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Abstract The remarkable survival of the hyperthermo-
philic archaeon Pyrococcus furiosus to ionizing radiation
was previously demonstrated. Using a time course study
and whole-genome microarray analyses of mRNA
transcript levels, the genes and regulatory pathways in-
volved in the repair of lesions produced by ionizing
irradiation (oxidative damage and DNA strand breaks)
in P. furiosus were investigated. Data analyses showed
that radA, encoding the archaeal homolog of the RecA/
Rad51 recombinase, was moderately up regulated by
irradiation and that a putative DNA-repair gene cluster
was specifically induced by exposure to ionizing radia-
tion. This novel repair system appears to be unique to
thermophilic archaea and bacteria and is suspected to be
involved in translesion synthesis. Genes that encode for
a putative Dps-like iron-chelating protein and two
membrane-bound oxidoreductases were differentially
expressed following gamma irradiation, potentially in
response to oxidative stress. Surprisingly, the many
systems involved in oxygen detoxification and redox
homeostasis appeared to be constitutively expressed.
Finally, we identified several transcriptional regulators
and protein kinases highly regulated in response to
gamma irradiation.
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Introduction

Pyrococcus furiosus is an hyperthermophilic archaeon
that grows optimally at 100°C under anaerobic condi-
tions (Fiala and Stetter 1986). Its genome has been
sequenced along with two other Pyrococcus species,
P. abyssi and P. horikoshii, providing a basis for com-
parative genome analyses (Maeder et al. 1999). We
demonstrated that exposure of P. furiosus cells to ion-
izing radiation—a substitute to heat in inducing DNA
strand breaks (Peak et al. 1995)—at 2,500 Grays (Gy)
resulted in chromosome fragmentation (DiRuggiero
et al. 1997). Similar results were obtained with P. abyssi
(Gerard et al. 2001) and within 2—4 h of incubation at
95°C the chromosomes of both Pyrococcus species were
reassembled, producing actively growing cells and
demonstrating highly effective DNA repair systems
(DiRuggiero et al. 1997). Chromosome reassembly fol-
lowing fragmentation by ionizing radiation was also
reported for the halophilic archaeon Halobacterium sa-
linarium strain NRC-1 (Kottemann et al. 2005) and the
bacterium Deinococcus radiodurans (Cox and Battista
2005) suggesting that adaptation to environmental
conditions such as high temperature and desiccation
may result in enhanced radiation resistance (DiRuggiero
et al. 1997; Kottemann et al. 2005; Cox and Battista
2005).

More than 80% of the deleterious effects of gamma
radiation are the result of hydroxyl radical production
via radiolysis of water, imparting severe oxidative stress
to all the cell’s components (Hutchinson 1985). Lesions
to the DNA include bases modifications, DNA back-
bone breakage and cross-linking of proteins to DNA
(Hutchinson 1985; Riley 1994). Clustered lesions are
converted into double-strand breaks when two opposing
strand breaks are formed or during attempted base



excision repair (Dianov et al. 2001). Therefore, DNA
repair systems and cellular defense mechanisms against
oxidative stress are key components of radiation resis-
tance.

Maintenance of genome stability is critical to the
survival of organisms and in particular to those organ-
isms living at high temperature. Surprisingly, our
understanding of the pathways and proteins involved in
DNA repair in hyperthermophiles, and in archaea in
general, is still very limited (Kelman and White 2005).
Comparative genome analyses have shown that archaeal
DNA repair proteins are more closely related to their
eukaryal than to their bacterial counterparts and that
many proteins, and sometimes entire pathways, are
missing in some or in all the archaea (DiRuggiero and
Robb 2004; Kelman and White 2005). Homologs of the
conserved mismatch proteins MutS and MutL have only
been found in the genomes of a few archaea (Grogan
2004), and while most archaeal genomes contain ho-
mologs of eukaryal nucleotide excision repair proteins,
several archaea also have bacterial UvrABC homologs
(Kelman and White 2005). Archaeal proteins involved in
homologous recombination, one of the major pathways
for the repair of double-strand breaks, are structurally
and functionally similar to eukaryotic proteins (Ishino
et al. 2006) but several proteins involved in key steps of
this pathway remain to be identified in both the Archaea
and Eukarya (DiRuggiero and Robb 2004; Ishino et al.
2006).

In this work we investigated the genes and regulatory
pathways in P. furiosus involved in the repair of DNA
strand breaks and oxidative damage produced by ion-
izing irradiation, using a full-genome microarray. We
found that the physiological response of P. furiosus
during recovery from gamma irradiation involved sev-
eral DNA repair processes, a down-regulation of meta-
bolic functions and a concerted attempt to reverse and
minimize oxidative damage. Surprisingly, many of the
oxygen detoxification systems appeared to be constitu-
tively expressed.

Materials and methods
Cell growth and treatments

P. furiosus strain (DSMZ 3638) was grown in 100 ml
serum bottles at 90°C under anaerobic conditions in the
absence of sulfur and with 100 uM Na,WO, and 0.5%
(wt/vol) maltose (Robb et al. 1992). Cultures grown to
approximately 5 x 10° cells/ml were chilled to 4°C and
exposed to 2,500 Gy of gamma radiation using a 26,000-
curie (9.6 x 10" Bq) ®®Co gamma source at the Uni-
versity of Maryland College Park Gamma Test Facility,
at a dose rate of 73 Gy/min. Cultures were further
incubated at 90°C and samples for RNA extraction were
taken at 0, 20, 40, 60, 120 and 240 min after the tem-
perature of the cultures reached 90°C (DiRuggiero et al.
1997). Cells were treated with H,O, and ethyl me-

thanesulfonate (EMS) by adding 0.001% of H,O, or
0.1 M EMS (final concentrations) to cultures grown to
5x 10° cells/ml (Watrin and Prieur 1996; Praul and
Taylor 1997). Cultures were incubated at room tem-
perature for 30 min under anaerobic conditions. Sodium
thiosulfate was added to the EMS treated cultures to a
final concentration of 200 mM to inactivate EMS. Cells
from both treatments were washed twice, resuspended in
reduced culture medium and incubated at 90°C for
40 min. Controls were treated in the same way without
addition of H,O, or EMS, or without gamma irradia-
tion.

RNA extraction

Cultures were centrifuged at 4,000¢ for 4 min at 4°C and
RNA was extracted from the pellet using the TRI re-
agent (SIGMA T9424, St Louis, MO) as previously
described (Chomczynski and Sacchi 1987). RNA sam-
ples were analyzed with a Beckman DU640 spectro-
photometer (Beckman Coulter, Fullerton, CA) and gel
electrophoresis for quality and quantification.

Array design and printing

The P. furiosus full-genome microarray represented
2,065 protein encoding genes. DNA fragments for
spotting were produced by PCR. The array was con-
structed by designing oligonucleotide primers to span
the most unique portions of each gene, averaging 350
nucleotides in length. A custom Perl program was
written to select primers with the most desirable ther-
modynamic conditions possible for each gene using the
Whitehead Institute’s Primer3 program (version 3.09) as
its core analysis engine. The polymerase chain reaction
was performed in 100 ul reactions with 1 pM of each
primer, 2 mM MgCl,, 1.0 mM dNTPs, 1.75 U Amp-
liTag DNA polymerase (Applied Biosystems, Foster
City, CA) 1x AmpliTaq buffer, and 20 ng genomic DNA
for 30 cycles (94°C 30 s, 50°C 1 min, 72°C 2 min). All
PCR products were checked by agarose gel electropho-
resis and failures were repeated or new primers designed.
Each PCR amplicon was spotted on poly-L-lysine
coated glass slides twice, each time by a different print
pin (print plates were rotated 180° for second spotting)
using a 16-pins ArrayMaker Version 1.0 (http://
www.cmgm.stanford.edu/pbrown/mguide/index.html).

Labeling and hybridization

First strand cDNA synthesis and labeling was carried
out with total RNA (3 pg), 200 U Superscript 11 reverse
transcriptase (Invitrogen, Carlsbad, CA), random
hexamers, 0.5 mM dATP, dGTP, dCTP, 0.2 mM dTTP
and 0.3 mM Cy3-dUTP or Cy5-dUTP (Amersham
Biosciences, Piscataway, NJ) for 110 min at 42°C.



Labeled cDNAs were cleaned up with alkaline treatment
and Cyscribe GFX columns (Amersham Biosciences)
according to the manufacturer’s instructions. Hybrid-
ization was carried out in a sealed Corning hybridization
chamber (Acton, MA) at 60°C for 18 h. For each
experimental time point four slides, with at least two
features per open reading frame (ORF), were hybridized
producing eight replicates or more per ORF.

Slide scanning, feature detection, and normalization

Slides were scanned using an Axon 4100a Genepix per-
sonal slide scanner and the Genepix software V5 (Axon,
Union City, CA). The background-normalized intensi-
ties were normalized by median ratio normalization as
follows: median values were calculated for the ratios of
the intensities for the two channels, channel one was di-
vided by the square root of the median and channel two
was multiplied by the square root of the median. This
effectively centralizes the median close to a value of one.

Quantitative RT-PCR

Primers were generated from the P. furiosus genome
sequence (Genbank accession number NC _003413)
using Primer Express V.1.5 (Applied Biosystems, Foster
City, CA). RNA was treated with RQ1 RNase free
DNase according to the manufacturer’s instructions
(Promega, Madison, WI) and cDNAs were generated
from 1 pg of total RNA using the TagMan Reverse
Transcription Reagents with random hexamers accord-
ing to the supplied protocol (Applied Biosystems). PCR
was performed as described before (Komori et al. 2000).
Cycling was carried out with an ABI Prism 7900 and
data were collected with Sequence Detector V.1.7 (Ap-
plied Biosystems). Three experimental replicates were
used for each treatment. Expression levels were calcu-
lated using standard curves and normalized with the
expression level of ORF PF1722 (histone) that was
constitutive under our experimental conditions.

RT-PCR

Regions joining ORFs PF0639 through PF0643 and
PF1118 through PF1122, were amplified using Primer
Express V.1.5 (Applied Biosystems). Amplification tar-
gets resulted in approximately 50 nucleotides from each
adjoining ORFs. Reverse transcription and PCR were
carried out as described above. Non-reverse transcrip-
tase controls were processed in the same way.

Data analysis and databases searches

For microarray analyses, two types of replicates were
included: (1) technical replicates: each gene-specific PCR

product was spotted at two spatially different locations
onto the slides, (2) biological replicates: each compari-
son was performed from four independently processed
cultures and hybridized to four different slides to ac-
count for inherent biological variation occurring inde-
pendently of the experimental perturbations, giving a
total of eight data points per condition per gene. All
RNA samples were compared with a reference RNA
extracted from an aliquot of the same culture prior to
treatment. Ratio of fluorescence intensity between
sample and reference RNA were calculated as logiq
values. To evaluate the statistical significance of the
mRNA changes observed over the time course of the
experiment, we performed a maximum likelihood anal-
ysis for each gene over eight replicates (Ideker et al.
2000). The maximum likelihood statistic lambda (1) is a
function of the variation in absolute intensity values
within a microarray experiment. A A value < 20 for
over 99% of all genes in the array was consistently ob-
tained when RNA preparations from independently
processed but identically grown cultures were compared.
Changes in gene expression associated with A > 20,
which correlate to a 99% confidence level, were con-
sidered statistically significant (Ideker et al. 2000).
Hierarchical clustering was performed using the Hier-
archical clustering Explorer (HCE 3.0) and time series
were analyzed using TimeSearcher 2, both developed by
the Human Computer Interaction Lab at the University
of Maryland (http://www.cs.umd.edu/hcil/bioinfovis/).
Similarity searches were performed against the non-
redundant protein sequence database at the National
Center for Biotechnology Information (NCBI, Beth-
esda, MD) using standard BLAST (blastp) (Altschul
et al. 1997) with default parameters. Position-specific
iterative (PSI) BLAST (Altschul et al. 1997) searches
were performed with the inclusion threshold of 0.01 (£
value). Conserved domain and motif searches were
performed using reverse-position-specific (RPS) BLAST
(Marchler-Bauer et al. 2005), the Conserved Domain
Architecture Retrieval Tool (CDART) (Geer et al.
2002), the Conserved Domain Database for protein
classification (CDD) (Marchler-Bauer et al. 2005) at
NCBI, SMART (Letunic et al. 2004) and Pfam (Bat-
eman et al. 2002) with HMMER default parameters,
and by searching the ProDom database with blastp at a
E value cutoff of 0.01 (Corpet et al. 2000).

The complete microarray data has been deposited in
the Gene Expression Omnibus database (GEO) at NCBI
under accession number GPL3926, and is also available
at the UCSC Genome Browser at http://www.ar-
chaea.ucsc.edu/.

Results

The remarkable survival of P. furiosus to ionizing irra-
diation prompted us to investigate the global regulatory
response of cells subjected to 2,500 Gy of *°Co gamma
ray using microarray analyses. At this radiation dose,



P. furiosus showed 75% survival (DiRuggiero et al.
1997). Following irradiation, cells were allowed to re-
cover at 90°C and total RNA was extracted at six time
points during recovery, from 0 to 240 min. Out of 2,065
ORFs the level of mRNA for 321 ORFs changed sig-
nificantly (4 > 20; see Material and methods) by two-
fold or more for at least one of the time points after
irradiation (Table S1, published on line in supplemental
material). Those ORFs encoded for proteins of all
metabolic pathways including carbohydrate, amino acid
and nucleotide metabolism, transcription, translation,
DNA repair, transport and a large number of hypo-
thetical proteins. Most changes in mRNA levels oc-
curred at 20 min following irradiation with 162
differentially expressed ORFs (4 > 20; > 2-folds)
whereas at 120 min only 39 ORFs showed significant
changes in their mRNA levels (Table S1).

DNA repair and replication

We found up to 2.5-fold increase in the mRNA level of
radA, a functional homolog of the recA/rad51 recom-
binases, following gamma irradiation (Fig. la). In con-
trast, the radB gene, encoding a protein with sequence
similarity to recombinases (Komori et al. 2000), did not
show increased expression level after exposure of the
cells to gamma ray. Biochemical characterization and
structural studies revealed that RadB is not a recom-
binase and may instead be involved in the regulation of
homologous recombination (Komori et al. 2000; Guy
et al. 2006). In P. furiosus, radB and the two subunits of
DNA polymerase D (dpl and dp2) constitute an operon
(Komori et al. 2000). Our data showed that those three
genes were co-regulated following gamma irradiation
validating our microarray experiment (Fig. 1b).

We also found a cluster (cluster 1, Fig. 2a) of five
conserved hypothetical genes with up to a 10-fold in-
crease in mRNA levels following gamma irradiation
(Fig. 2b). Those five genes were co-regulated with
maximum mRNA levels at 40 and 60 min after irradi-
ation. Using RT-PCR, we demonstrated that they are
found on the same transcriptional unit (result not
shown). Comparative sequence analysis allowed us to
assigned putative functions to four of the five genes
present in the cluster. PF0639 (COG 2254) has a pre-
dicted HD-nuclease domain and is a member of a
superfamily of metal-dependant phosphorylases;
PF0640 (COG 1203) is typical of a superfamily II of
helicases, the DEAD/DEAH box helicases (pfam00270);
PF0641 (COG1688) is an uncharacterized protein pre-
dicted to be involved in DNA repair and recombination.
It belongs to the RAMP superfamily [Repair Associated
Mysterious Protein, (Makarova et al. 2002)]; PF0642
(COG 1857) belongs to a protein family of putative
negative autoregulators that includes the DevR protein
from Mpyxococcus xanthus; PF0643 is a conserved
hypothetical protein with no predicted function. ORFs
PF0637 and PF0638 encode for unknown CRISP-asso-
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Fig. 1 Transcript levels for selected DNA repair and replication
genes in P. furiosus following gamma irradiation. a rad4, DNA
polymerase D subunits dp/ and dp2, and radB recombinase genes.
The y-axis indicates log;, ratios of mRNA changes with respect to
the reference RNA, and the x-axis indicates incubation time at
90°C after gamma irradiation in min (G0-240). The lines connecting
the dots are for the benefit of the reader to correlate mRNA
changes for a given gene in the six experimental time points. Red
circles, radA PF1926; green triangles, radB PF0021; blue diamonds,
dpl PFO0018; light blue squares, dp2 PF0019. b Hierarchical
clustering of log;o ratios of mRNA changes for P. furiosus DNA
repair genes with associated lambda values above 20 for the six
experimental time points. Red denotes up-regulation and green
denote down-regulation; at the top, time course in min (G0-240)

ciated proteins that are only similar to each other and to
M. jannaschii MJ0385. Sequence analysis (http://
www.archaea.ucsc.edu/) predicts that they belong to the
same operon as PF0639. The DNA-damage induced
gene cluster 1 is similar to another gene cluster (cluster 2,
Fig. 2a) previously described in P. furiosus (Makarova
et al. 2002). However, this second gene cluster did not
show any significant changes in gene expression level
following gamma irradiation (4 < 20; Fig. 2c¢). The
main differences in cluster 2 are (1) the presence of two
putative nucleases: PF1118 (COG1518) with a pattern of
conserved acidic residues often present in the catalytic
site of nucleases, and PF1119 (COG1468) that belongs
to the RecB family of exonucleases involved in DNA
repair and recombination in bacteria; and (2) the ORF
PF1120 is a typical superfamily II helicase domain
(COG1203) fused to a predicted HD-nuclease domain
(with similarity to COG 2254), whereas these domains
are present as separate proteins in cluster 1 (HD-nucle-
ase PF0639 and DNA helicase PF0640, respectively)
(Fig. 2a). In the other two Pyrococcus strains sequenced
so far there is one copy of cluster 1 in P. abyssi, and 1
copy of cluster 1 and 2 copies of cluster 2 in P. horiko-
shii. We used quantitative RT-PCR probes against



a (cluster 1)

DNA
HD nuclease pelicase

RAMP  regulator

PF0642

PF0643

cluster 2) putative RecB  DNA
( ) nuclease nuclease helicase , RAMP  regulator
-| ) ‘ \
PF1117 PF1118 ¢ PF1120 ‘ PF1122
COG1518 | COG1468 COG1203 { COG1688 \ COG1857
|:> Hypothetical proteins
b 12 c 10
1 A~ S
0.8 /R:\ @ 8
0.6 ‘/:// /k\\‘ 0 .
' o
2 7 NN 5
o 0.4 - =
ke /_/\ \% o 4
0.2 r ¥ ~—, g
0 % 5 T
-0.2 o T ols L
-0.4 T T T T T

GO0 G20 G40 G60 G120 G240

Fig. 2 Analysis of the “thermophile-specific DNA repair system”
constituted of two gene-clusters in P. furiosus. a Schematic showing
the genomic organization of clusters 1 and 2. Arrows indicate ORFs
with transcripts orientation, ORF numbers are inside arrows and
COG numbers are below arrows; color code indicates homologous
ORFs; in grey are hypothetical protein encoding genes. b Transcript
levels for genes from cluster 1; The y-axis indicates log;q ratios of
mRNA changes with respect to the reference RNA, and the x-axis
indicates incubation time at 90°C after gamma irradiation in min
(G0-240). Blue diamonds, PF0639; green squares, PF0640; light blue
triangles, PF0641; red circles, PF0642; purple triangles, PF0643.

PF0641 (cluster 1) and PF1121 (cluster 2) and RNA
extracted from cells exposed to sublethal doses of gam-
ma irradiation (75% survival), H,O, (70% survival) and
EMS (58% survival) to determined expression pattern of
genes from cluster 1 and 2. Figure 2¢ shows that PF0641
(cluster 1) was induced in cells subjected to gamma
irradiation when compared to non-irradiated cells,
whereas PF1121 (cluster 2) was expressed at the same
level in the irradiated and non-irradiated cells. Neither
ORF was significantly induced in cells treated with H,O,
or EMS when compared to non-treated cells.

Oxidative stress response

Most cellular damages from ionizing radiation result
from reactive oxygen species (ROS) production by water
hydrolysis (Hutchinson 1985). The generation of ROS
can be amplified by the presence of transition metal ions,
such as Fe? ", via the Haber-Weiss and Fenton reaction
(Riley 1994). In this reaction, unbound Fe?" catalyzes
the generation of reactive hydroxyl radicals (OH) from
hydrogen peroxide. This in turn produces secondary
clustered damages in various cellular compartments. In
the cell, ferric iron binding and storage, iron ion
homeostasis and iron detoxification are catalyzed by

EMS
control

EMS Gamma Gamma Peroxide peroxide
control control

¢ mRNA levels of PF0641 (cluster 1) and PF1121 (cluster 2) genes
in P. furiosus cells exposed to gamma irradiation, HO, and EMS
treatments. Cells were grown to mid exponential phase, exposed to
treatments and incubated at 90°C for 30 min. Real time quanti-
tative reverse transcriptase-PCR was performed with the ABI
Prism 7700 detection system and the SYBR Green I dye (Perkin
Elmer). ORF PF1722 was found to be constitutively expressed and
was used to normalize expression levels. Dark green and light blue
colored bars indicate relative expression levels for PF0641 (cluster
1) and PF1121 (cluster 2), respectively

ferritin and ferritin-like proteins, which are major non-
heme iron storage proteins found in the three domains of
life (Pulliainen et al. 2005; Theil 1987). P. furiosus ORF
PF1193 displayed up to 12-fold increase in mRNA level
at 20 min following irradiation (Table S1). PF1193
contains a ferritin-like di-iron motif found in ferritin- and
Dps-like proteins and bacterioferritins and was found to
belong to a new subclass of ferritin-like di-iron carbox-
ylate superfamily (Ramsay et al. 2006; Tatur et al. 2005).

Hydrogenases are typically iron-sulfur proteins that
catalyze the reversible oxidation of hydrogen gas; they
are essential in energy metabolism, fermentation and H,
respiration (Vignais and Colbeau 2004). The P. furiosus
genome contains genes encoding two soluble sulfhy-
drogenases (SuDH-I and SuDH-IT) and two membrane-
bound oxidoreductase complexes, a hydrogenase
complex (MBH) and a NADH:ubiquinone oxidoreduc-
tase complex (MBX) (Ma et al. 2000; Sapra et al. 2000;
Silva et al. 2000). The MBH and MBX protein com-
plexes are very similar in sequence and structure (Silva
et al. 2000), but the catalytic subunit of the MBX
complex lacks the two conserved CxxC nickel binding
motifs that are characteristic of hydrogenase catalytic
subunits (Deppenmeier 2002; Silva et al. 2000). We
found that the two membrane-bound complexes MBH
and MBX displayed antagonistic expression patterns



immediately following gamma irradiation of P. furiosus
cells, with an increase in the level of mRNA up to 10-
fold for the 13-gene operon of MBX, 20 min after irra-
diation (Fig. 3b). Similarly to the other membrane
bound complex, MBH, the increase in mRNA for the
soluble SuDH-I sulfhydrogenase genes occurred later in
the recovery period at 90°C (Fig. 3a, c).

Transcriptional and post-translational regulation
of the stress response

Although the archaeal basal transcription apparatus is
eukaryotic-like in nature, the transcriptional regulators
characterized so far are mostly bacterial-like with both
activators and repressors members of the helix—turn—
helix (HTH) superfamily of DNA binding proteins
(Ouhammouch et al. 2004). Here we found that two
putative transcriptional regulators showed up to four-
fold increases (4 > 20) in mRNA levels following
gamma irradiation (Table S1). The first one, PF0250,
belongs to the family of bacterial regulatory proteins
AsnC/Lrp (for asparagine and leucine; Pfam) that also
include LrpA from P. furiosus (Brinkman et al. 2000).
LrpA was found to bind to its own regulatory region
and to exhibit negative autoregulation independently of
leucine or any other amino-acids (Brinkman et al. 2000).
The second putative transcriptional regulator, PF1072,
belongs to the bacterial regulatory protein ArsR (for
arsenic; Pfam) family; these regulatory proteins act as
transcriptional repressor and their DNA binding prop-
erties are modulated by metal ions. One example in the
archaea is the MDR1 metal-dependent repressor from
Archaeoglobus fulgidus (Bell et al. 1999). The targets of
both PF0250 and PF1072 still remain to be determined.

Phosphorylation and dephosphorylation mechanisms
for regulating protein functions have been found in the
three domains of life, including the archaea (Eichler and
Adams 2005; Kennelly 2003). The examination of ar-
chaeal genome sequences has identified putative protein
kinase and phosphatase ORFs in nearly all the genomes
analyzed, however only a few of the encoded proteins
have been characterized (Kennelly 2003). In P. furiosus
ORF PF0364 belongs to the family of RIO-like protein-
serine/threonine kinases. This family contains eukary-
otic and archaeal proteins characterized by several sub-
domains with highly conserved residues (Hanks and
Hunter 1995). These sub-domains are 4-20 residues in
length and located in the N-terminal nucleotide-binding
domain (sub-domains I-IV), in a linker domain (sub-
domain V) and in phosphotransferase and protein
binding domains at the C-terminal of the protein (sub-
domains Via—XI). Table 1 shows the conserved residues
of the PF0364 encoded protein for the most highly
conserved sub-domains of the eukaroytic protein kinase
superfamily. Furthermore, PF0364 is 88% identical to
the PHO512 protein kinase from P. horikoshi (Tahara
et al. 2004). PH0512 was found to phosphorylate in vitro
Ser48 of the o subunit of the translation initiation factor
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Fig. 3 Transcript levels for P. furiosus oxidoreductases after
gamma irradiation. Hierarchical clustering of log;y ratios of
mRNA changes for P. furiosus oxidoreductase gene complexes
with associated lambda values above 20. Time course is in minutes
of incubation at 90°C following irradiation (G0-240); red denotes
up-regulation and green denote down-regulation. Each row
represents a gene with, in the corresponding row of the table, its
ORF number, gene name and maximum fold mRNA change
during the time course. The order of the ORFs in the tables
matches that of the clustering in the figures. a membrane-bound
dehydrogenase complex MBH; b membrane-bound NADH:ubi-
quinone oxidoreductase complex MBX; ¢ sulthydrogenase suDH-I

elF2 suggesting a role in regulation of protein synthesis
(Tahara et al. 2004). We found that the mRNA of the
P. furiosus homolog (PF0364) was significantly de-
creased 40 min after gamma irradiation in contrast to
that of another putative protein kinase (PF1581), which
showed an increase at the same time point (Table S1).
PF1581 is also a member of the RIO-like serine/threo-
nine protein kinase family (Table 1); it is 85% identical
to the P. horikoshi homolog (PH1567) for which no
target protein has yet been identified. Both proteins
belong to COG1718 that contain proteins involved in
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cell cycle control, signal transduction, cell division and
chromosome partitioning.

Hypothetical proteins

Among the hypothetical protein encoding genes either
conserved or specific to P. furiosus that exhibited dif-
ferential expression following gamma irradiation two
ORFs, PF0926 and PF2025, showed the largest changes
in mRNA levels. PF0926 mRNA level was decreased 4.5
folds at 40 min following irradiation (Table S1). This
ORF encodes for a 75 amino acid protein unique to
P. furiosus and with no matches in protein databases. In
contrast, the mRNA level of PF2025 was increased 15-
fold 40 min after gamma irradiation (Table S1). PF2025
is found in other archaea and bacteria, and the structure
of a homologous protein from Methanothermobacter
thermautotrophicus MTH1175 (44% identity) was solved
(Christendat et al. 2000). MTH1175 belongs to a family
of iron-molybdenum cluster-binding proteins that in-
cludes nitrogenase iron-molybdenum cofactors (Chris-
tendat et al. 2000). In a previous study PF2025 was
found to be the most significantly up-regulated gene in
P. furiosus grown in presence of sulfur along with an-
other ORF, PF2026. Their products were renamed SipA
and SipB (for sulfur-induced proteins), respectively, and
Schut et al. (2001) suggested that they might constitute a
membrane-associated complex involved in the reduction
of S° in H,S. In our study the mRNA level of PF2026
did not increased significantly following irradiation
(Table S1).

Discussion

We investigated the transcriptional response of
P. furiosus to ionizing radiation at six time points during
the recovery é)eriod after irradiation. Following a dose of
2,500 Gy of ®°Co gamma ray, resulting in oxidative stress
and DNA strand breaks, we found that about 15% of all
P. furiosus ORFs were more than twofold up or down
regulated for at least one time point during the recovery
period (Table S1). At 20 min following irradiation a
large fraction of the changes are decreases in mRNA
levels suggesting a down-regulation of metabolic func-
tions following stress induction. This trend was also
observed in H. salinarium strain NRC-1 (Baliga et al.
2004), Sulfolobus solfataricus (Salerno et al. 2003), yeast
(Gasch et al. 2000) and E. coli (Courcelle et al. 2001; Khil
and Camerini-Otero 2002) following DNA damaging
treatments and might represent an adaptation to stress
common to the three domains of life.

To maintain a constant temperature during the irra-
diation procedure, we irradiated P. furiosus cells in
presence of ice (Baliga et al. 2004; DiRuggiero et al.
1997). As a consequence, the cultures took 20 min to
reach the incubation temperature of 90°C following
irradiation. At this point in time (7)) we found that the



mRNA of 65 ORFs changed significantly (> 2-folds,
A > 20), with mostly un-annotated ORFs. Among the
ORFs that showed an increase in mRNA levels, we
found the small heat shock protein shsp (PF1883), radA
(PF1926), several ribosomal protein subunit encoding
genes and membrane-bound oxidoreductase MBX
genes, whereas the mRINNA for a putative endonuclease
(PF1298) and a dnaG-like primase (PF1725) showed a
significant decrease. Although the rapid increase in
temperature of the cultures (from 4 to 90°C in 20 min)
could be equated to a form of heat shock, the temper-
ature did not reach the upper limit for growth for
P. furiosus and as a consequence many of the significant
mRNA changes that we observed during the 240 min
recovery period after irradiation differed from the
mRNA changes reported in previous heat shock studies
in P. furiosus and A. fulgidus (Rohlin et al. 2005;
Shockley et al. 2003).

Repair of DNA damages

Very few DNA repair genes displayed significant dif-
ferential expression in P. furiosus following gamma
irradiation. For example, the genome of P. furiosus en-
codes for several DNA glycosylases and dGTPases
specialized in the removal of oxidative damage, i.e. nth
(thymine glycol glycosylase, PF1229), alkA (methylade-
nine DNA glycosylase/§8-oxoguanine DNA glycosylase,
PF0511) and mutT (8-oxo dGTPase, PF1590) but sur-
prisingly none of those genes were induced after gamma
exposure and the subsequent production of ROS. We
found no evidence of SOS-type response to DNA
damage and only a moderate increase in the mRNA
level of the recombinase radA after irradiation. This is in
contrast to E. coli and other bacteria where recA
expression level increases up to 10-fold following DNA
damaging treatments (Courcelle et al. 2001; Liu et al.
2003), but it is in agreement with previous studies of
other mesophilic and hyperthermophilic archaea (Baliga
et al. 2004; Komori et al. 2000; Reich et al. 2001).
Furthermore, studies with P. abyssi did not show any
significant increase in protein expression after exposure
to ionizing radiation (Jolivet et al. 2003), although those
studies only analyzed a limited number of proteins. In
S. solfataricus cells exposed to UV radiation and acti-
nomycin D, two proteins with a putative role in chro-
mosome packaging were found to be inducible (Salerno
et al. 2003), and only a few genes involved in the repair
of photo-oxidative damage were up-regulated when
H. salinarium strain NRC-1 was exposed to UV radia-
tion (Baliga et al. 2004). Pretreatments of Halobacterium
halobium and S. solfataricus to H,O, and N-methyl-N'-
nitro- N-nitrosoguanidine (Praul and Taylor 1997), and
H. salinarium strain NRC-1 to gamma irradiation
(Kottemann et al. 2005) failed to elicit an inducible re-
sponse to the deleterious effects of those treatments.
Those studies taken together with the data we reported
here suggest that DNA repair proteins in P. furiosus and

several other archaea are constitutively expressed and
that they may be present in the cell at a level sufficient to
maintain the integrity of the cell’s genetic material
(Kottemann et al. 2005).

An exception to this paradigm is a set of genes highly
inducible by gamma irradiation in P. furiosus and that
constitutes a novel ‘“‘thermophile-specific” DNA repair
system (Makarova et al. 2002). Two homologous gene
clusters are present in the genome of P. furiosus but the
mRNA of only one of them, cluster 1, was found to
greatly increase following irradiation. We did not find
any significant increase in the mRNA of cluster 1 or 2
after treatment with EMS or H,O, suggesting that
cluster 1 might be specifically induced by DNA strand
breaks resulting from direct and indirect effects of ion-
izing radiation (Riley 1994). Those lesions are signifi-
cantly different from the DNA alkylation damage
resulting from EMS treatments (Friedberg et al. 1995)
and exposure of the cells to H,O,, which may induce a
general oxidative stress to all the cellular components of
this anaerobe in addition to damage to its DNA (Imlay
2003; Kultz 2005). Nevertheless it is remarkable that
only P. furiosus cluster 1 is induced following gamma
irradiation whereas cluster 2, composed of proteins very
similar in sequence (18-26% identity) and in organiza-
tion to cluster 1, did not show any change in expression
level. The above gene clusters along with a novel-type of
DNA polymerase (COG 1353; PF1129) were mostly
found in thermophilic bacteria and archaea (Makarova
et al. 2002). This finding prompted Makarova et al.
(2002) to suggest that they might represent a ‘“‘thermo-
phile-specific DNA repair system” possibly involved in
DNA translesion synthesis.

Protection against oxidative damage

P. furiosus is well equipped to face oxidative stress with
systems including a superoxide reductase-dependent
system for the removal of ROS, peroxiredoxin and thi-
oredoxin systems involved in the elimination of H,O,
and the maintenance of redox balance, as well as en-
zymes for the removal of alkyl hydroperoxides and the
chelation of ferric ions (Harris et al. 2005; Ward et al.
2001; Weinberg et al. 2004). Surprisingly, most of the
systems involved in oxygen detoxification and redox
homeostasis appeared to be constitutively expressed
after gamma irradiation. This is supported by the
observation that superoxide reductase, rubredoxin and
rubrerythrin, along with two putative alkyl hydroper-
oxide reductases (AhpC, PF1033 and PF0722), were
among the most highly expressed genes in our study. It is
also in agreement with previous studies with P. furiosus
that found superoxide reductase, rubredoxin and rub-
rerythrin to be highly expressed (Schut et al. 2003), and
preliminary data that showed no significant effect on the
expression level of those genes when H,O, was added to
the cells (Weinberg et al. 2004). In contrast, peroxire-
doxins in P. horikoshii and S. solfataricus were induced



by exposure of the cells to exogenous oxygen (Kawa-
kami et al. 2004) and H,O, (Limauro et al. 2006)
respectively, indicating possible induction of oxygen
species detoxification systems in the archaea under spe-
cific conditions.

The very large increase in mRINA of a ferritin/Dps-
like protein following gamma irradiation indicates its
critical role in removing free iron from solution and
thereby limiting the production of hydroxyl radicals by
Fenton chemistry. Daly et al. (2004) suggested that in
the extremely radioresistant bacterium, D. radiodurans,
the high intracellular manganese/iron (Mn/Fe) ratio
allowed for limited oxidative damage after gamma
irradiation because Mn does not participate in the
Fenton-type chemistry. In contrast, bacteria with low
Mn/Fe intracellular ratio were found to be highly radi-
ation sensitive (Daly et al. 2004), underlying the
requirement for low intracellular free iron in radiation
resistance. Recombinant P. furiosus Dps-like protein
was found to self-assemble into a dodecameric cage-like
quaternary structure that is analogous to multimeric
assemblies of Dps and ferritin proteins and to catalyze
Fe(IT) oxidation using H,O, as an oxidant, demon-
strating a critical role for this protein in the reduction of
H,05 in the cell as well (Ramsay et al. 2006).

In response to oxidative stress we also found that the
expression patterns of two membrane-bound oxidore-
ductase complexes were antagonistic suggesting different
cellular functions for those two multimeric enzymes.
MBH is a 14-subunit enzyme complex (mbhABCDEF-
GHIJKLMN) containing the two subunits of a Ni-Fe
hydrogenase (Sapra et al. 2000). In Schut et al. study
(2001), all 14-subunit encoding genes (with the exception
of mbhG missing from the study) showed decreased
expression level of more than fivefold in presence of
sulfur, confirming the operon structure for the genes of
this membrane-bound complex and the role of the en-
zyme in H, metabolism. Similarly, we observed a de-
crease in the mRINA level of all 14 genes shortly after
gamma irradiation. This is not unexpected since down
regulation of dehydrogenases under severe oxidative
stress has been reported as the result of depletion of
reducing equivalents used as co-factors by those en-
zymes, leading to loss of function (Golden and Ramdath
1987). The operon for the other membrane-bound
hydrogenase complex, MBX was identified by Silva et al.
(2000) using sequence comparison. It is a 13-subunit
hydrogenase (mbhABCDFGHH MJKL’N) with 45-72%
similarity to 11 of the 14 subunits of MBH, but its cat-
alytic subunit lacks the conserved cysteine residues
found in all dehydrogenases. The finding that MBX
mRNA increased by 10-fold less than 20 min after
irradiation suggests that the enzyme might be involved
in a response to oxidative stress. In Desulfovibrio vulgaris
cytoplasmic [Fe] hydrogenase was up-regulated by
exposure of the cells to oxygen and chromate and the
[Fe] hydrogenase mutant was more sensitive to oxygen
exposure than the wild type (Fournier et al. 2004). Van
Ooteghem et al. (2002) reported similar findings with

Thermotoga neapolitana supporting a transcriptional
regulation for increased production of the enzyme when
cells are under oxidative stress. One possible explanation
for this up regulation of specific oxidoreductases during
oxidative stress is the necessity for the cell to generate
reducing equivalents for cellular antioxidant systems
and for energy production, providing the energy neces-
sary for other stress related functions such as DNA re-
pair and proteins turnover (Kultz 2005).

This whole-genome study, along with those of
H. salinarium strain NRC-1 (Baliga et al. 2004; White-
head et al. 2006), clearly demonstrated that the tran-
scriptional response to DNA damage in archaea differs
from that of bacteria and that several stress response
systems known to be inducible in mesophiles might be
constitutively expressed in hyperthermophilic archaea
(Gerard et al. 2001; Jolivet et al. 2003; Kottemann et al.
2005). The global mRNA changes we observed after
gamma irradiation may be mediated by at least two
transcriptional regulators and our results suggest that
post-translational modification by phosphorylation/
dephosphorylation may be significant in the regulation
of the stress response in this microorganism. This has
also been shown in several other archaea (Eichler and
Adams 2005; Kottemann et al. 2005; Whitehead et al.
2006). The present work does not elucidate the mecha-
nisms for extreme radiation resistance in P. furiosus, but
similarly to D. radiodurans, a combination of factors is
probably responsible for this physiological property
(Cox and Battista 2005). Among those, efficient DNA
repair pathways that are constitutively expressed as the
result of life at high temperature, high level of oxygen
detoxification enzymes in the cell, sequestration of sol-
uble iron to prevent increase ROS production and
potentially a novel thermophile-specific DNA repair
system involved in translesion synthesis. Furthermore,
the data presented here provide a foundation for
comparing DNA damage response in the three domains
of life and it generates hypotheses that can be experi-
mentally tested using biochemical characterization of
P. furiosus proteins, or genetic methods possibly in
P. furiosus (Lucas et al. 2002).
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