










to that of the complex formed with ATP/Mg2+(during the
first 6 h), suggesting that these filaments are structurally
similar.
Surprisingly, the LD signal of the HsRad51/ssDNA

filament with ATP/Mg2+ after overnight incubation
differs significantly from that of the complex formed

with ADP/Mg2+ (Supplementary Figure S3). This seems
to confirm that even if some of the ATP within the
filament is hydrolyzed to ADP during the long incubation
time, two different structures still exist, depending on
whether any ATP is present or not.

Correlation between structure and strand exchange
activity

The strand exchange activity of HsRad51 was examined
under the same conditions as in our LD study in search for
a structure-function relationship. In agreement with
results reported previously by Bugreev and Mazin (20),
the strand exchange activity in the presence of ATP/
Ca2+ is 2–3 times higher than that in the presence of
ATP/Mg2+ (Figure 4). We also observed a higher strand
exchange activity when the concentration of Ca2+ was
increased to 5mM, consistent with their results.
Surprisingly, we also observed that HsRad51 exhibits
some strand exchange activity in the presence of ADP/
Ca2+, which, according to our LD analysis, promotes a
similar structure of the HsRad51/ssDNA complex as
ATP/Mg2+. To verify that there is no contamination of
ATP or any exonuclease activity in the sample, we have
performed HPLC analysis for ATP and monitored the
fluorescence of poly(deA) (results not shown). In
contrast, HsRad51 does not present any significant
strand exchange activity with ADP/Mg2+. Obviously the
structure of the HsRad51/ssDNA complex in the presence
of ADP/Mg2+, as judged from the LD spectrum, differs

Figure 4. Effects of Ca2+ and Mg2+ ions on DNA strand exchange activity of HsRad51. HsRad51-promoted strand exchange between labelled
ssDNA and the homologous dsDNA in the presence of ATP/Ca2+, ATP/Mg2+, ADP/Ca2+ or ADP/Mg2+ was performed as described in text.
The products were separated by gel electrophoresis (A) and quantified (B).

Figure 3. LD spectra of HsRad51/poly(dT)/ADP complexes.
Complexes were formed by mixing HsRad51, poly(dT) and ADP in
the presence of Mg2+ (red) or Ca2+ (black). LD spectra were
measured after 2 h incubation at room temperature.
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significantly from that promoted by ATP/Mg2+. In con-
clusion, these variations suggest that the structure of the
HsRad51 filament is crucially important for its strand
exchange activity.

Molecular modelling and structural analysis

To get an increased understanding of the molecular basis
of the structural variations observed in LD of HsRad51/
ssDNA filaments with ATP or ADP in the presence of
Ca2+ or Mg2+, we performed a molecular modelling
combined with a structural analysis of the available
crystal data of homologous proteins, including ScRad51
(PDB entry 1SZP), MvRadA (PDB entries 3FYH, 2I1Q,
2FPL, 1T4G and 1XU4) and HsDMC1 (PDB entry
1V5W). To this end our previous model of the protein
(30) was refined. In particular, the conformation of the
L2 loop was amended with the help of homology
modelling using the structures of ScRad51 (PDB entry
1SZP), HsDMC1 (PDB entry 1V5W) and MvRadA
(PDB entry 1XU4) as templates. The L2 loop is not
only a ‘host’ for one Ca2+ or Mg2+ ion, but it is also pos-
itioned in close proximity to the postulated ATP/ADP
binding site, the DNA-binding site and the interface
between two adjacent protein monomers. The interactions
and structure of the L2 loop are therefore highly relevant
to this study. The final converging geometry of the L2
loop is depicted in Figure 5.

A docking analysis was carried out to find the position
and orientation of ATP/ADP inside the HsRad51/ssDNA

filament, with the L2 loop of the protein in a folded con-
formation. The binding site for ATP/ADP consists of the
P-loop, which hosts the P-terminus of ATP/ADP, and the
L2 loop, sequences that are highly conserved among all
recombinases. Nevertheless, significant variations in their
locations inside the nucleoprotein filament structure
appear possible. The docking analysis placed ATP/ADP
in the same binding position as that observed for the
MvRadA structures (22,52), but with a slightly different
orientation. This binding mode of ATP/ADP was used as
a starting orientation for further simulations.
The DNA binding mode inside the HsRad51 filament

was also re-examined and structurally refined. An electro-
static potential analysis of the filament structure with a
redesigned L2 loop revealed the presence of a positively
charged tunnel (Supplementary Figure S4) located
between the two putative DNA binding loops, L1 and
L2 (29). This DNA binding mode provides a better fit
for the DNA helix inside the protein filament than the
one suggested in our previous model (30). This binding
mode of ssDNA was kept throughout further simulations.
We have performed a set of MD simulations, each 20 ns

long, to examine the role of divalent cations in the nucleo-
protein structure in the presence and absence of Mg2+ or
Ca2+, together with ATP or ADP. The simulations were
performed with and without ssDNA in the filament.
Details on model systems are given in the ‘Materials and
methods’ section. In all simulations where the model
systems had Ca2+ or Mg2+ at the C-terminus of the L2
loop, the nucleoprotein filament was stable and no signifi-
cant structural changes were observed. When ssDNA was
missing inside the filament, the absence of cations did not
induce any structural changes, compared with a filament
with cation. However, when Ca2+/Mg2+were absent at the
C-terminus of the L2 loop and the filament contained
ssDNA, the a-helical region of the L2 loop became
elongated during MD (Figure 5), bringing its hydrophobic
amino acid residues into the protein–DNA interaction
area. This breaks the continuity of the positively charged
tunnel, which provides a well-defined binding site for
DNA, and loosens the protein-DNA attraction. The
MD simulations with Ca2+ and Mg2+ did not show any
structural divergence between the two. This could be ex-
plained by the fact that during MD simulations, the
divalent ions tend to remain in their initial position, and
thus no difference between Ca2+ and Mg2+ could be
observed with a classic MD approach on a 20-ns time
scale.
Finally, MD revealed some interesting differences in the

binding mode of ATP compared with ADP. ATP sits tight
in its binding pocket and the angular distribution of the
electronic transition moment, which gives rise to the
negative LD signal at 261 nm, varied only from 75� to
83� relative to the filament axis. For ADP, on the other
hand, the binding is not as tight and the angular distribu-
tion spreads from 59� to 83�, though again contributing
with a negative signal to the LD spectrum. (A pdb-
formated file containing the coordinates of the model
structure of the HsRad51/ssDNA/ATP/Mg2+ complex is
available as Supplementary Dataset 1.)

Figure 5. Model structure of the HsRad51/ssDNA/ATP filament with
and without a divalent cation, (A) and (B), respectively, at the
C-terminus of the L2 loop (orange). One cation (magnesium or
calcium) coordinates the oxygen atoms of the phosphates of ATP
(cation labelled ‘ATP’), whereas another cation coordinates the
a-helical region of loop L2 (cation labelled ‘L2 loop’). The a-helical
part of the L2 loop, which secures the DNA binding inside the nucleo-
protein filament, is stable in the presence of divalent cation (Ca2+ or
Mg2+). Without one divalent ion at the C-terminus of the loop, the
a-helical region becomes elongated, significantly disturbing the DNA
binding.
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DISCUSSION

To gain insight into the strand exchange reaction and to
explain the molecular mechanism behind the higher activity
ofHsRad51 in the presenceofCa2+comparedwithMg2+,we
have investigated the structure of the first reaction intermedi-
ate, HsRad51/ssDNA/ATP (or ADP), formed in the
presence of either Ca2+ or Mg2+. Using flow-oriented
samples in LD spectroscopy, we observed clear
ion-dependent structural differences between the complexes
with the two divalent ions in aqueous environment.
From the LD measurements on nucleoprotein filaments

formed with poly(deA), we found that the DNA bases in
the complex with Ca2+, the more active form, have a
defined orientation. A negative LD signal at 310 nm for
the complex with Ca2+suggests that the bases are oriented
preferentially perpendicular to the filament axis, while the
complex with Mg2+, the less active form, showed no signal
at 310 nm, thus indicating rather randomly oriented bases.
A perpendicular orientation of the bases in ssDNA may be
a prerequisite for an effective strand exchange reaction,
foreshadowed by base comparison and test pairing with
one of the strands of the incoming dsDNA. It has previ-
ously been shown, first with LD (35) and later confirmed
by a crystal structure (14), that the DNA bases in the
RecA/ssDNA/ATP/Mg2+ complex, which has a high
strand exchange activity, are also oriented with their
planes approximately perpendicular to the filament axis.
The lower, but still existing, strand exchange activity of
HsRad51/ssDNA/ATP/Mg2+ could be explained by the
nucleobases not being ordered in the filament. This lack
of orientation of the DNA bases in the HsRad51/ssDNA/
ATP/Mg2+ complex seen with our LD analysis cannot be
explained by accumulation of ADP due to rapid ATP hy-
drolysis in the presence of Mg2+, since the presence of an
ATP regeneration system did not modify the LD signal.
The fact that the HsRad51/ssDNA/ATP filament with

Mg2+ exhibited a significant LD signal, despite that the
DNA bases are poorly aligned in the filament, indicates
that HsRad51 covers ssDNA rather regularly, forming a
stiff linear filament. However, the LD intensity of the
HsRad51/poly(deA)/ATP complexes was weaker than
that of the HsRad51/poly(dT)/ATP complexes, both
with Ca2+ and Mg2+. This may reflect an incomplete or
unstable assembly of HsRad51 on some ssDNA se-
quences. Such a behaviour could be a contributing explan-
ation to the weak strand exchange activity of HsRad51
compared with that of RecA.
Our observations suggest that Ca2+ and Mg2+ influence

the organization of the protein filament around ssDNA
differently. To more clearly understand the structural cir-
cumstances, the two cations may impose on the overall
structure of the HsRad51/ssDNA/ATP complex, we have
refined our previous molecular model of the HsRad51 nu-
cleoprotein filament (30). The conformation of the putative
DNA binding loop (L2) was recalculated, providing an al-
ternative even more favourable binding mode for DNA in
a well-defined positively charged tunnel formed between
the L1 and L2 loops. The conducted MD experiments
reveal a delicate balance of the a-helical region stability
of the L2 loop. With a divalent cation present at the

loop’s C-terminus, the a-helical region that interacts with
the DNA backbone via two positively charged residues
remains stable. However, when a cation is missing, the
a-helical region becomes elongated, bringing its hydropho-
bic side chain residues close to the DNA backbone, thus
significantly perturbing the protein–DNA interaction.
Although MD does not show any significant differences
between the simulations with Ca2+ and Mg2+, we may
argue that Mg2+, being a smaller ion, may have greater
mobility and less chance to reside for a long time at the
C-terminus of the L2 loop, which would resemble the MD
case with no cation at the C-terminus. On the other hand,
for Ca2+, a bigger and more massive cation, the residence
time would be longer. It is worth mentioning that the
region where the C-terminus of the L2 loop is located is
structurally crowded, which would make it easier for the
smaller Mg2+ion to leave. Supporting our hypothesis is the
fact that in the crystal structures of the homologous
MvRadA protein, the L2 loop remains disordered in all
cases when crystallization was made in the presence of
Mg2+ (22), while when Ca2+was present, the L2 loop con-
tained an a-helical region.

It is interesting to note that the different HsRad51/
ssDNA filament structures induced by Ca2+ and Mg2+

are also highly dependent on whether ATP or ADP is
bound. Our MD simulations suggest that the ATP is
bound more tightly in the filament than ADP and
previous FRET measurements and single molecule studies
indicate that the complex with ATP is stretched while that
with ADP is not (51,53). Surprisingly, according to our LD
analysis, the structure of the HsRad51/ssDNA/ATP/Mg2+

filament is similar to that of the HsRad51/ssDNA/ADP/
Ca2+ complex, but the ATP-dependent strand exchange
activity of HsRad51 is higher in the presence of ATP/
Mg2+ than with ADP/Ca2+. With ADP/Mg2+, a filament
stiff enough to give an LD signal is formed, but it adopts a
different structure and it does not exhibit any significant
strand exchange activity.

Both Ca2+ as well as Mg2+ are ubiquitous modulators
of various cell functions. The total concentration of Mg2+

varies between cell types, but it ranges from 5mM to
30mM, while the free Mg2+ concentration has been
most often determined to be around 0.4–0.6mM (54).
On the other hand, the concentration of Ca2+ in vivo
does not exceed 5–10 mM and thus appears too low to
stimulate homologous recombination in the cell (55).
Nevertheless, it has been observed that Ca2+ plays an im-
portant role during the early stages of meiosis (56,57) and
in response to DNA damage (58,59). It is possible that the
effect we have observed in vitro with Ca2+ for the
HsRad51/poly(dT) complex can also occur in vivo with
the assistance of activator proteins.

While the HsRad51/ssDNA filament, which is the initial
complex in the strand exchange reaction, is highly depend-
ent on the divalent cation present, the HsRad51 complex
formed with dsDNA does not exhibit this dependence.
Our LD analysis reveals that the HsRad51/dsDNA
complex forms stiff and stable filaments of similar struc-
ture with both Ca2+and Mg2+. Moreover, previous kinetic
analyses have shown that the association and dissociation
of the HsRad51/dsDNA complex are independent of the
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type of divalent ions, while these processes with ssDNA
depend on the ions present (23). In further support of the
hypothesis that there are significant differences in the
binding modes of HsRad51 to ssDNA or dsDNA,
Kurumizaka et al. have reported that the strand
exchange inhibitor halenaquinone prevents the binding
of HsRad51 to dsDNA but only slightly to ssDNA (60).
In the case of RecA, we have observed that the filament
structure is very similar to complexes formed with ssDNA
and dsDNA (61), but from this study we can definitely
conclude that there are major differences in the case of
HsRad51. We can also conclude that there is a clear
cation dependence for both structure and activity of the
HsRad51/ssDNA filament. This is probably due to the
divalent cation directly affecting the protein–DNA inter-
action, thus exerting changes on the structure and stability
of the whole filament.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1–4 and Supplementary Dataset 1.
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1. Vispé,S., Cazaux,C., Lesca,C. and Defais,M. (1998)
Overexpression of Rad51 protein stimulates homologous
recombination and increases resistance of mammalian cells to
ionizing radiation. Nucleic Acids Res., 26, 2859–2864.

2. Sonoda,E., Sasaki,M.S., Buerstedde,J.M., Bezzubova,O.,
Shinohara,A., Ogawa,H., Takata,M., Yamaguchi-Iwai,Y. and
Takeda,S. (1998) Rad51-deficient vertebrate cells accumulate
chromosomal breaks prior to cell death. EMBO J., 17, 598–608.

3. Tsuzuki,T., Fujii,Y., Sakumi,K., Tominaga,Y., Nakao,K.,
Sekiguchi,M., Matsushiro,A., Yoshimura,Y. and Morita,T. (1996)
Targeted disruption of the Rad51 gene leads to lethality in
embryonic mice. Proc. Natl Acad. Sci. USA, 93, 6236–6240.

4. Richardson,C., Stark,J.M., Ommundsen,M. and Jasin,M. (2004)
Rad51 overexpression promotes alternative double-strand break
repair pathways and genome instability. Oncogene, 23, 546–553.

5. Maacke,H., Opitz,S., Jost,K., Hamdorf,W., Henning,W.,
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