
fected by Mg”*. By contrast, that of tyrosine residues in-
creased from 0.163 to 0.183 (Figure 4C and D), indicating
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that no signal change occurs upon binding of the first Mg2*.

some structural change in RecA that likely prevents the mo-
tion of one tyrosine-spanning loop. Again, the experimental
data fit closely to a model in which two Mg?* ions bound
with Kp; = 2 mM and Kp, = 5 mM, with the assump-
tion that the first binding does not affect the anisotropy
value. These observations are consistent with the results
of the thermal unfolding study and the fluorescence anal-
ysis of tryptophan residues. The structural change occurred
largely upon binding of the second Mg?*. The fluorescence
anisotropy of tyrosine residues of RecA AC-tail was not af-
fected by Mg?*, and was similar to that of full-length RecA
in the presence of saturating concentration of Mg”*.

Native mass spectrometry detects binding of more than two
Mg?* ions by RecA

To more directly verify the binding of two Mg>* ions by
RecA, we performed native mass spectrometric analysis.
This technique is a powerful tool for studying the stoi-
chiometry of protein-ligand interactions by determining
the masses of complexes (25,26). In native mass spectro-
metric analysis, which is performed in the vacuum envi-
ronment, ionic interaction is stronger than in water (36).
Therefore, the measurements were made at low ion con-
centration to exclude non-specific binding. The spectrum of
full-length RecA exhibited an ion series indicating the pres-
ence of monomer, dimer, trimer, and tetramer forms with
masses of 37, 844, 75, 677, 113, 518 and 151, 359 Da, re-
spectively (Supplementary Figure S3, top). In the expan-
sion of the +12 peak of the monomeric RecA, one major
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and one minor peak were observed, corresponding to RecA
(37, 844 Da) without any bound ion and RecA with an
NH,* or Na* adduct (37 862 Da; Figure 5A). In the pres-
ence of MgCl,, the spectrum of monomeric RecA exhib-
ited an ion series indicating the presence of RecA without
Mg?* (37 843 Da), with one Mg”>* (37 864 Da), with two
Mg?* (37 886 Da), and with more Mg>* (Figure 5A). The
spectrum of RecA AC-tail exhibited an ion series indicating
the presence of monomer, dimer, trimer, and tetramer forms
(Supplementary Figure S3, bottom), like that of full-length
RecA. The spectrum of the monomeric form of RecA AC-
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tail presented several peaks, corresponding to RecA AC-tail
without any bound ion and one, two and more K+ adducts.
However, the spectrum was obviously unchanged by the ad-
dition of MgCl, (Figure 5B). This observation supports the
idea that RecA can bind at least two Mg>* ions with its
acidic tail. A larger proportion of ion adduct forms in RecA
AC-tail compared to in full length RecA may be due to dif-
ference in protein preparation and storage conditions.

Molecular modeling supports the dynamic interaction of the
acidic tail with other parts of RecA

We then performed molecular simulation to investigate the
possibility of an interaction between the disordered C-
terminal acidic tail and the structured part of the RecA
protein (protein core). All-atom molecular dynamics sim-
ulations of the 3D structure of RecA, determined by X-ray
crystallography (27), were performed in a solvated environ-
ment with a physiological ionic concentration. Because the
structure of the acidic tail has not been determined by X-
ray crystallography (27,34), we attached the acidic tail in
an extended conformation pointing away from the proteins.
Simulations were performed on an isolated RecA (150 ns)
and on RecA in a presynaptic filament consisting of seven
monomers of RecA with ssDNA and ATP (i.e. more than
one turn of the helix). In the second case, seven independent
RecA proteins containing their acidic tails were simulta-
neously simulated, increasing the extent of conformational
space sampled by the tails. In both cases, the acidic tails
rapidly folded into unstable, mostly coiled states. The num-
ber of interactions between the tails and the filament cores,
defined as the number of pairs of atoms of each compo-
nent closer than 3 A, reached a plateau after about 50 ns
in both the monomer and oligomer cases. The initial 50 ns
simulations were ignored in subsequent analysis. Although
the interactions between the protein cores and acidic tails
were mostly transient, with persistence times rarely reach-
ing 20 ns, monitoring of the frequency of interactions for
each amino acid revealed a pattern of preferred interaction
regions on the core protein (Figure 6). The simulation pre-
dicted that the tail residues (334-352) interacted with the
C-terminal (270-333), N-terminal (1-37), and central do-
mains of RecA, although these interactions were distributed
differently for isolated RecA versus RecA in the filament.
In the filament, the tail also interacted with residues of the
neighboring protein core, suggesting that this region influ-
ences subunit/subunit contact. No interactions were ob-
served involving Arg226, Lys245, Arg227 or Arg243, which
are considered to be within the second DNA-binding site
(14,27). By contrast, we did observe an interaction with the
residues in the second DNA entrance (gateway) (37,38).

Mg?* stimulates both binding of the second DNA and pro-
gression of strand exchange

Finally, we examined the effect of Mg?* on RecA-promoted
strand exchange reaction under similar conditions. Specifi-
cally, we investigated whether the Mg?* concentrations re-
quired to activate strand exchange corresponded to the
Mg?*-binding affinity of RecA and whether binding of the
first Mg>* was sufficient to activate RecA or the binding of
two Mg?* was required.
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The strand exchange reaction was performed between
one circular ssDNA and one linear dsSDNA. The reaction
was stopped after 60 min of incubation, and the products
were separated by gel electrophoresis and quantified. In this
experiment, the intermediate (joint molecules) and the final
product (nicked circular dsDNA) could be quantified sepa-
rately (31), enabling a rough determination of which step of
the reaction was stimulated by Mg”"*.

Stimulation of final product formation, i.e. the comple-
tion of the reaction, reached a plateau at around 12 mM
Mg?*, with the half-effect at 5.8 mM (Figure 7A). By con-
trast, the maximum appearance of intermediate molecules
was achieved at 6 mM Mg?*, with the half-effect at 3 mM
Mg?>* (Figure 7A). Because the strand exchange experi-
ments were performed in the presence of 2 mM ATP, which
interacts with Mg?* with millimolar affinity, these results in-
dicate that half-maximal stimulation of the joint molecule
formation occurred at around 2 mM free Mg?*, and that of
reaction completion at around 5 mM free Mg?*. Thus, bind-
ing of one Mg>* ion is probably sufficient to stimulate joint
molecule formation, whereas two Mg?* ions are required to
stimulate reaction completion.

To further confirm the conclusion, we observed the re-
action kinetics in real time at various Mg?* concentrations.
We used FRET-based strand exchange assay (32,33): two of
the three DNA strands involved in the reaction were labelled
by appropriate fluorescence dyes, FAM and ROX, at their
end. In assay 1, the binding of dsSDNA to the RecA/ssDNA

complex, which promotes FRET, is detected by decreases
in intensity of FAM fluorescence. In assay 2, the separa-
tion of DNA strands from dsDNA (DNA strand displace-
ment), which abolishes the FRET, is detected by increase
in intensity of FAM fluorescence. The second observation
corresponds to the reaction completion while the first one
to biding of second DNA. We measured, in both cases, the
initial velocity. The results indicate that half-maximal stim-
ulation of the paring formation occurred at ~3 mM Mg>*
(Figure 7B), and that of reaction completion at ~7.5 mM
Mg?* (Figure 7C), confirming the conclusion that biding of
one Mg?* is enough to stimulate pairing step while binding
of two Mg?" is required for reaction completion.

DISCUSSION

In this study, we investigated how Mg>* stimulates the
RecA-promoted strand exchange reaction, with the goal
of obtaining insight into the mechanism of the strand ex-
change reaction itself. We observed binding of two Mg”*
ions at the C-terminal tail, and discovered that RecA plays
a role in the progression of the strand exchange reaction,
as well as joint molecule formation. In addition, we experi-
mentally demonstrated that the acidic tail of RecA exerts a
negative effect on the reaction.

First, we examined the proposition of Cox and colleagues
(17) that RecA binds Mg?* at the acidic tail, which inter-
acts via its charged residues with the second DNA-binding
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site. In this model, binding of Mg>* abolishes this inter-
action, allowing access of the second DNA to the second
DNA-binding site, thereby stimulating the strand exchange
reaction. We observed the binding of Mg?* to free RecA
without DNA or ATP by monitoring changes in the ther-
mal stability and fluorescence characteristics of the protein.
The results revealed that RecA binds two Mg?* ions with
an affinity of 2 and 5 mM. This affinity corresponds closely
to the Mg?* concentrations required to stimulate the strand
exchange reaction, supporting the idea that Mg”* stimulates
the reaction by binding to RecA. We also observed that dele-
tion of the C-terminal acidic tail caused all characteristics
of RecA to become insensitive to Mg?* and similar to those
of the full-length protein in the presence of saturating Mg>*.
This supports the proposal of Cox and colleagues (17) that
the acidic tail hampers the strand exchange reaction in the
absence of Mg?*, probably by interacting with other parts of
RecA. The binding of Mg** to the tail prevents such interac-
tions in a similar way to deletion of the acidic tail, enabling
the strand exchange reaction to occur. Molecular dynamics
analysis of the acidic tail further supported this idea.

However, our simulation did not show an interaction of
the acidic tail with the second DNA-binding site. There-
fore, we did not obtain direct support for the hypothesis
that the tail directly interacts with the second DNA-binding
site and hampers the reaction. By contrast, our analysis re-
vealed interactions of the tail with Lys6, Lys8, Lysl9 and
Lys23 of the N-terminal domain, which are important for
non-specific binding of the second DNA (14), as well as
with the C-terminal domain, which contains the gateway for
the incoming dsDNA (37,38). The binding of Mg?* proba-
bly attenuates the interactions with these residues or simply
masks the negative charges of RecA, thereby facilitating the
approach of the second DNA.

Our analyses showed that RecA binds two Mg?* ions on
its C-terminal acidic tail, and that binding of the second
Mg?* ion is important for stimulating the progression of
strand exchange, whereas the binding of the first Mg”* is
sufficient for the start of the reaction (i.e., formation of the
joint molecule). Thus, RecA drives these two processes in
distinct manners. Binding of two Mg?* ions by RecA is not
incompatible with the results of Cox and colleagues, who
showed that RecA with a shorter deletion of the acidic tail
(five amino acids) still exhibits some Mg>* dependence (17).
Because the deletion they studied was so short, one of the
Mg?*-binding sites was likely to be retained. Our observa-
tions indicate that the role of RecA in the strand exchange
reaction is not simply to bring two DNA molecules close
to each other, but also to stimulate another step of the re-
action, probably by actively promoting the displacement
or repositioning of DNA strands. RecA differs from some
polymers and surfaces that promote DNA strand exchange
reactions by simply bringing two DNAs close to each other
in a hydrophobic environment and relying on the character-
istics of the DNA to execute strand exchange (39). In future
work, we will investigate more precisely which step of the re-
action is affected by the second Mg?* binding, and how this
effect occurs.

An issue that we hope to address in future is how the bind-
ing of the second Mg?* stimulates progression of the strand
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exchange reaction. Our results from this study indicate that
some change in the subunit/subunit or domain/domain
contacts of RecA occurs upon binding of two Mg?" ions or
deletion of the acidic tail. Such a structural change is prob-
ably important for progression of the strand exchange re-
action. Our simulation analysis suggests that Mg?" causes
a change in the subunit/subunit contacts of RecA. Notably
in this regard, Yu and Egelman showed by electron micro-
scopic analysis that deletion of the acidic tail affects the
structure of the RecA/DNA filament and increases its flex-
ibility (40). Accordingly, we should also investigate whether
the large destabilization of RecA upon binding of Mg?* is
important for the strand exchange reaction by facilitating
some key conformational change of the protein. Our pre-
liminary analysis showed that the thermal stability of hu-
man Rad51 is also decreased by Ca?*, the divalent ion that
stimulates this protein (data not shown).

Another question is whether the acidic tail plays some
biological role by exercising a negative effect on the strand
exchange reaction. We wonder whether the tail has a reg-
ulatory function, or instead simply stabilizes RecA to in-
crease its lifespan in the cells, in which case the negative ef-
fect would be just a byproduct. Stimulation of the strand ex-
change reaction by divalent ions has been reported for other
eukaryotic recombinases (e.g., Rad51 and Dmcl) (41,42).
Mazin and colleagues found that the stimulation mode of
Dmcl by Ca?* differs from that of Rad51 (42), suggesting
the presence of more than two activation modes. This fea-
ture may be a general characteristic of recombinases. It will
be interesting to determine whether the activation of Dmcl
and Rad51 by Ca”" occurs by a similar mechanism to that
of RecA, in which metal ions bind to a part of the protein,
hampering the interaction with other parts, and this inhi-
bition is abolished by ion binding. Such a similarity would
indicate that the inhibitory effect of the tail on the strand
exchange reaction, or its regulation, is physiologically sig-
nificant.
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