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ABSTRACT: RecA-like strand exchange proteins, which include closely related archaeal Rad51/RadA and
eukaryal Rad51 and DMC1, play a key role in DNA repair by forming helical nucleoprotein filaments
which promote a hallmark strand exchange reaction between homologous DNA substrates. Our recent
crystallographic studies on a RadA recombinase fromMethanococcusVoltae(MvRadA) have unexpectedly
revealed a secondary magnesium at the subunit interface∼11 Å from the primary one coordinated by
ATP and the canonical P-loop. The DNA-dependent ATPase activity of MvRadA appears to be dependent
on the concentration of free Mg2+, while the strand exchange activity does not. We also made site-
directed mutagenesis at the Mg2+-liganding residue Asp-246. The mutant proteins exhibited∼20-fold
reduced ATPase activity but normal strand exchange activity. Structurally, the main chain carbonyl of
the conserved catalytic residue Glu-151 is hydrogen bonded with one of the magnesium-liganding water
molecules. Changes in the secondary magnesium site may therefore induce conformational changes around
this catalytic glutamate and affect the ATPase activity without significantly altering the stability of the
extended recombinase filament. Asp-246 is somewhat conserved among archaeal and eukaryal homologues,
implying some homologues may share this allosteric site for ATPase function.

RecA-like recombinases facilitate a central DNA strand
exchange between a single-stranded DNA (ssDNA)1 and a
homologous double-stranded DNA (dsDNA) in homologous

recombination. These recombinases appear to be essential
by playing pivotal roles in repair of double-stranded DNA
breaks and restart of stalled replication forks (1-5). This
recombinase superfamily (6) is composed of bacterial RecA
(7), archaeal RadA or Rad51 (8), and eukaryal Rad51 (9)
and meiosis-specific DMC1 (10). Despite large differences
in their primary structures, recent electron microscopic and
crystallographic results have revealed strikingly similar
“active” recombinase assemblies (11-13). Such filamentous
assemblies are classic allosteric systems equipped with at
least two functional sites, one located at subunit interface
for binding and hydrolyzing ATP and the other located near
the filament axis for binding DNA and promoting strand
exchange. In addition to the primary magnesium site which
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bridges ATP and the canonical P-loop, our recent crystal
structures of MvRadA have revealed a secondary magnesium
site at the subunit interface. It is worth noting that optimal
strand exchange activity of RecA fromEscherichia coli
(EcRecA) has a marked dependence on free Mg2+ concentra-
tion (14). On the other hand, excessive concentration of Mg2+

over ATP appears to downregulate strand exchange activity
of human Rad51 (15). A recent study on human Rad51 has
further demonstrated that the recombinase favors binding
ATP over ADP at lower Mg2+ concentration (16). Interest-
ingly, the magnesium-liganding Asp-246 of MvRadA is
conserved in human and yeast Rad51 proteins while substi-
tuted for a Glu in human and yeast DMC1 proteins. A similar
secondary divalent cation-binding site may also exist in some
of these eukaryal homologues, which would make MvRadA
a prototype for studying the allosteric effects exhibited by
its close eukaryal homologues. We set out to study its
biochemical implication by studying ATPase and DNA
strand exchange activities of wild-type MvRadA and mutant
proteins with substitution at Asp-246. Our data suggest that
the secondary Mg2+ site is important for modulating the
ATPase activity of MvRadA.

EXPERIMENTAL PROCEDURES

Cloning, Protein Preparation, and Crystallization.RadA
from MethanococcusVoltae was subcloned into pET28a
(Novagen). All site-directed mutations have been introduced
by mutagenic primers used in the PCR steps using the
overlap extension protocol (17, 18). All resulting plasmids
were verified by DNA sequencing using T7 promoter and
terminator primers. The recombinant proteins were overex-
pressed in BL21(DE3)-Codon+RIL cells (Stratagene) and
purified as reported (13, 19). In brief, the purification
procedure involved steps of polymin P (Sigma) precipitation,
high salt extraction, and three chromatography steps using
heparin (Amersham Biosciences), hydroxyapatite (Bio-Rad),
and DE52 anion-exchange (Whatman) columns. The RadA
proteins were concentrated to∼30 mg/mL by ultrafiltration.
The crystallization condition for the D246A protein was
similar to that of the wild-type MvRadA (Supporting
Information).

Single-Stranded DNA-Dependent ATPase Assay.A solu-
tion containing 0.033% w/v Malachite Green, 1.3% (w/v)
ammonium molybdate, and 1.0 M HCl was used to monitor
the release of inorganic phosphate (20) from ATP hydrolysis.
Absorbance at 620 nm was recorded for quantification. The
reaction solutions for the DNA-dependent ATPase assay
contained 3µM RadA, 18µM ssDNA (in nucleotides), 5
mM ATP, 0.05 M Tris-Hepes buffer at pH 7.4, 100 mM
KCl, varied amounts of MgCl2, and 0.1% (v/v) 2-mercap-
toethanol. A 36-nt oligonucleotide poly(dT)36 (Integrated
DNA Technologies) was used as the ssDNA substrate in this
assay.

Strand Exchange Assay Using Synthetic Oligonucleotides.
The DNA substrates were derived from a published study
(21). Three oligonucleotides (2, 63 nt, TCCTT TTGAT
AAGAG GTCAT TTTTG CGGAT GGCTT AGAGC
TTAAT TGCTG AATCT GGTGC TGT, 45A, 36 nt,
ACAGC ACCAG ATTCA GCAAT TAAGC TCTAA GC-
CATG, and 55A, 36 nt, GATGG CTTAG AGCTT AATTG
CTGAA TCTGG TGCTGT) were obtained from Integrated

DNA Technologies. Equal molarities of complementary
oligonucleotides 45A and 55A were heated at 95°C for 5
min and then slowly cooled to 21°C to generate the 36-bp
dsDNA substrate. The strand exchange solution was com-
posed of 5 mM ATP or an analogous nucleotide, varied
amounts of MgCl2, 100 mM KCl, 50 mM Hepes-Tris buffer
at pH 7.4, 21µM MvRadA, 0.1% (v/v) 2-mercaptoethanol,
and 1 µM oligonucleotides. The 63-nt ssDNA substrate
(oligonucleotide 2) was preincubated at 37°C with MvRadA
for 1 min before the 36-bp dsDNA substrate was added. The
reaction was stopped at 30 min by adding EDTA to a
concentration of 20 mM and trypsin to a concentration of 1
µg/µL. After 10 min of trypsin digestion, a 10µL sample
was mixed with 5µL of a loading buffer composed of 30%
glycerol and 0.1% bromophenol blue and then loaded onto
a 17% acrylamide vertical gel. The SDS-PAGE was
developed for 1 h at 100 V andthen stained with ethidium
bromide. The fluorescent emission by DNA-absorbed ethid-
ium bromide was recorded with a Kodak GelLogic 200
system. Strand exchange yields were quantified using the
Kodak MI software, and a reference lane was loaded with a
thermally annealed 63-nt/36-nt heteroduplex DNA, a species
identical to the strand exchange product.

Strand Exchange Assay Using Virion DNAs.Circular
single-strandedφX174 virion DNA (5386 nucleotides) and
its homologous double-strandedφX174 replication form I
DNA (5386 base pairs) were purchased from New England
Biolabs. The double-stranded replication form I DNA was
linearized byPstI (VWR) digestion and purified using a
Qiaquick kit (Qiagen) before being used as the dsDNA
substrate. The reaction solutions had the same chemical
composition as those used in strand exchange between
synthetic oligonucleotides. Only ATP was used in this assay.
The reaction solution was also supplemented with an ATP-
regenerating system composed of 4 mM creatine phosphate
and 0.01 unit/µL creatine kinase (VWR). The circular single-
stranded φX174 virion DNA (5 ng/µL or 15 µM in
nucleotides) and MvRadA (5µM) were first incubated in
the reaction buffer at 37°C for 3 min. Then single-stranded
DNA-binding protein (SSB) fromE. coli (VWR) was added
to a concentration of 1µM. After a second incubation at
37 °C for 3 min, thePstI-linearized dsDNA was added to a
concentration of 10 ng/µL (15 µM in base pairs). After a
third incubation at 37°C for 90 min, SDS (a final concentra-
tion of 1%) and proteinase K (a final concentration of 1µg/
µL) were added to the reaction solution. A further incubation
for 10 min was required to fully degrade MvRadA. A 10
µL sample was mixed with 5µL of loading buffer composed
of 30% glycerol and 0.1% bromophenol blue and loaded onto
a 0.6% agarose horizontal gel. The DNA gel electrophoresis
was developed for 4 h at aconstant electric field of 4 V/cm.
The ethidium bromide-stained gel was recorded with the
Kodak GelLogic 200 system.

RESULTS

Mg2+ Sites in Crystallized MVRadA Filaments.Our recent
crystallographic study (13) on MvRadA has unexpectedly
revealed a secondary Mg2+ site as well as a canonical P-loop
and nucleotide-lined primary Mg2+ site (Figure 1). Besides,
a promiscuous pocket for binding either two K+ (22) or one
Ca2+ (23) has been found as a plausible structural basis of
cationic stimulation on Rad51 orthologues (Figure 1). Both
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Mg2+ sites have been confirmed by anomalous scattering
signals of a manganese-soaked crystal (13) and appear
recurrent in other reported MvRadA structures in the
ATPase-active conformation represented by the complex with
the ATP analogue AMP-PNP and K+ as well as in the
ATPase-inactive conformation represented by the complex
with ADP (22, 24). The secondary Mg2+ is also buried at
the subunit-subunit interface approximately 11 Å from the
primary one. It is a formal possibility that the secondary
divalent cation could affect the stability of active MvRadA
filaments. Both cations exhibit typical octahedral coordina-
tion geometries (Figure 1B) as seen in many other protein
structures containing Mg2+. The secondary Mg2+ is coordi-
nated by four water molecules (distances 2.0-2.2 Å), the
main chain carbonyl of Gln-98 (2.0 Å), and the side chain
carboxylate of Asp-246 (2.1 Å). Three of the four water
ligands are also hydrogen-bonded with the polar side chains
of Ser-99 (3.0 Å), Asn-242 (2.6 Å), and Asp-246 (2.6 Å),
respectively (blue subunit, Figure 1B). The Ser-99 bridged
water ligand also forms a weak hydrogen bond with the
hydroxyl of Thr-283 (3.4 Å) in the ATPase-active conforma-
tion but does not in the ATPase-inactive conformation (4.4

Å apart; not shown). Across the subunit interface, the main
chain carbonyl of the catalytic Glu-151 (green subunit, Figure
1B), which is equivalent to Glu-96 of EcRecA, also forms a
hydrogen bond with the water ligand (2.6 Å) hydrogen-
bonded with Asp-246. Nearby, the carbonyl of Gly-152
forms a weak hydrogen bond with the fourth water ligand
(3.4 Å). The location of the secondary Mg2+ in the proximity
of the catalytic Glu-151 implies a second formal possibility
that the Mg2+ site could affect the ATPase activity of
MvRadA by changing the conformation of Glu-151. Unlike
the primary Mg2+ site which likely represents a P-loop-bound
Mg-ATP2- complex, the secondary Mg2+ does not appear
to have any direct interaction with the ATP analogue. We
reasoned that the secondary binding site would be sensitive
to free Mg2+ rather than Mg-ATP2- concentration. We
therefore carried out strand exchange and ATPase assays in
varied concentrations of Mg2+ to test these two possibilities.
Our recent study (23) also suggests that Mg2+ could stimulate
the strand exchange activity of MvRadA in the absence of
K+ or Ca2+ by possibly taking the role of either K+ or Ca2+

in the promiscuous cation-binding pocket. However, in the
presence of K+, Mg2+ did not appear to compete for the

FIGURE 1: ATP and Mg2+ sites in stereo. One nonhydrolyzable ATP analogue AMP-PNP (yellow) and two Mg2+ (red spheres) have been
located in the recently determined crystal structure of MvRadA (PDB code 2FPM). (A) Two neighboring MvRadA protomers are shown
in green and blue, respectively. The filament axis is shown as a vertical line. Both Mg2+ ions are located at the subunit interface. Two K+

ions (in purple) are located in the proximity of theγ-phosphate of the ATP analogue. (B) A magnified view showing the interactions with
both Mg2+. The viewing direction is identical to that of (A). Three water molecules liganding the AMP-PNP-bound Mg2+ as well as four
water molecules liganding the secondary Mg2+ are shown in smaller red spheres. The putative hydrolyzing water is shown as a yellow
sphere near the primary Mg2+ and the catalytic Glu-151. The coloring scheme for the main chain atoms is the same with that used in (A).
Selected side chains are shown in cyan. The Mg2+-liganding bonds are shown in black lines. Selected hydrogen bonds are shown in yellow
lines. The secondary Mg2+ has a water ligand which interacts with the catalytic Glu-151. This figure was generated using Molscript (37)
and Raster3D (38).
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cation-binding pocket (see caveat below), therefore es-
sentially enabling our interpretation of results based on a
two-site model.

Strand Exchange ActiVity Is SensitiVe to Mg-ATP2-

Concentration.The wild-type MvRadA has been observed
to promote strand exchange between synthetic oligonucle-
otides in the presence of ATP or its hydrolysis-resistant
analogues ATP-γ-S and AMP-PNP (24). In this assay, an
MvRadA/ssDNA ratio of 1:3 was used, which follows the
known stoichiometry for such recombinases. The acrylamide
gel band corresponding to the heteroduplex product began
to appear after 10 min, and its intensity reached a plateau
after 30 min (time course data not shown). Therefore, a fixed
reaction time of 30 min was chosen. We first verified the
dependence of MvRadA on Mg-ATP2- chelate as expected
from the known cofactor requirement by RecA orthologues.
A fixed overdose of ATP (5 mM) over MgCl2 (0-0.4 mM)
was used, such that the predominant majority of magnesium
would exist as the Mg-ATP2- complex (Figure 2A). The
strand exchange yield gradually approached∼30% as total
[MgCl2], or [Mg-ATP2-], increased to 0.4 mM. Expectedly,
the apparent dissociation constant of MvRadA for Mg-ATP2-

was estimated to be 50µM, a value in a similar range to
those reported for known RecA orthologues.

Strand Exchange ActiVity Is InsensitiVe to Free Mg2+

Concentration.We further accessed the strand exchange
activity of MvRadA in the presence of higher concentrations
of MgCl2 (1-8 mM) (Figure 2B). The yield stayed nearly
constant around 35% with 1-5 mM MgCl2 and slightly
decreased with higher magnesium concentrations. In the
presence of 8 mM MgCl2, the yield decreased to∼20%.
Since a constant ATP concentration of 5 mM was employed,
the calculated free Mg2+ concentration varied by∼300-fold,
ranging from 10µM (corresponding to 1 mM total Mg2+)
to 3 mM (corresponding to 8 mM total Mg2+). The activity
change of less than 2-fold suggests that the strand exchange
activity of MvRadA is insensitive to free Mg2+ concentration.

ATPase ActiVity Is SensitiVe to Mg2+ Concentration.We
also monitored the release of inorganic phosphate in 30 min
as a crude measure of the rate of ATP hydrolysis (Figure
2B). An MvRadA/poly(dT)36 (in nucleotides) ratio of 1:6
was used so as to achieve maximal stimulation of the ATPase
activity of MvRadA. Little ATP was hydrolyzed in the
presence of less than 2 mM MgCl2. The extent of ATP
hydrolysis sharply increased with 3 mM or more MgCl2 and
reached∼50% of the maximum when 4 mM MgCl2 was
present. It is worth noting that the ATPase activity of
MvRadA is minimal in the absence of K+. If Mg2+ could

FIGURE 2: Mg2+-dependent DNA strand exchange and ATP hydrolysis activities of MvRadA. The strand reaction scheme is shown in the
top. The reaction solutions contained 5 mM ATP, 100 mM KCl, varied concentrations of MgCl2, and 50 mM Hepes-Tris buffer at pH 7.4.
The strand exchange reaction solutions also contained 21µM wild-type MvRadA and 1µM each of an ssDNA and a dsDNA substrate.
Strand exchange activity was indicated by the formation of a slowest migrating heteroduplex DNA species (hdDNA). The acrylamide gels
were stained by ethidium bromide, and its fluorescence signal was digitized for quantification. Yields and standard deviations derived from
multiple strand exchange experiments are shown on the right. (A) Strand exchange reaction in the presence of low concentrations of
MgCl2. It appears that the strand exchange reaction requires the presence of∼50 µM Mg-ATP2- for half-activation. (B) Strand exchange
reaction in the presence of high concentrations of MgCl2. The ATPase assays were performed in the same chemical solution but with 3µM
MvRadA and 0.5µM poly(dT)36. The concentration of released inorganic phosphate was measured after 30 min of reaction. The ATPase
activity appears dormant until 3 mM or more MgCl2 is present, while the strand exchange activity of wild-type MvRadA appears slightly
decreased with increasing ATPase activity.
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compete with K+ for the promiscuous cation-binding pocket,
we would expect a sharp decrease in ATP hydrolysis. The
results clearly showed a lack of such decrease, indicating
that Mg2+ does not efficiently compete with K+. It is not
surprising that optimal strand exchange activities were
observed under these low Mg2+ conditions (1-2 mM), since
the Mg-ATP2- complex is concentrated enough for saturating
the ATPase site. As ATP is an Mg2+ chelator, the free Mg2+

concentration in the presence of 5 mM ATP must be
significantly lower than the total concentration of MgCl2.
The lack of efficient ATP hydrolysis in 1-2 mM MgCl2 is
likely due to lower concentration of free Mg2+ rather than
Mg-ATP2- chelate. Using the MAXCHELATOR software
(25), we tentatively assigned an apparent dissociation
constant for the secondary Mg2+ as ∼0.2 mM, which
corresponds to the free magnesium concentration in the
presence of 4 mM MgCl2 and 5 mM ATP. Since the
secondary Mg2+-binding site is close to the catalytic residue
Glu-151, the dependence on the concentration of MgCl2

implies that changes in the secondary site may propagate to
the ATPase site.

Strand Exchange ActiVity Is Retained by the Asp-246
Mutant Proteins.Free magnesium ions appear to be needed
for the activation of the ATPase activity of MvRadA but
not for the activation of strand exchange activity. These
results favor the possibility that the secondary Mg2+ serves
as a switch for ATP hydrolysis while not significantly
affecting filament stability. We further verified this assump-
tion by mutating the Mg2+-liganding Asp-246. An Asn as
well as an Ala mutation was made. Lack of electron density
in the secondary site of crystallized D246A protein suggests
the loss of binding a second Mg2+ (Supporting Information).
We presume the Asn mutant protein, though not successfully
crystallized, would have similar properties due to the loss
of the negatively charged carboxylate of residue 246.
Compared with the wild-type protein, both mutant proteins
exhibited higher yield (∼45%) in promoting DNA strand
exchange (Figure 3A,B). It appears that the stability of the
active recombinase assembly is not noticeably decreased by
structural perturbation at the secondary Mg2+-binding site.
These results were similar to that of the wild-type protein in
lower concentrations (1-2 mM) of MgCl2. The crystal
structures of MvRadA have provided a possible explanation
to why stability is retained in the absence of the secondary
Mg2+. The Mg2+-liganding Asp-246 also forms a hydrogen-
bonded bridge with Arg-181 (Figure 1B), which is invariable
in characterized RadA, Rad51, and DMC1 sequences. As
such, the carboxylate of Asp-246 remains neutralized by Arg-
181 even in the absence of magnesium, therefore avoiding
a destabilizing scenario of burying this negatively charged
group without neutralizing it.

ATPase ActiVity Is Markedly Reduced by Mutations at
Mg2+-Liganding Asp-246.Compared with the wild-type
protein, the initial ATP turnover rates of the D246N and
D246A proteins appeared noticeably reduced by∼20-fold
(Figure 3C). Their much-lowered ATPase activities are
similar to that of the wild-type protein when little free Mg2+

is present. The possibility that binding the secondary Mg2+

is critical for ATPase activation is consistent with the location
of this magnesium site near the catalytic residue Glu-151.
The equivalent Glu-96 in EcRecA was first suggested as the
general base to activate the nucleophile water (26). The

suggested role for this conserved Glu is consistent with the
ATPase-active conformation of MvRadA (22), and the
requirement for a precisely placed carboxylate general base
was further supported by crystal structures of the E151D
MvRadA protein and over 100-fold reduction in its ATPase
activity (19). The observed hydrogen bond between the main
chain carbonyl of Glu-151 and an Mg2+-liganding water
molecule (Figure 1B) may render the side chain of Glu-151
in a favorable state for catalyzing ATP hydrolysis. With the
loss of this secondary Mg2+ ion, due to either an insufficient
magnesium concentration or mutations at Asp-246, such a
favorable state for catalysis likely becomes perturbed,
therefore rendering the enzyme less effective. We could not
rule out, however, the fact that the binding of a second Mg2+

at the subunit interface may speed up ADP/ATP exchange.
Promotion of Strand Exchange between Viron DNA.RecA

orthologues are known to promote strand exchange between
DNA substrates of several thousand nucleotides or base pairs
in length. The much shorter (<100 nt/bp) synthetic DNA
substrates may be of too little challenge to reveal filament
destabilization. So as to rule out this possibility, we
performed strand exchange assay using a circular single-
stranded viron DNA (5386 nucleotides) and a linearized
double-stranded viron DNA (5386 base pairs). The strand
exchange reaction between the two homologous DNAs
produced a nicked circular DNA species which migrated
slower than the substrates (Figure 4). The low yield of less
than 15% and poor reproducibility which led to 5-10%
fluctuations prevented meaningful quantification. Neverthe-
less, the occurrence of a slower migrating product band on
the agarose gels suggests that the wild-type and the Asp-
246 mutant proteins are active in promoting extensive strand
exchange. As observed in the exchange reaction between
synthetic oligonucleotides, the strand exchange reaction
between viron DNAs is not noticeably sensitive to free Mg2+

concentrations. Therefore, it is unlikely the secondary Mg2+,

FIGURE 3: DNA strand exchange and ATP hydrolysis activities of
mutant MvRadAs. (A) Strand exchange activity of the D246N and
D246A mutant proteins in the presence of 5 mM ATP, 100 mM
KCl, and 1-8 mM MgCl2. (B) Quantified strand exchange yields
of reactions in (A) and Figure 2. Standard deviations derived from
multiple experiments are shown as error bars. (C) Turnover rates
of ssDNA-dependent ATP hydrolysis in the presence of 5 mM ATP,
100 mM KCl, and 1-10 mM MgCl2. Poly(dT)36 was used as the
ssDNA substrate. The D246N and D246A proteins are defective
in ATP hydrolysis but proficient in strand exchange.
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despite being located at the subunit interface, would signifi-
cantly affect the formation and stability of the strand
exchange-active nucleoprotein filaments.

Kinetic Parameters of ATP Hydrolysis Catalyzed by
MVRadA.Only the ATPase activity of MvRadA appears to
be sensitive to the concentration of free Mg2+. We further
verified this conclusion by using three different ATP
concentrations (2, 5, 10 mM). As expected, the turnover rate
sharply increased when total MgCl2 concentrations ap-
proached the concentration of the Mg2+-chelating ATP
(Figure 5A). Using the MAXCHELATOR software to
estimate free Mg2+ concentrations, the trends of turnover
rates in three different concentrations of ATP against the
concentration of free Mg2+ but not total Mg2+ appeared to
be correlated (Figure 5A,B). To derive kinetic parameters
of the ATP hydrolysis reaction, we further employed
nonlinear curve fitting with the Prism software (GraphPad)
using all measured rates against calculated concentrations
of free Mg2+ (Figure 5C). The maximum turnover rate was
estimated to be 21.2( 0.7 min-1, and the dissociation
constant for the secondary Mg2+ was estimated to be 0.55
( 0.05 mM. The Hill coefficient was estimated to be 1.7(
0.2, indicating a low level of cooperativity similar to other
characterized Rad51/RadA homologues (27, 28). Changes
in the secondary Mg2+ site in the D246A structure does not
appear to cause gross changes in the neighboring subunit,

therefore providing an explanation to the lack of apparent
cooperativity. Strikingly unlike EcRecA, Rad51/DMC1/
RadA proteins lack a high level of cooperativity on the
binding of Mg-ATP2-. Though no structural evidence has
been gained on an MvRadA filament with mixed ATP and
ADP occupancy, existing structures of MvRadA indicate
that ATP-bound and ADP-bound filaments are strikingly
similar in helical parameters (24). It is possible MvRadA
filaments could tolerate the binding of ATP and ADP in
neighboring ATPase centers, rendering such filaments non-
cooperative.

FIGURE 4: DNA strand exchange between virion DNAs. The strand
reaction scheme is shown in the top. Strand exchange reactions
were assayed in solutions containing 5 mM ATP, 100 mM KCl,
specified concentrations of MgCl2, 5 µM MvRadA, 1 µM E. coli
SSB, 5 ng/µL circular ssDNA, and 10 ng/µL linear dsDNA. The
product is the slowest migrating band of nicked circular DNA (NC)
on the ethidium bromide-stained agarose gels. The wild-type
MvRadA and the D246N and D246A mutant proteins are similarly
active in promoting extensive strand exchange.

FIGURE 5: Kinetic parameters of ATP hydrolysis. The turnover
rates of the ATP hydrolysis reaction were derived by monitoring
the initial time course of phosphate release (within the first 15 min).
The standard errors (shown as vertical bars) were derived from
three repeated experiments. The reaction solutions contained 100
mM KCl, varied concentrations of MgCl2, three specified concen-
trations of ATP, 3µM wild-type MvRadA, and 0.5µM poly(dT)36.
(A) Turnover rates versus total Mg2+ concentrations. The rate
drastically increases as the MgCl2 concentration surpasses the ATP
concentration. (B) Turnover rates versus free Mg2+ concentrations.
The trends with three ATP concentrations appear correlated. (C)
Kinetic parameters of the reaction derived by nonlinear fitting using
the Prism software (GraphPad).
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SelectiVity on Nucleotide Substrates. The recent study by
Fishel and co-workers on human Rad51 has demonstrated
that magnesium affects ATP/ADP selection (16). In other
words, change in the ATPase center is induced by magne-
sium. The MvRadA orthologue’s ATPase activity appears
to be affected by binding of a secondary Mg2+ not directly
associated with the ATP substrate. We further probed
nucleotide substrate selectivity of the MvRadA-promoted
strand exchange reaction between homologous oligonucle-
otides. The wild-type MvRadA exhibited comparable strand
exchange activity in the presence of ATP as well as
analogous AMP-PNP and ATP-γ-S (Figure 6A). In contrast,
the strand exchange activity of the two mutant proteins with
a site-directed mutation at the secondary Mg2+-liganding
Asp-246 exhibited marked preference for ATP over the two
nonhydrolyzable ATP analogues (Figure 6B,C). These results
again suggest that changes in the secondary Mg2+-binding
site propagate to the ATPase center to enable distinguishing
between ATP and its analogues. Recently reported structures
of MvRadA in the presence of AMP-PNP and an activating
dose of K+ or Ca2+ have revealed an active conformation in
which the DNA-interacting L2 region is largely ordered. On
the other hand, MvRadA structures in the presence of ADP
or in the presence of AMP-PNP but lacking an activating
cation have recurrently revealed an inactive conformation
with a largely disordered L2 region. Since the D246A protein
cannot utilize AMP-PNP as a cofactor to promote strand
exchange, it is not surprising, after all, that the crystal
structure of this mutant protein in complex of AMP-PNP
and K+ was observed in the inactive form (Supporting
Information).

DISCUSSION

The archaeal RadA protein fromM. Voltae is a bona fide
RecA orthologue that promotes extensive strand exchange

between homologous DNAs. As expected from an ATPase
with a P-loop that binds Mg-ATP2- chelate, the activation
of this recombinase requires the presence of both Mg2+ and
ATP. Despite the intersubunit location of the secondary
Mg2+, the strand exchange activity of MvRadA does not
appear to be sensitive to free Mg2+ concentration. This
implies that binding a secondary Mg2+ would not signifi-
cantly affect the assembly of active recombinase-DNA
filaments. On the other hand, the ATPase activity of
MvRadA appears to be sensitive to free Mg2+ concentration.
Besides, the preference for nucleotide cofactors appears to
be altered by site-directed mutagenesis at the Mg2+-liganding
Asp-246. The ATPase observations along with the location
of the secondary Mg2+ in the proximity of the catalytic Glu-
151 collectively suggest that the secondary Mg2+-binding
site serves as an allosteric switch for ATP hydrolysis. The
marine habitat ofM. Voltae has a relatively high Mg2+

concentration around 50 mM. A study shows that marine
bacteria enrich magnesium by 10-20-fold (29). Adding the
fact that CorA magnesium intake systems are ubiquitous in
archaea (30), it seems likely that this marine organism
maintains an adequately high intracellular Mg2+ concentra-
tion to activate the ATPase activity of MvRadA. Though
unlikely to be conserved in the intensively studied
EcRecA due to large differences in amino acid sequence, a
similar divalent cation-binding site may exist in some
closely related eukaryal orthologues. Human and yeast
Rad51s do have a conserved Asp residue at their respective
equivalent positions of residue 246 of MvRadA. Interestingly,
the activity of human is sensitive of Mg2+ concentration
(15) which has been further addressed to Mg2+-affected
selection of ATP over ADP at the ATPase center (16). Unlike
human Rad51, the strand exchange activity of MvRadA is
insensitive to Mg2+ concentration. Nonetheless, mutations
at Asp-246 of the archaeal orthologue exhibit altered
preference for nucleotide cofactors, further indicating allos-
teric communication between the secondary Mg2+ site and
the ATPase center.

An active recombinase-DNA filament is in a strand
exchange-competent state which harbors an extended and
underwound form of DNA as compared with B-DNA (31).
The active filament dissembles by its intrinsic ATPase
activity unless ATP hydrolysis is blocked or ATP is
replenished by ADP/ATP exchange. The severe toxicity by
a E96D mutation in EcRecA appears to suggest that ATPase
activity appears to be functionally important in releasing
DNA. Human Rad51 and other eukaryote orthologues appear
to be inefficient in hydrolyzing ATP. Unlike the E96D
mutant of EcRecA, such inefficiency by eukaryote recom-
binases does not cause cytotoxicity. For human Rad51, its
inefficiency in ATP hydrolysis is partly due to slow ADP/
ATP exchange and can be accelerated by hXRCC2 (32). It
is worth noting that a high concentration of Mg2+ further
deactivates human Rad51 by blocking ADP/ATP exchange
(16). Another divalent cation, Ca2+, has recently been
demonstrated to inhibit ATP hydrolysis and elevate strand
exchange activity of human Rad51 (33). Similar stimulatory
effects by Ca2+ have also been reported for human DMC1,
yeast Rad51, and archaeal RadA (23, 34, 35). Recently, the
stimulatory roles by monovalent cations such as K+ and
larger M+ on human Rad51 have been systematically studied
(36), and similar stimulation by K+ on MvRadA has been

FIGURE 6: Selectivity on nucleotide substrates. The strand exchange
reaction scheme as well as protein and DNA concentrations is
identical to that in Figure 2. The reaction solution contained 10
mM MgCl2, 100 mM KCl, and 5 mM specified nucleotide. The
wild-type protein is active in the presence of ATP, ATP-γ-S, and
AMP-PNP (A). The D246N (B) and the D246A (C) mutant proteins
are active only in the presence of ATP.
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structurally rationalized (19, 22). Such divalent and monova-
lent stimulants exert their stabilization on an active confor-
mation by filling a promiscuous cation-binding pocket near
the γ-phosphate of ATP. In this study, we further studied
the secondary Mg2+-binding site of MvRadA, which is
located between subunits and in the proximity of the catalytic
glutamate (Glu-151). Such a location is ideal for exerting
allosteric effects on filament assembly and/or ATP hydroly-
sis. Our results suggest it is the latter of MvRadA that is
affected by Mg2+ binding. On the basis of the observed over
100-fold reduction in ATPase rate by substituting Glu-151
for an Asp (19), the precise positioning of the catalytic
carboxylate appears to be required for efficient ATP hy-
drolysis. The secondary Mg2+ could stabilize such positioning
of the carboxylate by water-bridged interactions with Glu-
151 as seen in MvRadA structures. Interestingly, this site
has also been found to bind Ca2+ (23). We argue that the
structural element for binding free Mg2+ or even Ca2+ may
be shared by some members of this group of archaeal
and eukaryal recombinases due to the conservation of
Asp-246. Unlike bacteria and archaea, in which RecA and
RadA proteins are likely concurrently active in ATP hy-
drolysis and DNA strand exchange, eukaryal orthologues
appear at least an order of magnitude slower in hydrolyzing
ATP, a step required for releasing DNA after strand
exchange. In theory, signaling and protein-protein interac-
tions such as the stimulating interactions by human
XRCC2 on Rad51 (32) could offer a way of regulated ATP
hydrolysis and subsequent DNA release in multicellular
organisms. Though a possible signaling role played by
divalent cations has never been established by in
vivo experiments, the physiological relevance of M2+-
binding sites in eukaryal recombinases warrants further study
so as to arrive at a comprehensive understanding of the
assembly and life span of active recombinase-DNA fila-
ments.
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