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Homologous recombination is essential for repair of DNA double-strand
breaks. Central to this process is a family of recombinases, including
archeal RadA and human RADSI, which form nucleoprotein filaments on
damaged single-stranded DNA ends and facilitate their ATP-dependent
repair. ATP binding and hydrolysis are dependent on the formation of a
nucleoprotein filament comprising RadA/RADS51 and single-stranded
DNA, with ATP bound between adjacent protomers. We demonstrate that
truncated, monomeric Pyrococcus furiosus RadA and monomerised human
RADS5I retain the ability to bind ATP and other nucleotides with high
affinity. We present crystal structures of both apo and nucleotide-bound
forms of monomeric RadA. These structures reveal that while phosphate
groups are tightly bound, RadA presents a shallow, poorly defined binding
surface for the nitrogenous bases of nucleotides. We suggest that RadA
monomers would be constitutively bound to nucleotides in the cell and that
the bound nucleotide might play a structural role in filament assembly.

Homologous recombination, the process of error-free
repair of DNA double-strand breaks and stalled repli-
cation, has been well conserved through evolution
from bacteria to humans [1-4]. This process is facili-
tated by a group of recombinases that include proteins
from the bacterial RecA family [5], the archaeal RadA
family [6] and the eukaryotic RADSI1 family [7]. Dou-
ble-strand break repair involves several steps. First,
the DNA is unwound and digested to generate single-

Abbreviations

stranded DNA (ssDNA) [8.,9]. In the presence of ATP
and Mg”>", the recombinase then coats the ssDNA,
forming a nucleoprotein filament. This structure
invades the sister chromatid, searching for the homolo-
gous stretch of dsDNA, which is then used as a tem-
plate for recombination-mediated repair [10].

RADSI1 and RadA are structurally very similar, with
46% sequence identity and both containing a C-term-
inal ATPase domain and a smaller N-terminal domain

HumRadA2, humanised RadA ATPase domain; RadA-ct, monomeric ATPase domain of RadA; ssDNA, single-stranded DNA.
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that is implicated in DNA binding [11,12]. The highly
conserved ATPase domain contains nucleotide-binding
Walker A and Walker B motifs, in addition to two
loops (L1 and L2) that are located close to the nucleo-
protein filament axis and are predicted to bind ssDNA
[13-15]. RecA contains a similar catalytic ATPase
domain as RADS51 and RadA, and performs a similar
biological function [7,14,16]. However, there are differ-
ences between the families regarding ATP hydrolysis,
co-operative DNA binding and the polarity of strand
exchange [14,17-19].

Structural studies have shown that RADS51 and
RadA exist in both oligomeric ring and helical filament
forms [14-16,20-23]. In both forms, oligomerisation
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occurs via a protein—protein interaction between a
short flexible ‘FxxA’ oligomerisation motif (that links
the N- and C-terminal domains of one recombinase
protomer, Fig. 1A), and the C-terminal ATPase
domain of the neighbouring protomer. The flexibility
of this linker region allows a significant degree of con-
formational freedom between the recombinase sub-
units. This structural elasticity allows the formation of
both ring structures and helical nucleoprotein filament
structures of variable pitch. Indeed, electron micro-
scopy and crystallographic studies show that different
forms of the helical nucleoprotein filament reflect the
state of recombinase activity [13-15,20,22,24-27]. In
the presence of ATP or nonhydrolysable ATP ana-
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Fig. 1. C-terminal ATPase domain of Pyrococcus furiosus RadA is monomeric (A) Domain structure of a single protomer of full-length RadA
from Pyrococcus furiosus (PDB: 1PZN) showing the different structural units in different colours (B) SDS/PAGE gel of E. coli expression
tests for both full-length proteins and C-terminal domains of P. furiosus RadA and human RAD51; total lysate (T), soluble fraction (S) and
uninduced control (Ul). (C) Multi-angle laser light scattering chromatogram showing protein elution monitored by the change in refractive
index (blue) and molecular weight calculated from light scattering data (red). (D) Nondissociative mass spectrum showing ions with mass/

charge ratios consistent with a monomeric C-terminal RadA.
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logues, an extended ‘active’ form of filament is seen
with a helical pitch between 90 and 130 A. In contrast
in the presence of ADP or in the absence of a nucleo-
tide cofactor, a more compressed ‘inactive’ filament
form is observed with a pitch of 60-80 A. Although
the mechanism of interconversion between these two
forms is unknown, it is likely that nucleotide binding
and/or hydrolysis play a crucial role in determining
the conformation and thus the activity of the nucleo-
protein filament [28].

Recently, crystal structures of RecA in complex with
single- or double-stranded DNA and a nonhy-
drolysable ATP analogue were determined [20]. This
filament structure has an extended form with a pitch of
94 A. A key difference between this structure and the
lower pitched inactive RecA filament form is the rela-
tive positioning of the ATPase domains. However in
the active filaments, the nucleotide-binding site is bur-
ied, and in the compressed inactive form, the site is
more open and solvent accessible. These observations
are entirely consistent with previous electron micro-
scopy and biochemical data for RecA [29-32].
Although no crystal structures have yet been solved for
either RADS51 or RadA in complex with DNA, both
have been crystallised in the extended active form [33—
35]. These structures show a similar arrangement of
ATPase domains as seen with the DNA-bound RecA
structure. Differences in the conformations of the L1
and L2 DNA-binding loops are observed between the
crystal structures of active and inactive filament states
across all members of the recombinase family. In the
inactive filament state, the loops are either completely
disordered or present in multiple conformations
[20,24,25,36,37]; in contrast, these loops are more
ordered in the active filament forms [20,34,35,38].

At the intersubunit interface of the extended fila-
ment structure of Saccharomyces cerevisiae RADS1, a
direct interaction is observed between the nucleotide-
binding pocket and histidine 352 (His294 in human
RADSI, His307 in P. furiosus RadA) of the adjacent
protomer [33]. This residue is highly conserved among
RADS1 and RadA recombinases. The additional inter-
subunit contact that it provides is observed only in the
active filament form, possibly providing additional sta-
bility to the active filament conformation. The equiva-
lent residue in Escherichia coli RecA, Phe2l7, has
been shown to have a regulatory role in the transmis-
sion of allosteric information across the subunit inter-
face of the RecA filament [29]. The S. cerevisiae
RADSI filament structure was found to have two
types of protomer—protomer interactions at the
ATPase site with the His352 residue taking a different
conformation in each. In one interface, it points
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towards the nucleotide-binding site, whereas in the
alternate interface it is sterically excluded from the site
by Phel87 [33].

Another residue found at the protomer interface in
yeast RADS1 is Arg357, which forms an ion pair with
Glul82 of the neighbouring protomer. Both residues
are strictly conserved across all the recombinase fami-
lies [39]. Mutagenesis work on both His352 and
Arg357 in S. cerevisiae RADS51 has indicated that
while the residues are not essential for catalysis, they
likely have a role as transacting sensors of bound ATP
[39,40]. As with other AAA+ superfamily members, it
is possible that the ATPase centre of RADSI and
RadA acts as a conformational switch, taking an
active conformation in the presence of ATP, and
switching to an inactive conformation following ATP
hydrolysis to ADP [37,39,41.,42].

The role of ATPase activity in homologous recombi-
nation is somewhat ambiguous [43—46]. Assays testing
recombination function in vitro have shown that
nucleotide binding, but not hydrolysis, is required for
the formation of stable RADS51-ssDNA nucleoprotein
filaments [43-45,47,48]. However, while ATP hydroly-
sis is not required for presynaptic filament and D-loop
formation, it is required for the completion of homolo-
gous recombination-mediated repair in vivo [49]. One
explanation for this is that RADS5I1 turnover on
ssDNA requires ATP hydrolysis [10,44,50,51]. Further-
more, D-loop formation is enhanced in the presence of
a nonhydrolysable ATP analogue rather than ATP
[44]. Together, these observations suggest that during
recombination, ATP hydrolysis may be actively sup-
pressed in order to maintain an active extended nucle-
oprotein filament. Once synapsis has been achieved,
ATP hydrolysis may then be required for RADS5I
turnover, thus allowing other recombination factors to
access the postsynaptic stage of recombination
[10,44,50,51].

Here, we demonstrate that a monomerised form of
human RADS51 (RADS51-BRC4 fusion) and a trun-
cated monomeric form of P. furiosus RadA (RadA-ct)
retain their ability to bind ATP and other nucleotides
in the low micromolar range, and we present the crys-
tal structures of RadA-ct bound to ATP, ADP,
AMPPNP and GTP. These structures reveal that while
phosphate groups are tightly bound, RadA presents
only a relatively shallow and poorly defined binding
surface for the nitrogenous base moieties of nucleotide
ligands. In comparison with previous structures of
RadA in filament form, and together with biophysical
data that we present here, these findings shed light on
how individual RadA protomers contribute to ligand
affinity and specificity.
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Results

C-terminal ATPase domain of P. furiosus RadA is
monomeric

In order to study the binding of ATP and other
nucleotides to nonoligomeric RadA, we engineered the
protein by removing the N-terminal domain and the
linker that contains the FxxA oligomerisation sequence
(Fig. 1A). To facilitate crystallisation, the unstructured
L2 DNA-binding loop was also removed, creating a
construct that we denote RadA-ct. The resulting pro-
tein, unlike the corresponding ATPase domain of
human RADSI1, was solubly expressed in E. coli
(Fig. 1B), showed high thermal stability and could be
purified to homogeneity. Multi-angle laser light scat-
tering and nondissociative mass spectrometry showed
that the protein was monomeric in solution (Fig. 1).

Monomeric RadA binds nucleotides

Interactions of RadA-ct with ATP, ADP, AMP,
AMPPNP and GTP were assessed qualitatively using a
fluorescence-based thermal shift assay [52]. Full length
and RadA-ct proved to be extremely thermostable and
failed to denature at a temperature of 95 °C. A RadA
mutant (HumRadA?2) that was changed in the FxxA
epitope-binding site to resemble human RADSI (muta-
tions 1169M, Y201A, V202Y, E219S, D220A and
K221M) was found to have reduced thermal stability
with a Ty, of 81 °C. The crystal structure of this mutant
showed no structural changes in the ATP-binding site
with respect to the wild-type, full-length protein (data
not shown) and was used in subsequent thermal shift
assays. Monomeric form of RADSI1 in which BRC
repeat 4 from BRCAZ2 is covalently linked to the N ter-
minus of the ATPase domain of human RADS5I has
been described before [53]. The T, of HumRadA?2 and
RADS51-BRC4 in the absence and presence of ATP and
other nucleotides were measured (Table 1). Binding of
all nucleotide ligands was dependent on Mg>". The
presence of ATP or ADP increased the 7, of Hum-
RadA2 and RADS1-BRC4 significantly, up to 10 °C.
In contrast, AMP did not change the T, of either pro-
tein and nonhydrolysable ATP analogue AMPPNP
increased the 7, of HumRadA2 and RAD51-BRC4
only half as much as ATP. Thus, substitution of the
hydrogen bond-accepting oxygen between the B- and y-
phosphate with a hydrogen bond donating nitrogen in
AMPPNP is destabilising the complex. This is likely
due to the loss of the hydrogen bond between the back-
bone amide of Gly-141 and the phosphate oxygen in
ATP, as evident in the crystal structure reported here.

Monomerised RAD51 and RadA bind nucleotides

Table 1. Results of the fluorescence-based thermal shift and
isothermal titration calorimetric analyses of nucleotide binding to
RAD51-BRC4 and monomeric HumRadA2. The difference in the
melting temperatures between the apo protein and the ligand-
stabilised proteins is denoted as AT,.

RAD51-BRC4 HumRadA2

AT/°C Kp/um AT./°C Kp/um
ATP 9.0 1.0 10.0 1.0
ADP 7.0 1.0 7.0 0.54
AMPPNP 4.0 12.0 4.5 20.0
AMP 0.0 n/a 0.0 n/a
GTP 9.5 5.0 8.0 0.64
GDP 8.0 2.5 7.5 0.21

In order to compare the nucleotide binding more
quantitatively, we determined nucleotide-binding affini-
ties of RAD51-BRC4 and HumRadA2 by isothermal
titration calorimetry (ITC) (Fig. 2). The affinities of
HumRadA2 and RADS51-BRC4 for ATP were mea-
sured at approximately 1 um dissociation constant
(Kp), while affinities for AMPPNP were lower, at
20 uM and 12 pm respectively. HumRadA2 was shown
to have an affinity of 0.54 um for ADP, approximately
twice as potent as for ATP. Affinities from ITC mea-
surements mirror the results of the thermal shift results
yielding similar relative order of potencies.

There is no evidence to suggest that GTP is a natu-
ral substrate for RadA. Nevertheless, we find that
nonoligomeric HumRadA2 and RADS51-BRC4 can
bind both GTP and GDP, and in the case of Hum-
RadA2 with higher affinity for the adenine-containing
nucleotides with a Kp of 0.64 ym for GTP and
0.21 pum for GDP.

To analyse further the interaction with ATP, a
mutant form of HumRadA2 was created in which
ATP hydrolysis is blocked with a K144A mutation.
Lys144 is located within the P-loop, a universal feature
of ATP-binding proteins, binding to the triphosphate
moiety of ATP [54]. Mutation of this residue to ala-
nine has previously been shown to abrogate ATP
hydrolysis [55]. In line with these data, binding of
ATP to KI144A mutant of monomeric RadA-ct was
also completely abolished, with only heats of dilution
detected in ITC titration (data not shown).

X-ray crystal structures of nucleotide-bound
monomeric RadA

In order to determine the molecular basis of nucleotide
binding by RadA, we set out to solve the X-ray crystal
structures of monomeric RadA-ct bound to nucleo-
tides. Firstly, we crystallised and solved the structure

FEBS Open Bio 6 (2016) 372-385 © 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 375
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Fig. 2. Thermal shift analysis and ITC data on nucleotide binding to RadA. (A) Normalised fluorescence traces from thermal shift analysis of
RAD51-BRC4 in the presence of various nucleotides as indicated in the figure. As a control for specificity, an experiment in the presence of
ATP but without Mg?* is shown with dashed grey line. (B—K) ITC titrations of various nucleotides against RAD51-BRC4 (RAD51) and
HumRadA2 (RadA), as indicated in each panel. Baseline-corrected heats of binding are shown in the top panels as function of time and
integrated heat (squares) for each injection and fitting to one-to-one binding model are shown in the bottom panels. All data from thermal
shift analyses and ITC titrations are summarised in Table 1.

of RadA-ct in the absence of nucleotides; this revealed phosphates with various nucleotides by soaking the
the presence of a phosphate ion within the ATP-bind- crystals in a stepwise fashion in mother liquor contain-
ing site. We used these crystals to exchange the bound ing increasing concentrations of the nucleotide ligand
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and decreasing phosphate concentration. Using this
procedure, the phosphate ion was successfully dis-
placed from the ATP-binding site by nucleotide
ligands, thus enabling us to solve the structures of
RadA-ct bound to ATP, ADP, AMPPNP and GTP.
Data collection and refinement statistics are shown in
Table 2. GTP complex retained the same orthorhom-
bic space group as the phosphate-bound structure,
whereas ATP, ADP and AMPPNP structures showed
reduced symmetry and contained two molecules of
RadA-ct in the asymmetric unit; the structures of the
two RadA molecules were almost identical (0.34 A
rmsd) and in nearly identical environment in the crys-
tals, and the following discussion will focus on mole-
cule A.

The ATP-binding sites are very similar in all the
nucleotide-bound and non-nucleotide-bound RadA
structures, in the most part with only minor differ-
ences in the positioning of the side chains. One notable
exception to this is the positioning of the Phel40 side
chain which in the ADP and non-nucleotide-bound
structures points towards the nucleotide. In the ATP
and GTP complexes, this side chain has an alternative
rotamer pointing away from the nucleotide.

Electron density was clearly visible for all nucleo-
tides in the electron density maps, before these ligands
were included in the models (Fig. 3). The phosphate
ion present in the native RadA-ct structure is located
in the position occupied by the B-phosphate group of
nucleotide-bound structures. All nucleotides bind with
very similar conformations, with the highest variability
occurring in the nucleoside region. This likely reflects
the fact that most nucleotide-binding contacts of
RadA-ct are between the P-loop of RadA and the
phosphate groups of the nucleotide, whereas the nucle-
oside part is located on relatively wide and flat surface
on the protein (Fig. 4A,B).

The phosphate regions of all nucleotide ligands
make similar contacts with RadA, albeit with several
notable differences. The a-phosphates form interac-
tions with the main chain amides of GInl46 and
Thr145, and the B-phosphates form comparable inter-
actions with the side chain of Lys144 and both the side
chain and backbone of Thrl45 (Fig. 4C-F). Residues
equivalent to Lys144 and Thr145 have been shown to
be important for enzymatic function of bacterial RecA
[56]. The B-phosphates of ATP and ADP form a
hydrogen bond with the main chain amide of Glyl41,
an interaction that is presumably weakened by the
presence of the nitrogen of AMPPNP in this position.
Gly143 interacts with the oxygen bridging between [-
and o-phosphates in all complexes. The terminal y-
phosphates of ATP and AMPPNP both form bonds

Monomerised RAD51 and RadA bind nucleotides

with the side chains of GIn284 and Lys144; the equiva-
lent residue of GIn284 in bacterial RecA (GIn194) has
previously been shown to be required for the ATPase
activity [57,58].

A magnesium ion is observed in all nucleotide-
bound structures. It is positioned in the same location
in ATP and AMPPNP structures, co-ordinated by the
B- and y-phosphate groups and the hydroxyl group of
Thr-145. In the ADP structure, the Mg>" ion is
shifted slightly towards the B-phosphate group; it is
also co-ordinated by the B-phosphate and the hydroxyl
group of Thr-145, in addition to four water molecules.
The residue Glul74 likely acts as a counterpart to
Glu96 of E. coli RecA, which is thought to activate a
water molecule for hydrolysis of ATP [27]. In our
structures, Glul74 forms an indirect interaction with
the Mg”>" ion via a bridging water molecule (Fig. 4c).
As magnesium was not present in the crystallisation
conditions of RadA, the phosphate-bound form also
lacks magnesium, but this appears to have little impact
on the binding of the phosphate.

There are fewer contacts between the nucleoside
moiety and the protein; this part of the binding pocket
is flat, with the nucleoside stacked against Argl81.
The ribose groups of all the adenine-containing
nucleotides form hydrogen bonds with the side chain
of Arg323. No hydrogen bond interactions are formed
between the bases of any of the nucleotides and the
protein.

Comparison of the ATP-binding site of our mono-
meric P. furiosus RadA-ct structures with that of
nucleotide-bound  filamentous  RadA  structures
[34,35,37,59] reveals only minor differences, demon-
strating that nucleotide binding of the monomeric pro-
tein is not merely an artefact of crystallisation. We do
observe a difference in the conformation of the back-
bone of the loop region between residues 342 and 346.
In contrast to our monomeric RadA structures, in
nucleotide-bound filament structures, this loop is
shifted towards the nucleoside, with a corresponding
shift in the adenine moiety.

Discussion

We have determined the crystal structures of a trun-
cated monomeric form of P. furiosus RadA (RadA-ct)
bound to ATP, ADP, AMPPNP and GTP. These
structures reveal that the RadA monomer is capable of
binding nucleotides in the absence of an adjacent pro-
tomer. Using ITC and thermal shift methods, we have
obtained quantitative data for the interaction with dif-
ferent nucleotides for both P. furiosus RadA and
human RADSI.

FEBS Open Bio 6 (2016) 372-385 © 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 377
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ATP
ADP
Fig. 3. Electron density maps of the
bound nucleotides. Weighted 2FoFc and AMPPNP
FoFc electron density maps shown in blue
(countered at 1) and green (2.5 o),
respectively in the left and middle
columns for each of the nucleotides
before the nucleotide was modelled into
the structure. The right column shows the GTP

final weighted 2FoFc maps for each of the
modelled nucleotides and their associated
Mg?* ions.

Both monomeric RadA-ct and RADS51 are able to
bind ATP, ADP, AMPPNP, GTP and GDP in an
Mg” " -dependent manner. In comparison, AMP is not
able to bind to either of the proteins indicating that
both the PB- and y-phosphates are essential for this
interaction. ADP and GDP bind to RadA with
approximately twice the affinity of their triphosphate
equivalents. This could possibly be explained by the
different conformation of the side chain of Phel40
between the di- and triphosphorylated nucleotide
complexes, with the additional negative charge of the
v-phosphate repelling the aromatic ring. AMPPNP
does bind to RadA-ct and RADSI, but with reduced
affinity in comparison with ATP. This is likely to be
caused by the inability of the nitrogen between the PB-
and y-phosphates to form a hydrogen bond with the
backbone amide of Glyl41 as observed in the complex
with ATP (Fig. 4c).

It is inappropriate to compare either the magnitude
or relative order of binding constants between RadA-
ct and RADS51-BRC4 because neither set of measure-
ments were made at physiological temperature. Even a
simplistic extrapolation of the free energy of binding
for PfRadA to its optimal growth temperature
(373 K) translates to binding constants in the range
1-10 um [60]. However, both the magnitude and
relative order of binding free energies would be

Monomerised RAD51 and RadA bind nucleotides

Electron density before
the nucleotide was modelled in
2Fo-Fc (10)

Electron density of
the final, refined model

Fo-Fc (2.50) 2Fo-Fc (10)

significantly affected by a nonequivalent and nonzero
heat capacities (AC},) of ligand binding in the different
interacting systems (RadA versus RADS51, ATP versus
ADP, etc.).

The positioning of the Phel40 side chain differs
between the structures. In the ADP and non-
nucleotide-bound structures, the side chain points
towards the nucleotide. In the ATP and GTP struc-
tures, it has an alternative rotamer pointing away from
the nucleotide. The equivalent Phel87 residue in
S. cerevisiae RADS1 (ScCRADSI1) was shown to take a
different conformation in the two alternative pro-
tomer—protomer interfaces observed in the crystal
structure of the filament form [33]. Similar change in
the side chain position of the equivalent Phe is also
observed in the  Methanococcus voltae ~ RadA
(MvRadA) structures between the AMPPNP- and
ADP-bound forms [37].

Comparison of the Phel40 position between our
ATP and ADP structures with the equivalent Phel07
in the AMPPNP and ADP MvRadA structures is
shown in Fig. 5 (A-C). The Phe has the same rota-
meric form in both ADP structures pointing in
towards the nucleotide-binding site, whereas in both
the ATP and AMPPNP structures, the side chain is
pointing away from the nucleotide-binding site. As
with the ScRADSI structure, the positioning of
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Fig. 4. Crystal structures of nucleotide-bound monomeric RadA. (A) Overview of RadA-ct bound to ATP. (B) Overlay of all nucleotides in
superimposed RadA-ct complexes. Nucleotides are shown in stick representation: ATP (purple), ADP (pink), AMPPNP (green), GTP (cyan).
Protein shown as surface molecule is that complexed with ATP, with F140 labelled to aid with orienting it with respect to the remaining
figures. (C-F) Hydrogen bonding interactions between RadA-ct and ATP (C), ADP (D), AMPPNP (E) and GTP (F). Water molecules are shown
as cyan spheres and Mg?* ions as white spheres. Colouring of nucleotides as in (B).

Phel07 in the MvRadA ADP structure effectively
occludes His280 (equivalent to His352 in ScRADSI)
of the neighbouring protomer from the nucleotide-
binding site. This observation adds weight to the idea
that His352 has a regulatory role as a transacting sen-
sor of ATP presence possibly mediated by the posi-
tioning of the Phe.

An overlay of our ATP structure with an ATP-
bound filament form of MvRadA shows that the ATP
cap region (residues 301-308 in MvRadA, 328-335 in
PfRadA) of the second protomer would make exten-
sive contacts with the adenine and ribose moieties of
the ATP (Fig. 5D) [35]. Wu et al. [35] has suggested
that the preference of MvRadA for ATP binding may
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RadA-ct
) F140

RadA-ct

RadA <ct_
ADP

MvRadA
ADP,
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Fig. 5. Comparison of monomeric RadA-ct nucleotide complexes with filament structures of Methanococcus voltae RadA. (A)

Superimposed nucleotide-bound RadA-ct structures with ATP and ADP. Nucleotides shown in stick representation — ATP (purple), ADP
(pink). The F140 residue is shown in stick representation to illustrate the differing conformation between the ATP-bound (purple) and ADP-
bound structures (pink). (B) Superimposed ATP-bound monomeric RadA-ct (light green) and AMPPNP bound to Methanococcus voltae RadA
(MvRadA) oligomer with the adjacent RadA molecules coloured in darker and lighter orange (PDB: 2FPM). MvRadA residues and AMPPNP
are shown in orange, PRadA residues and ligand in light green. Superpositioning was done between RadA-ct and the MvRadA protomer
shown on the top, and the interface between the two MvRadA molecules is indicated with a dashed line. (C) Superimposed ADP-bound
RadA-ct and ADP-bound MvRadA molecules (PDB: 2FPK), coloured as in panel (B). (D) Superimposed structures of GTP-bound RadA-ct and
AMPPNP-bound MvRadA oligomer (PDB: 2FPK). One of the protomers in the MvRadA oligomer is shown as molecular surface and the ATP
loop of the adjacent protomer is shown as sticks. Hydrogen bond between main chain oxygen and the adenine N6-exoamino group of

AMPPNP is shown as a dashed line.

be due to the interactions of the adenine N6 atom with
the side chain of GInl6l1, and the carbonyl oxygen of
His305 from the ATP cap region. Although there is no
evidence to suggest that GTP is a natural substrate for
RadA or RADSI, it was found that the guanine-con-
taining nucleotides bind to the monomeric form of
RadA and RADS51 with a somewhat higher affinity
than the adenine-containing equivalents. It is not clear
from our crystal structures why this is the case, and
we can only speculate that the guanine base makes
additional hydrophobic interactions with the protein.
GTP does not have a hydrogen bond donor at the
equivalent position of the N6 atom of ATP and so
would be unable to form these interactions.

In our structures, none of the nucleotides interacts
with Glul84, the equivalent residue to GlInl6l in
MvRadA. Comparison of nucleotide-bound structures
of RadA filaments with our structures shows a shift of
the loop region between residues 342 and 346 towards
the position of the bound nucleotide, causing a corre-
sponding shift in the position of the adenine. It is possi-
ble that the conformation of this loop region changes
upon binding of the second protomer. This could cause
a shift in the position of the nucleotide allowing it to
interact with Glul184 and with His332 in the ATP cap
of the neighbouring protomer and would have the effect
of fixing the position of the adenine. The selectivity for
ATP over GTP appears therefore to be mediated by the
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binding of the second protomer, which forms specific
interactions with ATP but not with GTP.

The fact that RadA is able to bind nucleotides in
the absence of an adjacent protomer suggests that
RadA exists in the cell in a nucleotide-loaded state
prior to filament formation. Intracellular ATP concen-
tration is estimated to be in low millimolar range, and
with a dissociation constant of 1 um, RadA would be
fully saturated with the ligand. Similarly, eukaryotic
RADSI would exist predominantly in nucleotide-
bound form, also when complexed with BRC repeats.
Given the interfacial location of ATP in the RADSI
filament, it is likely that bound nucleotide will facili-
tate self-association of RadA and RADSI and the
assembly of an active form of the filament. Although
the nucleotide-binding and FxxA epitope-binding sites
are located on the opposite sides of the ATPase
domain, they are separated by only 20 A through the
structure. It is possible that nucleotide binding could
have an allosteric and/or co-operative effect on the
binding to FxxA sequences and play an additional role
in regulating the oligomeric structures of these recom-
binases, but further work is needed to elucidate these
effects and their significance to the biological function
of RADSI and RadA.

Experimental procedures

Protein expression and purification

The C-terminal ATPase domain of P. furiosus RadA, start-
ing from residue 108 and lacking residues 288-301 in the
so-called L2 loop (RadA-ct), was expressed from T7-based
expression  plasmid pBAT4 [61] in BL2I(DE3)
Escherichia coli strain carrying pUBS520 plasmid for rare
Arg tRNA [62]. Bacteria were grown at 37 °C until ODygqq
reached 0.8-1.0 and expression was induced with 400 pm of
IPTG. After 3 h, cells were centrifuged and cell pellets
stored at —20 °C. Thawed cells were resuspended in 20 mm
MES pH 6.0 buffer, disrupted using Emulsiflex C5 and
heat-treated for 20 min at 70°C in order to denature the
E. coli host proteins. Denatured protein was removed by
centrifugation and clarified lysate, containing thermostable
RadA, was loaded onto a 5 mL HiTrap SP-HP cation-
exchange column (GE Healthcare Life Sciences, Little
Chalfont, UK) pre-equilibrated with 20 mm MES pH 6.0,
0.5 mm EDTA. Protein was eluted using a gradient of
NaCl. Peak fractions were concentrated and loaded onto a
Superdex 75 16/60 HiLoad size-exclusion column (GE
Healthcare) and eluted using 20 mm MES pH 6.0, 100 mm
NaCl, 0.5 mm EDTA. The human BRC4-RADS5I fusion
protein was purified according to the previously described
procedure [53].

M. E. Marsh et al.

Fluorescence-based thermal shift analysis

The thermal shift denaturation assay was performed on an
iCycler iQ Real-Time Detection System (Bio-Rad Labora-
tories Ltd, Hemel Hempstead, UK) in 96-well plates and
iCycler iQ PCR plates sealed with optically clear lids. The
fluorescent dye Sypro Orange was used to report protein
unfolding. For the RadA protein, each well contained the
protein at a final concentration of 13.2 pum, 2.5x Sypro
Orange, 20 mm Tris, pH 7.5, 40 mm NaCl and 5 mm
MgCl,, in a total volume of 100 pL. Similar conditions
with the human RADS51 protein were used; except the pro-
tein was used at 10.5 pm and the buffer contained 100 mm
NaCl. Unless otherwise stated, nucleotides were used at
1 mm. The plates were heated at a rate of 0.5 °C-min~"
from 25 to 90 °C, monitoring the fluorescence continuously
with excitation at 490 nm and emission at 530 nm. To
determine the thermal denaturation temperature, 7, for
each well, the minimum of the negative derivative of the
thermal melting curve was determined.

Isothermal titration calorimetry

ITC experiments were performed at 25 °C on a VP-ITC
instrument from Microcal LLC (Northampton, MA, USA).
Protein was buffer exchanged into 50 mm Tris, pH 7.5,
100 mm NaCl and 5 mm MgCl,. In a typical experiment,
30 um enzyme was loaded in the sample cell and a total of
twenty-eight 10 pL injections of 8 s in duration were made
at 4-min intervals from a syringe rotating at 300 rpm
loaded with 400 um nucleotide. In all titrations, an initial
injection of 2 pL ligand were made and discarded during
data analysis. Control titrations of ligand to buffer were
performed and subtracted from the ligand to protein titra-
tions. The thermodynamic parameters were obtained by fit-
ting the data to a single site-binding model using the ITC
analysis package in orIGIN 5.0 (OriginLab, Northampton,
MA, USA).

Crystallisation, X-ray diffraction and structure
determination

Protein was concentrated to 10-15 mg-mL~" for crystallisa-
tion. The RadA ATPase domain (RadA-ct) was crystallised
by the hanging-drop vapour diffusion method using 60 mwm
Na,HPO,4, 15% PEGI1000 as precipitant. Crystallisation
was performed at 20 °C. In order to determine the struc-
ture of ligand-bound RadA, crystals were soaked with dif-
ferent nucleotides. The mother liquor contained 25% (v/v)
glycerol, 15% PEGI1000, 10 mm MgCl, throughout and
Na,HPO, concentration was decreased from 50 to 10 mm,
while nucleotide concentration was increased from 2 to
10 mm in five steps. The final soaking solution had the
composition: 25% glycerol, 15% PEG1000, 10 mm MgCl,,
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10 mm Na,HPO,, 10 mm nucleotide. Crystals were soaked
in each of the soaking solution for 10 min and flash-cooled
in liquid nitrogen after the final soak.

X-ray diffraction data were collected on beamline 104 of
the Diamond Light Source from apo-RadA-ct and ATP-
and ADP-bound RadA-ct crystals and at beamline 1D23-1
of the European Synchrotron Radiation Facility, Grenoble,
France from RadA-ct-GTP crystals and at beamline
X06DA/PXIII, at the Swiss Light Source from RadA-ct
AMPPNP crystals. Images were indexed, scaled and inte-
grated using the program XDS [63]. The data-processing
statistics are shown in Table 2.

The phosphate-bound RadA-ct
orthorhombic space group with one molecule in the asym-
metric unit. With the exception of the GTP complex, soak-
ing of the nucleotides into the crystal reduced the
symmetry of the crystals and these structures were found to
be in a monoclinic P2, space group with two molecules in
the asymmetric unit. The crystal structure of nucleotide-free
RadA was solved by molecular replacement using the pro-
gram AMoRe [64] with the co-ordinates of the P. furiosus
RadA as a probe (PDB: 1PZN, chain A). The nucleotide-
bound structures were solved using molecular replacement
with the unliganded RadA as a model. One round of
refinement was performed using REFMACS [65] and the
model was built using Coot [66]. The electron densities for
each of the nucleotide ligands and the co-ordinated Mg>"
ion were clear and allowed their unambiguous placement in
the model (Fig. 3). No electron density was evident for the
loops GIn286 to His307 for the ATP- and ADP-bound
structures and between GIn286 to His303 for the AMPPNP
structure. Water molecules were introduced and several
more rounds of refinement were performed using Phenix
[67]. Analysis of the diffraction data suggest that some of
data sets from monoclinic crystals forms are twinned, but
refinement taking this into account showed no significant
improvement in the models or statistics. The stereochem-
istry of the models was validated using Coot [66]. As the
monoclinic crystals are closely related to the orthorhombic
form, all proteins in these structures are in nearly identical
environment in the crystals and no significant differences
were found between the two molecules in the monoclinic
structure. All the figures and analyses have been done using
protein chain A of each structure.

Co-ordinates were deposited in the Protein Databank
under the following accession numbers: PDB: 4A6P (apo—
RadA-ct), PDB: 4A6X (ATP-bound RadA-ct), PDB:
4UQO (ADP-bound RadA-ct), PDB: 4D6P (AMPPNP-
bound RadA-ct) and PDB: 4B2P (GTP-bound RadA-ct).

crystallised in an
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