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Archaeal RecA homologues: different response to DNA-damaging agents in 
mesophilic and thermophilic Archaea

 

Abstract

 

Two archaeal proteins, RadA and RadB, share
similarity with the RecA/Rad51 family of recombinases,
with RadA being the functional homologue. We have stud-
ied and compared the RadA and RadB proteins of meso-
philic and thermophilic Archaea. In growing cells, RadA
levels are similar in mesophilic

 

 Methanococcus

 

 species and
the hyperthermophile

 

 Methanococcus jannaschii

 

. Treat-
ment of cells with mutagenic agents (methylmethane sul-
fonate or UV light) increased the expression of RadA (as
evidenced by higher levels of both mRNA and protein) in
all organisms tested, but the increase was greater in the
mesophiles than in the thermophiles

 

 M. jannaschii

 

 and

 

 Sul-
folobus solfataricus

 

. Recombinantly expressed RadA pro-
teins from the mesophile

 

 M. voltae

 

 and the thermophile

 

 M.
jannaschii

 

 were similar in their ATPase- and DNA-binding
activities. All the data are consistent with proposals that
RadA plays the same role as eukaryotic Rad51. Surpris-
ingly, the data also suggested that the thermophiles do not
need more RadA protein or activity than the mesophiles.
On the other hand, RadB is not coregulated with RadA,
and  its  role  remains  unclear.  Neither  RadA  nor  RadB
from a mesophile or from a thermophile rescued the UV-
sensitive  phenotype of an

 

 Escherichia coli recA

 

–

 

 host.
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Introduction

 

Archaea are unique among organisms in that related
species grow at remarkably different temperature optima.
Hyperthermophiles such as

 

 Methanococcus jannaschii

 

thrive at temperatures of 83

 

°

 

C, whereas mesophilic rela-
tives such as

 

 Methanococcus voltae

 

 and

 

 Methanococcus
maripaludis

 

 have optimal growth temperatures of 37

 

°

 

C.
Although belonging to a phylogenetically coherent group,
these organisms are more distantly related than the taxon-
omy implies (Boone et al. 1993), with an average of 70%
sequence identity in pairs of aligned homologous proteins
(Haney et al. 1999). Life at high temperatures poses severe
challenges to the stability of DNA (Marguet and Forterre
1994; Grogan 1998, 2000). Spontaneous reactions such as
deamination of cytosines and adenines, hydrolytic depuri-
nation, and strand breakage are all enhanced at high
temperature, and organisms need to respond to these chal-
lenges by developing robust strategies to ensure the integ-
rity of their chromosomes.

Powerful DNA repair systems are at work in thermo-
philic and hyperthermophilic Archaea.

 

 Pyrococcus furiosus

 

cells are highly resistant to DNA break formation when
exposed to temperatures in excess of 100

 

°

 

C (Peak et al.
1995) and are able to reassemble their genomes after exten-
sive fragmentation by gamma irradiation (DiRuggiero et al.
1997). In

 

 Sulfolobus acidocaldarius

 

 growing at 75

 

°

 

C, the
spontaneous rate of mutation is comparable to that in

 

Escherichia coli

 

 growing at 37

 

°

 

C (Jacobs and Grogan 1997),
and there is evidence for error-prone repair and genetic
recombination after UV exposure (Wood et al. 1997).

Comparative analyses of whole genomes have revealed
that, of the proteins involved in DNA repair, the only one that
is universal is the Rec/Rad recombinase (Aravind et al. 1999;
Eisen and Hanawalt 1999). These proteins, which include
bacterial RecA, eukaryotic Rad51, and archaeal RadA, are
crucial for double-strand DNA break repair and homologous
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recombination (Roca and Cox 1997; Bianco et al. 1998;
Baumann and West 1998). The proteins share a common ori-
gin (Leipe et al. 2000), and this history is underscored by func-
tional similarities, including cooperative binding to DNA to
form helical nucleoprotein filaments and DNA-stimulated
ATPase activity (Roca and Cox 1990; Kowalczykowski 1991;
West 1992). Mutants in the

 

 recA

 

 gene are deficient in homol-
ogous recombination and are sensitive to DNA-damaging
agents; also, expression of the gene is induced by mutagenic
treatment (Walker 1984). In yeast,

 

 rad51

 

 mutants are suscep-
tible to ionizing radiation and chemical agents such as
methylmethane sulfonate (MMS) that cause DNA breaks.
As in the case of the bacterial gene, expression of

 

 rad51

 

 is
increased by treatment with mutagens, such as alkylating
agents (Basile et al. 1992; Ogawa et al. 1993).

In Archaea, there are two proteins, RadA and RadB,
that share similarity with the Rec/Rad recombinases. RadA
proteins  contain  about  330  residues  and  are  more  similar
in sequence to eukaryotic Rad51 than to bacterial RecA
(Sandler et al. 1996, 1999; Brendel et al. 1997). Archaeal
RadB is a smaller protein of about 220 residues that retains
only the core sequences common to all the Rec/Rad family
(Rashid et al. 1996). Homologues of RadA and RadB have
been found in all the archaeal genomes sequenced thus far
(Aravind et al. 1999; Leipe et al. 2000). Although the Rec/
Rad recombinases in Bacteria and Eucarya have been
extensively studied, relatively little is known about the bio-
chemical properties and in vivo functions of the archaeal
proteins. The RadA proteins of

 

 Sulfolobus solfataricus

 

,

 

Pyrococcus furiosus

 

, and

 

 Pyrobaculum islandicum

 

 have
been shown to form nucleoprotein filaments on DNA and
promote strand exchange (Seitz et al. 1998; Komori et al.
2000; Spies et al. 2000).

It has been reported that expression of this protein in

 

 S.
solfataricus

 

 and

 

 Pyrococcus furiosus

 

 is not increased by
DNA-damaging treatments (Sandler et al. 1996; Komori et
al. 2000). In the halophile

 

 Haloferax volcanii

 

, deletion of

 

radA

 

 renders the cell recombination deficient and leads to
increased sensitivity to UV light and ethylmethane sulfonate
(Woods and Dyall-Smith 1997). In contrast, the smaller
RadB protein of

 

 Pyrococcus

 

 sp. has been shown to have
DNase activity and hydrolyze ATP to AMP and pyrophos-
phate instead of ADP and phosphate as do the RecA/Rad51
proteins (Rashid et al. 1997). Recently, the RadB protein
from

 

 P. furiosus

 

 has been shown to interact with RadA and
Hjc, a Holliday junction resolvase (Komori et al. 2000). Sur-
prisingly, it has been reported that expression of RadB from

 

Pyrococcus

 

 sp. KOD1 in an

 

 E. coli recA1

 

 strain can rescue
the UV sensitivity of the host cell (Rashid et al. 1996).

The paucity of data about DNA repair systems in
Archaea and the many unanswered questions arising from
the problems posed by life at high temperatures prompted
us to study the

 

 radA

 

 and

 

 radB

 

 genes and their proteins in
mesophilic and thermophilic Archaea. In this article, we
address the question of the effect of mutagenic agents in
mesophilic and thermophilic Archaea on expression of the

 

radA

 

 and

 

 radB

 

 genes, compare the meso- and thermophilic
RadA proteins biochemically, and reinvestigate the ability
of these proteins to complement the UV-sensitive pheno-
type of an

 

 E. coli recA1

 

 host expressing them.

 

Materials and methods

 

Bacterial strains and plasmids

 

Escherichia coli

 

 strain XL1-Blue MRF' (Stratagene, La
Jolla, CA, USA) was used for all cloning experiments.
Strain BL21(DE3) (Novagen, Madison, WI, USA) was used
for expression of recombinant proteins. For in vivo comple-
mentation studies, host strain HMS174(DE3)pLysS
(Novagen) was used. Plasmid pUC18 was used for library
and partial library construction, as well as for subcloning
gene fragments for sequence analysis. Plasmid pET-19b was
used for subcloning the archaeal genes for expression of the
recombinant proteins in

 

 E. coli

 

. For in vivo complementa-
tion studies, relevant open reading frames (ORFs) were
cloned into the plasmid pET-11b (Novagen).

General DNA manipulations

Digestion of DNA with restriction enzymes (Gibco BRL;
Invitrogen, Carlsbad, CA, USA) and agarose gel electro-
phoresis were performed under standard conditions
(Sambrook et al. 1989). For Southern analyses and colony
hybridizations,  probes  were  labeled  radioactively  with
[

 

α

 

-

 

32

 

P]dCTP  (deoxycytidine triphosphate) using the
Megaprime Labeling System (Amersham, Piscataway, NJ,
USA). Small- and large-scale plasmid preparations used
Qiagen (Valencia, CA, USA) systems and reagents. Recom-
binant plasmids were introduced into

 

 E. coli

 

 by elec-
trotransformation using a Bio-Rad Gene Pulser (Bio-Rad,
Hercules, CA, USA). Sequencing was carried out either
with the Sequenase version 2.0 enzyme and system (USB;
United States Biochemical, Cleveland, OH, USA) or the
BigDye Terminator Cycle Sequencing kit (ABI Prism,;
Applied Biosystems, Foster City, CA, USA). Oligonucle-
otide primers were synthesized by Operon (Alameda, CA,
USA). All sequenced genes were cloned for expression by
polymerase chain reaction (PCR) amplification of the rele-
vant ORFs  with  oligonucleotide  primers  complementary
to at least 17 positions at the 5

 

′

 

- and 3

 

′

 

-termini that incor-
porated appropriate restriction sites for in-frame cloning
(

 

Nde

 

I and

 

 Bam

 

HI).

Growth and mutagenic treatment of archaeal cells

 

Methanococcus jannaschii

 

 strain JAL-1

 

T

 

 (=DSM 2661) was
grown in pressurized (27 psig) serum bottles at 83

 

°

 

C in an
atmosphere of H

 

2

 

:CO

 

2

 

 (80:20) in mineral salts medium
(Robb and Place 1995) supplemented with yeast extract
(2 g/l) and tryptone (2 g/l), with periodic (every 2 h) flushing
and replenishing of the headspace, until a density of ~2 

 

×

 

10

 

8

 

 cells/ml was reached. For

 

 M. voltae

 

 strain PS

 

T

 

 (=DSM
1537) and

 

 M. maripaludis

 

 strain JJ

 

T

 

 (=DSM 2067), growth
conditions were identical, except that incubations were
done at 37

 

°

 

C. Cultures were transferred to an anaerobic
chamber for the mutagenic treatments. For MMS treatment,
50-ml aliquots were transferred to 250-ml serum bottles, and
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anaerobic MMS (or an equal volume of anaerobic water in
control cultures) was added to 0.01%. For UV treatment,
50-ml aliquots of the culture were dispensed into sterile
petri dishes (150 mm diameter) and irradiated for 5–25 s
with a shortwave (254 nm) handheld UV lamp placed 20 cm
above the cell suspension to deliver total doses from 10 to
50 J/m

 

2

 

 (as measured with a Spectroline (Spectronics,
Westbury, NY, USA) DM-254x ultraviolet meter) before
transferring the cells to 250-ml serum bottles. Bottles were
removed from the anaerobic chamber, crimped, repressur-
ized, and incubated at their respective temperatures for 2 h
before harvesting.

 

 S. solfataricus

 

 cells were grown aerobi-
cally in complex medium (Robb and Place 1995) at 65

 

°

 

C;
mutagenic treatment was performed as described, except
that an anaerobic chamber was not used. Cells were col-
lected by centrifugation and frozen at –80

 

°

 

C.

RNA isolation and analysis

Total cellular RNA was extracted from frozen cell pellets
with the RNeasy Midi Kit (Qiagen), except initial resuspen-
sion of frozen cells was in TE buffer (10 mM Tris-HCl,
pH 8.0/1 mM ethylenediaminetetraacetic acid [EDTA]),
and cells were lysed by three cycles of freezing and thawing.
Total RNA (8 

 

µ

 

g) was separated by electrophoresis through
1.2% SeaKem agarose (FMC, Chicago, IL, USA) gels
containing  10%  formaldehyde  at  3 V/cm  (Sambrook
et  al. 1989). After transferring the RNA to Nytran Plus
(Schleicher & Schuell, Keene, NH, USA), the damp mem-
branes were UV cross linked (Stratalinker; Stratagene) and
dried overnight at 65

 

°

 

C. RadA and RadB gene fragments
were purified from a 1% SeaPlaque agarose (FMC) gel and
labeled with [

 

α

 

-

 

32

 

P]dCTP using the Megaprime DNA
Labelling System (Amersham). The

 

 S. solfataricus radA

 

transcript was probed with a 32-nucleotide oligomer com-
plementary to positions 432–463 in the

 

 S. solfataricus

 

 coding
sequence. Hybridizations were done overnight either in 6 

 

×

 

SSC at 65

 

°

 

C or in 6 

 

×

 

 SSPE (150 mM NaCl, 10 mM NaPO

 

4

 

,
pH 7.4, 1 mM EDTA)/50% formamide at 45

 

°

 

C (Sambrook
et al. 1989). Radioactivity was measured with a Molecular
Dynamics SP phosphorimager, and pixel density was deter-
mined with ImageQuant 3.3 software (Molecular Dynamics,
Sunnyvale, CA, USA). To correct for loading variation, data
were normalized to 23S rRNA density, determined using
NIH Image v1.61 and the photographic negative of the
ethidium bromide-stained gel. Transcript mapping was per-
formed as described by Ausubel et al. (1989).

Purification of archaeal RadA proteins expressed in

 

 E. coli

Escherichia coli

 

 BL21(DE3), carrying pET-19b with an
archaeal

 

 radA

 

 gene, was grown at 37

 

°

 

C to OD

 

600

 

 = 0.7.
Expression of the recombinant protein was induced by
addition of isopropyl thiogalactoside (IPTG) to 1 mM and
further incubation at 37

 

°

 

C for 5 h. Recombinant proteins
from 150 ml of culture were purified by affinity to nickel-
nitrilotriacetic acid (Ni-NTA) resin (Qiagen) as recom-

mended by the manufacturer. Crude extracts with the
thermophilic protein were heated to 65

 

°

 

C for 15 min and
centrifuged at 12,000

 

 g

 

 for 15 min before binding to the
resin. Fractions containing the protein of interest were
pooled and dialyzed overnight at 4

 

°

 

C against 1 l storage
buffer (20 mM Tris-HCl, pH 8.0, 0.2 M KCl, 10% glycerol,
1 mM EDTA, 0.5 mM dithiothreitol [DTT]).

Protein concentrations were determined spectro-
photometrically using a molar extinction coefficient of
17,669 M

 

–1

 

cm

 

–1

 

 for the

 

 M. voltae

 

 protein and 18,107 M

 

–1

 

cm

 

–1

 

for the

 

 M. jannaschii

 

 protein. The proteins (>90% pure)
were stored at –80

 

°

 

C at a concentration of 2 mg/ml. The

 

 M.
maripaludis

 

 protein proved to be extremely unstable, losing
activity hours after purification, with complete loss after
24 h. No significant loss of activity was detected on storage
(for several months at –80

 

°

 

C) of the

 

 M. jannaschii

 

 and

 

 M.
voltae

 

 proteins, and these were used for the comparison
studies. Removal of the histidine tag from preparations of
the recombinant proteins was performed with the Enteroki-
nase Cleavage Capture kit (Novagen). Removal was moni-
tored by Western analysis of the products with a penta-His
antibody (Qiagen). As the His-tagged proteins were found
to behave essentially identically to proteins without the tag
in ATPase- and DNA-binding reactions, His-tagged ver-
sions were used routinely.

Western blot analysis

Polyclonal antibodies were produced by the Immunological
Resource Center at the University of Illinois Urbana/
Champaign. Purified recombinant RadA protein from

 

 M.
voltae

 

 was used to inoculate five mice intraperitoneally five
times (50 

 

µ

 

g per immunization) every third week. Four mice
were tapped for ascites fluid; one mouse was given a final
boost, then terminally bled and the immune serum col-
lected. Archaeal cell pellets were resuspended in 10 mM
Tris-HCl (pH 8.0), 150 mM NaCl, and lysed by addition of
Triton X-100 to 1%. After removing cell debris by centrifu-
gation, lysates (25 

 

µ

 

g protein) were run on 12% discontinu-
ous polyacrylamide gels and transferred to nitrocellulose
membranes (Schleicher & Schuell) by electroblotting.

After washing and blocking the membrane (Ausubel
et  al. 1989), a 1:10,000 dilution of the polyclonal antibody
preparation was added and incubated for 1 h at room
temperature. After extensive washing, the antibody was
detected with peroxidase-conjugated goat antimouse IgG
(Jackson Immunoresearch, West Grove, PN, USA) and an
enhanced chemiluminescence detection system (Pierce,
Rockford, IL, USA). Pooled immune ascites fluid from
injected mice, as well as immune serum, were reactive
against the

 

 M. voltae

 

 protein as well as the

 

 M. maripaludis

 

and

 

 M. jannaschii

 

 proteins, albeit with reduced affinity. We
estimated the smallest amount of each protein that could be
detected with the antibody as 0.25 ng, 1 ng, and 5 ng for the

 

M. voltae

 

,

 

 M. maripaludis

 

, and

 

 M. jannaschii

 

 RadA pro-
teins, respectively (data not shown). On Western blots of
cell extracts, a single protein band was observed. The anti-
body preparation did not bind

 

 E. coli

 

 RecA protein.
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ATPase activity

Reactions (20-µl volume) contained 12 µM (in nucleotides)
single-stranded (ss) [+strand, positive strand] or double-
stranded (ds) M13mp18 RF DNA (US Biochemical) and
4 µM recombinant RadA protein in buffer (50 mM Tris-
HCl, pH 7.5, 1 mM MgCl2, 20 mM KCl, 0.2 mM ATP, 1 mM
DTT, 10 µg/ml bovine serum albumin [BSA]) supplemented
with 0.2 µCi [α-32P]ATP (3,000 Ci/mmol). At the indicated
times, 1-µl aliquots were removed and spotted directly onto
a cellulose PEI thin-layer chromatography plate (J.T.
Baker; Mallinckrodt Baker, Phillipsburg, NJ, USA). After
developing in 0.75 M KH2PO4, labeled ATP and released
[32P]PO4

3– were detected by autoradiography. For quantita-
tive analysis, a Molecular Dynamics SP phosphorimager
was used.

DNA-binding assays

The DNA fragments used were a 251-bp fragment purified
from a recombinant plasmid clone containing the
tRNAVal(GUY) gene from Methanococcus vannielii and the
single-stranded noncoding strand derived from the same
fragment and generated by asymmetrical PCR. Gel-purified
DNA fragments, either ss or ds, were labeled with [γ-
32P]ATP and T4 polynucleotide kinase; unincorporated
nucleotides were removed with the Nucleotide Removal Kit
(Qiagen). Binding reactions (20 µl) were carried out in
50 mM Tris-HCl (pH 7.5), 15 mM MgCl2, 40 mM KCl, 1 mM
DTT, and 10 µg/ml BSA, either with or without 2 mM ATP.
Typically, reactions contained 3.6 µM DNA (in nucleotides)
and 0.4–3.6 µM RadA. After incubating the mixture for
20 min at the indicated temperatures, 1/5th volume 50%
glycerol, 0.02 mg/ml bromophenol blue was added and the
samples loaded immediately on 4% polyacrylamide gels in
1 × TBE (Tris-borate + EDTA) buffer containing 5% glyc-
erol. Gels were run in 1 × TBE at 16.5 V/cm for 2 h at 4°C.
Gels were transferred to 3MM paper and dried under
vacuum for 1 h at 80°C. Labeled DNA was detected by
autoradiography.

Circular dichroism

The circular dichroism (CD) spectra of 5 µM and 10 µM
RadA from M. jannaschii and M. voltae, respectively, were
measured on a Jasco J-720W spectropolarimeter (Jasco,
Easton, MD, USA), using a 0.4-mm cuvette in the far-UV
region (200–250 nm) in 20 mM potassium phosphate buffer,
pH 8.0. Spectra were collected in intervals of 5°C from 20° to
95°C and back to 20°C. Samples were allowed to equilibrate
at the desired temperature before readings were taken.

Complementation of an E. coli recA mutant

Recombinant pET-11b plasmids carrying copies of the M.
jannaschii radA and radB genes, M. maripaludis radA and

radB genes, and E. coli recA gene were transformed into E.
coli strain HMS174(DE3)pLysS, which carries the recA1
allele. Cells transformed with pET-11b vector plasmid (no
insert) were used as the control. Cells were grown in Luria-
Bertani (LB) broth to OD600 = 0.35. Expression was induced
by the addition of IPTG to a final concentration of 1 mM,
and cells were grown for 2 h thereafter. Expression of the
recombinant proteins was monitored by either Western
blotting  (for  RadA)  or  by  appearance  of  a  protein  band
of  the  expected  size  in  Coomassie-stained  protein  gels
(for RadB and RecA). After serial dilutions of the cultures,
10-µl aliquots were spotted onto square-gridded LB plates
in duplicate. The plates were irradiated with UV light
(Stratalinker; Stratagene) at the indicated doses and incu-
bated overnight at 37°C in the dark. Dose delivery was
determined with a Spectroline DM-254x ultraviolet meter.
Survival was calculated as the fraction of surviving colonies
compared to the nonirradiated control.

Results and discussion

The radA genes of mesophilic and thermophilic Archaea

We cloned the radA gene cognates from the thermophile M.
jannaschii and the mesophiles M. voltae and M. maripaludis.
The thermophilic gene was cloned by PCR amplification
based on the complete genome sequence of the organism
(Bult et al. 1996). We had previously identified the M. voltae
gene in a random genomic screen (GenBank accession
number AF008421). The M. maripaludis gene was identified
by heterologous hybridization to the M. voltae sequence in
Southern blot analyses. The gene was sequenced on both
strands (GenBank accession number AF322003).

Sequence comparisons of the mesophilic M. voltae and
M. maripaludis RadA with the thermophilic M. jannaschii
counterpart showed that the proteins follow the expected
trends in amino acid abundance observed in large data sets
comparing thermophilic and mesophilic proteins (Haney et
al. 1999; Cambillau and Claverie 2000). There is an overall
decrease in the content of uncharged polar residues and an
increase in charged residues and hydrophobicity. Alignment
of the protein sequences revealed that specific amino acid
substitutions correlated with thermal adaptation are also
observed, such as serine to lysine, serine to alanine, and
lysine to arginine (Haney et al. 1999). A comparison
between the Pyrobaculum islandicum RadA and the
enzyme from the halophile Haloferax volcanii also revealed
that helix-stabilizing substitutions occur (Spies et al. 2000),
although this analysis is complicated by the dramatic differ-
ence in ionic strength milieu of the two organisms.

Induction of radA expression in mesophilic and thermo-
philic Archaea by mutagenic agents

We investigated the response in evolutionarily related
mesophilic and thermophilic methanococci to treatment



 269

with MMS and UV light, two DNA-damaging agents. Cul-
tures of M. voltae were exposed for different periods of time
to increasing concentrations of MMS, an alkylating agent
that causes double-strand breaks in DNA. RNA was pre-
pared and levels of specific transcript were determined by
Northern blot analyses. Treatment with 0.01% MMS
increased mRNA levels more than 10-fold relative to the
water-treated control (Fig. 1). Expression reached a maxi-
mum at 2 h and remained elevated for at least 8 h after
treatment.

Lower doses of MMS resulted in lower levels of induc-
tion (data not shown); 10-fold-higher doses caused cell
death. Cultures of the mesophile M. maripaludis subjected
to a similar regimen showed similar behavior. Cells treated
with 0.01% MMS showed 9.2-fold-increased levels of radA-
specific transcript after a 2-h exposure (Fig. 1). In replicate
experiments, expression of the radA gene in M. maripaludis
was increased between 6- and 10-fold after exposure to
0.01% MMS for 2 h. Both M. voltae and M. maripaludis also
showed increased levels of expression of the radA gene fol-
lowing exposure to UV light. M. maripaludis cells increased
the level of radA mRNA by approximately 6-fold (Fig. 1); in
M. voltae, the levels of induction were comparable (data not
shown).

The sizes of the radA-specific transcripts were remark-
ably different in the two mesophiles. The M. maripaludis
transcript is about 1.15 kb, whereas the M. voltae transcript
was considerably larger, about 1.7 kb. To confirm this
unexpected size difference, we mapped the 5′-end of the M.
voltae transcript using reverse transcription from a 32P-
labeled oligonucleotide complementary to positions 51–76
of the coding region of the radA gene. The size of the exten-
sion product (~670 nucleotides) confirmed the presence of
an additional ~600 nt upstream of the radA coding
sequence (Fig. 2). We sequenced 395 nt of this upstream
region (GenBank accession number AF008421) without
discovering any similarity to other DNA or protein
sequences in the databases. The sequence, which contains

multiple stop codons in all three frames, is unlikely to be
translated. The significance of this long 5′-leader sequence
in an organism with a compact genome is unknown.

It has been reported that treatment of thermophilic
Archaea with DNA-damaging agents does not increase the
levels of radA message significantly (Sandler et al. 1996;
Komori et al. 2000). In view of our results showing radA
induction in mesophilic Archaea, we reevaluated the
response of thermophilic Archaea to mutagenic challenge.
We measured levels of radA-specific transcript in M. jann-
aschii and S. solfataricus cells treated with MMS, exposed to
UV light, or mock treated (Fig. 3). M. jannaschii cells treated
with 0.01% MMS for 2 h showed a 2.6-fold increase of radA
message compared to the control. In cells exposed to UV
light (50 J/m2), expression of the radA gene increased 2.5-
fold. Although small, the differences between control and
treated cells (by both MMS and UV light) were consistent
and reproducible. When the experiments were performed
with S. solfataricus cells, the results were essentially identical;
both MMS and UV light treatments led to modest (~2-fold),
but reproducible, increases in expression of the radA gene.

Our results are not necessarily at odds with those
reported earlier. In the case of UV treatment of S. solfatari-
cus cells (Sandler et al. 1996), the authors suggested the pos-
sibility of a modest increase in radA expression, but the
assay used was not sensitive enough for confidence. P. furio-
sus, with an optimal growth temperature of 100°C, did not
increase expression of the radA gene when subjected to UV
light, gamma irradiation, or increased temperature (Komori
et al. 2000). It is likely that this hyperthermophile, which
constantly undergoes high rates of DNA damage, maintains
high levels of repair enzymes and that exposure to
mutagenic agents has little or no effect on their expression.

Increases in radA-specific mRNA correlate with increases 
in RadA protein

To determine whether the increased levels of specific
mRNA led to increased levels of the protein, we measured

1A,BFig. 1. Northern blot analysis of radA gene expression in mesophilic
Archaea in response to treatment with DNA-damaging agents. Expo-
nentially growing Methanococcus voltae (A) and Methanococcus mari-
paludis (B) cells were treated with either 0.01% methylmethane
sulfonate (MMS) or UV light (50 J/m2); at the indicated times after
treatment, RNA was prepared, electrophoresed, and probed for spe-
cific radA transcript. Bound probe was quantitated and normalized for
loading variation using 16S and 23S ribosomal RNA as standards. C,
untreated cells

2Fig. 2. Primer extension analysis of RNA isolated from M. voltae con-
trol cells and cells treated with 0.01% MMS for 2 h. A primer comple-
mentary to positions 51–76 of the radA gene coding region was
annealed to 5 µg of total RNA and extended with reverse transcriptase.
M, size markers (in base pairs, bp); C, untreated control cells
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RadA protein abundance immunologically in extracts of
mesophilic and thermophilic Archaea before and after
exposure to mutagenic agents. Treatment of M. maripaludis
cultures with MMS or UV light led to increased amounts of
RadA protein in extracts relative to the untreated control
(Fig. 4, left side); the increases mirrored the increase of
radA-specific transcripts. In a similar analysis of control and
mutagen-treated M. jannaschii cells, the increase in RadA
protein in cell extracts was very modest (Fig. 4, right side),
mirroring the modest increase in the levels of radA-specific
transcript observed in the thermophile.

Motivated by the possibility that the relatively modest
increase in mRNA and protein in the thermophiles after
mutagenic treatment might result from constitutive high
levels of expression, we used Western blot analyses to deter-
mine the amount of RadA protein present in extracts of
exponentially growing untreated cells. Cells were grown to
a density of 2 × 108 cells/ml, lysates were prepared and
resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and RadA was detected on
Western blots. By comparison of band intensities to those of
measured amounts of the corresponding recombinant pro-
teins, we estimated that in M. jannaschii, M. voltae, and M.
maripaludis RadA is approximately 0.1% of the total solu-
ble protein. Therefore, and surprisingly, mesophilic and
thermophilic methanococci have comparable amounts of
RadA protein.

Recombinatorial repair is facilitated by maintaining
multiple  copies  of  the  genome.  The  advantage  of  polyp-
loidy has been dramatically demonstrated by the ability of
heavily gamma-irradiated Deinococcus radiodurans and
Pyrococcus furiosus to repair hundreds of double-strand
breaks in their genomes (Minton 1996; DiRuggiero et al.
1997). M. jannaschii cells contain 1 to 5 genome copies in
stationary phase and 3 to 15 copies during exponential
growth (Malandrin et al. 1999); unfortunately, no data exist
for mesophilic Archaea. The presence of multiple genome
copies may make more efficient use of the available RadA,
thereby decreasing their need for this protein. The lower
genome content of stationary-phase cells might suggest the
need for larger amounts of RadA. However, when we com-
pared RadA content in cell extracts as a function of growth
stage, we observed less RadA in stationary-phase cells than
in exponentially growing cells (data not shown).

Comparison of the ATPase and DNA-binding activities of 
the mesophilic and thermophilic RadA proteins

The fact that mesophilic and thermophilic Archaea have
comparable amounts of RadA protein raises the question of
whether the protein is more active in the thermophile. To
this end, we compared the meso- and thermophilic proteins
biochemically. The purified enzymes were assayed for their
ATPase activity, both intrinsic and in the presence of dou-
ble-stranded (ds) and single-stranded (ss) DNA, after opti-
mizing conditions. The enzymes have quite different ionic
optima: 20 mM KCl for M. voltae and 140 mM KCl for M.
jannaschii. The mesophilic protein has a temperature opti-
mum for ATPase activity of 55°C, whereas the thermophilic
protein shows increasing activity up to 83°C. Activity at
higher temperatures was not assayed because the appear-
ance of an unidentified protein-independent reaction
product interfered with the measurements. Subsequently,
activity of the mesophilic enzyme was assayed routinely at
37°C whereas the thermophilic enzyme was assayed at 83°C
under mineral oil. The M. jannaschii protein gradually loses
activity with incubation at high temperatures. After 1 h at
75°C, activity is reduced about threefold; no activity is
detectable after 1 h at 90°C.

ATP hydrolysis as a function of time by the M. voltae
enzyme in the absence or in the presence of ds- or ss DNA
and by the M. jannaschii enzyme in the presence of ss
DNA are shown in Fig. 5. At saturating (0.2 mM) ATP con-
centration, the mesophilic and thermophilic proteins do
not differ significantly in their rate of ATP cleavage. The
measured turnover rate in the presence of ss DNA
(1.2 moles ATP hydrolyzed/mole RadA/min) is signifi-
cantly lower than that of E. coli RecA (~30 mol/mol/min)
(Kowalczykowski et al. 1994) but is comparable to that of
eukaryotic Rad51 (Sung 1994). These turnover rates are
about six times higher than that of the S. solfataricus
enzyme (Seitz et al. 1998), but about three times lower
than that of the P. islandicum enzyme (Spies et al. 2000).
ATPase activity increased with increasing ss DNA concen-
tration until a plateau was reached at a stoichiometry of
three nucleotides per protein, as has been observed for
RecA (Lauder and Kowalczykowski 1991), Rad51 (Sung
1994), and archaeal RadA (Seitz et al. 1998; Komori et al.
2000). Using [α-32P]- and [γ-32P]-labeled ATP substrates, we

3Fig. 3. Northern blot analysis of radA gene expression in the thermo-
phile Methanococcus jannaschii in response to treatment with DNA-
damaging agents. Exponentially growing cells were treated with
0.01% MMS or UV light (50 J/m2). At 2 h after treatment, RNA was
prepared, electrophoresed, and probed for radA-specific transcript.
Bound probe was quantitated, and then normalized using 16S and 23S
ribosomal RNA as standards. C, untreated control cells

4Fig. 4. Western blot analysis of RadA protein present in cell lysates.
Exponentially growing cells of the mesophile M. maripaludis (left) and
the thermophile M. jannaschii (right) were treated with 0.01% MMS or
UV light (50 J/m2). At the indicated times, cells were collected, lysed,
and resolved by SDS-PAGE. Following transfer, RadA was detected
with polyclonal antibodies. C, lysate from cells collected before
treatment
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confirmed that the hydrolytic products are ADP and phos-
phate (data not shown).

We analyzed the DNA-binding activity of the mesophilic
and thermophilic proteins using electrophoresis gel mobil-
ity shift assays. Both proteins showed similar mono- and
divalent cation optima for DNA binding, namely 40 mM
KCl and 15 mM MgCl2, respectively. The mesophilic and
thermophilic proteins showed comparable ss DNA-binding
activities (Fig. 6). Also, both archaeal RadA proteins bound
ds- and ss DNA with similar efficiency, and this binding did
not require ATP (data not shown). These features are simi-
lar to those of the eukaryotic proteins (Zaitseva et al. 1999
and references therein) and contrast with those of bacterial
RecA (Pugh and Cox 1988). These observations are consis-
tent with sequence comparisons indicating that the archaeal
RadA proteins more closely resemble Rad51 than RecA
(Eisen and Hanawalt 1999; Aravind et al. 1999). The ATP-
independent binding of RadA to DNA is an important
feature and suggests that DNA breaks in nongrowing cells
may be bound by the protein and their repair deferred until
growth resumes.

Circular dichroism

Although biochemical measurements indicated that M.
jannaschii  RadA is active at higher temperatures than is M.
voltae RadA, this method does not directly evaluate protein
stability. Thus, we used circular dichroism (CD) to monitor
the folding state of RadA as a function of temperature. CD
spectra of purified recombinant M. jannaschii and M. voltae
RadA proteins were collected at temperatures from 20° to
95°C (Fig. 7A,B). The downward peaks at 210 nm and

220 nm show that both proteins are largely alpha helical in
structure, as is RecA (Wittung et al. 1995). On heating, the
ellipticities become less negative (shift up), and the peaks
flatten and shift. This change corresponds to a change in sec-
ondary structure and, ultimately, to the denatured state.
When the ellipticities at 222 nm are plotted against temper-
ature, the thermophilic protein shows a distinct transition
with an inflection point at ~75°C (Fig. 7C). This shift may
signal a change in conformation necessary for thermostabil-
ity or function, as has been described by Spies et al. (2000).
Whether this shift corresponds to different catalytic modes
below and above a temperature threshold remains to be
explored.

After holding the proteins at 95°C for 25 min, spectra
were taken on cooling to 75°, 55°, and 20°C. Although the
ellipticities became more negative, they never returned to
their original magnitude or spectral shape, even after
extended incubation (data not shown). This result suggests
that the protein is unable to renature on cooling, consistent
with the drop in ATPase activity observed after high-
temperature incubations of M. jannaschii protein (see
above).

In comparison to M. jannaschii RadA, the M. voltae
protein showed a more gradual change in ellipticity with
temperature (Fig. 7A,C). This result suggests a progressive
unraveling of the protein structure with temperature, rather
than cooperative unfolding. As with M. jannaschii RadA,
once the shape of the CD spectrum shifts, it retains this
shape on cooling.

5Fig. 5. ATPase activity of mesophilic and thermophilic RadA proteins.
The proteins were assayed at the  optimal growth temperatures (37°C
for M. voltae and 83°C for M. jannaschii) and the respective salt optima
of the organisms. The fractions of ATP cleaved as a function of time for
the mesophilic protein in the absence or presence of double-stranded
(ds) and single-stranded (ss) DNA and for the thermophilic protein in
the presence of ss DNA are shown

6Fig. 6. ss DNA-binding activity of mesophilic and thermophilic RadA
proteins. A radiolabeled 281-nucleotide ss DNA fragment (3.6 µM)
was incubated with increasing amounts of either M. voltae or M. jann-
aschii RadA protein at 37°C and 75°C, respectively. Protein-bound
DNA was separated from unbound DNA on a native polyacrylamide
gel and the species was visualized by autoradiography. 0, control with
no RadA protein
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Expression of the radB gene is not induced by 
mutagenic treatment

In all Archaea sequenced to date, a second protein showing
similarity to the RecA/Rad51 family has been identified.
Named RadB, the function of this protein has not been elu-
cidated. Phylogenetic analyses have related this protein to
three groups of ATPases, all of which are composed of an
RecA-like domain (showing similarity to archaeal RadB)
fused to other functional protein domains (Aravind et al.
1999; Leipe et al. 2000). Although these analyses confirm
the relatedness of the core ATPase sequences, they do not
give clues as to the in vivo function of the RadB protein. To
shed more light on its cellular roles, we have monitored
expression of the radB gene in conditions where the radA
gene is induced.

Northern blots of the same preparations of RNA used in
the radA expression analyses (see earlier) were probed with
32P-labeled fragments of radB genes. We did not observe any
significant increase in the level of radB-specific transcript in
experiments in which the mesophilic radA gene was
induced ninefold by MMS treatment and sixfold by UV-
light treatment (Fig. 8). Similarly, the small but reproduc-
ible increases in M. jannaschii radA gene expression were
not mirrored by concomitant increases in the level of radB-
specific message (data not shown). Although some data sug-
gest an interaction of RadB with RadA and an involvement
in the resolution of the branched DNA structures that form
during recombination (Komori et al. 2000), these proteins
are neither present in similar stoichiometries (Komori et al.
2000) nor are they coregulated, as we demonstrated here.
Although these latter observations do not vitiate the pro-
posed interaction with RadA, they do nothing to support it.

Not only is there no evidence for induction, but in the
case of MMS-treated cells (both meso- and thermophile),
radB-specific RNA actually decreased while rRNA levels in
the gel lanes were unchanged from those of the controls.
Although we cannot readily explain this observation, we
note that the MMS-treated cells showed a sharper decline in
growth rate after treatment than the UV light-treated cells.
In Pyrococcus, radB is in an operon with the replicative
DNA polymerase, and it may play a role in DNA replication
(Hayashi et al. 1999). This result would be consistent with
the possible correlation between radB expression and
growth rate observed after MMS treatment.

7A–CFig. 7A–C. Circular dichroism (CD) analysis of mesophilic and ther-
mophilic RadA proteins. A Far-UV CD spectra of 10 µM M. voltae
RadA in phosphate buffer at increasing temperatures; measurements
are shown at 15°C intervals between 20° and 95°C. B Far-UV CD spec-
tra of 5 µM M. jannaschii RadA in phosphate buffer at increasing tem-
peratures; measurements are shown at 10°C intervals between 40° and
90°C. C Temperature dependence of the residue molar ellipticity at
222 nm of M. voltae and M. jannaschii RadA proteins

8Fig. 8. Northern blot analysis of radB gene expression in the meso-
phile M. maripaludis in response to treatment with DNA-damaging
agents. Exponentially growing cells were treated with 0.01% MMS or
UV light (50 J/m2). At 2 h after treatment, cells were collected and
their RNA was prepared, electrophoresed, and probed for radB-
specific transcript. C, untreated control cells
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Neither RadA nor RadB complements the UV-sensitive 
phenotype of a recA1 E. coli host

It has been reported that expression of archaeal RadB pro-
tein in an E. coli host carrying the recA1 allele restores tol-
erance to UV irradiation (Rashid et al. 1996). In view of the
significant difference in biochemical properties between
this protein and bacterial RecA and the failure of the radB

gene to be induced by treatments that induce the radA gene,
we reexamined the ability of the RadB proteins to comple-
ment the UV light sensitivity of an E. coli recA1 strain. We
also performed a similar analysis for the RadA proteins. As
controls,  untransformed  E.  coli  cells  and  cells  expressing
the recombinant E. coli recA wild-type gene were used.
Figure 9 shows the survival rates after UV exposure for the
cell lines expressing the different proteins, both before and
after induction. Expression of the wild-type E. coli recA
gene in a recA1 background rescued the mutant phenotype,
but expression of the archaeal proteins had no significant
effect on survival rates when compared with the untrans-
formed E. coli control. A recent report examining the
potential complementation of the recA phenotype by RadB
from the hyperthermophile Pyrococcus furiosus yielded
results similar to ours (Komori et al. 2000).

Concluding remarks

Our results demonstrated that in the thermophiles M. jann-
aschii and S. solfataricus radA-specific mRNA and RadA
protein increase modestly after treatment with UV light and
MMS. The increases in mRNA and protein following treat-
ment are much more pronounced in the mesophiles M.
voltae  and M. maripaludis. Surprisingly, the mesophiles and
the thermophile M. jannaschii do not differ significantly in
the amount of RadA protein present in untreated cells.
Thus it appears that the need for very efficient DNA repair
systems in the thermophiles is not explained by higher lev-
els of RadA protein per cell, as compared to the mesophiles,
nor is it explained by measurable differences in the activity
of the proteins (see Results and discussion). This finding is
even more enigmatic when one considers that after
mutagenic treatment there will be more RadA in the meso-
philes than in the thermophile. Conceivably, other factors or
proteins could increase the activity of the RadA protein in
vivo in the thermophile.

Organisms have evolved a multitude of mechanisms for
coping with the harsh conditions imposed on DNA stability
by life at high temperatures. Factors that stabilize duplex
structure (such as high intramolecular salt concentrations,
polyamines, and reverse gyrase) and biochemical strategies
aimed at efficiently repairing damage to the primary struc-
ture of DNA contribute to the fitness of hyperthermophiles
(Grogan 1998). RadA is just one of the players in efficient
DNA maintenance and repair. A modest number of DNA
repair proteins have been uncovered in the archaeal
genomes sequenced to date (Aravind et al. 1999; Eisen and
Hanawalt 1999; Grogan 2000). It is likely that other proteins
involved in these processes are different enough from
known repair proteins in both Bacteria and Eucarya to have
eluded identification. Comparative analyses of complete
archaeal genomes have revealed coding regions that are
specific to Archaea and which are not represented in the
other two domains of life (Makarova et al. 1999; Graham
et  al. 2000). It is likely that, among this pool of Archaea-
specific genes, there are some directly involved in DNA
repair and genome stability, especially in the thermophilic

9A,BFig. 9A,B. UV survival of Escherichia coli recA1 strain
HMS174(DE3)pLysS harboring plasmids expressing mesophilic and
thermophilic radA and radB genes. Transformants were grown to
OD600 = 0.35, and expression of the cloned genes was induced by addi-
tion of isopropyl thiogalactoside (IPTG). Aliquots were irradiated at
the indicated doses, and fractional survival rate was determined by
plating dilution series and counting colonies after overnight incubation
at  37°C  in  the  dark.  A  Survival  of  cells  without  addition  of  IPTG.
B Survival of cells treated for 2 h with 1 mM IPTG
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lineages. Biochemical and genetic approaches are needed to
reveal them.
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