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ABSTRACT

Rad54 protein is a key member of the RAD52 epis-
tasis group required for homologous recombination
in eukaryotes. Rad54 is a duplex DNA translocase
that remodels both DNA and protein-DNA com-
plexes, and functions at multiple steps in the recom-
bination process. Here we use biochemical criteria
to demonstrate the existence of this important
protein in a prokaryotic organism. The Sulfolobus
solfataricus Rad54 (SsoRad54) protein is a double-
strand DNA-dependent ATPase that can alter the
topology of duplex DNA. Like its eukaryotic homo-
log, it interacts directly with the S. solfataricus
Rad51 homologue, SsoRadA, to stimulate DNA
strand exchange. Confirmation of this protein as
an authentic Rad54 homolog establishes an essen-
tial phylogenetic bridge for identifying Rad54
homologs in the archaeal and bacterial domains.

INTRODUCTION

Homologous recombination is necessary for accurate
reproduction, DNA-damage repair, resistance to deleteri-
ous evolutionary change, and preservation of evolutionary
innovation. Recombination is a universal process and has
been documented for all three branches of the phylo-
genetic tree of life (1,2). Central to recombination
is homologous pairing and DNA strand exchange, which
is mediated by the RecA/Rad51/RadA/UvsX family of
proteins (2). These proteins form a nucleoprotein fila-
ment with single-strand DNA (ssDNA) that searches
for sequence homology and then promotes DNA strand
exchange between the protein-bound ssDNA and a
homologous double-strand DNA (dsDNA) partner. The
Rad54 protein is an essential component of eukaryotic
recombination processes (3). RAD54 was first identified
in a genetic screen for mutations in Saccharomyces
cerevisiae that conferred hypersensitivity to ionizing
radiation (4). These mutations also had a dramatic effect
on dsDNA break repair and recombination (5-9).

The Rad54 protein is a member of the Swi2/Snf2 family
of DNA-binding proteins as defined by conserved amino-
acid sequences which include helicase motifs (10). Despite
the presence of helicase motifs, Rad54 protein does not
display helicase activity (11,12). Rad54 protein does have
a distinctive dsDNA-dependent ATPase activity that is
important for its recombination function in vivo and
in vitro (6,7,11-15). In vitro, Rad54 protein stimulates
Rad51 protein-mediated DNA strand exchange by
directly interacting with the Rad51 nucleoprotein filament
(11,13,14,16-23). Additionally, the Rad54 protein can
topologically remodel duplex DNA utilizing energy
derived from ATP hydrolysis (13,24,25).

There has been significant interest in studying recom-
bination and repair systems in extremophilic prokaryotes
since they must contend with harsh environmental con-
ditions that threaten genomic stability. Most prokaryotic
extremophiles are members of the archaea, a distinct
group of microbes distinguished from the ecubacteria
through 16S rDNA sequence analysis (26,27). Infor-
mation from complete and partial genome sequences of
these organisms indicates a definite evolutionary division
between central metabolic and informational processes
(28-30). The majority of intermediary metabolic processes
are similar to those of eubacteria. Genomic informational
processes, such as replication and recombination, are
instead strikingly similar to activities observed in eukary-
otes. This remarkable parallel makes archaeal microbes
excellent model systems for understanding the generally
more complex eukaryotic mechanisms.

Indeed, archaeal proteins with homology to several
eukaryotic proteins involved in recombination have been
identified. Single-stranded DNA-binding proteins with
similarity to replication protein-A (RPA) have been exten-
sively studied (1,31-36), as have archaeal homologues for
eukaryotic Rad51, called RadA (37-44). Homologues
for eukaryotic Rad50 and Mrell have also been identified
and characterized (1,45,46). Structures and activities of
archaeal recombination proteins have yielded valuable
clues regarding the function of the corresponding eukary-
otic versions. For example, comparison of topoisomerase
VI from Sulfolobus shibatae to the enigmatic eukaryotic
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Spol1 protein helped reveal the role of Spol1 in initiation
of programmed meiotic dsDNA breaks (47,48). The
crystal structure of Pyrococcus furiosus Mrell protein
and its interaction with Rad50 provided a framework to
map macromolecular interaction sites for the eukaryotic
equivalents (46). Critical insight for the role of Brca2
in formation of the Rad51 nucleoprotein filament was
gained from studies with the P. furiosus RadA protein
and BRC repeats (49).

While the existence of a putative Rad54 protein from
the archacaon Sulfolobus solfataricus has been previously
noted (1,50), verification of this protein as a functional
Rad54 protein has not been reported. A region of this
protein was heterologously overexpressed, purified and
crystallized (50). This core region comprises the ATPase
domain and the Swi2/Snf2 family helicase domains, and
displays ATPase activity. The structure shows that a
central cleft within this region of the protein binds the
minor groove of duplex DNA, suggesting the protein
travels along the minor groove of dsDNA without
strand separation. Indeed, it was shown that the
Saccharomyces cerevisiae Rad54 protein and its meiotic
homologue, Tid1/Rdh54, translocate rapidly and proces-
sively on dsDNA in an ATP-dependent manner (51-53).

Here we describe the purification and biochemical
characterization of full-length Sulfolobus solfataricus
Rad54 protein (SsoRad54). This protein is a dsDNA-
dependent ATPase that lacks helicase activity. SsoRad54
directly interacts with Sulfolobus solfataricus RadA
(SsoRadA) protein and it stimulates SsoRadA-mediated
DNA strand exchange. Additionally, SsoRad54 can
alter the topology of a covalently closed DNA substrate,
implying that SsoRad54 can translocate along duplex
DNA. By determining that SsoRad54 protein is an
authentic member of the Rad54 protein group, we have
established the presence of this activity in a prokaryote.
Consequently, SsoRad54 protein provides a critical phy-
logenetic bridge between Rad54 homologues in bacteria
and eukaryotes.

MATERIALS AND METHODS
Expression vector construction

The SsoRad54 gene was cloned into the pET28 expression
vector (Novagen) in a two step process. A plasmid with
the amino terminal region of the gene (SSO1653) gener-
ated by PCR amplification and ligated into the Nhel-Notl
sites of pET28 was the generous gift of John Tainer
(Scripps). To add the carboxy terminus of the gene, the
entire SsoRad54 open reading frame was first cloned into
the BamHI site of pUC19 using PCR. Genomic DNA
was prepared from Sulfolobus solfataricus P2 cells as pre-
viously described (54). PCR was performed using 10 mM
potassium chloride, 10mM ammonium sulfate, 2mM
magnesium chloride, 20mM Tris-HCI (pH 8.75), 0.1%
Triton X-100, 100uM dNTPs, 100pmol primers,
2ng template DNA, 1 U of ExTag DNA polymerase
(TAKARA) and the following primers: 5-CGGGAT
CCCTTAGCTCTTTGTGAAAATTTAACTAATCC-3

(Rad54-F) and 5Y-CGGGATCCATCATCAATTTCTTC

TCTTATATTCTTTCC-3' (Rad54-R). PCR was per-
formed using a 55°C annealing temperature and the
product was digested with BamHI and ligated into the
BamHI site of pUC19. The amino terminal clone and
the pUCI9 clone were then digested with Xhol and
BamHI, respectively. Blunt ends were produced in both
digested products using Klenow from New England
Biolabs (NEB) and 1puM dNTPs using the
manufacturer’s recommendations. Blunt-ended products
were digested with BsrGI and relevant restriction frag-
ments were gel purified and ligated. Ligation products
were transformed into DHS5a and cells were cultivated
at 37°C in Luria Broth (LB) with 50 pg/ml kanamycin.

The SsoRadA expression vector was constructed in
pET3a (Novagen). The open reading frame was amplified
using the same PCR conditions and the primers: -GGG
AATTCCATATGTCAAATGAAGTTGAACAGAAAA
AG [RadA-F (start)] and 5¥-CGCGGATCCTCTTCCGC
ATCCCTTAATTCCTTCTTCAG (RadA-R). The result-
ing PCR product and pET3a were digested with Ndel and
BamHI (NEB) prior to ligation. Ligation products were
transformed into DH5a and cells were grown at 37°C in
LB with 100 pg/ml ampicillin. All sequences were verified
at the Division of Biological Sciences Automated DNA
sequencing facility at UC Davis.

Protein purification

For production of soluble protein, the SsoRad54 expres-
sion vector was transformed into XLI1Blue (Stratagene)
cells containing the pRARE plasmid (Novagen). Cells
were grown in LB with 50 pg/ml kanamycin, 15pg/ml
tetracycline and 30 pug/ml chloramphenicol until mid-log
phase at 25°C. M13-pKM2 (55) was added at a final
concentration of 2 x 10° phages/ml for infection at mid-
log phase. Protein production was induced by addition
of isopropylthio-f-p-galactoside (IPTG) to a final concen-
tration of 1 mM at mid-log phase and expression was for
two hours at 25°C. Cells were harvested by centrifugation
and stored at —20°C until processing.

Chromatography was performed at room temperature
and all buffers contained 1 mM PMSF and 1 EDTA-free
protease inhibitor cocktail tablet per liter (Roche Applied
Science). Frozen cell pellets were resuspended in 20 mM
Tris-HCI (pH 7.5), 1mM EDTA, 1M NaCl and 10%
glycerol. Cells were disrupted by sonication and insoluble
material was removed by centrifugation. Clarified sonicate
was applied to a nickel charged HiTrap chelating sephar-
ose column (GE Healthcare) equilibrated in 20 mM Tris—
HCI buffer (pH 7.5), 1 M NaCl and 10% glycerol. Protein
was eluted by the addition of 0.5 M imidazole in the same
buffer. The eluate was diluted with buffer lacking salt to
a final concentration of 0.1 M NaCl before application
to a Resource Q column (GE Healthcare) that was devel-
oped with a linear gradient from 0.1 to 1M NaCl in
20mM Tris-HCI (pH 7.5), ImM EDTA, 1mM DTT
and 10% glycerol. The protein was then re-bound to a
nickel charged HiTrap chelating sepharose column equili-
brated in 20mM Tris—HCI buffer (pH 7.5), 1M NaCl
and 10% glycerol. Following a 50 column volume wash
of 1 M NacCl, the protein was eluted with 0.5 M imidazole.



Protein was concentrated by dialysis against dry polyeth-
ylene glycol, dialyzed against 20 mM Tris—HCI (pH 7.5),
1M NaCl, I mM EDTA, | mM DTT, 10% spectral grade
glycerol, and stored at —80°C as a 6 uM stock.

SsoSSB was purified as described previously and stored
as a 30uM stock (35). Thermotoga maritima LDH was
from laboratory stocks, purified as described, and stored
as a 54 uM stock (56). Thermus thermophilus RecA protein
was purchased from NEB and was a 69uM stock.
SsoRadA protein was purified as follows: the SsoRadA
expression vector was transformed into the Rosetta
strain (Novagen). Overexpression was as described
for SsoSSB (35), in LB with 100 pg/ml ampicillin and
30 pg/ml chloramphenicol. Induced cells were lysed by
sonication then heated at 80°C for 20 min. Precipitated
protein was removed by centrifugation and the resulting
clarified supernatant was applied to a HiTrap Blue column
(GE Healthcare) equilibrated in 20mM Tris-HCI
(pH 7.5), 1mM EDTA, 1mM DTT, 100mM NaCl and
10% glycerol. Protein was eluted using a NaCl step
gradient, where the protein eluted in the 1 M NaCl step.
Fractions containing SsoRadA protein were pooled and
applied to a HiTrap Q column (GE Healthcare) equili-
brated in the same buffer used for the HiTrap Blue
column. With a step gradient, SsoRadA protein eluted
at 200mM NaCl. The protein was concentrated by dialy-
sis against dry polyethylene glycol, dialyzed against
20mM Tris—HCI (pH 7.5), ImM EDTA, 1mM DTT,
100mM NaCl and 10% spectral grade glycerol, and
stored at —80°C as a 64 uM stock. All protein concentra-
tions were determined by the Pierce BCA protein assay
with BSA as a standard. The extinction coefficient for
SsoRad54 is 118400M~'em™' and 17420M~'em™' for
SsoRadA. Tricine SDS/PAGE gels to monitor protein
purification were prepared with a 4% stacking gel and a
10% separating gel as described (57).

Nuclease assay

Nuclease activity was determined by incubating 0.3 uM
of purified protein with end labeled single-stranded or
annealed 48-mer oligonucleotides (5-GTCGACGACGT
CTGAGTACTCATCTAGTGTGACATCATCGCATC
GAGA-3" and 5-CTCGATGCGATGATGTCACACTA
GATGAGTACTCAGACGTCGTCGAC-3). DNA was
radiolabeled at the 5-end with **P using T4 polynucleo-
tide kinase (NEB). Incubation was in 20mM MES
(pH 6.5), 15 mM Mg(OAc),, I mM DTT, 2.5mM ATP
and 50 pg/ml BSA at 37 and 65°C for 90 min. The DNA
was then subjected to electrophoresis using an 8% acryla-
mide gel run in TBE (0.1 M Tris—HCI, 0.1 M boric acid,
0.002M EDTA and pH 7.5). The gel was dried and
exposed to a phosphorimaging screen and analyzed with
a Storm 840 Phosphorlmager (Molecular Dynamics).

ATPase assay

Reaction mixtures contained 30mM MES (pH 6.5),
6mM MgCl,, 0.ImM DTT, 1mM ATP, 0.2uCi
[y-32P]JATP, protein concentrations as described, and
S0uM poly(dA), 50uM poly(dT), S0uM (base pairs)
of annealed poly(dA)epoly(dT) or 50uM (base pairs)
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of pUC19. Assay mixtures were incubated at 65°C for the
times indicated, except for the temperature profile, where
reactions were for 60 min at the indicated temperatures.
The amount of ATP hydrolyzed was determined by thin
layer chromatography using PEI cellulose sheets developed
in 1 M formic acid and 0.5M LiCl. The cellulose sheets
were exposed to phosphorimaging screens and quantified
using a Storm 840 Phosphorlmager (Molecular Dynamics).
Results are reported as standard error of the mean.

DNA topology assay

Relaxed pBluescript SK+ was prepared by incubating
14.2puM nucleotides pBS_SK+ in buffer containing
10mM ATP, 20mM MES (pH 6.5), 15 mM Mg(OAc),,
1 mg/ml BSA and 1.5 U Escherichia coli Topoisomerase [
(NEB) for 1h at 37°C. Varying concentrations of purified
SsoRad54 ranging from 0.01 uM to 0.12 uM were added
to the relaxed DNA. Reactions were terminated after 1h
by addition of 0.6% SDS and 0.1 pg/ml Proteinase K
(Boehringer Manheim) with incubation at 65°C for
20 min. Where noted, norfloxacin (Sigma) was dissolved
in 10mM NaOH, and added to a final concentration of
100mM. Reactions were subjected to electrophoresis
in 0.8% agarose with TBE buffer. DNA was visualized
by staining with ethidium bromide.

Helicase assay

All oligonucleotides, am-55 (33-mer), am-55-3'T (43-mer)
and am-55-5T (43-mer), were purchased from OPERON
and purified by polyacrylamide gel electrophoresis. The
sequence of am-55 is complementary to the M13mpl8
genome viral ssDNA sequence from 226 to 256, while
am-55-3'T or am-55-5T contain 10 thymidines at the
3'- or S-end of am-55. Substrates were prepared by
mixing M13mpl8 ssDNA with 5'-end labeled oligonucleo-
tides am-55, am-55-5'T or am-55-3'T in 10 mM Tris—HCI,
ImM EDTA, 50mM NaCl (pH 8.0), heating to 100°C,
followed by cooling to 25°C over a period of 1h. Each
substrate (10 uM) was incubated with either SsoRad54
(0.06 uM) or UvrD (2nM) at 37°C for 1h in 20mM
Tris-HCl (pH 7.5) with 10mM Mg(OAc), or 20mM
MES (pH 6.5) with 10mM Mg(OAc), and 10mM ATP,
respectively. Reactions were stopped by addition of
SDS to a final concentration of 0.6% and Proteinase
K (Boehringer Manheim) to a final concentration of
0.1 mg/ml and incubation at 37°C for 20 min. Reactions
were loaded on a 10% non-denaturing polyacrylamide
gel and subjected to electrophoresis. Polyacrylamide
compositions were 19:1 (acrylamide:bis-acrylamide) for
the 37°C experiments, and 14:1 for the 55°C and 60°C
experiments. Gels were dried and exposed to a phosphor-
imaging screen. DNA bands were analyzed with a Storm
840 PhosphorImager (Molecular Dynamics).

Protein—protein interaction assay

Protein—protein interactions between 6xHis-SsoRad54
and untagged proteins were studied through pull-down
assays with Ni-NTA (Ni*"-charged nitriloacetic acid)
magnetic beads (QIAGEN). Reaction mixtures contained
interaction buffer [30 mM MES (pH 6.5), 200mM NacCl,
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15SmM Mg(OAc),, S0mM imidazole and 0.2% Triton
X-100], 0.06 pM SsoRad54, and 0.2uM SsoRadA,
Thermus thermophilus RecA (NEB), Thermotoga maritima
LDH, or SsoSSB as indicated and were incubated at
80°C for 1h. Ni-NTA magnetic beads were then added
to a final concentration of 1% and incubation was
continued at 25°C for 1h. Beads were separated from
the solution phase by a QIAGEN ‘12-Tube Magnet’
and were washed with 2 x 500 pl of interaction buffer
to remove free proteins. Unbound proteins from each
assay mixture were concentrated using TCA precipitation.
Proteins bound to the beads were ecluted by addition
of 0.5M imidazole. Samples were then boiled 10 min in
SDS-PAGE loading buffer prior to gel electrophoresis.
Free and bound proteins were quantified using 8% or
16% SDS-PAGE gels, stained with Coomassie brilliant
blue, and ImageQuant software. Intensities from the
pull-down sample were compared to dilutions of the rele-
vant protein that were run on the same gel (18).

DNA strand exchange reactions

SsoRadA (11uM) and SsoRad54 (16nM, where indi-
cated) were incubated with $X174 ssDNA (NEB) at a
concentration of 33uM (nucleotides) in 30mM MES
(pH 6.5), 15mM Mg(OAc),, 2.5mM ATP, 10mM DTT,
5pg/ml BSA at 80°C or 65°C for 10 min. After the addi-
tion of SsoSSB (7uM), the reactions were incubated
at 80°C or 65°C for another 5min before introduction
of X174 dsDNA (NEB) at a concentration of 33 pM
(nucleotides). Reaction mixtures were incubated for the
times indicated and stopped by the addition of SDS
to a final concentration of 0.6% and Proteinase K
(Boehringer Manheim) to a final concentration of
0.1mg/ml. Deproteinization of the reaction mixtures
was at 65°C for 20min. Agarose gels were prepared at
1% and run at approximately 30V in TAE buffer
(0.04M TrisOAc and 0.002M EDTA) for 15h prior to
ethidium bromide staining. Both utilization of the
dsDNA substrate and production of the nicked circular
dsDNA product were quantified by measuring the relative
band intensities using the area quantification tool of
ImageQuant software (Molecular Dynamics). Formation
of the joint molecule intermediate was calculated as
the difference between dsDNA substrate uptake and the
amount of nicked circular dsDNA produced.

Alignment of protein sequences

In the complete genome of Sulfolobus solfataricus, two
open reading frames comprise the entire coding sequence
for SsoRad54. This sequence (SsoRad54) was identified
using BLASTP at the Sulfolobus solfataricus genome
website:  http://niji.imb.nrc.ca/sulfolobus/as previously
described (1) (SSO1653 is annotated as the amino ter-
minus and SSO1655 is annotated as the carboxy ter-
minus, which together comprise the entire gene; in this
sequenced organism, the amino and carboxy termini
are separated by an insertion element that disrupts the
gene). Sequences for Methanosarcina acetivorans, strain
C2A (Mac0189), Synechocystis sp. PCC 6803 (sll1366)
and Methanospirillum hungatei, strain Jf-1 (Mhunl673)

encoding putative Rad54 homologs were identified using
BLAST at the NCBI website: http://www.ncbi.nlm.nih.
gov. Sequences for Bacillus subtilis str. 168 HepA
(Bs_ywqA) and Mycoplasma gallisepticum R HepA/
SNF2 (MGO018) were identified using COGs at http://
www.ncbi.nlm.nih.gov/COG. Sequence alignments were
performed using the ALIGN program at http://www.tou
louse.inra.fr/multalin.html and additional features were
highlighted by manual adjustment.

RESULTS
SsoRad54 protein is a dsSDNA-dependent ATPase

A region of the Rad54 protein from Sulfolobus solfata-
ricus, consisting of residues 430-906 (representing the
C-terminal half), was previously examined biochemically
(50). Named SsoRad54cd, this part of the protein includes
a conserved ATPase domain as well as the seven
helicase motifs typical of Swi2/Snf2 family proteins.
We were interested in examining the activity of full
length SsoRad54 protein and therefore constructed an
expression clone that included the entire open reading
frame, with the addition of an N-terminal 6-His tag
to aid in purification. The full length SsoRad54 protein
was heterologously expressed in E. coli. The protein was
soluble and was purified to near homogeneity (98%, data
not shown) using a multistep procedure.

The presence of an ATPase domain and previous results
with the C-terminal domain suggested that the protein
should have ATPase activity (1,50). We therefore tested
the full length SsoRad54 protein for DNA-dependent
ATPase activity at an elevated temperature (65°C) that
did not denature the dsDNA substrate (Figure 1A
and B). SsoRad54 protein itself had a low level of ATP
hydrolysis activity (1.240.08 uM/min), which was not
increased by the addition of the ssDNA, poly(dA)
(1.0+£0.05 uM/min). However, stimulation of SsoRad54
ATPase activity (to 7.84+0.2uM/min) was obtained
using dsDNA [poly(dA)epoly(dT)] as the substrate. This
is precisely the same stimulatory behavior originally
observed for the eukaryotic Rad54 protein (11,12).
Figure 1B represents a protein titration, where slopes
from the linear portion of the plot yield a turnover rate
of 1.1 x 10° min~" using dsDNA as the substrate. This rate
is quite similar to the turnover rate of 1.3 x 10°min~"
observed with dsDNA for Saccharomyces cerevisiae
Rad54 protein (11). Additionally, the SsoRad54 pro-
tein is active over a broad temperature range, with a
temperature optimum at approximately 60 (£5)°C
(Figure 1C). These data show that the SsoRad54 protein
is a dsDNA-dependent ATPase.

SsoRad54 promotes changes in DNA topology

Both human and Saccharomyces cerevisiae Rad54 proteins
alter the topology of dsDNA in an ATP-dependent
manner (13,25). We used a topoisomerase I-linked
assay to determine whether the action of SsoRad54, com-
bined with E. coli topoisomerase I, can introduce net pos-
itive supercoils into relaxed covalently-closed circular
dsDNA. In this assay, SsoRad54 protein was added to



topologically relaxed DNA and topoisomerase I in the
presence or absence of ATP. DNA domain trapping and
translocation by SsoRad54 in the presence of ATP will
produce equal amounts of positively and negatively super-
coiled domains in the DNA duplex; the negatively super-
coiled domains will be relaxed by topoisomerase I.
Deproteinization of the reactions to eliminate bound
SsoRad54 protein and the topoisomerase will then yield
positively supercoiled DNA. Figure 2 shows that in the
presence of SsoRad54 protein and ATP, supercoiled DNA
topoisomers are formed (lanes 3-7). The formation of
these supercoiled species is completely dependent on
the presence of ATP; no supercoiled DNA is apparent
when ATP was omitted from the reaction at the highest
concentration of SsoRad54 protein (Figure 2, lane 8).
No dsDNA topology alteration was observed when
SsoRad54 and ATP were tested in the absence of topo-
isomerase I (data not shown). To eliminate the possibility
that the observed activity was the result of a contaminat-
ing mesophilic type II topoisomerase, the experiment was
conducted in the presence of the topoisomerase inhibitor
norfloxacin, which did not eliminate SsoRad54-mediated
dsDNA supercoiling (data not shown). These results
show that SsoRad54 can alter dsDNA topology in an
ATP-dependent manner and suggest that it is a dsSDNA
translocase.

Many members of helicase superfamily II have DNA
helicase activity, although none of the eukaryotic Rad54
proteins have been shown to be helicases. As the topolog-
ical alterations observed in Figure 2 could be the result of
helicase activity, we directly tested the SsoRad54 protein
for this function (Figure 3A and B). We used three differ-
ent DNA substrates that were generated by hybridizing
oligonucleotides to circular single-stranded M13 DNA.
The three oligonucleotides were either completely com-
plementary over a 33 base region or contained an
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additional 10 nucleotide non-complementary region at
either the 5'- or 3’-end. Each oligonucleotide was radio-
labeled at the 5'-end. The UvrD protein from E. coli is a
known helicase, and was used as a positive control in the
experiment (Figure 3A). UvrD displaced >50% of the
hybridized DNA fragment from all three substrates,
whereas no unwinding of any substrate was observed in
the presence of SsoRad54 protein under the same condi-
tions where topological alterations were apparent. Various
concentrations of SsoRad54 protein were tested for heli-
case activity, ranging from 0.01 uM to 0.6 uM, none of
which resulted in oligonucleotide displacement (results
not shown). As helicase activity of the protein might not
be apparent at low temperature, we also tested for this
activity at both 55°C and 60°C using the same substrates
(Figure 3B). No unwinding of any substrate was observed
at higher temperatures; instead, SsoRad54 protein slightly

ATP + + + + + + + -
Topol - + + + + + + +
SsoRad54 -

Relaxed pBSSK+
] Topoisomers

Supercoiled pBS SK +

Figure 2. SsoRad54 remodels duplex DNA. Increasing concentrations
of SsoRad54 protein (0.01, 0.03, 0.06, 0.09 and 0.12puM in lanes 3
through 7, respectively) were incubated with relaxed dsDNA and
E. coli topoisomerase 1. In lane 2, DNA was incubated in buffer with
topoisomerase I but without SsoRad54 protein. The novel topoisomers
generated by the presence of both SsoRad54 and topoisomerase I are
indicated at the right of the figure. Lane 8 represents a reaction con-
taining both SsoRad54 and topoisomerase I and illustrates the require-
ment for ATP in the reaction, while lane 1 represents the reaction in the
absence of added topoisomerase I and SsoRad54 protein.
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Figure 1. The SsoRad54 protein is a dsSDNA-dependent ATPase. (A) ATP hydrolysis by SsoRad54 protein (12.5 nM) in the absence of DNA (green
triangles), with poly(dA) (red squares), poly(dA)epoly(dT) (blue circles) or with pUC19 (orange inverted triangles) is shown as a function of time at
65°C. (B) Increasing concentrations of purified SsoRad54 were incubated for 30min in the absence of DNA, with poly(dA) or with
poly(dA)epoly(dT). Symbols are the same as for (A). (C) SsoRad54 is active over a broad temperature range. The dsDNA was pUC19; 100%
activity represents the maximal activity obtained at the optimal temperature (60°C) and was equal to 7.8 0.2 uM/min. Data for all panels are the
result of three replicate experiments; error bars represent standard error of the mean between experiments.
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Figure 3. SsoRad54 protein shows no DNA helicase activity. (A) Either E. coli UvrD (lanes 2, 5 and 8) or SsoRad54 (lanes 3, 6 and 9) was incubated
with one of the three radiolabeled helicase substrates at 37°C. The three control reactions shown (lanes 1, 4 and 7) lacked protein. (B) SsoRad54 was
incubated with one of the three radiolabeled helicase substrates at 55°C (lanes 11, 13 and 15) or 60°C (lanes 17, 19 and 21). The control reactions
shown (lanes 10, 12, 14, 16, 18 and 20) lacked protein. For both A and B, the positions of the substrate and the radiolabeled reaction products are
indicated. The asterisk shows the position of the **P label on the oligonucleotide.

stabilized the duplex DNA (Figure 3B, lanes 11, 13, 15, 17,
19 and 21), likely due to its documented capacity to bind
dsDNA. Thus, the topological alterations seen in Figure 2
are not caused by helicase action. Our results are consis-
tent with those observed for the Saccharomyces cerevisiae
and human Rad54 proteins, where helicase activity was
not observed (11,12). Instead, ATPase activity is used
by Rad54 and its homolog, Tidl, to translocate along
duplex DNA (51-53).

SsoRad54 interacts directly with SsoRadA

The Rad54 protein from Saccharomyces cerevisiae inter-
acts with Rad51 (11,14,22). Therefore, we tested for an
interaction between the archaeal Rad51 homolog,
SsoRadA (38,44,58), and SsoRad54 by a pull-down
assay using Ni-NTA beads (Figure 4A). An excess of
both 6-histidine tagged SsoRad54 protein and untagged

SsoRadA protein, relative to the bead capacity, was
used (Figure 4A, lanes 4-6), as determined through trial
experiments. After extensive washing to remove unbound
material, protein retained on the beads was eluted with
imidazole and analyzed by SDS-PAGE (Figure 4A,
lanes 1-3). In cases where both SsoRad54 and SsoRadA
were present (Figure 4A, lane 1), the SsoRad54 pulled-
down ~2 molecules of SsoRadA per SsoRad54 molecule.
When SsoRad54 was omitted, no SsoRadA was retained
by non-specific binding to the beads (Figure 4A, lane 3).
These results imply a direct interaction between SsoRad54
and SsoRadA. To examine the specificity of this interac-
tion, we also tested other thermophilic proteins under
identical binding conditions (Figure 4B, C and D).
Neither the SSB homologue, SsoSSB nor Thermotoga
maritima lactate dehydrogenase (LDH) interacted appre-
ciably with SsoRad54. RecA from Thermus thermophilus
did show an interaction with SsoRad54, although
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prior to the addition of Ni-NTA magnetic beads. The beads were magnetically sequestered and subjected to extensive washes to remove unbound
proteins. Control reactions in lanes 2 and 3 represent the binding of SsoRad54 or SsoRadA, respectively, to the magnetic beads; lanes 5 and 6 show
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supernatant. (B) SsoRad54 also interacts with Thermus thermophilus RecA but not with Thermotoga maritima LDH (C) or SsoSSB (D). Migration

position for each protein is indicated to the right of each gel.

somewhat less was bound (1.6 RecA/SsoRad54). This
somewhat weaker interaction may be a reflection of
evolutionary conservation between members of the
RecA/RadA/Rad51 family of proteins, and is similar to
the interactions observed between RecA/Rad51 and the
RecA-loading domain of RecBCD enzyme (59). In this
latter case, conserved interactions were manifest whose
affinities decreased with phylogenetic distance.

Stimulation of SsoRadA-mediated DNA strand exchange

In both yeast and human systems, Rad54 protein stimu-
lates DNA strand exchange mediated by Rad51 protein
in vitro (13,19,20,60-63). We suspected that the SsoRad54
protein might stimulate SsoRadA-mediated DNA strand
exchange, and tested this possibility with an in vitro
assay using homologous circular ssDNA and linear
dsDNA as substrates (Figure 5A). During the DNA
strand exchange reaction, these substrates are converted
in a time-dependent manner to homologously-paired joint
molecule intermediates, and then to nicked circular
dsDNA and the displaced ssDNA products. SsoRad54
protein significantly stimulated DNA strand exchange as
measured by nicked circular dSDNA product formation
at 80°C (Figure 5B and C). This effect is even more

pronounced at conditions (65°C) that are sub-optimal
for SsoRadA activity (Figure 5C), but where the
SsoRad54 protein activity is near optimal (see
Figure 1C). The SsoRad54 protein itself does not have
DNA strand exchange activity, as neither joint molecules
nor nicked circular dsDNA is formed in the absence of
SsoRadA (Figure 5, lane 13). There is a time-dependent
loss of ssDNA during the reaction that is not the result of
nuclease activity, since no nuclease activity was detected in
any of the protein preparations (data not shown). Instead,
this loss is due to hydrolysis of ssDNA by the clevated
temperatures and the slightly acidic pH, as is apparent in
the control reaction that was incubated for 90 min in the
absence of protein (Figure 5, lane 14).

SsoRad54 has homology to bacterial HepA protein

The existence of Rad54 protein in an archaeal organism
suggests this protein is not exclusive to eukaryotes, but
is perhaps unidentified in bacteria and other archaea due
to sequence divergence. We undertook an examination
of completely sequenced archaeal genomes to search
for coding sequences that have similarity to proteins
of the Swi2/Snf2 family. These proteins are characterized
by the presence of ATPase motifs (Walker A and B)



2764 Nucleic Acids Research, 2009, Vol. 37, No. 8

* O—»Q—»O

+ +
joi icked circular
input DNA joint molecule nic|

P intermediate dsDNA product o

\QQ
¥ oF

. : o & §

Time (min.) at 80 °C 15 30 45 60 75 920 & ée

)
B SSOR&I(]54—+—+—+—+—+—+%°’%e

b4

SoUNRERERLE, W
- D = PSS 4spNA

ssDNA
9 10 11 12 13 14
C
o 1004 o 100
c [ =
£ £
© 80 - 80}
€ £
< 60 [ < 60
< <
9 4f 2 4of
o° °
3 20 [ | ® SsoRadA, 65°C 3 20f SsoRadA, 80°C
£ 4 SsoRadA+SsoRad54, 65°C c 4 SsoRadA+SsoRad54, 80°C
- 0 1 1 1 1 1 1 1 1 1 - 0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (minutes) Time (minutes)
30 30
< e SsoRadA, 65°C <
E 25 || o SsoRadA+SsoRad54, 65°C E 25}
[} [}
TR 20F TR 20}
g s
5 L 3 L
3 _g 15 3 _§ 15
o5 10} < & 10}
Q Q
S 5t S 5| SsoRadA, 80°C
= = A SsoRadA+SsoRad54, 80°C
0 L A A1 < ] V) 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Time (minutes) Time (minutes)
40 || ® SsoRadA, 65°C a0t SsoRadA, 80°C
A SsoRadA+SsoRad54, 65°C A SsoRadA+SsoRad54, 80°C
o ® (IS
39 30f 3 g 30
K 9 ®
[FR] PR}
£% o} £% p
[=2=3 [
= O = O
9-’ E 10 | 9-' E 10
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (minutes) Time (minutes)

Figure 5. SsoRad54 protein stimulates SsoRadA-mediated DNA strand exchange. (A) Schematic of the DNA strand exchange reaction. (B) A time
course of DNA strand exchange in the presence and absence of SsoRad54 protein at 80°C. Basal SsoRadA DNA strand exchange is shown over time
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as well as the seven conserved helicase motifs. To iden-
tify other putative prokaryotic Rad54 proteins, we
aligned the SsoRad54 sequence with similar protein
sequences (Figure 6). BLAST searches wusing the
SsoRad54 protein as a query sequence showed that two
archacal methanogens, Methanosarcina acetivorans and
Methanospirillum hungatei, have open reading frames
encoding proteins which are very similar to the
SsoRad54 protein (40% and 43% identity, respectively,
and 60% similarity for both sequences). Among bacterial
sequences, the one with the most similarity to SsoRad54 is
found in the model cyanobacterium, Synechocystis, with
44% identity and 61% similarity. Closely related
sequences are found in other bacteria; both B. subtilis
and Mycoplasma gallisepticum encode a protein annotated
as HepA that has notable similarity to the SsoRad54 pro-
tein (39% and 33% identity, 59 and 53% similarity,
respectively). First identified in E. coli (64), HepA-related
SNF2 proteins were subsequently identified in both mouse
and human (65). Also known as RapA, HepA is an RNA
polymerase interacting protein that has ATPase and
DNA-binding activity but lacks helicase activity, and
has been implicated in RNA remodeling during transcrip-
tion (66—-69). While the involvement of this protein in
recombination processes in bacteria is currently unknown,
disruption of the coding sequence results in a UV sensitive
phenotype (67).

DISCUSSION

Here we have biochemically established the existence of
an archaecal Rad54 protein. Though predicted based on
primary sequence and structural alignments (1,70,71),
it remained unclear whether this archaeal protein was
indeed a bona fide functional homolog of the eukaryotic
Rad54 proteins. We purified full-length SsoRad54 pro-
tein and showed that it has biochemical activities which
mirror those observed for eukaryotic Rad54 proteins.
SsoRad54 protein has dsDNA-dependent ATPase activ-
ity, with properties that are similar to those of
Saccharomyces cerevisiae Rad54. The protein displays no
detectable helicase activity, but can alter the topology
of covalently closed circular duplex DNA. SsoRad54
interacts  directly with SsoRadA and stimulates
SsoRadA-mediated DNA strand exchange. All of these
activities have been described for eukaryotic Rad54 pro-
teins, leading us to suggest that SsoRad54 represents
an authentic prokaryotic Rad54 protein.

DNA unwinding has been implicated in the stimulation
of Rad51-mediated DNA strand exchange (25,62,72). It
was correctly inferred that the changes in DNA topology
induced by Rad54 were the consequences of protein track-
ing along DNA, generating positively and negatively
supercoiled domains (25,72). Direct single-molecule
visualization established that Rad54 and its meiotic homo-
log, Rdh54/Tidl, translocate on duplex DNA at
~100-300 bp/s (51-53). Consequently, it was speculated
that the association of Rad54 with the Rad51 nucleo-
protein filament might enhance the rate of homology
sampling, while transient strand opening within the
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supercoiled domains could facilitate formation of nascent
DNA joints (62,63). Alternatively, we have suggested that
Rad54/Tid1l could stimulate DNA pairing by using its
translocation capacity to convert short, nascent unstable
DNA joints into longer, more stable heteroduplex regions
(51). A specific interaction between Rad51 and Rad54
is required for efficient DNA remodeling and strand
invasion (11,14,22). Association between Rad51 (or
Dmcl) and Rad54 (or Rdh54/Tidl) prior to and at
the DNA pairing site may permit directional extension
of short regions, resulting in stimulation of DNA strand
exchange. Indeed, the translocase activity of Rad54, and
Tid1, was shown to be involved in both the stabilization
and destabilization of the nascent heteroduplex DNA
(51,73), in DNA heteroduplex extension (19,20,60,74),
chromatin-remodeling (24,71,75-81), and also in the clear-
ance of Rad51 from the DNA heteroduplex product
(21,82). This complex array of behaviors can be under-
stood as different manifestations of the translocation
capacity of Rad54. Furthermore, we suggested that, in
the absence of an interaction with Rad51, the binding
of Rad54 to dsDNA is random (50) and, hence, transloca-
tion can be in either direction (51-53), resulting in either
disruption or elongation of joint molecules. However,
when Rad54 is targeted to the dSDNA by Rad51, the ini-
tial direction of translocation may be determined by the
interaction with the Rad51 nucleoprotein filament, which
has a polarity of pairing defined by the ssDNA.

Eukaryotic Rad54 protein can also alter the positioning
of nucleosomes (24,71,75-81). Such translocation-
dependent repositioning likely increases DNA accessibility
for basal processes including replication, recombination,
and repair (83-85). There are homologues for eukaryotic
chromatin proteins in the archaea (86). Exclusive to
euryarchaea, these proteins are generally shorter than
their eukaryotic cousins and essentially comprise the
histone-core without defined tails. Archaeal histones can
compact DNA and form structures analogous to eukary-
otic histones. Little is known about the role of archaeal
histones in vivo, but changes in chromosome compaction
or the distribution of histone subtypes could be used
to modulate DNA access (87). While here we have identi-
fied two euryarchaeal sequences with homology to the
SsoRad54 protein, whether archacal Rad54 homologs
are involved in archaeal nucleosome remodeling is
unknown.

The SsoRad54 protein we described here is in a member
of the crenarchacal domain, where histones appear to
be largely absent (88). Instead of classical histones, cre-
narchaca use highly abundant DNA-binding proteins
to compact DNA. The Sul7d protein from the
Sulfolobus genus binds DNA non-cooperatively and can
compact relaxed or positively supercoiled DNA (89-91).
Thermoproteus tenax, Pyrobaculum aerophilum and
Aeropyrum pernix use the physically similar CC1 protein
that can bind both ssDNA and dsDNA with high
cooperativity (92). Archaea also have the Alba protein,
which binds DNA non-specifically and may be involved
in organizing higher-order folding of DNA-histone or
DNA-Sul7d nucleoprotein assemblies (93,94). A second
archaeal Alba protein (Alba2) was identified that forms
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Figure 6. SsoRad54 protein shows sequence similarity to putative prokaryotic Rad54 homologues. Abbreviations are: Mac for Methanosarcina
acetivorans strain C2A, Syn for Synechocystis sp. PCC 6803, Mhu for Methanospirillum hungatei, strain Jf-1, Bsu for B. subtilis str. 168 (HepA
protein), and Mga for Mycoplasma gallisepticun R (HepA/SNF2 protein). Blue shading indicates sequence identity while yellow shading represents
sequence similarity. The helicase motifs typical of Swi2/Snf2 family proteins are represented by boxes. Additionally, the Walker A ATPase motif is
represented by a bar and a DExx motif is shown in red. Information from the SsoRad54cd crystal structure suggests the presence of a hinge region,
represented by a bar in the figure, while an asterisk indicates putative and identified DNA contact residues (50).



obligate heterodimers with Alba and alters higher-order
Alba-mediated DNA packing (95). Differential expression
of the Alba proteins could modulate the nucleoid structure
in Sulfolobus. DNA accessibility in these prokaryotes
might be tightly controlled through packaging, much
as it is in eukaryotes. SsoRad54 could affect distribution
of these crenarchaeal DNA packing proteins, much as
eukaryotic Rad54 alters nucleosome positioning.

The N-terminal domain of Rad54 proteins was impli-
cated in direct interactions with Rad51 protein and his-
tone H3 (80,96). While a number of eukaryotic Rad54
proteins maintain high homology at the N-terminus
(15,97,98), the recently identified Rad54 protein of
Arabidopsis thaliana, is highly divergent in this region
(99). Divergence in this part of the protein may be the
result of species-specific interactions with cognate protein
partners. We find no apparent N-terminal homology
between SsoRad54 protein and any of the eukaryotic
Rad54 proteins identified to date. This divergence may
be the consequence of the interactions with cellular
protein that are necessary and specific to Sulfolobus solfa-
taricus. We searched for other prokaryotic Rad54 proteins
using the archaeal Rad54 sequence as a query in BLAST
analyses. Homologous sequences are apparent in archaeal
methanogens, as well as in bacterial systems including
cyanobacterium, B. subtilis, and Mycoplasma gallisepti-
cum. Relatively recently, there was an effort to categorize
the Snf2 family of proteins (100). Snf2-related sequences
are found in over two thirds of complete microbial
genomes and can be divided into two groups: the
SSO1653 subfamily, which is anchored by the Sulfolobus
solfataricus SsoRad54 sequence, and the RapA/HepA
group. The broad distribution of Snf2 sequences in
microbial organisms suggests that these proteins perform
non-essential functions that are sufficiently advantageous
to maintain their prevalence. The sequences that we find
through BLAST searches can be categorized within the
SSO1653 subfamily of Snf2 proteins. Proteins identified
within the RapA/HepA group are, by strict definition,
outside the Snf2 family of proteins because they lack sev-
eral features of Snf2 family proteins (100). Our BLAST
analyses found homology between the SsoRad54 protein
sequence and bacterial sequences annotated as HepA. The
bacterial HepA sequence is of particular interest since
disruption of this gene in E. coli results in a clear DNA-
damage sensitivity phenotype (67). Biochemical analyses
of bacterial HepA protein have not, however, further
addressed the potential involvement of the protein in
recombination or repair processes. Characterization
of the SsoRad54 protein will aid in identification of pro-
teins with similar function in other prokaryotes. The
SsoRad54 protein is a significant phylogenetic link in the
evolution of recombination mechanisms and its further
characterization will serve to define the steps of this
important process in prokaryotic organisms.
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