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Abstract

Recombinases of the RecA family play vital roles in homologous recombination, a high-fidelity
mechanism to repair DNA double-stranded breaks. These proteins catalyze strand invasion and
exchange after forming dynamic nucleoprotein filaments on ssSDNA. Increasing evidence suggests
that stabilization of these dynamic filaments is a highly conserved function across diverse species.
Here, we analyze the presynaptic filament formation and DNA binding characteristics of the
Sulfolobus solfataricus recombinase SsoRadA in conjunction with the SsoRadA paralog SsoRall.
In addition to constraining SsoRadA ssDNA-dependent ATPase activity, the paralog also
enhances SsoRadA ssDNA binding, effectively influencing activities necessary for presynaptic
filament formation. These activities result in enhanced SsoRadA-mediated strand invasion in the
presence of SsoRall and suggest a filament stabilization function for the SsoRall protein.
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1. Introduction

DNA double-strand breaks (DSBs) are one of the most deleterious forms of cellular damage
and repair of these breaks is essential for genomic integrity. Homologous recombination
(HR) is a complex high-fidelity mechanism that repairs DSBs through the concerted action
of a number of proteins. Recombinases, including Rad51 in eukaryotes, RecA in bacteria,
and RadA in archaea play a central role in DSB repair through HR [1-5]. These proteins
assemble into filaments on ssDNA that are competent to search for homologous sequences
in order to initiate synapsis and catalyze strand exchange [6,7]. Formation of presynaptic
filaments occurs through nucleation and propagation processes characterized by dynamic
protein binding, turnover, and disassembly [8]. These events are linked to the ATPase cycle
and functional interactions with accessory proteins. Increasing evidence suggests that
stabilization of filaments, thereby reducing their dynamic nature, is an important function
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necessary for efficient HR. The T4 UvsY mediator protein can stabilize the UvsX
recombinase through both protein—protein and DNA-mediated interactions [9]. Eukaryotic
presynaptic filament stabilization has been linked to a decrease in ATP hydrolysis by the
recombinase. In vitro experiments with human Rad51 protein indicate that the addition of
factors that reduce ATP turnover, including Ca*2 as well as the recombination mediator
protein BRCA2, lead to stabilization of presynaptic filaments [10-12].

Archaea are chimeric microbes that comprise the third branch in the phylogenetic tree of
life. While physically resembling bacteria, the mechanisms involved in genomic
informational processing are more eukaryotic in nature. HR is one key process in which
archaea employ proteins with strong eukaryotic homology. One of the best studied models
from this domain is the hyperthermophilic crenarchaeon Sulfolobus solfataricus. The
SsoRadA protein has been biochemically characterized and crystallized and, like the other
RecA family recombinases, is a sSSDNA-dependent ATPase that catalyzes both strand
invasion and exchange [2,13]. S solfataricus also encodes three SsoRadA recombinase
paralogs, whose function in HR is not well understood [2,14-16]. In vivo, expression of the
genes encoding these paralogs is induced in response to chromosomal damage resulting
from exposure to actinomycin D, UV-C, and ionizing radiation, implicating involvement of
the proteins in repair of DNA breaks [14,16,17]. The first of these S. solfataricus RadA
paralogs to be examined in vitro is encoded by open reading frame Ss02452 in the P2 type-
strain. The protein is a member of the aRadC family and has been referred to in the literature
as RadB, Ss02452 (the open reading frame designation in the type-strain), and SsoRall
[14,15,18,19]. The RadB name was widely abandoned following the description of a protein
motif present only in euryarchaeal RadB sequences but absent in the crenarchaea [19]. Our
laboratory has adopted the name SsoRall (RadA-like) to alleviate confusion when referring
to this protein in S solfataricus strains where open reading frame designations are not the
same as those used for the P2 type-strain [14]. The SsoRall protein has been recently
crystallized and shows anti-recombinase activity through inhibition of SsoRadA-mediated
strand invasion [15]. To further understand the activities of this paralog, we biochemically
examined the SsoRall protein from S solfataricus strain P2-A [14] and its involvement in
SsoRadA presynaptic filament formation.

2. Materials and methods

2.1. Expression vector construction and protein purification

The SsoRall gene was PCR amplified using genomic DNA from S solfataricus strain P2
obtained from the ATCC [14] and the primers: SsoRal1F (5'-
CGATATTTAAAATTATGGTAAGCC-3') and SsoRal1R (5-
CGATATTTAAACATATGGTAAGCC-3). The PCR product was cloned into pET21a
(Novagen) at the Ndel and BamHlI sites in the polylinker. SsoRadA ATPase mutant
expression vectors were constructed using the QuikChange 11 site-directed mutagenesis kit
(Stratagene) following the manufacturer’s protocol. The SsoRadA K120A vector was made
using the primers RadAK2AF (5'-
CTTCGGTGAGTTTGGGTCTGGTGCCACACAGCTATGTCATCAG-3) and
RadAK2AR (5-CAGATGACATAGCTGTGTGGCACCAGACCCAAA-
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CTCACCGAAG-3) with the pET3a-RadA expression vector [20] as the starting template.
The SsoRadA K120R mutant was produced using the primers RadAK2RF (5’-
CTTCGGTGAGTTTGGG-TCTGGTCGAACACAGCTATGTCATCAG-3) and
RadAK2RR (5-CAGA-
TGACATAGCTGTGTTCGACCAGACCCAAACTCACCGAAG-3') using the same
template. The mutations were confirmed by DNA sequencing of the expression clones at
Amplicon Express, Pullman, WA.

Overexpression of the SsoRall protein was accomplished using the CodonPlus strain
(Stratagene). Cells carrying the SsoRall expression construct were grown in LB medium (10
g tryptone, 5 g yeast extract, 5 g sodium chloride per liter) containing 0.1 mg/mL ampicillin
and 0.03 mg/mL chloramphenicol at 37 °C until late log phase. IPTG (Sigma) was added to
a final concentration of 1 mM and protein production was permitted to continue for 3 h, after
which cells were collected by centrifugation and stored at —80 °C. For protein purification,
all subsequent steps were performed at room temperature. Cell paste was resuspended in
sonication buffer consisting of 20 mM Tris—CI (pH 8.0), 50 mM NaCl, 10% glycerol, 0.25%
N-lauroyl sarkosyl, 1 mM PMSF, and EDTA-free protease inhibitor cocktail (Roche) to a
density of 6 mL/g. Cells were disrupted by sonication using a Branson Sonifier, after which
the crude lysate was dialyzed for 4 h against binding buffer (20 mM Tris—Cl (pH 8.0), 50
mM NacCl, and 10% glycerol) at room temperature with two changes of buffer. Dialyzed
material was heat treated by incubation at 80 °C for 20 min and clarified by centrifugation at
16,300 x g at room temperature. Clarified sonicate was batch bound overnight to sSDNA-
cellulose (GE-Healthcare) in binding buffer at room temperature with gentle mixing. Bound
resin was poured into a BioRad Econo-Column glass column support and was washed with
5 column volumes of the binding buffer. Protein was eluted stepwise using 200, 400, 600,
and 800 mM NaCl concentrations. SsoRall eluted at 400 and 600 mM NaCl and these
fractions were pooled and dialyzed against binding buffer at room temperature with two
changes of buffer. This material was loaded onto a 1 mL HiTrapQ column (GE Healthcare)
which was then washed with 10 column volumes of binding buffer. Protein was eluted
stepwise using NaCl, where SsoRall eluted at 200 mM NaCl. The resulting protein was
dialyzed against 20 mM Tris—Cl (pH 8.0), 100 mM NaCl, and 10% glycerol at room
temperature with two changes of buffer before concentration using PEG 20,000 (JT Baker).
The final protein stock was flash frozen and stored at —80 °C.

SsoRadA, tmLDH, and tmPK proteins were from laboratory stocks. The SsoRadA K120A
and K120R proteins were purified essentially as previously described for the wild-type
SsoRadA protein [20]. To ensure the K120R and K120A protein preparations were free of
contaminating DNA, 2 pL of each was subjected to a 5’ end labeling reaction using 10 U T4
polynucleotide kinase (NEB) and [y-32P] ATP in the supplier’s recommended buffer.
Samples were incubated 1 h at 37 °C, followed by incubation at 75 °C for 10 min to
inactivate the T4 nucleotide kinase. 4 pL of loading dye (0.025% bromophenol blue in 30%
glycerol) was then added and reactions were evaluated by electrophoresis on a 130 mm long
7% acrylamide/1x TBE (9 mM Tris, 9 mM boric acid, 0.2 mM EDTA) gel. The gel was
dried, exposed to a phosphor imager screen, and scanned with a Storm 850 Phosphorimager
(Molecular Dynamics). Filter binding assays to determine Kp values for wild-type
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SsoRadA, K120A and K120R proteins were performed by incubating 20 pmol of protein
with ATP for 15 min at 80 °C in a buffer comprised of 40 mM HEPES (pH 7.0), 10 mM
magnesium acetate, and 50 mM potassium chloride in a 10 pL volume. In cases with SSDNA
present, a 63-mer oligonucleotide (5’-
ACAGCACCAATGAAATCTATTAAGCTCCTCATCGTCCGCAAAAATATC-
GTCACCTCAAAAGGA-3) at a concentration of 0.68 pM was used. The reaction was then
applied to a pre-moistened 13 mm MF membrane filter (Millipore) under residual vacuum.
The filter was washed by vacuum filtration three times using 1 mL wash buffer (40 mM
HEPES (pH 7.0), 20 mM magnesium acetate, and 50 mM potassium chloride) under
vacuum. Radioactive signal retained was determined by placing the filter in 5 mL Ecoscint
scintillation fluid and counting using a Packard 1900A scintillation counter. Reactions were
performed in triplicate and dissociation constants were determined by saturation binding
curve using Prism 4.0 (GraphPad).

2.2. ATPase assays

All assays were performed essentially as previously described [20]. Buffer was 40 mM
HEPES (pH7.0), the ssSDNA substrate was 3 uM ¢X174 (NEB), and the ATP concentration
was 3 mM. After assay samples were equilibrated at 80 °C for 3 min, the reaction initiating
component was added and incubation was continued for an additional 2 min at the same
temperature. Protein concentrations for SsoRall were 0.03 pM or 1.0 pM (as indicated in the
text) while concentrations of SsoRadA, SsoRadA-K120R, and SsoRadA-K120A were 1.0
UM. Assays were performed a minimum of 3 times and graphs were prepared using the
Prism 4.0 program (GraphPad).

2.3. Electrophoretic mobility shift assays

The same 63-mer oligonucleotide that was used in the filter binding experiments was 5’ end
labeled using 10 U of T4 polynucleotide kinase (NEB) and [y-32P]ATP by incubating 1 h at
37 °C followed by enzyme inactivation by incubation at 75 °C for 10 min. The dsDNA
substrate was prepared by annealing the end-labeled 63-mer oligonucleotide to its unlabeled
complement mixing equimolar quantities of each and heating at 95 °C for 10 min, followed
by slow cooling to room temperature over a 2 h period. Typical reactions contained 30 mM
HEPES (pH 7.0), 10 mM MgOAc, 50 pug/mL bovine serum albumin, 100 mM NaCl, varying
concentrations of SsoRall, SsoRadA-K120A, SsoRadA-K120R, and/or SsoRadA, and 5 uM
nucleotides radiolabeled ssSDNA or 5 uM base pairs radio-labeled dsDNA substrate in a 20
pL volume. For salt midpoint experiments, concentrations of NaCl in the reactions are as
noted in the text. Where indicated, ADP and ATP were added to a final concentration of 3
mM and ATPyS was added to a final concentration of 50 M. Reactions were incubated for
30 min at 80 °C in an Eppendorf Master Cycler Gradient Thermal Cycler with a heated lid.
In protein order of addition experiments, incubation with the first protein proceeded for 5
min before addition of the second protein. Cross-linking was accomplished by adding
aqueous 25% glutaraldehyde (Alfa Aesar) to a final concentration of 0.75% followed by
incubation for 15 min at room temperature. 4 pL of loading dye (0.025% bromophenol blue
in 30% glycerol) was added and samples were loaded on a 130 mm long 7% acrylamide 1x
TBE gel that had been pre-run for 15 min at 45 mA. Following electrophoresis, gels were
dried and exposed to a phosphor imaging screen which was scanned with a Storm 850
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Phosphorimager (Molecular Dynamics). Quantitation was performed using Image-Quant TL
software. Each experimental condition was replicated a minimum of three separate times.

2.4. Western blots

Electrophoretic mobility shift samples were prepared and subjected to electrophoresis
identically to those described in the previous section. Following electrophoresis, gels were
exposed to X-ray film to visualize the bands. As indicated in the text, individual bands were
excised from the gel using the X-ray exposure as a guide. These gel slices were inserted into
the wells of a 1.5 mm 10% acrylamide Tricine gel with a 4% acrylamide stacking gel and
subjected to electrophoresis. Western blots were prepared and performed essentially as
previously described [20]. Primary antibodies used were: 1:1000 anti-SsoRadA polyclonal
antibody (WSU antibody production facility) and 1:2500 anti-SsoRall peptide antibody
(custom antibody, Yen Zym). Secondary antibodies were 1:1000 HRP conjugated goat anti-
mouse IgG H + L (Pierce) for SsoRadA primary antibody detection and 1:400 Clean Blot
IP-HRP (Pierce) for SsoRall primary antibody detection. The Pierce ECL Western Blotting
kit was used to develop the blots which were then exposed to X-ray film.

2.5. Displacement loop assays

The pBR322 circular dsDNA substrate used for the displacement loop (D-loop) assays was
prepared using a sucrose gradient without alkali lysis. DH5a E. coli cells containing the
pBR322 plasmid were grown overnight in LB medium at 37 °C in a 1 L volume until they
reached stationary phase. Cells were centrifuged for 15 min at 9000 rpm in an SLA3000
rotor at 4 °C, followed by washing with cold M9 buffer (22 mM KH2PO4, 42 mM
Na2HPO4, 19 mM NHA4CI) and resuspension in 40 mL cold lysis buffer (50 mM Tris—Cl
(pH 8.0), 10 mM EDTA, 10% sucrose). The NaCl concentration of the lysis buffer was
adjusted to 1 M, and N-lauroyl sarkosyl was added to a final concentration of 0.9%. Lastly
58 pg of lysozyme (Fischer Biochemicals) was added to the lysis buffer. The lysate was
centrifuged for 45 min at 34,400 rpm and 4 °C using a Ti 50.2 rotor and then subjected to
phenol::chloroform extraction twice. DNA in the soluble fraction was precipitated with
addition of 1/10th volume 5 M NaCl and 2 vol 100% ethanol. The mixture was centrifuged
15 min at 16,700 x g at room temperature. The resulting pellet was resuspended in 2 mL of
TE (10 mM Tris—ClI (pH 8.0), 1 mM EDTA) with 100 pg of RNase A then incubated 30 min
on ice. Next LiCl was added to a final concentration of 3 M and the 30 min incubation on
ice was repeated. The mixture was centrifuged for 15 min at 12,000 x g and 4 °C, followed
by transfer of the supernatant to a new tube. The DNA in the supernatant was ethanol
precipitated and the pellet was resuspended in 1 mL TE and 0.5 mL 40% PEG 8000 with 30
mM MgCl,. The mixture was centrifuged for 30 min at 16,300 x g at room temperature. The
pellet was washed twice with 70% ethanol to remove any traces of the PEG 8000 and then
resuspended in 0.5 mL TE. The DNA was top-loaded onto a 5-20% sucrose gradient and
centrifuged for 18 h at 25,600 rpm and 4 °C using a SW 41 Ti rotor. Fractions of
approximately 0.5 mL were collected by needle puncture. 1 pL of each fraction was
subjected to electrophoresis on a 1% agarose/1x TBE gel to identify fractions containing
covalently closed pBR322. Those fractions were pooled, ethanol precipitated, and
resuspended in TE. Purified DNA was stored at =20 °C until use. The ssDNA 101-mer
substrate (5-TGGCCTGCAACGCGGGCATCCCGATGCCGCCGGAAGCGA-
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GAAGAATCATAATGGGGAAGGCCATCCAGCCTCGCGTCGCGAACGC-
CAGCAAGACGTAGCCC-3) was synthesized by Sigma—Aldrich and purified by HPLC.
The oligonucleotide was 5’ end labeled with [y-32P] ATP using 10 units of T4
polynucleotide kinase (NEB) and the manufacturer recommended buffer. Reactions were
incubated 1 h at 37 °C, followed incubation at 75 °C for 10 min to inactivate the enzyme.
Typical D-loop reactions contained 25 mM Tris—CI pH7.5, 10 mM MgOAc, 50 ug/uL BSA,
0.9 uM (nts) oligonucleotide, 2 mM ATP, and 0.6 uM SsoRadA, SsoRadA K120R, or
SsoRadA K120A, and 0.009 uM SsoRall as indicated in the text. Reactions were incubated
for 5 min at 65 °C, followed by addition of pBR322 to a final concentration of 30 uM (base
pairs). Reactions were then incubated for the indicated times and stopped with addition of
0.5uL 0.5 M EDTA, 0.5 pL 20 mg/mL Proteinase K (NEB), and 1.5 uL 10% SDS followed
by a 30 min incubation at 65 °C for deproteinization. 4 uL of loading buffer (0.025%
bromophenol blue in 30% glycerol) was added to each reaction prior to loading on a vertical
1.5% agarose/1x TAE (0.04 M TrisOAc and 0.002 M EDTA) gel which was
electrophoresed at 75 V for 150 min. Gels were then dried and exposed to a Molecular
Dynamics phosphor imaging screen. Images were captured using a Storm 850 phosphor
imager and quantitation was performed using the ImageQuant TL program.

The maximal invasion product produced by wild-type SsoRadA (at the 1 min time point)
was arbitrarily set at a value of 1. Product formation for all other conditions was compared
to this value and expressed as fold change.

3. Results and discussion

3.1. SsoRall alters SsoRadA ssDNA-dependent ATP hydrolysis

Both SsoRall and SsoRadA have been shown to be ssDNA-dependent ATPases [15,20], but
the influence of either protein upon the other during nucleoprotein filament formation has
not been determined. DNA-dependent ATPase assays are commonly used as an indirect
measure of presynaptic filament formation for RecA family proteins [20-26]. To better
understand the potential involvement of SsoRal1 in filament formation, we investigated the
effect of addition of SsoRall protein to SsoRadA ATPase activity assays (Fig. 1 and Table
1). Activity at 80 °C was measured using a real-time assay that couples ATP hydrolysis to
NADH oxidation [20,27]. Our source of SsoRall was S. solfataricus strain P2-A, which is
95% identical at the protein sequence level to the Ss02452 protein that has been crystallized
and characterized as an anti-recombinase [15,17]. Using this protein and the coupled real-
time assay, SsoRadA was found to be a more active ATPase than SsoRall, results that are
similar to those obtained for the Ss02452 protein [15]. We further extended the analysis of
these two proteins by performing order of addition experiments. In Fig. 1A, both proteins
were present at saturating concentrations, where either protein alone would be in sufficient
quantity to completely occupy all available binding sites on the ssDNA substrate as
determined by published site-size information [2,15]. When SsoRadA is present first,
secondary addition of SsoRall immediately reduces the reaction velocity, suggesting
prevention of normal SsoRadA ATP hydrolysis (Fig. 1A, black circles). Addition of
SsoRadA to SsoRall reactions has little effect, and the velocity is very close to those
obtained for SsoRall alone (Fig. 1A, comparing blue inverted triangles to purple triangles).
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When both proteins are added together, the reaction velocity again resembles that of
SsoRall alone (Fig. 1A, comparing red diamonds to purple triangles). Taken together, these
results suggest that there is considerable competition for available binding sites and that at
high concentration, SsoRall simply binds ssDNA more efficiently than SsoRadA. Indeed,
this seemed likely since Ss02452 has been shown to bind ssSDNA more tightly than
SsoRadA [15].

To test the importance of protein level in what appeared to be competitive binding, we
performed the same order of addition experiments but reduced the concentration of SsoRall
to a subsaturating level (Fig. 1B). We again observed the rapid reduction in reaction velocity
when SsoRall was added second (Fig. 1B, black circles). This result indicated that the
change in velocity was likely not due to simple binding site competition with SsoRadA, as
the concentration of SsoRadA present in the reaction was sufficient for maximal activity in
the absence of SsoRall (Fig. 1B, green squares). When SsoRadA was added second, we saw
results similar to those obtained when both proteins were present at saturating concentration
(Fig. 1A and B, blue inverted triangles), suggesting that while SsoRadA will bind ssDNA
and hydrolyze ATP over time, the lower SsoRall activity observed at early stages of the
reaction is not rapidly overcome by SsoRadA. Addition of both proteins together results in a
velocity above that produced with both proteins present at saturating concentrations (Fig. 1A
and B, red diamonds). Thus, while the paralog protein binds ssSDNA more efficiently than
SsoRadA [15] and has considerably lower ATPase activity, at a subsaturating concentration
where it cannot be simply outcompeting SsoRadA for binding sites it has a measurable
effect on the nucleoprotein filament. SsoRall could influence the nucleoprotein filament in a
number of ways, including disassociation of SsoRadA from ssDNA, prevention of SsoRadA
from reassociation with ssDNA after ATP hydrolysis, or stabilization of the filament
through a reduction in SsoRadA protein dynamics.

3.2. SsoRall ssDNA binding

To further address the involvement of SsoRall in the formation of the SsoRadA
nucleoprotein filament, we more directly examined the DNA binding characteristics of both
proteins using electrophoretic mobility shift assays (EMSAS) as shown in Fig. 2. Neither
SsoRadA nor SsoRall bound dsDNA (data not shown), but both proteins could bind ssDNA
(Fig. 2). SsoRadA shifted species were observed in the presence (Fig. 2A) of ATP, but
chemical cross-linking was required. These shifted products were very salt sensitive and,
along with the need for crosslinking, likely reflect dynamic binding like that which has been
described for other RecA family recombinase proteins [11,21,28-32]. SsoRal1 protein did
not require crosslinking to produce gel shift products, but binds ssDNA robustly with a salt
midpoint of approximately 1.2 M and in an ATP-dependent manner (Fig. 2B and C). The gel
shift pattern of SsoRall showed two distinct bands, and the relative abundance of each
shifted as protein concentration was increased. The lower band was most prevalent at the
lowest SsoRall concentration, while the higher band was predominant at the highest
concentration. The presence of these concentration-dependent shifted products suggests that
there could be two distinct modes of interaction between SsoRall and ssDNA. While the
higher concentration of SsoRall generates a more slowly migrating gel shift product, this
does not correlate to correspondingly higher levels of ATPase activity, as would be expected
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if the paralog were forming an active nucleoprotein filament like that made by SsoRadA
(Fig. 1). Consequently, the higher SsoRal1 gel shift product could reflect a non-
physiological state or a structural function for this protein.

3.3. SsoRall enhances SsoRadA ssDNA binding

The effect of SsoRall on SsoRadA ATPase activity taken together with strong sSDNA
binding suggested that this protein could inhibit the SsoRadA recombinase-ssDNA
interaction through binding-site competition or disruption of the nucleoprotein filament. We
used EMSAs to evaluate the ssSDNA binding capabilities of the proteins when both were
added simultaneously and relative protein concentrations were similar to those used in the
ATPase experiments in Fig. 1B, where a subsaturating concentration of SsoRall
dramatically altered SsoRadA reaction velocity. As shown in Fig. 3, lanes 1 and 2,
saturating and subsaturating concentrations of SsoRall yielded both the faster and slower
migrating bands we observed in Fig. 2B and C. Neither saturating nor subsaturating
concentrations of SsoRadA produced a gel shift product in the absence of crosslinking (Fig.
2A, right side of panel; Fig. 3A, lanes 3 and 4). When both proteins were present at
saturating concentrations, a more slowly migrating species distinct from the largest Sso-Rall
associated band was observed (Fig. 3A, lane 5). This band migrates to similar position in the
gel as the cross-linked SsoRadA species shown in Supplemental Fig. 1. Accordingly, this
more slowly migrating band appears to represent primarily SsoRadA protein bound to
ssDNA. When the concentration of SsoRall is reduced to subsaturating, we detected the
lower SsoRall band along with the SsoRadA-specific band (Fig. 3A, lane 6), indicating that
even small amounts of SsoRall protein can influence SsoRadA ssDNA binding. Lastly, we
examined binding of both proteins under subsaturating concentrations (Fig. 3A, lane 7). In
this case we detected only SsoRall specific shift products, suggesting that SsoRadA ssDNA
binding is enhanced by SsoRall only when SsoRadA is at a saturating concentration. We
repeated all of these conditions with order of addition experiments, adding either the
SsoRadA or SsoRall protein to the reaction second, but did not observe results that were
significantly different from those produced when both proteins were added simultaneously
(data not shown).

To better understand the composition of the shifted species in the EMSA, we turned to direct
detection of the proteins by Western blot. We repeated the EMSA experiments shown in
Fig. 3A, lanes 5 and 6 and exposed the resulting gel to X-ray film to determine the position
of the shifted species. We then excised the most slowly migrating band for each reaction
(designated SsoRadA to the right of the gel in Fig. 3A) and inserted these gel slices into the
wells of a second denaturing acrylamide gel where they were again subjected to
electrophoresis prior to Western blotting. The resulting Western blots are shown in Fig. 3B.
We were able to detect the presence of both SsoRadA and SsoRal1l in the slowly migrating
band in Fig. 3A, lane 5, where both proteins were present at saturating concentrations. Only
the SsoRadA protein was apparent in the equivalent band (Fig. 3A, lane 6) where SsoRadA
was saturating and SsoRall was subsaturating; our failure to detect a signal for SsoRal1l at
this low molar concentration could be due to differences between the primary antibodies we
used. The antibody for SsoRadA is polyclonal, but the SsoRall antibody is a peptide
antibody and may not provide enough sensitivity to detect very low levels of the protein in
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this gel shift product. The presence of SsoRall with SsoRadA in the filament suggests that
upon stabilization, some percentage of SsoRall remains associated. Overall these results
indicate that SsoRall does not remove SsoRadA from ssDNA or prevent reassociation after
hydrolysis, but rather enhances SsoRadA binding. As no direct interaction between purified
SsoRall and SsoRadA has been detected ([15]; W. Graham and C. Haseltine, unpublished
results), this stabilization effect is likely to be DNA-mediated.

To further understand the nature of the shifted species in Fig. 3, we examined the nucleotide
cofactor requirements for SsoRall and SsoRadA ssDNA binding (Fig. 4). In the presence of
ADP, saturating SsoRall produced a shift pattern that was very similar to that observed with
ATP, but with less overall less shifted material (Fig. 4A, lanes 1 and 3). At a subsaturating
SsoRall concentration no shifted product was apparent with ADP (Fig. 4A, compare lanes 2
and 4). Using the slowly hydrolyzed ATP analog ATPyS, we found that saturating SsoRall
produced only the more slowly migrating band, although both bands were present for the
subsaturating SsoRall condition (Fig. 4A, lanes 5 and 6). This suggested that when ATP is
bound but not rapidly hydrolyzed, the larger SsoRall gel shift product is favored.
Conversely, SsoRadA gel shift products were optimally obtained using ADP instead of ATP
(Fig. 4B, lanes 7 and 9). Subsaturating SsoRadA yielded no shifted product with either ATP
or ATPyS, although some signal was detected when SsoRadA was saturating (Fig. 4B, lanes
7, 8,11, and 12). Our results suggest that cofactor requirements for sSDNA binding by
SsoRadA are very different from those of SsoRall and that ATP hydrolysis has differential
effects on SsoRall and SsoRadA ssDNA binding. ADP enhances SsoRadA-ssDNA binding,
suggesting a reduction in filament dynamics when the recombinase is not bound to ATP or
ATPyS. Conversely, SsoRal1-ssDNA binding is reduced by ADP and enhanced by ATP or
ATPYS, indicating that the observed low ATPase activity of the paralog is likely due to
slower turnover and more resident time bound to sSDNA.

3.4. SsoRall affects SsoRadA Walker A mutant ATPase activity and ssDNA binding

The role of ATP binding and hydrolysis has been previously examined for RecA and Rad51
proteins through substitution of the invariant lysine residue within the Walker A motif to
either alanine or arginine, but there are significant differences in the outcome of these
mutations. For example, the Escherichia coli RecA K72A protein has reduced NTP
hydrolysis but can still bind ssSDNA [33]. A similar change in yeast Rad51 (K191A) results
in a protein that does not hydrolyze ATP or bind ssSDNA, while human Rad51 K133A can
bind DNA but forms inactive filaments [34-37]. Both yeast Rad51 K191R and human
Rad51 K133R mutant proteins can bind DNA, however [36-38]. To better understand the
role of ATP in DNA binding of SsoRadA, we altered the lysine residue in the Walker A
motif of SsoRadA to either alanine or arginine to generate SsoRadA K120A and SsoRadA
K120R mutant proteins. We first determined the ability of each of the proteins to bind ATP
by filter binding. Wild-type SsoRadA had a Kp of 2.4 + 0.6 uM, but we were unable to
detect significant ATP binding for either of the Walker A motif mutants, suggesting that
these mutants do not bind ATP well in the absence of DNA (data not shown). In the
presence of ssDNA, the wild-type SsoRadA protein Kp for ATP binding was nearly the
same as in the absence of sSSDNA (2.5 £ 0.7 uM). While the presence of ssSDNA did not
result in detectable levels of ATP binding by the K120A mutant, the K120R protein had a
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Kp of 59.4 + 9.4 uM. ATPase activity assays using ssDNA and the mutant proteins were
performed both with and without the addition of SsoRall and are reported in Table 1.
Similar to the results obtained with wild-type SsoRadA (Fig. 1 and Table 1), addition of
SsoRall to SsoRadA K120R reactions resulted in a measurable reduction in reaction
velocity. This effect was most pronounced, however, when SsoRall was added at a
saturating concentration, in contrast to our observation with wild-type SsoRadA where only
a subsaturating concentration of SsoRall was necessary for reaction velocity reduction. In
assays containing both K120A and saturating SsoRal1l, the observed activity was not
significantly different than that observed when the protein is added first (as determined by
the Student’s T-test). Secondary addition of K120A to SsoRall results in a significantly
different velocity when compared to that observed when K120A is alone (95% confidence,
Student’s T-test). When SsoRall was used at a subsaturating concentration, addition of this
protein second to the K120A mutant results in what might initially appear to be stimulatory
behavior (0.52 umol ATP hydrolyzed/min). This is not likely the case, however, as the
overall velocity of these reactions is not significantly above that which would be additive
(0.37 pumol ATP hydrolyzed/min for unsaturated SsoRall alone +0.15 pmol ATP
hydrolyzed/min for K120A alone).

Like SsoRadA, neither SsoRadA K120A nor K120R protein produced a gel shift product
with either ss- or dSDNA in the absence of crosslinking (data not shown). Salt titration
experiments that included crosslinking showed that SsoRadA K120R is extremely sensitive
to salt and binds ssDNA poorly (Fig. 5A). SsoRadA K120A, however, binds ssDNA more
strongly than K120R and wild-type SsoRadA, with a salt midpoint close to 50 mM (Fig.
5A). Alteration of the nucleotide cofactor did not improve SsoRadA K120R ssDNA binding,
suggesting that the mutation may result in overall poor ssDNA binding ability (Fig. 5B,
lanes 3, 4, 7, 8, 11, and 12). SsoRadA K120A was able to bind ssDNA with ATP, ADP, or
ATPyS under saturating protein conditions, but failed to bind well at subsaturating
concentrations with ATP or ATPyS (Fig. 5B, compare lanes 1 to 2, 5 to 6, and 9 to 10).
Substitution of wild-type SsoRadA with either the K120A or K120R mutant protein in gel
shift experiments with Sso-Rall resulted in a marked reduction in the influence of SsoRall
on the slowest migrating species (Fig. 6). In contrast to the wild-type SsoRadA experiments
in Fig. 3, we found that enhancement of the SsoRadA-specific gel shift product with a
subsaturating concentration of SsoRal1 did not occur with the mutant proteins. Instead, the
effect is only apparent when a saturating concentration of SsoRall is present (Fig. 6, lanes 7
and 10). This result is consistent with our ATPase data for the K120A and K120R proteins
under conditions where SsoRall is saturating; the nearly immediate cessation of activity
suggests a strong reduction in filament dynamics through failure of SsoRadA release from
sSDNA. The reduced ATPase activity of the K120A and K120R mutant proteins likely
reflects a more incomplete filament, where significantly higher concentrations of SsoRall
are required to achieve the observed full shift indicative of recombinase binding. Differential
ssDNA binding characteristics of the mutant proteins also explains the need for saturating
concentrations of SsoRall to achieve stabilization of the nucleoprotein filament. Since
SsoRadA K120R hinds ssDNA poorly, more SsoRall is required to stabilize this weak
interaction. Strong binding of K120A to ssDNA likely inhibits SsoRal1-ssDNA binding
through prolonged occupation of available binding sites.
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3.5. SsoRall stimulates SsoRadA-mediated strand invasion

Strand invasion occurs when the presynaptic filament invades dsDNA and a joint molecule
including a displacement loop (D-loop) is formed. This invasion step is catalyzed by the
RecA family of recombinases including SsoRadA [2,39,40]. Since we observed SsoRadA
filament stabilization by SsoRal1, it seemed likely that strand invasion could be altered in
the presence of the paralog. To test the effect of SsoRall on SsoRadA-mediated strand
invasion, we directly measured joint molecule formation using D-loop assays as shown in
Fig. 7A. In these assays the formation of strand invasion products can be directly measured,
as can dissociation of the joint molecule resulting from branch migration over time during
the D-loop cycle [41,42]. For all assays (Fig. 7B and C), we used protein stoichiometries
identical to those that resulted in decreased ATPase activity in the previous ATPase
experiments (Fig. 1) where SsoRadA and Walker motif mutant proteins were saturating and
SsoRall was subsaturating. As shown in Fig. 7, joint molecule formation by wild-type
SsoRadA was highest at early time points and lower as the D-loop cycle progressed. While
SsoRadA K120A displayed similar strand invasion behavior, joint molecules persisted for a
longer period than those produced using SsoRadA. This persistence may be the result of the
enhanced ssDNA binding activity and reduced ATP hydrolysis of K120A relative to
SsoRadA (see Figs. 4B, 5B, and Table 1). While not producing high levels of invasion
products, the stability of the K120A filaments could allow more persistent D-loop products.
The SsoRadA K120R mutant protein also catalyzes strand invasion but does so more slowly
than either the wild-type or K120A mutant proteins, which is most likely a result of the
ssDNA binding defect in this mutant reducing its ability to form presynaptic filaments (see
Figs. 4B and 5B). Interestingly, it appears that SsoRall can also catalyze strand invasion and
does so at the subsaturating concentration we tested. When both SsoRadA and SsoRall were
added simultaneously to the reaction (and SsoRadA was saturating and SsoRall was
subsaturating) strand invasion products were increased more than 3-fold, suggesting that the
filament stabilization activity of SsoRall translates to enhanced joint molecule formation.
We also observed stimulation of strand invasion with the SsoRadA K120R mutant, but the
effect was reduced relative to wild-type SsoRadA and closer to 2-fold. Here, SsoRall
appears to assist SsoRadAK120R in overcoming its sSDNA binding defect (see Figs. 4B and
5B) and more effectively perform strand invasion, which could occur through simple
stabilization of the protein—ssDNA interaction. SsoRall appears to have a negligible effect
on strand invasion catalysis by the SsoRadA K120A mutant, presumably because the
K120A presynaptic filament is intrinsically more stable than its wild-type counterpart (Figs.
2A and 5A).

4. Conclusions

Taken together, our results suggest that SsoRall can directly affect nucleoprotein filament
formation through alteration of Sso-RadA binding behavior and reduction of filament
dynamics and have led us to propose the model in Fig. 8. Our filter binding experiments
suggest that SsoRadA can bind ATP independently of ssSDNA, a result that is supported by
the gel shift pattern produced by Sso-RadA in the presence of ATP (Fig. 2). The ATPase
activity of SsoRadA is ssDNA-dependent, however, suggesting that the recombinase first
binds ATP, then binds DNA (Fig. 8A). Also consistent with initial ATP binding is the
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observation that the K120R mutant only binds ATP in the presence of sSDNA as measured
by filter binding and does not produce a stable gel shift product. Thus the SsoRadA
recombinase is unlikely to bind ssDNA prior to binding ATP. The nearly identical gel shift
patterns for SsoRadA with ATP or ATPyS suggest that ATP hydrolysis has no effect on
ssDNA binding and that it is only after the protein is bound to ssDNA that it hydrolyzes
ATP. Both wild-type and Walker motif mutant proteins display optimal binding with ADP,
indicating that ATP is quickly hydrolyzed after ssDNA binding. Addition of SsoRall to the
forming filament reduces the ATPase activity of SsoRadA and stabilizes recombinase
binding to ssDNA (Fig. 8B and C). In the absence of SsoRal1, SsoRadA binds ssDNA more
efficiently with ADP, but addition of the paralog results in stronger recombinase binding
with ATP for both the wild-type and mutant proteins. In conjunction with the observed
reduction in SsoRadA ATP hydrolysis in the presence of SsoRal1, this implies that the
paralog drives the recombinase to bind ssSDNA in an ATP-bound state instead of a
predominantly ADP-bound state. The SsoRall protein does not appear to exert this effect
and depart the filament, however, since direct examination of stabilized SsoRadA-ssDNA
species from gel shift experiments by Western blot showed the presence of both SsoRadA
and SsoRall (Fig. 3B). Instead the SsoRall and SsoRadA are more likely forming a mixed
filament since we have not been able to detect a direct interaction between these proteins.
The presence of SsoRall within the SsoRadA filament is also stimulatory to strand invasion
(Fig. 8D). We observed increases in total D-loop products and persistence of products with
the addition of SsoRall, suggesting that enhanced filament stability results in more efficient
strand invasion and greater joint molecule stability.

SsoRall is one of a number of proteins that have been examined for their mediator roles in
HR. Included among these is the E. coli RecFOR protein complex which assists in RecA
nucleation at ds/ssDNA junctions and stimulates RecA ssDNA-dependent ATPase activity
[43]. It seems unlikely that the SsoRall protein performs the same nucleation function as
RecFOR, as the protein does not stimulate SsoRadA ATPase activity but rather decreases it
(Fig. 1). The Rad52 protein of S cerevisiae destabilizes RPA-ssDNA interactions and
assists in Rad51 loading onto ssDNA via direct interaction [44-48]. SsoRal1 does not
appear to be equivalent to Rad52 either, as we were unable to detect a direct interaction
between Sso-Rall and SsoRadA. UvsY protein from the bacteriophage T4 directly stabilizes
UvsX recombinase presynaptic filaments [9], and this stabilization is predominantly the
result of UvsY interaction with ssDNA [49]. Additionally, UvsY has been proposed to
function as a nucleotide exchange factor for UvsX, allowing the recombinase to remain
ssDNA-bound for longer periods of time [50]. SsoRall does show similarities to the UvsY
mediator since SsoRall enhances SsoRadA filament stability by suppressing the hydrolysis
of ATP to ADP. The S cerevisiae Rad55/57 protein can stabilize the Rad51 presynaptic
filament against various destabilizing challenges, form a co-complex with Rad51 on ssDNA,
and stimulate the formation of Rad51-mediated strand invasion products [8,51,52]. SsoRall
protein shares many of these characteristics, including stabilization of the SsoRadA—
nucleoprotein filament as demonstrated by a reduction in ATPase activity, forming a co-
complex with SsoRadA on ssDNA, and stimulation of SsoRadA-mediated strand invasion.
The functional similarities of SsoRall to both UvsY and the Rad55/57 heterodimer suggest
that presynaptic filament stabilization is universally conserved mechanism in the early steps
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of HR. ATP hydrolysis by SsoRadA may not be entirely sufficient for filament turnover as

is the case with UvsX and E. coli RecA proteins [53,54]. Instead, like eukaryotic Rad51, the
involvement of additional proteins may be required [55,56]. Further studies of the SsoRall
protein with other S. solfataricus paralogs and the SSB protein may further elucidate
additional mediator functions of SsoRall and yield insight into the evolution of HR mediator
proteins.
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Fig. 1. SsoRall alters SsoRadA ssDNA-dependent ATP hydrolysis
Assays were performed using the coupled ATPase assay as previously described [20] at 80

°C using 3 UM ss@pX174 as the substrate. The first protein was added prior to time 0 and,
where applicable, the second protein was added after 6 min (as indicated by dashed vertical
lines). Symbols are: SsoRall, purple triangles; SsoRadA, green squares; SsoRadA second,
blue inverted triangles; SsoRall second, black circles; SsoRadA and SsoRall added together
at time 0, red diamonds. (A) SsoRall and SsoRadA used at saturating concentrations (1
uUM). (B) SsoRadA at a saturating concentration (1 uM) and SsoRall at a subsaturating
concentration (0.03 uM). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 2. SsoRall and wild-type SsoRadA ssDNA binding characteristics
Representative mobility shift assays are shown. (A) Salt midpoint titration of 1.7 uM

SsoRadA, where ssDNA-protein complexes were formed in the presence of salt and then
either cross-linked with 0.75% (final concentration) glutaraldehyde (left side of panel) or
were not subjected to cross-linking (right side of panel). (B) Salt titration of 1.7 uM
SsoRall, where ssDNA-protein complexes were formed in the presence of salt but did not
require cross-linking for visualization. (C) Reactions containing 100 mM NaCl and
increasing concentrations of SsoRall were incubated with ssSDNA in the presence or absence
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of ATP and without cross-linking. All reactions contained 5 uM nucleotides ssSDNA. In all
panels the position of the wells and unbound oligonucleotide are indicated.
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Fig. 3. SsoRall enhances SsoRadA-ssDNA binding
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(A) A representative mobility shift assay is shown for SsoRall in combination with wild-
type SsoRadA. All reactions contained 5 pM ssDNA as the substrate, 100 mM NaCl, and 3
mM ATP. Where used together, SsoRadA and SsoRall proteins were added simultaneously.
The position of shifted species and unbound oligonucleotide are indicated. (B) Western blot
detection of SsoRadA and SsoRal1l in stabilized nucleoprotein filaments. Using a gel
identical to that shown in (A), shifted products located in the SsoRadA position (indicated
by arrow) in lanes 5 and 6 (the most slowly migrating bands) were directly excised from the
gel and subjected to electrophoresis followed by Western blotting. Purified SsoRadA and
SsoRall proteins were used as controls and protein concentrations are indicated above the

lanes.
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Fig. 4. Binding of SsoRall and SsoRadA to ssDNA is influenced by nucleotide cofactors
EMSAs are shown for SsoRall in (A) and wild-type SsoRadA (B) where binding reactions

were performed using ATP, ADP, or ATPyS. All reactions included 5 uM ssDNA and 100
mM NaCl. ATP and ADP concentrations were 3 mM, while ATPyS was present at a
concentration of 50 uM. All wild-type SsoRadA reactions were cross-linked by the addition
of glutaraldehyde to a final concentration of 0.75%. The position of the wells and unbound
oligonucleotide are indicated.
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Fig. 5. ssDNA binding characteristics of SsoRadA ATPase motif mutants
Representative mobility shift assays are shown for the SsoRadA K120A and K120R mutant

proteins. (A) SsoRadA K120A and K120R were incubated in increasing concentrations of
NaCl with 5 pM ssDNA in the presence of 3 mM ATP. (B) Cofactors were included in the
binding reactions with 100 mM NaCl. ATP and ADP concentrations were 3 mM, while
ATPyS was present at a concentration of 50 uM. All reactions included 5 pM ssDNA as the
substrate, and were cross-linked by addition of glutaraldehyde to a final concentration of
0.75%. The position of the wells and unbound oligonucleotide are indicated.
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Fig. 6. ssDNA binding of SsoRall with SsoRadA ATPase motif mutants
A representative mobility shift assay is shown for SsoRall in combination with SsoRadA

K120A and K120R mutant proteins. All reactions contained 5 uM ssDNA as the substrate,
100 mM NaCl, and 3 mM ATP. The position of shifted species and unbound oligonucleotide
are indicated.
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Fig. 7. SsoRall catalyzes strand invasion and enhances SsoRadA D-loop production
(A) Schematic of the D-loop reaction. (B) Representative autoradiographs showing D-loop

formation by various proteins or combinations of proteins at 1, 5, 10, and 20 min. NP is no
protein and was taken at 20 min. Concentrations of SsoRadA, SsoRadA K120R, and
SsoRadA K120A were 0.6 UM, while concentration of SsoRall was 0.009 uM. (C)
Quantitation of D-loop formation by individual proteins or protein combinations as indicated
by the labels along the X-axis. Error bars represent the standard deviation of a minimum of
three repetitions. The amount of D-loop product formed by SsoRadA at 1 min was
arbitrarily set at 1, and values for all other bars are compared to the value for SsoRadA at 1
min. The dashed line is set at 1 for ease of comparison across the graph.
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Fig. 8. Model of SsoRall stabilization of the SsoRadA nucleoprotein filament
(A) The SsoRadA presynaptic filament is dynamic and slow to form. SsoRadA binds

ssDNA and dissociates rapidly. (B) and (C) Binding of SsoRall to ssDNA reduces
dissociation of SsoRadA and stabilizes the filament. (D) Strand invasion is enhanced
through reduction of SsoRadA presynaptic filament dynamics due to SsoRall binding.
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Effect of saturating or subsaturating concentrations of SsoRall on wild-type Sso-RadA, SsoRadA K120R, and

SsoRadA K120A ATP hydrolysis at 80 °C.

Protein concentration

Assay initiating component

Velocity (umol ATP hydrolyzed/min)

Sat. SsoRadA
Sat. SsoRall
Subsat. SsoRall

Sat. SsoRall
Sat. SsoRadA

Subsat. SsoRall
Sat. SsoRadA

Sat. K120R

Sat. SsoRall
Sat. K120R

Subsat. SsoRall
Sat. K120R

Sat. K120A

Sat. SsoRall
Sat. K120A

Subsat. SsoRall
Sat. K120A

SsoRadA
SsoRall
SsoRall
SsoRadA
SsoRall
X174 ssDNA
SsoRadA
SsoRall
X174 ssDNA
K120R

K120R
SsoRall
X174 ssDNA
K120R
SsoRall
X174 ssDNA
K120A
K120A
SsoRall
X174 ssDNA
K120A
SsoRall
X174 ssDNA

1.42+0.35
0.41 +0.06
0.37+0.14
0.17+0.16
0.27£0.10
0.23+0.19
0.12 +£0.04
0.15+0.05
0.36 +0.11
0.70 £0.32
0.66 £0.11
0.05+0.08
0.31+0.08
0.33+0.03
0.42+0.15
0.49 +£0.04
0.15+0.18
0.36 +0.11
0.09 +£0.04
0.18 +£0.10

0.3+0.10
0.52 +£0.06
0.35+0.05

In reactions containing two proteins, velocity was calculated after addition of the second protein. In reactions containing a single protein, velocity

was calculated from the initial linear portion of the curve.
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