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Background: The RecA protein of Deinococcus radiodurans is essential for extreme radiation resistance.
Results: A nucleoprotein state of the DrRecA protein exists that is inactive with respect to ATP hydrolysis. SSB is essential for

DrRecA-mediated DNA strand exchange.

Conclusion: There are at least two functional states of DrRecA filaments bound to DNA.
Significance: A potential new mode of regulation is revealed for DrRecA.

The RecA protein of Deinococcus radiodurans (DrRecA) has a
central role in genome reconstitution after exposure to extreme
levels of ionizing radiation. When bound to DNA, filaments of
DrRecA protein exhibit active and inactive states that are readily
interconverted in response to several sets of stimuli and condi-
tions. At 30 °C, the optimal growth temperature, and at physio-
logical pH 7.5, DrRecA protein binds to double-stranded DNA
(dsDNA) and forms extended helical filaments in the presence
of ATP. However, the ATP is not hydrolyzed. ATP hydrolysis of
the DrRecA-dsDNA filament is activated by addition of single-
stranded DNA, with or without the single-stranded DNA-bind-
ing protein. The ATPase function of DrRecA nucleoprotein fil-
aments thus exists in an inactive default state under some
conditions. ATPase activity is thus not a reliable indicator of
DNA binding for all bacterial RecA proteins. Activation is
effected by situations in which the DNA substrates needed to
initiate recombinational DNA repair are present. The inactive
state can also be activated by decreasing the pH (protonation of
multiple ionizable groups is required) or by addition of volume
exclusion agents. Single-stranded DNA-binding protein plays a
much more central role in DNA pairing and strand exchange
catalyzed by DrRecA than is the case for the cognate proteins in
Escherichia coli. The data suggest a mechanism to enhance the
efficiency of recombinational DNA repair in the context of
severe genomic degradation in D. radiodurans.

The bacterium Deinococcus radiodurans has an extraordi-
nary capacity to survive the effects of exposure to ionizing radi-
ation, routinely surviving doses of 5 kilogray with no lethality
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(1). This phenotype is apparently due to an evolutionary adap-
tation to the effects of desiccation (2, 3). Many mechanisms
have been proposed to explain this extreme resistance to radi-
ation (1, 4-10), several only marginally related to DNA repair
processes. Nevertheless, the accurate reconstitution of the
Deinococcus genome from hundreds or thousands of fragments
holds a special place in biology as an extraordinary feat of DNA
repair. The central player in this process is the RecA protein.
However, its mechanism for efficient DNA repair in the
radioresistant D. radiodurans has not yet been carefully
characterized.

Genome reconstitution after extreme irradiation occurs in
two phases (4, 9, 11). The first, labeled extended synthesis-de-
pendent strand annealing, serves to join fragments into longer
chromosomal segments (4, 9). These are linked to form com-
pleted chromosomes in a phase 2 that relies on recombinational
DNA repair. The entire process is completed in 3—4 h. The
RecA protein of Deinococcus is required in phase 2, but also has
an important role in phase 1 (9). Deinococcus strains that lack
RecA function lose almost all of their radiation resistance (12,
13).

The prototypical RecA protein is that of Escherichia coli
(EcRecA), studied in great detail over a period of 30 years (14—
18). The EcRecA forms filaments on single-stranded DNA
(ssDNA),* aligns the bound DNA with a homologous duplex
DNA (dsDNA), and promotes a reaction called DNA strand
exchange. During this reaction, the duplex DNA strand that is
complementary to the RecA-bound ssDNA is transferred to
form a new duplex, and the identical strand of the duplex is
displaced. In this process, EcRecA is a DNA-dependent
ATPase. ATP is hydrolyzed throughout the strand exchange
reaction (14—17, 19), conferring a number of important prop-
erties on the strand exchange process and rendering it efficient
(14-17). ATP is always hydrolyzed when EcRecA is bound to
ssDNA or dsDNA, and this property is widely used as an indi-
rect but reliable measure of DNA binding (20-29). The rate of

2 The abbreviations used are: ssDNA, single-stranded DNA; ATP+S, adenosine
5-0-(3-thiotriphosphate); SSB, single-stranded DNA-binding protein; css-
DNA, circular single-stranded DNA; dsDNA, double-stranded DNA; IdsDNA,
linear double-stranded DNA.
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ATP hydrolysis by EcRecA nucleoprotein filaments on ssDNA
is altered abruptly upon interaction with homologous dsDNA,
as the filaments take on a new state amenable to DNA pairing
and strand exchange (30, 31).

The ATPase activity of the EcRecA protein has been impli-
cated in disassembly of EcRecA filaments and in the later stages
of the DNA strand exchange reaction (14, 15, 23, 28, 32-37).
ATP, but not its hydrolysis, is required for the formation of
active EcRecA nucleoprotein filaments on ssDNA and for the
homologous alignment of that ssDNA with a complementary
duplex (35-39). Thus, a simplified view of EcRecA-mediated
DNA strand exchange begins with the formation of active
nucleoprotein filaments on ssDNA. The EcSSB protein facili-
tates filament extension in this phase and is displaced as the
filaments form. The subsequent search for homology does not
require ATP hydrolysis. Once homologous alignment is
secured, ATP hydrolysis facilitates the formation of extensive
tracts of the product heteroduplex DNA and also facilitates the
eventual dissociation of the RecA filament.

The EcRecA protein is regulated at several levels. First, tran-
scription of the recA gene is regulated as part of the SOS
response (40, 41). Second, the C terminus of EcRecA is an auto-
regulatory flap; removal of 17 C-terminal residues enhances a
number of EcRecA activities (15, 42—44). Third, and finally,
certain activities of EcRecA, prominently filament assembly on
and dissociation from DNA, are subject to regulation by an
array of other proteins (16).

Based on changes in filament cooperativity, ATP hydrolysis
rates, and other properties, there are at least four EcRecA fila-
ment states that can be identified at different stages of EcRecA-
mediated DNA strand exchange (15, 30, 45). For example, when
EcRecA nucleoprotein filaments are bound to ssDNA, ATP
hydrolysis proceeds with a k_,, of ~30 min~" at 37 °C. Addition
of ahomologous duplex DNA triggers a change in filament state
that is manifested by an abrupt 30% decline in ATPase rate (31).
Once EcRecA filaments are assembled on DNA, they are con-
sistently active in the hydrolysis of ATP, although the rate is
modulated by changes in filament state.

The Deinococcus RecA protein (DrRecA) appears to be quite
similar to the EcRecA in many respects (46). However, at 37 °C,
the DrRecA initiates DNA strand exchange primarily from the
dsDNA instead of initiating from a bound ssDNA, inverse of
other bacterial RecA proteins (47). Although the EcRecA can
promote an inverse reaction under extraordinary reaction con-
ditions (48), it is the preferred mode for the DrRecA under at
least some conditions (47). The DrRecA protein forms fila-
ments on dsDNA, nucleating much faster than EcRecA but
extending slower (49). This combination of attributes would
tend to create a larger number of shorter DrRecA filaments, an
adaptation that may facilitate the repair of the large number of
double strand breaks created by extreme irradiation events.

Deinococcus also encodes an SSB protein that is unusual. The
DrSSB is approximately twice the size of a typical bacterial SSB
(50-52), includes two OB folds instead of one, and functions as
a dimer instead of a tetramer (50, 51, 53).

Genome reconstitution after heavy irradiation relies greatly
on DNA double strand break repair, and the DrRecA and
DrSSB proteins play key roles. The process of genome reconsti-
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tution is set up in its earliest steps, where DNA fragments are
processed and DrRecA filaments are formed in potentially pro-
ductive locations. This phase of “setting the stage” may involve
quite a number of auxiliary proteins. However, we cannot
understand how various proteins affect DrRecA until we better
understand the properties of DrRecA itself. In this report, we
further investigate one of the earliest stages of double strand
DNA break repair, i.e. the formation of DrRecA protein fila-
ments and filament dynamics. We also investigate the depend-
ence of DrRecA function on DrSSB. The results reveal a highly
constrained DrRecA protein that forms filaments on dsDNA,
and ssDNA with SSB, but with no ATPase function at 30 °C and
pH 7.5 or higher. Relative to EcRecA, changes in filament state
are highly exaggerated in the DrRecA protein, highlighted by
the ATPase inactive state that provides a potential new point of
regulation. Activation of DrRecA is facilitated by a range of
ligands and/or conditions, some of which reflect the situation
likely to be present when double strand break repair is required.
The results also show an unusually intimate functional relation-
ship with DrSSB. We conclude our investigation with a working
model that describes the potential dynamics of the RecA pro-
tein and its activities in D. radiodurans.

EXPERIMENTAL PROCEDURES

Protein Purification—The native DrRecA protein was puri-
fied as described (46). Its concentration was determined by
absorbance at 280 nm with extinction coefficient 0.372 mg
ml ™" (46). The wild type EcRecA (54), wild type EcSSB protein
(54, 55), and wild type DrSSB proteins (51) were all purified in
their native forms as described. Concentrations of these pro-
teins were determined by absorbance at 280 nm using the
extinction coefficients €,4, = 2.23 X 10* M~ ' cm ™" (EcRecA),
2.38 X 10* M ! cm™* (EcSSB), and 4.10 X 10* M~ * cm™*!
(DrSSB). All proteins were free of detectable nuclease
contamination.

DNA Substrates—Circular single-stranded DNA and super-
coiled DNA were derived from the bacteriophage M13mp18
and purified as described previously (30). Linear double-
stranded DNA was created by digesting supercoiled M13mp18
DNA with Pstl endonuclease using conditions recommended
by the supplier. Circular single-stranded and double-stranded
X174 DNA was purchased from New England Biolabs. Dou-
ble-stranded ®X174 DNA was linearized by digestion with PstI
to create the ®X174 linear double-stranded DNA. Poly(dT),,
was purchased from Midland Certified Reagent Co. All DNA
concentrations are reported in terms of total nucleotides.

ATP Hydrolysis Assays—A coupled spectrophotometric
enzyme assay (56, 57) was used to measure the ATPase activi-
ties of the RecA proteins when binding to DNA. The assays
were carried out in a Varian Cary 300 dual beam spectropho-
tometer equipped with a temperature controller and a 12-posi-
tion cell changer. The cell path lengths were 1 cm, and band
pass was 2 nm. The standard reaction condition was 25 mm
Tris-OAc, pH 7.5 (90% cation), 5% w/v glycerol, 3 mMm potas-
sium glutamate, 10 mM magnesium acetate, 1 mm dithiothreitol
(GoldBio), 2 mm NADH, and an ATP regeneration system (2
mM NADH, 10 units/ml pyruvate kinase, 10 units/ml lactate
dehydrogenase, and 3 mm phosphoenolpyruvate; all purchased
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from Sigma) at 30 °C. Unless otherwise stated, reactions con-
tained 3 um DrRecA or EcRecA, 3 mm ATP, 5 um single-
stranded DNA, 10 uM linear double-stranded DNA, and 0.3 um
(monomer) SSB. The final pH of the reactions was 7.48. ATP
hydrolysis by the RecA protein was indirectly measured by the
decrease in NADH concentration monitored at 380 nm. The
amount of ATP hydrolyzed was calculated using the extinction
coefficient of NADH, 1.21 mm ™~ ! cm L. In some reactions, one
or more reagents were added during the time course presented,
resulting in a small abrupt change in absorbance due to the
dilution effect. A correction has been included for this dilution
effect for all data obtained subsequent to the reagent addition.
All stated reagent concentrations represent those present after
the final reagent addition.

ATPase pH-rate Profile—Reactions were carried out as
described for the ATPase assays above, but with the ionization
states of buffers varied as needed to adjust pH. The buffer MES
was used for pH values between 5.53 and 7.26 (except pH 7.22),
and Tris acetate was used in the pH range 7.22—- 8.7 (except for
pH 7.26, which was MES). The pH values reported are final
values taken at 30 °C in mock solutions containing all system
components, but substituting storage buffers for proteins and
DNA molecules. Reported values are taken from three to six
separate measurements at each pH.

Strand Exchange Reactions—DNA strand exchange reac-
tions were carried out at 30°C for DrRecA and 37 °C for
EcRecA. Standard reaction conditions included 25 mm Tris-
OAc, pH 7.5 (90% cation), 3 mMm potassium glutamate, 10 mm
magnesium acetate, 5% w/v glycerol, 1 mm DTT, and an ATP
regeneration system (3.3 mm phosphoenolpyruvate plus 10
units/ml pyruvate kinase). Reactions also included 3 um
DrRecA or EcRecA, 20 uM dsDNA, 10 uM ssDNA, and 1 uM
(monomer) DrSSB or EcSSB, unless otherwise indicated. Ali-
quots of 10 ul were removed from each reaction at the indicated
times and stopped by addition of 10 ul of a stopping solution
(3:2 ratio of 18% w/v Ficoll and 20% SDS). The treated samples
were run on a 0.8% agarose gel overnight at 20 mA. All products
indicated on strand exchange gels were M13mp18 nicked cir-
cular products resulting from strand exchange between a cir-
cular ssDNA and linear dsDNA.

Electron Microscopy—A modified Alcian method was used to
visualize DrRecA filaments. Activated grids were prepared as
described previously (43). Samples for electron microscopy
analysis were prepared as follows. All incubations were carried
out at 30 °C. An ATP regeneration system of 10 units/ml crea-
tine phosphokinase and 12 mm phosphocreatine was included
in every reaction. DrRecA (3 um) was preincubated with 10 um
M13mp18 IdsDNA or 5 um cssDNA in a common buffer con-
taining the same reaction buffer indicated in the ATPase assays
(25 mm Tris-OAc (90% cation), 5% (w/v) glycerol, 3 mm potas-
sium glutamate, and 10 mm Mg(OAc),) for 10 min. ATP was
added to 3 mm, and the reaction was incubated for another 15
min, after which ATPvyS was added to 3 mm to stabilize the
filaments. The mixture was then incubated for a further 5 min.
Whenever the experimental condition demanded SSB, DrSSB
was added to 0.3 uM. The reaction mixture described above was
diluted appropriately with 200 mM ammonium acetate, 10 mm
HEPES, and 10% glycerol (final pH 7.5) to get the final concen-
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tration of DNA to 0.4 ng/ul. The sample was immediately
adsorbed to the activated carbon grid for 3 min. The grid was
then touched to a drop of the above buffer followed by floating
on a drop of the same buffer for 1 min. The sample was then
stained by touching to a drop of 5% uranyl acetate followed by
floating on a fresh drop of the same solution for 30 s. Finally, the
grid was washed by touching to a drop of double distilled water
followed by immersion in two 10-ml beakers of double distilled
water. After the sample was dried, it was rotary-shadowed with
platinum. This protocol was designed for visualization of com-
plete reaction mixtures, and no attempt was made to remove
unreacted material. Although this approach should yield
results that give a true insight into reaction components, it does
lead to samples with a high background of unreacted proteins.
To determine the proportion of the molecules observed that
were either fully or partially coated by DrRecA protein, at least
10 separate regions of at least two grids were looked at, using an
identical magnification for each sample.

A total of 11 DrRecA 1dsDNA filament lengths were meas-
ured using MetaMorph analysis software to determine the
extended length of DrRecA-ldsDNA. Each filament was meas-
ured three times, and the average length in nanometers, ang-
stroms, and base pairs was calculated. We used the number of
pixels in 500 nm as a standard and calculated the number of
pixels along the length of a filament. The pixels were converted
to nanometers and compared with the length in nanometers of
anaked B-form M13mp18 ldsDNA (7249 bp times 0.34 nm per
base). Imaging and photography were carried out with a TEC-
NAI G2 12 Twin Electron Microscope (FEI Co.) equipped with
a GATAN 890 CCD camera.

In experiments where types of DrRecA nucleoprotein fila-
ment species were quantified, at least 250 molecules were
counted in two different grids analyzed per experiment. Every
experiment and one repeat were counted, resulting in more
than 500 filaments counted for each experimental condition.
The qualitative sizes of each filament species (i.e. long, medium,
short linears or big, medium, small circles, etc.) represented
judgments constrained as described under “Results.” A subset
of molecules in each category was directly measured, using the
method described above. The numbers of molecules measured
are provided in the relevant figures and figure legends. In these
measurements, only the RecA-coated portion of the DNA was
measured. The irregularity of SSB-coated regions precludes
accurate length measurements.

RESULTS

This study focuses on characterizing the DNA binding and
DNA recombination functions of the RecA protein from D.
radiodurans. Previous characterization of DrRecA was done at
37 °C. However, the most common temperature for growing D.
radiodurans cultures and for D. radiodurans in vivo studies is
30 °C (6, 58 —62). To facilitate the accumulation of a database
that is more physiologically relevant, we carried out the present
studies at 30 °C. We used DrRecA-mediated ATP hydrolysis
assays to monitor the ATPase activity of DrRecA and comple-
mented them with direct visualization of the DrRecA nucleo-
protein filaments with electron microscopy (EM).
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FIGURE 1. DrRecA ATPase activity on ssDNA. A, DrRecA (3 um) was incu-
bated with M13mp18 cssDNA, poly(dT),q, for 10 min at 30 °C before 3 mm ATP
was added to start monitoring ATP hydrolysis. B, representative electron
micrograph showing DrRecA bound to M13mp18 cssDNA for 15 min before
the filaments were fixed with ATP+S and spread on an Alcian grid. C, repre-
sentative micrograph showing DrRecA bound to poly(dT),,, for 15 min
before the filaments were fixed with ATPyS and spread on an Alcian grid.

Binding ssDNA in the Absence of SSB Is Limited by Secondary
Structure—DrRecA hydrolyzes ATP when bound to single-
stranded DNA (ssDNA). Kim et al. (46) previously reported
that DrRecA preferentially binds to dsDNA at 37 °C even when
ssDNA is present. Furthermore, the DrRecA protein promotes
an inverse DNA strand exchange reaction, binding first to
dsDNA and then carrying out a homology search on ssDNA
(47). We initially carried out ATP hydrolysis assays as an indi-
rect method for measuring DNA binding by DrRecA at 30 °C
(Fig. 1A). We incubated DrRecA with circular single-stranded
DNA (cssDNA), derived from M13mpl8 bacteriophage, or
poly(dT),,, lacking any secondary structure, for 10 min before
adding ATP to each reaction to begin monitoring hydrolysis. At
37 °C, observed rates of ATP hydrolysis were comparable with
those reported in earlier work (data not shown) (46). When
bound to poly(dT),, at 30 °C and pH 7.5, DrRecA hydrolyzed
ATP with an apparent k_,, of 6.80 = 0.43 min™~ ' (assuming one
DrRecA monomer bound for each three nucleotides of ssSDNA)
and a k_,, of 4.81 = 0.33 min~"' when bound to cssDNA alone.
The calculated k_,, estimate is based on an assumption that all
potential binding sites on the DNA are occupied, and it may be
an underestimate if the DrRecA protein is not coating the css-
DNA uniformly.

We used EM to directly visualize DrRecA on the M13mp18
cssDNA and poly(dT),q,. On the M13mpl8 cssDNA in the
absence of the SSB, DrRecA formed irregular, short, and dis-
continuous filaments that most likely reflect its deficiency in
melting out secondary structures within the circular ssDNA in
the absence of the SSB (Fig. 1B). Because the poly(dT),,, DNA
substrate lacks secondary structures, fully filamented DrRecA
nucleoprotein filaments were observed (Fig. 1C). We note with
interest that the DrRecA-poly(dT),,, filaments observed are
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much longer than what we would expect of DrRecA bound to 1
molecule of (dT),,, and are probably a result of multiple
DrRecA-(dT),,, nucleoprotein filaments assembled end-to-
end. Similar observations have been made with the EcRecA
protein (63, 64).

SSB Suppresses DrRecA ATPase but Is Important for DrRecA
Filament Formation on ssDNA—In vitro, the SSB protein is typ-
ically used with E. coli RecA to remove secondary structures in
ssDNA to facilitate formation of contiguous EcRecA nucleo-
protein filaments, resulting in a stimulation of ATP hydrolysis
(65). We have observed that the SSB protein has the opposite
effect on RecA-mediated ATP hydrolysis in the D. radiodurans
system by inhibiting DrRecA ATP hydrolysis, although DrRecA
is bound to M13mp18 cssDNA (Fig. 24). Reaction 1 of Fig. 2A
shows DrRecA ATPase while bound to M13mp18 cssDNA in
the absence of DrSSB. Reaction 2 of Fig. 2A represents DrRecA
ATPase activity if DrSSB was added to the reaction at the same
time as ATP was added to begin the reaction (time 0 min).
Reaction 3 of Fig. 2A represents DrRecA ATPase activity if
DrSSB was added to the reaction 20 min after DrRecA had been
hydrolyzing ATP while bound to c¢ssDNA. We observed a
strong ATPase inhibition mediated by the SSB protein in reac-
tions 2 and 3. After the addition of SSB in reaction 3, ATP
hydrolysis was initially accelerated but was almost completely
abolished 30 —45 min later. There was no drop in ATP hydrol-
ysis in the reaction that did not contain DrSSB.

Initially, the lack of ATP hydrolysis suggested that DrSSB was
a much stronger competitor for ssDNA than DrRecA under
these conditions and was displacing the RecA protein from the
cssDNA. However, when we directly visualized reaction 2 con-
taining DrSSB at 15 min by EM, we observed complete and fully
extended DrRecA-cssDNA nucleoprotein filaments despite the
absence of ATP hydrolysis (Fig. 2B). Reaction 3 was also visu-
alized by EM at 15 min (Fig. 2C) and 60 min (Fig. 2D) after the
addition of DrSSB, corresponding to the accelerated and sup-
pressed stages of ATP hydrolysis, respectively. After 15 min,
DrRecA nucleoprotein filaments were mostly complete with
occasional gaps showing SSB-bound ssDNA. At the 60- min
time point, DrRecA had fully coated and extended the cssDNA,
despite the extremely low level of ATP hydrolysis. In all three
spreads (Fig. 2, B—D) and their replicates, circular DrRecA
nucleoprotein filaments were found in abundance, and little
SSB-coated cssDNA was seen.

In these EM experiments, ATPyS was typically added just
prior to spreading to stabilize the filaments, as done in many
past studies (27, 32, 66 —70). With ATP only, even slow hydrol-
ysis of bound ATP will destabilize the filaments as ATP is
removed from the surrounding solution in the final stages of
spreading. To help ensure that our observations were not an
artifact of the ATPvS addition, we also spread the samples
immediately without fixing the filaments with ATP+S (Fig. 2,
E-G@). If DrRecA bound the cssDNA with very slow or no ATP
hydrolysis, we should still be able to visualize the filaments
without ATPyS fixation. Although the filaments were slightly
broken and not as well formed without the ATP+S addition,
they were still clearly detectable and found in abundance. The
ill-formed DrRecA-cssDNA filaments were probably due to
slight dissociation of DrRecA from the DNA as ATP is mini-
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FIGURE 2. DrSSB inhibits DrRecA ATPase on cssDNA. A, DrRecA ATPase
assay shows the following: reaction 1, DrRecA bound to cssDNA alone; reac-
tion 2, DrRecA bound to cssDNA with DrSSB added at 0 min; and reaction 3,
DrRecA bound to cssDNA with DrSSB added at 20 min. B, representative elec-
tron micrograph corresponding to reaction 2 at 15 min and fixed with ATPyS.
C, representative electron micrograph corresponding to reaction 3 at 15 min
after DrSSB addition and fixed with ATP+S. D, representative electron micro-
graph corresponding to reaction 3 at 60 min after DrSSB addition and fixed
with ATPyS. E, same as B without ATP+S fixing. F, same as C without ATP~yS
fixing. G, same as D without ATP+S fixing.

mally hydrolyzed and not replaced during the spreading proc-
ess. The DrRecA filaments are easily distinguished from com-
plexes of DrSSB on ssDNA, which have a highly condensed and
beaded appearance similar to what has been reported for EcSSB
(53).
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FIGURE 3. EcSSB suppresses DrRecA ATPase activity. M13mp18 cssDNA
was coated with DrSSB or EcSSB for 10 min before addition of DrRecA or
EcRecA to start ATPase monitoring. Both EcSSB and DrSSB inhibited DrRecA
ATPase and did not affect ECRecA ATPase activity.

Suppression of the DrRecA ATPase activity was also
observed when we used SSB from E. coli, but the EcRecA
ATPase activity was not suppressed by SSB from either E. coli
or D. radiodurans (Fig. 3). Either DrRecA or EcRecA was added
to reactions containing cssDNA coated with DrSSB or EcSSB as
indicated in the figure. With SSB added first, EcRecA binds to
ssDNA slowly but eventually coats the DNA and hydrolyzes
ATP. ATPase kinetics by EcRecA were similar whether DrSSB
or EcSSB was used. In contrast, ATPase activity by DrRecA with
either DrSSB- or EcSSB-coated cssDNA was very slow,
although the reaction seen with EcSSB was somewhat faster
than that seen with DrSSB.

Under our conditions, the amount of DrSSB required to
maximally suppress the ATPase activity of DrRecA activity on
ssDNA is 300 nM monomers (150 nm dimers) or perhaps a bit
less. In the experiments described, 5 um nucleotides of cssDNA
and 3 uMm DrRecA were used. This equates to 1 DrSSB dimer for
every 33 nucleotides of ssDNA or 1 dimer for every 20 DrRecA
monomers. Interestingly, supersaturating concentrations of
DrSSB, up to 1 uM monomer, relieved the inhibition of the
DrRecA ATPase and even stimulated it (Fig. 4). Similar effects
were seen with addition of higher concentrations of EcSSB
(data not shown). At 400 or 500 nM, the effects of DrSSB exhibit
a hybrid, biphasic effect. This likely reflects an apparent stimu-
lation of the ATPase at early times due to the formation of
contiguous filaments, followed by a relatively slow transition to
the inactive form at these higher, less inhibitory concentrations
of the DrSSB.

The effects of DrSSB and EcSSB on the DrRecA ATPase
activity do not exhibit any tight stoichiometries or otherwise
exhibit properties one might expect if the DrRecA protein
formed a complex with either SSB. We have found no evidence
for such a complex. Instead, we attribute these effects of the SSB
proteins to a solute or excluded volume effect (71). We were
able to mimic the activation effect with polyethylene glycol (Fig.
4D). The relief of the ATPase inhibition by the excess DrSSB
provides additional evidence that the inhibitory effect of DrSSB
does not reflect a displacement of the DrRecA from the DNA, as
the higher levels of DrSSB clearly fail to do so. DrRecA filaments
formed in the presence of either 300 nm or 1 um DrSSB do not
appear to be detectably different by EM (Fig. 4, B and C). We
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FIGURE 4. Maximal DrRecA ATPase inhibition is 300 nm DrSSB (monomer)
in 5 um ssDNA. A, ATPase assay with increasing DrSSB concentrations from 0
to 1 um. B, DrRecA-cssDNA (3 um DrRecA and 5 um cssDNA) filament with 300
nm DrSSB. C, DrRecA-cssDNA (3 um DrRecA and 5 um cssDNA) filament with 1
um DrSSB. D, effects of two different forms of polyethylene glycol on the ATP
hydrolytic activity of DrRecA protein on ssDNA in the presence of DrSSB. Reac-
tions contain 3 um DrRecA, 5 um cssDNA, and 0.3 um DrSSB.

have also confirmed by analytical ultracentrifugation that the
oligomeric state of DrSSB remains dimeric at both concentra-
tions of DrSSB (data not shown).

The similarity of the DrRecA filaments at both DrSSB con-
centrations, despite the large difference in rates of ATP hydrol-
ysis, suggests the presence of at least two activity states in the
DrRecA filaments. Relatively subtle effects of DrSSB concentra-
tion and perhaps other factors govern the transition between
states. That transition is not all or none, but is gradual, as seen
with the effects of polyethylene glycol in Fig. 4D. However, the
filament state transition in DrRecA brings about a greater
change in ATPase activity than any comparable transition
observed to date with the Escherichia coli RecA protein.

Double-stranded DNA Binding Inhibits DrRecA ATPase
Activity—When DrRecA was incubated with the 7249-bp dou-
ble-stranded DNA from M13mp18 bacteriophage, linearized
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FIGURE 5. Lack of ATP hydrolysis when DrRecA is bound to dsDNA. A,
DrRecA was incubated with M13mp18 cssDNA or IdsDNA for 10 min at 30 °C
before ATP was added to begin ATPase monitoring. B, representative micro-
graph showing a full-length DrRecA-IdsDNA filament fixed with ATP~S. C,
representative micrograph showing DrRecA-IdsDNA filaments not fixed with
ATP~S. D, two independent EM experiments with DrRecA and IdsDNA were
observed, and a total of 547 filaments was counted to make the total popu-
lation. Precise length may vary within each class of filament. Full-length fila-
ments were measured in detail to determine the fully extended DrRecA-ds-
DNA nucleoprotein filament length.

with Pstl restriction enzyme (Fig. 54), no ATP hydrolysis was
observed. A reaction with DrRecA and cssDNA is also included
in Fig. 5A to allow for a direct comparison of the ATPase activ-
ity in the presence of the two DNA substrates, cssDNA and
IdsDNA, both in the absence of SSB. We found the absence of
ATP hydrolysis intriguing because 1dsDNA is the preferred
substrate at 37 °C (46). We utilized EM to directly visualize
DrRecA in the presence of the IdsDNA and ATP at 30 °C, fixed
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with ATPvyS (Fig. 5B). Although DrRecA did not hydrolyze
ATP with ldsDNA, we observed an abundance of complete and
fully coated DrRecA nucleoprotein filaments. ATP was
required for this binding (data not shown), and samples that
were spread directly and rapidly on a grid without addition of
ATP+S still exhibited a large population of DrRecA filaments
(Fig. 5C). As with the filaments on ssDNA, the DrRecA-dsDNA
filaments spread without the addition of ATPvS generally con-
tained some gaps. This was again most likely due to a sudden
destabilization as the ATP was abruptly removed in the spread-
ing protocol, and some bound ATP was hydrolyzed. Similar to
observations described above with cssDNA in the presence of
DrSSB, DrRecA-mediated ATPase activity was negligible even
though DrRecA was bound to dsDNA and formed mostly com-
plete filaments.

We directly measured the lengths of IdAsDNA filaments fixed
with ATP+S using the MetaMorph software (Fig. 5D). Three
major classes of fully coated filaments exist in the population of
the 547 filaments counted. The most common species, making
up the majority of the population of filaments counted (63.9 =
4.39%), appeared to coat the entire length of the duplex DNA,
measuring 3627 = 66.8 nm. Because the length of M13mp18 is
2464 nm having 7249 bp, these full-length DrRecA 1dsDNA
filaments were calculated to be 47.2 = 2.7% longer than the
naked B-form of M13mp18 ldsDNA. We interpreted these fil-
aments to be complete unit length filaments, with an ATP-
mediated extension consistent with that observed in EcRecA
filaments (72, 73). The two less frequently observed filament
length classes were “extra long filaments” that were apparent
multiples of the unit length filament, formed by noncovalent
association of filament ends (as seen previously with
poly(dT),), and “short filaments” that were of varying lengths,
shorter than the unit length. We interpreted the latter filaments
to be pieces of broken DNA bound by DrRecA or DNA unsat-
urated with DrRecA with naked DNA ends not clearly visible.
Extra long fully filamented dsDNA made up 13.6 = 4.03% and
the short filaments 17.4 = 0.87% of the EM population. A small
subset of the full-length and short filaments had some visible
naked dsDNA at the ends that was not coated with DrRecA.
These partially coated DNAs minimally made up 3.25 * 1.34%
and 1.83 = 0.12% of the population, respectively. No unbound
DNA end segments were seen on extra long filaments.

To explore the general mechanism of ATPase suppression
when DrRecA is bound to dsDNA, we examined the ATPase
activity as a function of pH and temperature. The k_,, of ATP
hydrolysis was measured over a range of pH, from pH 5.5 to 9.0
at 30 °C, using linearized M13mp18 dsDNA as a binding sub-
strate (Fig. 6A). We found that the ATPase activity of DrRecA
peaked sharply at pH 7 and was negligible at pH 7.5 or above. A
sharp decline was also observed below pH 7.0.

The approximately bell-shaped pH-rate profile between pH
6.15 and 7.5 could not be fit by standard models (74, 75) built
around a single ionizable group being responsible for the
increase in k_, observed on each side of the pH 7 peak. The
slope on each side of the curve was much too steep. Efforts to
model the transition underlying the curve between pH 6.15 and
7.5 are ongoing. Fitting the curve requires either that there are
multiple ionizations responsible for the slopes on either side of
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FIGURE 6. Characterizing DrRecA ATPase activity as a function of pH and
temperature. A, k., of ATP hydrolysis by DrRecA incubating with linear
dsDNA at 30 °C varies with pH. ATP hydrolysis is highest at pH 7 and is sup-
pressed at pH values higher than 7.5. B, ATPase activity by DrRecA bound to
dsDNA at pH 7.5 increases with increasing temperature. G, lag time required
to achieve steady state of ATP hydrolysis at temperatures between 30 and
50 °C decreases with increasing temperature.

the curve or (more likely for a RecA filament) that the transition
from inactive to active ATPase states in these filaments is highly
cooperative.? If the curve reflects a cooperative transition and a
single ionization on either side of the peak, then there are at
least two key amino acid residues with pK, values close to neu-
trality in either the active or inactive states. However, we note
that there is only one His residue in the Deinococcus RecA pro-
tein. Thus, the results suggest that one or more of the amino
acid residues giving rise to the activation seen in Fig. 64 have
significantly perturbed pK, values. There are changes in the
placement of charged amino acid residues in the DrRecA pro-
tein, relative to EcRecA, that may have a large impact on the
electrostatic surface potential (76).

The k_,, value of ATP hydrolysis and the lag time required to
achieve steady state in the presence of dsDNA were also meas-
ured over a range of temperatures, from 30 to 50 °C, at pH 7.5.
The rate of ATP hydrolysis was essentially zero at 30 °C but

3 D. B. Knowles, personal communication.
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increased with increasing temperature (Fig. 68). Where a meas-
urable ATPase activity was observed, the measured lag time to
steady state decreased with increasing temperatures (Fig. 6C).

ATPase activity as a function of temperature and pH is con-
sistent with previous data reported by Kim et al. (46) that
DrRecA hydrolyzed ATP at 37 °C. We note that the EcRecA
ATPase also exhibits a dependence on temperature (77). The
difference between EcRecA and DrRecA is that the ATPase
activity by EcRecA is reliably coupled to DNA binding, whereas
the ATPase activity by DrRecA is not.

The temperature effects seen with EcRecA are readily inter-
preted as a reflection of the activation barrier for ATP hydrol-
ysis and the processes to which it is coupled (25). In contrast,
the ATPase activity of the DrRecA protein exhibits a DNA-
bound state that is inactive with respect to ATP hydrolysis. An
activation observed with increasing temperature, changes in
pH, or increases in the concentration of volume exclusion
agents suggests a change in DrRecA filament state.

ATP Hydprolysis by DrRecA-dsDNA Filaments Is Triggered by
Addition of ssDNA and SSB—The question now becomes the
following. How does this transition from inactive to active fila-
ment forms affect the function of DrRecA in the cell and facil-
itate genome reconstitution after irradiation?

We sought to discover a condition that would stimulate
ATPase activity when DrRecA was bound to dsDNA. DrRecA,
at a concentration (3 um) that is somewhat below that required
to saturate the DNA, was incubated with ATP and 20 um
M13mp18 ldsDNA for 15 min at pH 7.5 and 30°C while
ATPase activity was monitored (Fig. 7A). There was no ATP
hydrolysis. After 15 min, we added a variety of possible stimu-
lants. In particular, cssDNA was added in a variety of forms and
using several different protocols at 10 uM as follows: 1) heter-
ologous ®X174 cssDNA or 2) homologous M13mp18 cssDNA
alone; 3) 1 um DrSSB-coated ®X174 or 4) 1 uMm DrSSB-coated
M13mp18 cssDNA; 5) ®X174 cssDNA (heterologous) followed
by 1 um DrSSB 5 min later or 6) M13mp18 cssDNA (homolo-
gous) followed by 1 um DrSSB 5 min later. In all cases, the
addition of ssDNA stimulated ATP hydrolysis.

In the reactions where cssDNA alone was added, DrRecA
began hydrolyzing the ATP immediately, reaching a maximal
rate of 17.8 um/min after several minutes (see protocol 1
(above), heterologous cssDNA). Both heterologous and homol-
ogous ssDNAs triggered the ATPase activation and did so fairly
quickly. In the reactions where the added ssDNA was coated
with DrSSB (see protocols 3 and 4), a stimulation of ATPase by
DrRecA was again observed, albeit with a lag of more than 30
min. Addition of DrSSB 5 min after introducing ssDNA led to a
much more rapid rate increase to 20.9 uM/min in the reaction
with heterologous DNA (see protocol 5) and 17.7 um/min in the
reaction with homologous DNA (see protocol 6). The new rate
in this case was sustained after the DrSSB was added. In general,
the ATPase stimulation was clearly not dependent on homol-
ogy in the ssDNA.

An aliquot of each reaction was removed at the end of the
ATPase assay and run on a 0.8% agarose gel to determine
whether DNA strand exchange had occurred (Fig. 7B). Inter-
estingly, the only protocols that resulted in measurable DNA
strand exchange were the ones with both homologous DNA
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FIGURE 7.Single-stranded DNA activates the ATPase of DrRecA filaments
on dsDNA. Addition of homologous ssDNA and DrSSB initiate DNA strand
exchange. A, DrRecA was incubated with excess M13mp18 IdsDNA and ATP
to form DrRecA-dsDNA filaments. After 15 min, the following DNA substrates
were added: reaction 1, heterologous (het) X174 cssDNA; reaction 2, homol-
ogous (hom) M13mp18 cssDNA; reaction 3, DrSSB-bound heterologous css-
DNA; reaction 4, DrSSB bound homologous cssDNA; reaction 5, heterologous
cssDNA, or reaction 6, homologous cssDNA followed by DrSSB addition after 5
min. B, aliquot of reactions 1-6 were run on a 0.8% agarose gel. Only homol-
ogous reactions also containing DrSSB resulted in M13mp18 DNA recombi-
nation, indicated by the M13 product band, which is nicked circular dsDNA.

and SSB (see protocols 4 and 6 above). No reaction was
observed, not even the formation of detectable reaction inter-
mediates, when homologous ssDNA was added without DrSSB
(see protocol 2 above). Under these conditions, the overall
results suggest that ATP hydrolysis by DrRecA protein does not
occur until all DNA substrates needed for a potential DNA
strand exchange are present. Whereas the ATP hydrolysis
activity is triggered by any ssDNA, DNA strand exchange
requires DNA homology and also occurs only when DrSSB is
present.

DrRecA Nucleoprotein Filament Dynamics—We wanted to
understand DrRecA filament dynamics reflecting the different
ATPase activities shown in Fig. 7. Our first question was
whether the stimulated ATPase occurred while DrRecA
remained bound to ldsDNA, or instead whether it reflected a
transfer to the introduced cssDNA. Because the rates of ATP
hydrolysis in reactions 1 and 2 of Fig. 7 were more than 2-fold
higher than that seen when DrRecA is bound to cssDNA alone,
and SSB suppresses ATP hydrolysis by DrRecA bound to

VOLUME 288+NUMBER 29-JULY 19, 2013



Inactive Nucleoprotein Filament State of Deinococcus RecA

50
heterologous DNA homologous DNA” c .y E het -SSB
% mhom -SSB
= u het+SSB
8‘35 = hom +SSB
Qo
Y
o
()
% 220
8
(L) c
a 8
1 (O]
o
&
8
F
7] a
ol @
ES
m g4 !
) ()]
; ot :
= - [
o 2 A ! A
+ '
1 DS 4
0 )] A N\ \. N\ N "
SO0 A N N Y 8
L o S @ A
XS & & O N \&' N
@ & & & & O
& & {\'\\(‘ \\\ & QO\
& £ 0
&

FIGURE 8. DrRecA-ldsDNA and DrRecA-cssDNA filaments are both observed primarily in the presence of SSB. A, representative electron micrograph
showing M13mp18 IdsDNA and heterologous ®X174 cssDNA in the absence of SSB (Het —SSB); B, M13mp18 IdsDNA and homologous cssDNA without SSB
(Hom —SSB); G, M13mp18 IdsDNA and heterologous ®X174 cssDNA with DrSSB (Het +SSB); and D, M13mp18 IdsDNA and homologous cssDNA with DrSSB
(Hom +SSB). All components were added in the same order as indicated by corresponding reactions in Fig. 6 and visualized 50 min after the addition of ATP.
Circular DrRecA filaments are primarily observed in reactions containing SSB. E, DrRecA-DNA filament types were counted and represented in a bar graph
showing the decrease in long linear filaments and increase in big circular filaments with addition of SSB. F, examples of all types of RecA filaments described in
E were directly measured as described under “Experimental Procedures.” The total numbers measured are provided along with the descriptions in the labels
along the horizontal axis. At least four individual molecules were measured in each class of DrRecA filaments among the eight samples (duplicates of each
condition). Diamonds represent molecules from heterologous DNA without SSB; squares represent molecules from the heterologous DNA with SSB; triangles
represent molecules from homologous DNA without SSB, and circles represent molecules from homologous DNA with SSB. Long linear molecules range
between 2.8 and 7.1 um, medium linear between 0.9 and 3.3 um, short linear range between 0.2 and 1.9 um, and rods are very short molecules between 0.04
and 0.1 um. Small circles range between 0.3 and 1.5 um; medium circles are between 0.9 and 2.6 um, and /arge circles typically range between 2.1 and 3.3 um.

No medium or big circles were observed in the heterologous DNA without SSB samples.

ssDNA (see Fig. 2), we suspected that the ATPase activity
reflected DrRecA-ldsDNA filaments that had been activated by
the cssDNA. Reactions 1 and 2 were directly visualized by elec-
tron microscopy using the same conditions as indicated in Fig.
7 with DrRecA at a slightly subsaturating concentration. After
the addition of either heterologous ®X174 cssDNA (Fig. 84)
or homologous M13mpl18 cssDNA (Fig. 8B) to DrRecA-
M13mp18 IdsDNA filaments, the reactions were incubated for
30 min before they were fixed with ATP+S for 5 min and spread
on an Alcian grid. We deliberately used linear dsDNA and cir-
cular ssDNA (of different lengths) to help us determine the
particular DNA substrate to which DrRecA was bound.
Careful counts of filaments seen on two grids revealed that
the majority of filaments observed were linear DrRecA-dsDNA
filaments (Fig. 8E). To support the judgments of DrRecA fila-
ment types observed, a subset of over a dozen molecules was
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directly measured, and the lengths are presented in Fig. 8F.
Linear filaments, of various lengths, made up 83.1% of the 579
filaments counted in reaction 1, which contains heterologous
DNA substrates in the absence of DrSSB (het-SSB). Similarly,
linear filaments of various lengths made up 83.3% of all 521
filaments counted in reaction 2, which contains homologous
DNA substrates in the absence of DrSSB (hom-SSB). Only 2.94
and 9.4% of the filaments were circles (indicative of ssDNA) in
reactions 1 and 2, respectively. Although these small circular
filaments could possibly be short linears on dsDNA joined at
the ends, they appeared only in samples containing circular
ssDNA. Very short DrRecA filaments, called “rods,” made up
13.0 and 5.18% of all the filaments in reactions 1 and 2, respec-
tively. These rods could be DrRecA bound to cssDNA contain-
ing secondary structures as seen previously in Fig. 1B or oligo-
mers of DrRecA in solution. Based on the majority of filaments
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being DrRecA-ldsDNA, our EM and ATPase results suggest
that the stimulated ATPase activity observed was most likely to
be ATP hydrolyzed by the DrRecA bound to IdsDNA, with css-
DNA, heterologous or homologous, as the primary stimulant.

Our second question in understanding DrRecA filament
dynamics was how DrSSB affected DrRecA-DNA filament for-
mation. EM experiments were prepared with conditions corre-
sponding to reactions 5 and 6 of Fig. 7, which contain DrSSB.
The reactions were fixed with ATP+S after 30 min of incuba-
tion with DrSSB (Fig. 8, Cand D). Interestingly, unlike reactions
1 and 2 without DrSSB, circular DrRecA-ssDNA nucleopro-
teins filaments were now observed in some abundance along
with linear DrRecA-dsDNA filaments. These came in a variety
of sizes, because the shorter DrRecA filaments on ssDNA
tended to close up on themselves at the ends. The circular
forms of all types again appear only in samples that included
circular ssDNA. Because DrRecA was present in a subsaturat-
ing amount and harsh pipetting was avoided, it is unlikely that
DrRecA-cssDNA filaments were formed by the DrRecA pro-
tein in solution or DrRecA protein displaced from dsDNA by
vigorous mixing. Instead, this result suggested that DrSSB may
trigger a transfer of DrRecA from the IdsDNA to the cssDNA.
Filament quantification for reactions 5 and 6 revealed a
decrease in long linear filaments and linear filaments in general
and an increase in circular filaments (Fig. 8E). In the reaction
using heterologous DNA with SSB added later (reaction 5), cir-
cular filaments increased over 10-fold, from 2.94 to 34.07%, and
most of the filaments were large and fully coated circles. The
size of the circles was consistent with the presence of DrRecA
protein on the added ®X174 ssDNA. In the reaction using
homologous DNA with SSB added later (reaction 6), circular
filaments increased from 9.4% (most of which were small cir-
cles) to 38.9% of mostly large and fully coated circles. The
~4-fold increase was most likely an underestimate as the reac-
tion with homologous DNA and SSB formed many large aggre-
gates that we suspect to be intermediates of recombination.
Thus, the addition of DrSSB facilitates a transfer of significant
amounts of the DrRecA protein from dsDNA to ssDNA. Quan-
tification of filaments from reactions 5 and 6 were calculated
from counting 1183 and 666 total filaments, respectively.

We further investigated the DrRecA transfer facilitated by
DrSSB by doing careful counts of DrRecA-DNA filaments at
time points 0, 5, 10, and 20 min after DrSSB addition (Fig. 9).
DrRecA was incubated with linear dsDNA and ATP for 15 min
before circular ssDNA was added. DrSSB was added after 5 min
to begin time point collection. All time points were fixed with
ATP+vS before EM spreading. When homologous DNA sub-
strates were used, we observed large filament aggregates that
could not be accurately resolved (data not shown). We suspect
that these aggregates are joint molecules formed from homol-
ogous recombination of the DNA substrates by DrRecA. There-
fore, the counts in Fig. 9 reflect the use of heterologous linear
dsDNA and circular ssDNA to allow for clear detection of
DrRecA filaments. Between 448 and 719 filaments were
counted for each time point. The bar graph in Fig. 9A shows the
decrease in linear DrRecA-dsDNA filaments and an increase in
big circular DrRecA-ssDNA filaments over time. The repre-
sentative EM images in Fig. 8 show additional evidence that
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FIGURE 9. Abundance of DrRecA-cssDNA filaments increases with time in
the presence of DrSSB. DrRecA was incubated with M13mp18 IdsDNA and
ATP for 15 min before ®X174 cssDNA was added for 5 min followed by DrSSB.
The reaction was stopped at 0, 5, 10, and 20 min after the addition of DrSSB,
fixed with ATPvS, and spread on Alcian grids. A, bar graph shows the decrease
inlong linear filaments with time, and increase in circular filaments, especially
big circular filaments. B, at least four individual molecules were measured in
each class of DrRecA filament in eight samples (duplicates of each time point).
Diamonds represent molecules from 0-min samples, squares from 5-min sam-
ples, triangles from 10-min samples, and circles from 20-min samples. Long
linear molecules range between 2.7 and 7.4 um and short linear range
between 0.2 and 1.1 um. Small circles range between 0.1 and 1.3 um; medium
circles are between 0.8 and 2.1 um, and large circles typically range between
2.1 and 3.7 um. No small circles with small gaps were observed at the 10-and
20-min time point samples.

there may be a transfer of DrRecA molecules from dsDNA to
ssDNA, stimulated by DrSSB. As for Fig. 8, the lengths of a
significant subset of molecules in each category are presented in
Fig. 9B to support the judgments.

SSB Is Crucial for Strand Exchange by DrRecA—To investi-
gate the role of DrSSB in strand exchange, we carried out in
vitro three-strand exchange experiments with EcRecA or
DrRecA, in each case comparing the reaction seen with the
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FIGURE 10. DrSSB is required for DNA pairing and strand exchange pro-
moted by DrRecA protein. A, EcRecA; B, DrRecA was added to 10 um
M13mp18 cssDNA for 10 min (30 °C for DrRecA reaction and 37 °C for EcRecA
reaction) followed by the addition of ATP for 10 min. M13mp18 IdsDNA (20
um) and 1 um of the corresponding cognate SSB protein were added to the
two reactions on the left (with SSB, as indicated). Only the M13mp18 IdsDNA,
and no SSB protein, was added to the reactions on the right (without SSB as
indicated). Aliquots were removed at the indicated time points and run on a
0.8% agarose gel. Note that in these gels, the M13mp18 ssDNA tends to run as
a doublet. The change in proportion of the two bands during some reactions
does not necessarily reflect conversion of the circular species to duplex and
build up of displaced linear ssDNA. As documented in earlier studies (31,
100-102), the secondary structure-rich M13-derived ssDNAs can take on at
least two conformational arrangements that affect gel migration. Doublets
routinely appear in gels even though more than 90-95% of the ssDNA is
present as circles by EM examination (31, 98-100). The equilibrium between
species can be affected by temperature and interaction with proteins such as
DrRecA and DrSSB. The doublet is also evident in Fig. 12.

cognate SSB protein to a reaction without SSB (Fig. 10). The
EcRecA protein reactions were carried out at 37 °C. As seen in
past work (78, 79), EcSSB is important and stimulates the reac-
tion. However, it is not essential to observe significant strand
exchange, as seen in Fig. 10A. Substantial amounts of strand
exchange intermediates are formed even without EcSSB, and
some of these are converted to products. In contrast, the
DrRecA reaction without DrSSB exhibited no detectable joint
molecules (intermediates) or product formation (Fig. 10B). The
reaction with DrSSB began forming product after 45 min and
achieved ~90% product formation after 3 h. The inability of
DrRecA to catalyze recombination at any level without the help
of DrSSB is similar to data reported for Streptococcus pneu-
moniae RecA and SSB and Saccharomyces cerevisiae Rad51 and
the eukaryotic single-stranded DNA-binding protein, RPA
(80—83).

To further show that DrSSB is crucial for the initiation of
strand exchange, we varied the time when DrSSB was added
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following the last component to the reaction (Fig. 11). DrRecA
was added to M13mp18 IdsDNA first, followed by ATP for 10
min. Homologous cssDNA was then added to the reaction and
incubated for either 5 or 20 min before DrSSB was added (Figs.
11, A and B, respectively). Intermediates were absent as long as
the DrSSB was not present. Intermediates were observed
almost immediately after the addition of DrSSB in all cases, and
product formation began ~35 min after the addition of DrSSB.
These data again show that the presence of DrSSB is absolutely
required for strand exchange catalyzed by DrRecA.

The concentration of DrSSB can also significantly influence
the amount of recombined product generated by DrRecA (Fig.
12). In these strand exchange assays, DrRecA was again incu-
bated with M13mp18 ldsDNA for 5 min before ATP was added.
Homologous cssDNA was added 10 min later, followed by addi-
tion of DrSSB at varying concentrations, 0.1-2.0 um. Aliquots
were removed at time points 0—120 min after the addition of
DrSSB and run on a 0.8% agarose gel. The rate of product for-
mation catalyzed by DrRecA increased with increasing concen-
trations of DrSSB. In the presence of 0.1 um DrSSB, minimal
product began to appear after 90 min. At DrSSB concentrations
of 1.0 uM or higher, product appeared in 45 min, and the reac-
tions went nearly to completion. Overall, the evidence we have
provided shows that not only is the SSB protein important for
initiation of recombination in Deinococcus, it is also important
for the kinetics of the recombination reaction promoted by the
RecA protein. This could explain why higher concentrations of
DrSSB may have a strong stimulatory effect on DrRecA ATPase
activity and could play a role in stimulating DNA pairing and
strand switching.

DISCUSSION

The work described in this study reveals a new regulatory
mechanism at work with the DrRecA protein that has not pre-
viously been associated with any RecA protein. Relatively subtle
changes in nucleoprotein filament state have been documented
with EcRecA. However, the changes seen with the DrRecA
nucleoprotein filaments are exaggerated and include an inac-
tive state with respect to ATP hydrolysis that provides a poten-
tial new point of regulation. In particular, DrRecA filaments do
not hydrolyze ATP when simply bound to dsDNA at pH 7.5 and
30 °C. Activation of the DrRecA is observed when ssDNA is
added, a ligand that would be rendered abundant in the event of
extreme desiccation or exposure to high levels of ionizing radi-
ation. DrSSB is also absolutely required for DrRecA activity in
DNA strand exchange, a tighter requirement than is seen for
reactions promoted by the EcRecA protein.

The properties of these proteins are best considered in the
context of the ecophysiology of the host organisms. E. coli
spends most of its time in the lower intestine of warm-blooded
organisms. The protein is normally unbound to DNA. Nor-
mally, EcRecA acts only when a stretch of single-stranded DNA
is suddenly exposed by a stalled replication fork, the repair of
which constitutes its primary biological function (84— 87). The
properties of DrRecA appear to reflect a much different
approach to recombinational DNA repair. DrRecA is needed
for genome reconstitution after desiccation (2, 3). DrRecA,
along with several other proteins, are induced to high levels
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added 15 min later. DrSSB (0.4 um) was added either 5 min (A) or 20 min (B) later. The addition of DrSSB resets time points indicated in the gels above back to

0 to show that product formation began after 35 min in both reactions, although SSB was added 15 min later in the bottom reaction.
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1.0 uM DrSSB 2.0 yM DrSSB

FIGURE 12. Product formation kinetics by DrRecA is dependent on DrSSB concentration. DrRecA was incubated with IdsDNA and ATP for 10 min before the

addition of homologous cssDNA. The reaction was incubated for 5 min before 0.1, 0.3, 0.5, 1.0, or 2.0 um DrSSB was added. Aliquots were removed at indicated
time points and run on 0.8% agarose gel.

immediately after and probably during desiccation (the pro-
teins are already present at high levels immediately after re-hy-
dration) (58). The presence of an inactive form of DrRecA dur-
ing desiccation, perhaps bound to dsDNA, could facilitate rapid
response to improved growth conditions. Our working model
for this re-activation is presented in Fig. 13.

There are four main observations that contribute to this
scheme. First, DrRecA can form nucleoprotein filaments at
30 °C on dsDNA, and ssDNA with DrSSB, while hydrolyzing
little to no ATP. To our knowledge, this is the first report of an
ATPase-inactive state of a bacterial recombinase bound to
DNA. Second, the dsDNA-DrRecA filaments hydrolyze little or
no ATP until they are activated by interaction with new ssDNA,
with or without SSB. In effect, ATP is not hydrolyzed until all of
the substrates needed for a possible DNA strand exchange are
present. Third, DrSSB is a crucial component in the homolo-
gous recombination activity of DrRecA. Unlike the reactions
characterized to date with other bacterial RecA proteins, except
for RecA from Streptococcus (83), no detectable intermediates
or products of DNA strand exchange are observed in the
absence of SSB. Fourth and finally, SSB appears to trigger the

21362 JOURNAL OF BIOLOGICAL CHEMISTRY

mlo E) 32PN 0 16 o0 s5DPNOY0 16 2 12PPN[0 16 0 58 & o N0 1o o 16 & o X1O] Time (min)

A B C

k A —

asveses
| —

Quiescent DrRecA

[ i ATPase active DrRecA/lHomology search
Seeee SsB
F -~ |E D n

DNA synthesis Strand invasion
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ATPase activity of DrRecA. C, ATP hydrolysis provides the energy for DNA
homology search. D, presence of SSB triggers a transfer of DrRecA from
dsDNA to ssDNA; E, initiates strand invasion and D-loop formation by DrRecA.
F, DNA is synthesized by DNA polymerase | to reconstitute dsDNA. If addi-
tional ssDNA is present, the recombination cycle can start over again.
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transfer of at least some of the DrRecA protein from dsDNA to
ssDNA. It is possible that DNA strand exchange is initiated
from either dsDNA or ssDNA under these reaction conditions.
We do not know if multiple transfers of DrRecA (perhaps back
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and forth between ssDNA and dsDNA) occur before strand
exchange is initiated. In general, recombination carried out by
DrRecA is tightly controlled. RecA functions in D. radiodurans
can only be activated by the presence of specific ligands, such as
ssDNA or the SSB protein. The lack of ATP hydrolysis by
DrRecA until appropriate DNA substrates and cofactors are
available may help to conserve resources in cells that have
undergone extreme levels of oxidative damage (88). The more
promiscuous hydrolysis of ATP seen with the EcRecA protein
may be unsuitable for a bacterium that spends much of its time
in a desiccated, metabolically compromised state. Eliminating
DrRecA protein (and perhaps other ATP-requiring DNA repair
proteins) when desiccation commences is also not a productive
survival strategy, because these proteins are required when
environmental conditions improve.

Activation of ATP hydrolysis can also be effected by certain
changes in reaction conditions, including a decrease in pH or
the addition of volume exclusion agents. This is likely to reflect
a complex interplay of mobile amino acid residues and peptide
segments that mediate the change in filament states, particu-
larly at the subunit-subunit interface. The active site for ATP
hydrolysis is at the interface between filament subunits, and
amino acid residues from both flanking subunits cooperate in
the hydrolytic reaction (26, 27). Mutational changes in key
active site resides produce large effects on EcRecA activities
(26, 27). We speculate that the transition between active and
inactive states in DrRecA similarly reflects changes in the posi-
tion and ionization state of ATPase active site residues,
although the changes are exaggerated in the case of the DrRecA
such that they can bring about an inactive state.

The sharp pH-dependent changes in ATPase activity docu-
mented in Fig. 64 suggest either multiple ionizable groups that
can affect the activity of DrRecA or (more likely) a highly coop-
erative pH-dependent activation effect. Whereas the ioniza-
tions that affect activity exhibit apparent pK, values near neu-
trality, there is only one His residue in DrRecA protein. One or
more ionizable amino acid side chains may thus be presentin an
environment where their pK, values are substantially per-
turbed. It is tempting to speculate that some of these groups are
included in the more positively charged inner surface of the
DrRecA filament that was documented by Rajan and Bell (76).
At this surface, charge interactions with single-stranded DNA
might bring about activating conformational changes at pH val-
ues above 7.5 that are brought about by group ionization below
pH 7.5.

The changes in filament state are likely to be more complex
than a simple change from one RecA protein conformation to
another. RecA is part of a larger family of related ATPases that
includes a range of helicases and the F,-ATPase (89, 90). Mul-
tiple distinct conformational changes are typically associated
with the ATP hydrolytic cycle (91-99). In DrRecA, the filament
undergoes a change from an inactive state to a state in which the
ATP hydrolytic cycle is activated.

Our working model to describe how the RecA protein may
play a role in the radiation and desiccation resistance of D.
radiodurans is outlined in Fig. 13. In the cell, DrRecA would be
bound to the double-stranded genomic DNA or DNA frag-
ments in an ATPase inactive state, or quiescent state, symbol-
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ized by the oval molecules (Fig. 13A). In this state, DrRecA
might be stored directly on the DNA without hydrolyzing ATP
and depleting resources. Some of the DrRecA might also be
stored in some undetermined form outside the nucleoid, occa-
sionally binding to genomic dsDNA. Upon re-hydration, the
appearance of some ATP in the environment would render
DrRecA function possible. The presence of significant amounts
of ssDNA would signal to the cell that genomic DNA damage
had occurred and DrRecA ATPase activity would be activated
(Fig. 13, B and C). The presence of ssDNA would also lead to
binding of the ssDNA by DrSSB. This in turn would lead to
transfer of DrRecA from random cellular locations to regions of
ssDNA where repair would be required (Fig. 13D). DrSSB pro-
tein expression is induced upon recovery from irradiation (53).
It is unclear whether or not the transfer is a step required for
strand exchange, although both RecA transfer and strand
exchange required the presence of SSB. Interestingly, transfer
of RecA to SSB-bound ssDNA might allow RecA strand
exchange to initiate on the ssDNA and proceed in the direction
considered normal for other related recombinases, or a subse-
quent transfer back to dsDNA might allow initiation from that
DNA substrate. Additionally, SSB acts as a signal to initiate
strand exchange and push the reaction to strand invasion and
D-loop formation (Fig. 13E). This in turn would prime DNA
synthesis by DNA polymerase to reconstitute the missing
genomic information (Fig. 13F). When bound to dsDNA, RecA
will remain ATPase-inactive. The presence of additional
ssDNA in the cell would stimulate ATP hydrolysis by RecA, and
the cycle can continue. In the cell, this “DNA-hopping” mech-
anism could play an important role in localizing the DrRecA
protein specifically to sites where genomic DNA insults have
occurred and require repair. In addition, having multiple levels
of regulation to permit proper activation of RecA, such as
requiring the presence of both ssDNA and SSB, indicates a
more constrained RecA protein function in D. radiodurans. In
vivo, strict regulation of DrRecA may be important to prevent
unwanted mutagenesis and illegitimate recombination that
would compromise genomic stability. It is possible that DrRecA
may be adapted for an environment in which cells are recover-
ing from desiccation or heavy doses of ionizing radiation, where
energy-yielding metabolism may not yet be fully restored.
ATPase-inactive RecA that is quickly localized to potential sites
of damage when required would provide the most effective use
of the recombinase.

DrSSB plays a pivotal role in the initiation and completion of
the strand exchange reaction catalyzed by DrRecA. In E. coli,
SSB added after RecA stabilizes the strand exchange reaction by
removing secondary structures on the initial ssDNA for RecA
to make a continuous filament and also by binding to the dis-
placed ssDNA after strand switching. Although SSB is impor-
tant, it is not essential for homologous recombination to go to
completion in E. coli. In D. radiodurans, RecA is completely
unable to initiate strand exchange in the absence of DrSSB. The
inability of DrRecA to catalyze recombination without DrSSB is
similar to properties reported for S. pneumoniae RecA and SSB
and S. cerevisiae Rad51 and the eukaryotic single-stranded
DNA-binding protein RPA (80, 82, 83). We speculate that the
sequestration of the displaced ssDNA may be a critical function
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of DrSSB, with displacement energetically constrained when
DNA strand exchange is attempted by DrRecA alone. In this
scenario, detectable strand exchange will be driven forward
only when the DrSSB is present to bind and sequester the dis-
placed ssDNA strand. The coupling of DNA strand exchange
and ssDNA sequestration could help ensure that genetic
recombination occurs only when sufficient DrSSB is available
to bind the displaced ssDNA, and it provides another mecha-
nism of regulation by modulation of DrSSB availability. This
scheme may also help preserve essential genomic resources,
ensuring protection of displaced single strands by DrSSB as
they are created.
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