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ABSTRACT

Proteins that catalyse homologous recombination
have been identified in all living organisms and are
essential for the repair of damaged DNA as well as for
the generation of genetic diversity. In bacteria
homologous recombination is performed by the
RecA protein, whereas in the eukarya a related
protein called Rad51 is required to catalyse recombi-
nation and repair. More recently, archaeal homo-
logues of RecA/Rad51 (RadA) have been identified
and isolated. In this work we have cloned and puri-
fied the RadA protein from the hyperthermophilic,
sulphate-reducing archaeon Archaeoglobus fulgidus
and characterised its in vitro activities. We show that
(i) RadA protein forms ring structures in solution and
binds single- but not double-stranded DNA to form
nucleoprotein filaments, (ii) RadA is a single-stranded
DNA-dependent ATPase at elevated temperatures,
and (iii) RadA catalyses efficient D-loop formation and
strand exchange at temperatures of 60–70°C. Finally,
we have used electron microscopy to visualise
RadA-mediated joint molecules, the intermediates of
homologous recombination. Intriguingly, RadA
shares properties of both the bacterial RecA and
eukaryotic Rad51 recombinases.

INTRODUCTION

Homologous recombination is the fundamental process by
which all living organisms repair damage to their DNA, restart
stalled replication forks and generate genetic diversity in their
progeny. The mechanism of homologous recombination
involves bringing two DNA molecules together, searching for
homology in the sequences and then exchanging the DNA
strands (1,2). In prokaryotes the RecA protein is responsible
for catalysing homologous recombination and recombinational
DNA repair (3–5). Homologues of RecA (named Rad51) have
been identified in eukaryotes and have been shown to utilise
similar mechanisms of recombination (1,2,6).

The archaea constitute the third primary kingdom of living
organisms and are evolutionarily distinct from the bacteria and
the eukarya (7,8). RecA/Rad51 homologues (named RadA)
from various archaea have recently been identified (9–13).
These archaeal recombinase proteins appear to perform the
same essential roles in the archaea as in other organisms since
deletion of the radA gene in Haloferax volcanni leads to UV
hypersensitivity, the absence of detectable recombination and
slow growth (14).

The archaeal RadA proteins share ∼40% amino acid identity
with the eukaryotic Rad51 proteins but only ∼20% identity
with bacterial RecA (9). Furthermore, the eukaryotic Rad51
proteins and the archaeal RadA proteins share an extended
N-terminal domain that is outside the RecA core domain and is
likely to be involved in species-specific interactions with other
proteins (13,15). Intriguingly, both RadA and Rad51 proteins
lack the C-terminal domain of RecA which is thought to inhibit
binding of double-stranded DNA (dsDNA) by RecA (16–19).

Many archaeal proteins have sequences that are similar to
their eukaryotic counterparts and it seems that the eukarya
share a more common ancestor with the archaea than with the
bacteria (8,20,21). Therefore, the archaea may provide useful
model systems for the complex eukaryotic machinery of
recombination and replication. For example, the archaea
possess homologues of the eukaryotic single-stranded DNA
(ssDNA)-binding protein RPA (22–24) and the DNA double-
strand break processing protein Mre11 (23,25). Although the
archaeal genomes sequenced thus far have not revealed homo-
logues of the Rad52, Rad54 or Rad59 repair proteins (23,25), a
protein named RadB has been identified that has some
homology to RadA (33%) with which it interacts (13). RadB
also has some similarity to the Rad55/57 proteins from yeast
(11), which stimulate Rad51-mediated recombination (26,27).
It has also been demonstrated that the RadB protein from a
thermophilic archaeon can complement the UV sensitivity of a
recA deletion in Escherichia coli suggesting a possible role in
homologous recombination for RadB (28). Furthermore, the
RadB protein from Pyrococcus furiosis has been shown to
interact with Hjc protein, an archaeal Holliday junction
resolvase (13).

Although transcription of the recA gene is induced by agents
that damage DNA, such as UV irradiation or methyl methane
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sulfonate (29), UV irradiation does not increase the transcrip-
tion of radA genes (9,13). Since many of the archaeons are
hyperthermophiles and flourish in extreme environments
(70–100°C and hundreds of atmospheres pressure) it is
possible that constitutive expression of DNA repair proteins is
essential for the maintenance of genome stability in the
presence of continual DNA damage. The thermophilic RadA
proteins have evolved and adapted to exist and function at high
temperatures. The RadA protein from Pyrobaculum islandicum
remains structurally stable at 87°C and in highly denaturing
conditions (4.5 M guanidine hydrochloride) (30). The thermo-
resistance of RadA proteins is due to key amino acid substitutions
(e.g. serine to threonine), which increase the hydrophobicity of
individual α-helices leading to an overall increase in the thermal
stability of the protein (31).

The recent biochemical characterisation of various archaeal
RadA proteins has confirmed that these proteins exhibit many
characteristics of homologous recombination proteins
(10,13,32). It has been demonstrated that RadA from
Sulfolobus solfataricus has DNA-dependent ATPase activity,
forms nucleoprotein filaments on DNA and catalyses a weak
strand-exchange activity (10). Similarly, RadA from the hyper-
thermophilic archaeon Desulfurococcus amylolyticus catalyses
ATP hydrolysis and strand exchange at temperatures of 80–95°C,
the optimal temperature for growth (32).

Given the remarkable properties of these hyperthermophilic
recombination proteins we were interested in examining an
archaeal RadA protein in further detail. We report here that
(i) RadA protein from Archaeoglobus fulgidus forms ring
structures in solution and filaments upon binding ssDNA,
(ii) RadA does not appear to bind or form filaments on dsDNA,
and (iii) RadA catalyses DNA-stimulated ATP hydrolysis,
D-loop formation and DNA strand exchange. The optimal
reaction temperature is 60–70°C. We have also used electron
microscopy to visualise joint molecules formed by RadA, the
intermediates of homologous recombination. Interestingly, we
find that the RadA protein catalyses D-loop formation and
strand exchange reactions with high efficiency, similar to the
bacterial RecA protein, but that the overall reaction kinetics are
slow, and more akin to those shown by eukaryotic Rad51
proteins.

MATERIALS AND METHODS

Cloning and overexpression of RadA

RadA protein was expressed in 1 l cultures of Luria broth
containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol,
each inoculated with a 5 ml culture of E.coli B834(DE3)
‘codon plus’ (Stratagene) containing the radA gene cloned into
the NdeI and NotI sites of pET22b vector (Novagen). The
cultures were grown whilst shaking at 37°C until the OD600
reached 0.5–0.6, and then RadA synthesis was induced by the
addition of 1 mM isopropyl-β-D-thiogalactoside. Growth was
continued for 3 h before the cells were harvested by centrifuga-
tion at 5000 g. The cell pellets were resuspended in 20 ml of
50 mM Tris–HCl pH 7.5, 1 mM EDTA, 1 mM dithiothreitol
(DTT) and 10% sucrose, and frozen at –80°C until required.

RadA purification

For RadA purification, the cells were thawed and lysed by
sonication (on ice) in the presence of 0.2 mg/ml phenylmethyl-
sulphonyl fluoride. The supernatant was clarified by centrifuga-
tion at 20 000 g and then heated at 60°C for 5 min followed by
cooling on ice. The precipitate was removed by centrifugation
at 20 000 g. The cleared supernatant was diluted with 0.1 M
K2HPO4 pH 6.8 and 1 mM DTT until the conductivity
approached that of the same buffer. This supernatant was
then applied to a 5 ml hydroxyapatite column (Bio-Rad) pre-
equilibrated with 0.1 M K2HPO4 pH 6.8 and 1 mM DTT. The
column was washed with 3 column vol of 0.1 M K2HPO4 pH
6.8 and 1 mM DTT, and then the RadA was eluted with a 50 ml
linear gradient of 0.2–1.0 M K2HPO4 pH 6.8 and 1 mM DTT.
The peak fractions were pooled and loaded onto a 5 ml heparin
column (Pharmacia) pre-equilibrated with 50 mM Tris–HCl
pH 7.5, 1 mM DTT and 1 mM EDTA (TDE buffer). The RadA
was again diluted to a conductivity approaching that of the
column buffer before loading onto the heparin column. The
heparin column was then washed with 3 column vol of TDE,
and RadA was eluted with a 100 ml linear gradient of 0–1.0 M
NaCl in the same buffer. The peak fractions were pooled and
dialysed against TDE and concentrated to 50 ml. The protein
was applied to a MonoQ 10/10 column (Pharmacia) pre-
equilibrated in TDE and washed with 3 column vol of buffer.
RadA was eluted using a 10 column vol linear gradient of 0–1.0 M
NaCl. Peak fractions containing RadA were pooled and treated
with DNaseI and RNaseA in the presence of 2 mM MgCl2 at
37°C for 30 min. The RadA was diluted 3-fold with 1 M
(NH4)2SO4, 100 mM Tris–HCl pH 7.0, 1 mM DTT and 1 mM
EDTA, loaded onto an 8 ml octyl–Sepharose column (Phar-
macia) and pre-equilibrated in the same buffer. The column
was washed with 3 column vol of buffer and then the RadA
was eluted by applying a 20 ml linear gradient of 1.0–0 M
(NH4)2SO4. Prior to storage of the RadA protein at –80°C,
glycerol was added to a final concentration of 10% (v/v). The
purity of the RadA protein was monitored throughout on 12%
SDS–PAGE. The yield of RadA was ~20–40 mg from 1 l of
culture.

Escherichia coli RecA protein was prepared by a modifica-
tion of published procedures (33) and stored in 20 mM Tris–HCl
pH 7.5, 0.1 mM EDTA, 10% (v/v) glycerol, 0.5 mM DTT.
Concentrations of protein are expressed in moles of monomer.
Restriction enzymes (New England Biolabs) were used as
recommended by the suppliers.

DNA substrates

Supercoiled plasmid pPB4.3 DNA (34,35) was prepared using
Qiagen Plasmid Mega Kits followed by equilibrium centrifu-
gation on caesium chloride/ethidium bromide gradients. Linear
DNA (400 bp) was prepared by treating pPB4.3 with HindIII
and NdeI, and the 400 bp fragment was excised from an
agarose gel followed by purification using QIAquick gel
extraction columns (Qiagen). Linear fragments [1.2 kb
(HindIII + BamHI), 3 kb (HindIII + BamHI) and 4.3 kb
(HindIII only)] were prepared in a similar manner to the 400 bp
fragment. Circular single-stranded pPB4.3 DNA was prepared
as described previously (34). φX174 dsDNA was purchased
from New England Biolabs. Nicked plasmid DNA for electron
microscopy was prepared by treating 10 µg supercoiled
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plasmid φX174 DNA with 5 U of DNaseI in 10 mM Tris–HCl
pH 7.9, 10 mM MgCl2, 50 mM NaCl and 1 mM DTT for 30 min
at 37°C. The nicked DNA was then purified by phenol/chloro-
form extraction and ethanol precipitation followed by dialysis
against Tris–HCl pH 7.5, 0.1 mM EDTA.

The oligonucleotide was prepared using standard procedures
on an Applied Biosystems 394 DNA Synthesiser. The oligo-
nucleotide used in this study was 5′-GGGCGAATTGGGCCC-
GACGTCGCATGCTCCTCTAGACTCGAGGAATTCGGT-
ACCCCGGGTTCGAAATCGATAAGCTTACAGTCTCCA-
TTTAAAGGACAAG. The oligonucleotide was gel-purified
using denaturing PAGE as described previously (36). DNA
was 5′-32P-end-labelled using polynucleotide kinase (USB)
and [γ-32P]ATP. Unless stated otherwise, DNA concentrations
are expressed in moles of nucleotides.

Electron microscopy

Binding reactions contained 2.5 µM RadA protein in 50 mM
triethanolamine-acetate (TEA) pH 7.5, 1 mM MgCl2, 2 mM
ATP (or ATP-γ-S) and 1 mM DTT. Reactions carried out in the
presence of DNA contained 2.5 µM RadA and 5 µM ssDNA
(circular single-stranded pPB4.3) or 5 µM dsDNA (nicked
plasmid φX174) in the same buffer. Following incubation at
60°C for 10 min, the complexes were fixed by the addition of
glutaraldehyde to 0.2% followed by 15 min of incubation at
37°C. Strand exchange reactions (for electron microscopy)
were performed in 50 mM TEA pH 7.5, 2 mM MgCl2, 2 mM
ATP and 1 mM DTT. Reactions (10 µl) contained single-
stranded pPB4.3 DNA (10 µM) and 6 µM RadA in buffer.
After 5 min at 55°C, 7 µM 3 kb linear DNA was added and
incubation continued for 5 min followed by fixation with 0.2%
glutaraldehyde for 15 min at 37°C. Samples were diluted and
washed in 5 mM Mg(OAc)2 before uranyl acetate staining (37).
Complexes were visualised at a magnification of 25 500× using
a Philips CM100 electron microscope.

ATPase assay

Reactions (50 µl) contained 300 µM single- or double-stranded
φX174 DNA, 5 µM RadA or RecA in 50 mM triethanolamine–
HCl pH 7.5, 15 mM Mg(OAc)2, 0.2 mM ATP, supplemented
with 50 nCi [γ-32P]ATP (3000 Ci/mmol), 1 mM DTT and
100 µg/ml BSA. Incubations were at 60°C for RadA and 37°C
for RecA unless indicated otherwise. At the indicated times,
aliquots (5 µl) were removed, stopped by addition of 2.5 µl
0.5 M EDTA, and analysed using CEL 300 PEI/UV254 (Poly-
gram) thin layer chromatography plates developed in 1 M
formic acid/0.5 M LiCl. The percentage of [γ-32P]ATP hydro-
lysed to [γ-32P]ADP was quantified with a Molecular
Dynamics Storm 860 PhosphorImager. Reactions carried out
at varying temperatures were incubated for 120 min.

D-loop assay

Standard reactions (10 µl) contained 5′-32P-end-labelled
100mer ssDNA (3 µM), and the indicated concentration of
RadA or RecA in standard buffer (50 mM triethanolamine–
HCl pH 7.5, 15 mM MgCl2, 2 mM ATP, 1 mM DTT, 100 µg/ml
BSA, 20 mM creatine phosphate and 2 U/ml creatine phos-
phokinase). After 5 min at the indicated temperatures, excess
supercoiled pPB4.3 DNA (0.3 mM) was added and incubation
was continued for 10 min for RadA and 1 min for RecA. Reac-
tion products were deproteinised by the addition of one-fifth

vol of stop buffer (0.1 M Tris–HCl pH 7.5, 0.1 M MgCl2, 3%
SDS and 10 mg/ml proteinase K) followed by 30 min
incubation at 37°C. Labelled DNA products were analysed by
electrophoresis through 0.8% agarose gels run in TEA buffer at
4 V/cm for 3 h, dried onto filter paper and visualised by auto-
radiography. Quantification was carried out using a Molecular
Dynamics Storm 860 PhosphorImager.

For the time-course studies, reactions (80 µl) contained
100mer ssDNA (3 µM) and RadA or RecA (4 µM) in standard
buffer. After 5 min at 60°C (RadA) or 37°C (RecA), super-
coiled pPB4.3 DNA (0.3 mM) was added and incubation was
continued. At the times indicated, aliquots (10 µl) were taken,
deproteinised and analysed on agarose gels as described.

Strand exchange (gel assay)

Reactions (10 µl) contained single-stranded pPB4.3 DNA
(15 µM) with the indicated amounts of RadA or RecA in
standard buffer. After 5 min at 60°C (RadA) or 37°C (RecA),
either 1.5 µM 400 bp linear DNA, 4.2 µM 1.2 kb linear DNA
or 15 µM 4.3 kb linear DNA was added and incubation
continued for 90 min. Reaction products were deproteinised by
the addition of one-fifth vol of stop buffer (0.1 M Tris–HCl pH
7.5, 0.1 M MgCl2, 3% SDS, 5 µg/ml ethidium bromide and 10
mg/ml proteinase K) followed by 30 min incubation at 37°C.
Labelled DNA products were analysed on agarose gels as
before.

RESULTS AND DISCUSSION

RadA protein forms rings and nucleoprotein filaments

The RadA protein from A.fulgidus was cloned and purified to
near homogeneity as described in Materials and Methods. A
sample of purified RadA was analysed by SDS–PAGE and is
shown in Figure 1. In previous studies it was demonstrated that
RecA and Rad51 proteins can form nucleoprotein filaments
with ssDNA or dsDNA (18,38–40). To determine whether
purified RadA protein forms filaments upon binding DNA, we
analysed RadA alone (Fig. 2A) or complexes formed between

Figure 1. Purification of RadA protein. Purified RadA protein (1 µg) was analysed
by 10% SDS–PAGE followed by Coomassie Brilliant Blue staining. Numbers
correspond to the size of indicated proteins. The RadA protein is 37.2 kDa.
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RadA and ssDNA (Fig. 2B) or dsDNA (Fig. 2C) using electron
microscopy after negative staining with uranyl acetate.

In the absence of DNA, RadA showed a striking tendency to
form ring-like structures (Fig. 2A). Rings were seen in the
presence of ATP or ATP-γ-S. The finding that RadA protein
forms ring-like structures in vitro is interesting in relation to
recent findings with other recombination proteins and enzymes
involved in DNA recombination and repair (41). Similar ring-
like structures have been observed with RecA (42,43), Rad51
(44,45), the meiosis-specific recombinase Dmc1 (46), Rad52
(47,48) and RuvB (49). Although ring structures present a
large surface area for binding DNA and this may be the mech-
anism of action for proteins involved in ssDNA annealing such
as Rad52 (50,51), it is not clear what function rings perform for
proteins that catalyse strand invasion such as RecA, Rad51 or
RadA. Ring structures may, in fact, be the inactive storage
form of the recombinase that are transported to the sites of
DNA repair and then converted into functional helical nucleo-
protein filaments when loaded onto ssDNA.

In the presence of ssDNA and ATP-γ-S, helical nucleo-
protein filament structures were observed (Fig. 2B). The RadA
filaments appeared very similar to those formed by RecA,
since they exhibited the characteristic striated appearance of
RecA–DNA filaments (38,52). This extended and regular
filament structure has also been observed with Rad51 protein
(18,39).

The binding of ATP transforms the bacterial RecA protein to
a DNA-binding state with a high affinity for ssDNA (1,53). In
contrast to RecA protein’s preference for ssDNA, Rad51
protein associates equally well with ssDNA or dsDNA to form

nucleoprotein filaments (18,39,40). Since both Rad51 and
RadA proteins lack the C-terminal domain of RecA, which
inhibits binding of dsDNA by RecA (16–19), we were eager to
examine whether RadA also binds to ssDNA and dsDNA
equally. Surprisingly, when RadA was incubated with dsDNA
in the presence of ATP or ATP-γ-S, we observed only protein
rings and naked DNA (Fig. 2C). To confirm RadA’s prefer-
ence for binding ssDNA, band-shift experiments were
performed with RadA and ssDNA or dsDNA in the presence of
ATP, ATP-γ-S, various Mg2+ concentrations and at several
temperatures. RadA formed filaments on ssDNA under all
conditions (except in the absence of ATP/ATP-γ-S), but we did
not observe protein–DNA complexes on dsDNA under any of
the conditions examined (data not shown).

Such a preference for binding ssDNA may allow targeting of
RadA protein to the ssDNA tails at the ends of processed
double-strand breaks in vivo. If bacterial RecA and eukaryotic
Rad51 are at opposite ends of the spectrum with regard to the
binding to DNA, it appears that archaeal RadA may be more
similar to RecA and perhaps shows an even greater affinity for
ssDNA.

In the presence of ATP, we observed that nucleoprotein fila-
ments formed on ssDNA were often aligned and intertwined
(Fig. 2D). Since reaction conditions containing ATP/Mg2+ are
closest to the physiological state and are most likely suitable
for recombination as shown, intertwined nucleoprotein fila-
ments may be indicative of ATP-dependent DNA alignment
and homologue search, the initiating step of homologous
recombination.

RadA protein is a ssDNA-dependent ATPase

A fundamental property of the RecA and Rad51 proteins is
their ability to hydrolyse ATP to ADP in a DNA-dependent
manner (17,40,54,55). To examine the ability of purified RadA
protein to hydrolyse ATP, we assayed its ATPase activity in
the presence of ssDNA and dsDNA. RadA-dependent ATPase
activity was found to be most efficient in the presence of
ssDNA (Fig. 3A). The rate of ATP hydrolysis was consider-
ably reduced in the presence of dsDNA and virtually no ATP
was hydrolysed in the absence of DNA. The rate of RadA-
mediated ATP hydrolysis was calculated to be in the order of
0.26–0.37 ATP/min in the presence of ssDNA. While this rate is
∼100-fold lower than that of RecA (kcat of 18–30 min–1; 56), it is
similar to the rates reported for yeast Rad51 (kcat of 0.73 min–1; 57)
and human Rad51 (kcat of 0.16 min–1; 55). ATP hydrolysis was
not detected in the absence of magnesium (data not shown).

To measure the thermal dependence of RadA, the ATPase
activity of the protein was examined over a wide range of
temperatures. RadA was found to exhibit the highest levels of
ATP hydrolysis at temperatures of ∼60–70°C, whereas
ATPase activity was dramatically reduced at temperatures of
37–40°C (Fig. 3B). In contrast, E.coli RecA protein showed
optimal ATP hydrolysis at 37–40°C, the optimal growth
temperature for E.coli (Fig. 3B). These studies indicate that the
optimal reaction conditions of these proteins are similar to the
normal growth conditions of the host organism. Other groups
have also reported increased ATPase activity at high temperatures
using RadA proteins from different hyperthermophiles
(10,13,30,32). The RadA protein from D.amylolyticus is
particularly unusual in that it displayed optimal ATPase
activity at 95°C and hydrolysed very little ATP at 70°C (32).

Figure 2. Four images showing either RadA protein alone or RadA interacting
with ssDNA or dsDNA. (A) Electron microscopic visualisation of RadA pro-
tein in the presence of ATP showing the formation of ring-like structures. The
complexes were formed and analysed by electron microscopy as described in
Materials and Methods. The scale bar represents 50 nm. (B) Image of complex
formed between RadA and ssDNA in the presence of ATP-γ-S. (C) Image of
RadA incubated with dsDNA in the presence of ATP. The results were identi-
cal in the presence of ATP-γ-S. (D) Image of the complex formed between
RadA and ssDNA in the presence of ATP.
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RadA protein catalyses high temperature D-loop 
formation

The definitive test for a homologue of RecA/Rad51 is the
ability of the protein to catalyse ATP-dependent homologous
pairing and strand exchange. To study A.fulgidus RadA
catalysing homologous pairing and strand invasion, we used a
D-loop assay. In this assay 5′-32P-labelled linear ssDNA
(100mer) was incubated with varying concentrations of RadA
at a range of temperatures, and then an excess of homologous
supercoiled plasmid was added (Fig. 4A). After a short incuba-
tion period, the products were deproteinised and analysed by
agarose gel electrophoresis. RecA protein was used as a

control. RadA protein formed efficient D-loops at 50–70°C
(Fig. 4B, lanes d–f). At 80°C the DNA products were found to
form aggregates that failed to enter the gel due to the expected
DNA denaturation that occurs at elevated temperatures
(Fig. 4B, lane g). As expected, RecA protein formed D-loop
complexes at temperatures from 37–50°C (Fig. 4B, lanes i–k).
In both cases, D-loop formation required the presence of
magnesium, ATP and homologous DNA substrates (data not
shown).

To further refine the optimal temperature for strand invasion
by RadA, further experiments were carried out and the results
were quantified and are shown graphically in Figure 4C. The
optimal temperature for RadA-mediated strand invasion was

Figure 3. The ATPase activity of RadA protein. (A) Graph showing the percentage of ATP hydrolysed to ADP by RadA in the presence of ssDNA, dsDNA or no
DNA. (B) Graph showing the percentage of ATP hydrolysed to ADP by RadA or RecA incubated with ssDNA at a range of temperatures. ATPase assays were
carried out as described in Materials and Methods.

Figure 4. Strand invasion and D-loop formation by RadA and RecA. (A) The in vitro system for the initiation of RadA-mediated strand invasion. Linear ssDNA is
bound by RadA to form nucleoprotein filaments. These filaments then search for homology and invade the homologous circular duplex DNA to form a D-loop
structure. Stars indicate 5′-32P-labels. (B) Strand invasion reactions were carried out between 32P-end-labelled linear ssDNA (100mer) and homologous covalently
closed circular pPB4.3 DNA using RadA (lanes b–g) or RecA (lanes i–n) at the indicated temperatures. Lanes a and h, no protein. (C) Graph showing the percent-
age of D-loop formation obtained with RadA and RecA at a range of temperatures using the in vitro system described in (A) and (B).
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found to be 60°C with a dramatic reduction in D-loop forma-
tion below 40°C and above 80°C. In contrast, the optimal reac-
tion temperature for RecA was found to be 37°C with product
levels dropping off below 20°C and above 60°C (Fig. 4C). It
was noticeable in these experiments that the RadA protein
formed D-loops as efficiently as RecA protein (12–15%;
Fig. 4C). Using the same conditions and substrates we had
previously observed that human Rad51 protein formed only
∼0.6% D-loops (58).

Time-course of RadA-mediated strand invasion

Strand invasion by RecA has been shown to be a rapid and
reversible reaction in which the invading ssDNA is introduced
into the homologous duplex DNA briefly (∼4 min) and is then
removed in what is known as the ‘D-loop cycle’ (59). The
human Rad51 protein also displays a D-loop cycle, but in this
case the reaction is slower with a peak in D-loop formation
seen at ~16 min (58). To examine RadA-mediated strand
invasion, time-course reactions were performed with both
RadA and RecA (Fig. 5). Using this relatively short ssDNA
substrate (100 nt), D-loop formation by RecA peaked after
only 1 min (Fig. 5A, lane i) and by 16 min almost all
complexes had dissociated back to the starting substrates
(Fig. 5A, lane m). In contrast, RadA-mediated D-loop forma-
tion peaked at ~8–16 min (Fig. 5A, lanes e and f), which is very
similar to the kinetics displayed by the human Rad51 protein
(58). Quantification of the data shown in Figure 5A revealed
the dramatically different strand invasion profiles of the two
proteins (Fig. 5B). These results indicate that A.fulgidus RadA
protein is a bona fide hyperthermophilic recombinase that
catalyses homologous pairing with an efficiency similar to that
of RecA, but with reaction kinetics more resembling that of
eukaryotic Rad51 protein.

RadA protein catalyses strand exchange

To measure the extent of strand exchange we used linear
duplex DNA and homologous circular ssDNA (Fig. 6A) (60).
Three linear substrates of varying lengths were prepared and
5′-32P-labelled: (i) a 400 bp linear duplex; (ii) a 1.2 kb linear
duplex; and (iii) a full-length 4.3 kb linear duplex. Each

substrate was incubated with 4.3 kb circular ssDNA and RadA
in strand exchange buffer. In reactions between ssDNA and the
400 bp linear duplex, RadA protein formed products efficiently
at 60°C. Unfortunately, the displaced 400 nt ssDNA was not
observed by agarose gel electrophoresis since this product
migrates at the same position as the 400 bp duplex substrate
(Fig. 6B, lanes b–f). However, using the longer 1.2 kb
substrate (Fig. 6B, lanes j-k), efficient RadA-mediated strand
exchange was again observed and we were now able to visu-
alise the displaced ssDNA (1.2 kb). These results demonstrate
that A.fulgidus RadA is capable of promoting strand transfer
through at least 1200 bp of duplex DNA.

To test the ability of RadA to catalyse complete strand
transfer using longer DNA substrates, similar reactions were
carried out at 60°C using the 4.3 kb linear duplex (Fig. 6C). As
a control, RecA reactions were performed at 37°C. We found
that RadA catalysed efficient joint molecule formation, but no
displaced ssDNA products were observed. In these reactions, a
significant amount of DNA was trapped at the origin (Fig. 6C,
lanes e and f) indicative of the formation of DNA networks.
The RecA control reaction also had a similar amount of
material trapped at the origin, but some displaced linear
ssDNA was observed (Fig. 6C, lane g). However, this result
was expected in view of the fact that the RecA reactions were
carried out in the absence of the ssDNA-binding protein, which
helps to stabilise the released ssDNA and prevent network
formation (61). Extending the time of deproteinisation did not
remove the material from the origin, although heating the
samples at 60°C before loading the gels did release the retarded
material suggesting it comprised of DNA networks (data not
shown). From these experiments, we conclude that RadA
catalyses efficient strand exchange reactions, but that the
extent of strand transfer may be limited. Alternatively, RadA
may be able to catalyse full-length strand exchange but the
reactions require the presence of the archaeal RPA protein to
stabilise the displaced ssDNA and prevent network formation.

The recent identification of archaeal homologues of the
ssDNA-binding protein RPA may allow for more extensive
strand exchange reactions to be performed (22–24). Indeed, the
purification and characterisation of the recently discovered

Figure 5. Time-course of strand invasion by RadA and RecA. (A) Strand invasion reactions were performed with RadA (lanes b–g) and RecA (lanes i–n), and
samples removed and stopped at the times indicated as described in Materials and Methods. Lanes a and h, samples were taken prior to protein addition. (B) Graph
showing the percentage of D-loop formation obtained at various times using the RadA and RecA reactions presented in (A).
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RadB proteins and Mre11 homologues in archaea will assist in
the reconstitution of more complete systems of homologous
recombination in these bizarre and fascinating organisms
(13,23,25).

Visualisation of RadA-mediated joint molecule formation

RadA protein has an unusually strong preference for binding
and forming filaments on ssDNA compared to dsDNA (see
above), and this presented us with an ideal opportunity to

visualise joint molecules, since the ssDNA would be bound by
RadA while the dsDNA would remain naked. A persistent
problem with visualising recombination intermediates is that
the recombinase often covers both ssDNA and dsDNA and
forms protein–DNA aggregates. Conditions were optimised
that reduced aggregate formation (2 mM Mg2+ and 5 min reac-
tions) and used to visualise strand exchange intermediates
between a 3 kb linear duplex and a 4.3 kb circular ssDNA by
electron microscopy (Fig. 7). Two joint molecules are shown

Figure 6. Strand exchange and joint molecule formation by RadA. (A) The in vitro system for RadA-mediated strand exchange. Single-stranded circular pPB4.3
is bound by RadA to form nucleoprotein filaments. These filaments then search for homology and invade the homologous linear duplex DNA to form a joint mol-
ecule. Complete strand transfer results in the release of 32P-end-labelled linear ssDNA. Stars indicate 5′-32P-labels. (B) Strand exchange reactions were carried out
between single-stranded circular pPB4.3 and 32P-end-labelled 400 bp linear duplex DNA (lanes a–f) or 32P-end-labelled 1.2 kb linear duplex DNA (lanes g–l) using
the indicated amounts of RadA. Lanes a and g, no protein. (C) Strand exchange reactions were carried out between single-stranded circular pPB4.3 and 32P-end-
labelled 4.3 kb linear duplex DNA using the indicated amounts of RadA (lanes a–f) or RecA (lane g). Lane a, no protein.

Figure 7. Two images showing RadA-mediated joint molecule formation. Electron microscopic visualisation of RadA strand exchange reactions showing the for-
mation of joint molecules. The ssDNA is covered in RadA to form nucleoprotein filaments, whereas the dsDNA remains naked. The path of the dsDNA is indicated
by black arrows. The scale bar represents 50 nm.
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in Figure 7 in which the ssDNA is coated with RadA and has
the collapsed, intertwined appearance of the molecule shown
in Figure 2D. Each RadA–ssDNA nucleoprotein filament is
attached to a naked linear dsDNA molecule (indicated by black
arrows) and represents a joint molecule, the intermediate step
of homologous strand exchange. No joint molecules were
detected in the presence of ATP-γ-S using the gel assay indi-
cating that RadA requires ATP for active filament formation
and efficient strand exchange (data not shown).

In light of the fact that the archaeal protein sequences are
more similar to their eukaryotic counterparts than the bacterial
sequences are, archaeal recombination reactions may serve as
excellent simplified model systems for the more elaborate
recombination machineries present in eukaryotic cells (2).
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