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Abstract

Evolutionary and physiological considerations argue
that study of hyperthermophilic archaea should
reveal new molecular aspects of DNA stabilization
and repair. So far, these unusual prokaryotes have
yielded a number of genes and enzymatic activities
consistent with known mechanisms of excision repair,
photo-reversal, and trans-lesion synthesis. However,
other DNA enzymes of hyperthermophilic archaea
show novel biochemical properties which may be
related to DNA stability or repair at extremely high
temperature but which remain difficult to evaluate
rigorously in vivo. Perhaps the most striking feature of
the hyperthermophilic archaea is that all of them whose
genomes have been sequenced lack key genes of both
the nucleotide excision repair and DNA mismatch
repair pathways, which are otherwise highly conserved
in biology. Although the growth properties of these
micro-organisms hinder experimentation, there is
evidence that some systems of excision repair and
mutation avoidance operate in Sulfolobus spp. It will
therefore be of strategic significance in the next few
years to formulate and test hypotheses in Sulfolobus
spp. and other hyperthermophilic archaea regarding
mechanisms and gene products involved in the repair
of UV photoproducts and DNA mismatches.

Introduction

The proposition that DNA succeeded RNA as a genetic
material in the pre-biotic world because of its greater
stability is perhaps familiar to biologists. What may be less
familiar is the idea that DNA'’s stability is wholly inadequate
for the biological success of any modern cellular organism.
In reality, a wide gap separates the intrinsic chemical
stability of DNA on one hand and the stringent demands
of accurate genome propagation on the other. In cellular
organisms, this stability gap is bridged by diverse enzymes
which must groom DNA continuously in order for it to be
replicated accurately at the proper time in the life-cycle of
the cell (Lindahl and Wood 1999). These enzymes define
at least seven major repair pathways, including two that
reverse damage (alkyl transfer, photo-reversal), three
that remove lesions prior to re-synthesis (base excision
repair, nucleotide excision repair, mismatch repair), and
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two that allow replication to by-pass damage (homologous
recombination, trans-lesion synthesis). The number and
diversity of repair enzymes reflect the variety of lesions that
can arise in DNA, and the threat that each lesion poses to
an organism's immediate reproduction and the long-term
survival of its lineage.

The major DNA repair pathways were identified through
the sophisticated genetic analysis made possible by micro-
organisms such as Escherichia coli and Saccharomyces
cerevisiae. The historical success of this approach
reflects the conservation of these pathways from bacteria
to humans, and the fact that, in micro-organisms, they
are not essential for viability and can be inactivated by
single mutations. One cannot guarantee, however, that all
aspects of DNA stability and repair in biology fulfill these
criteria. Some components of the nucleotide excision repair
(NER) machinery of eukaryotes, for example, double as
components of the basal transcription machinery (Prakash
and Prakash 2000), making it difficult to isolate the
corresponding mutants. In addition, the extreme molecular
divergence represented among simple micro-organisms
implies that no single species, genus, or even phylum
can adequately represent all microbial life at the cellular
or molecular levels (Woese et al. 1990). The bacterium
Deinococcus radiodurans provides a dramatic example
of how this diversity can manifest itself in terms of DNA
repair. D. radiodurans survives extremely high doses of
ionizing radiation (5000 Gy, e.g.) with negligible mutation;
this radiation resistance reflects a highly efficient system
of double-strand break repair, whose biological relevance
seems to be survival of dessication stress rather than
radiation [reviewed by Battista (1997)]. Experimental
study of this bacterium and sequencing of its genome
have revealed several unusual molecular features, yet
the importance and roles of these various features in the
radio-resistance of this bacterium continue to be debated
(Battista 2000; Karlin and Mrazek 2001).

It seems logical, therefore, that additional diversity of
DNA stabilization and repair remains to be found in micro-
organisms unrelated to the traditional model species and
adapted to survive harsh environmental conditions. All
archaea, by definition, fit the first criterion (Woese et
al. 1990). Furthermore, many known archaeal species
grow optimally under conditions of temperature, pH, or
salt concentration that kill “model” species (including
D. radiodurans), and thus fit the second criterion, as
well. Of the environmental extremes accommodated by
archaea, high temperature has particular significance for
genomic integrity, as it directly destabilizes the primary and
secondary structure of DNA and cannot be excluded from
the interior of microbial cells. Anumber of archaea cultured
from geothermal environments grow optimally at 80° C or
above; these species, here designated "hyperthermophilic
archaea" (Stetter 1996), therefore provide a particularly
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significant context in which to investigate the molecular
diversity of DNA stability and repair. This review attempts
a selective, critical overview of recent progress on this
topic and questions of current significance. It emphasizes
molecular mechanisms of DNA repair, and does not address
genome stability as determined by genetic processes such
as rearrangements, mutation, and gene loss or acquisition.
Prior reviews on the present topic include Grogan (1998;
2000) and White (2003).

"Ordinary” enzymes, and those with unusual
features

Many of the genetic problems posed by life at high
temperature reflect the acceleration of spontaneous
DNA decomposition reactions (such as depurination and
deamination) that also occur in mesophiles. In one sense,
therefore, hyperthermophiles face "ordinary problems writ
large", and would seem able to solve them by expressing
thermostable versions of known DNA repair enzymes at
suitable levels. This idea, articulated by Lindahl (1993),
provides an appropriate null hypothesis from which
to first approach specific aspects of DNA repair in the
hyperthermophilic archaea (HA). Consistent with this
assumption, proteins or enzymatic activities of base-
excision repair (BER), alkyl transfer, photo-reversal, and
trans-lesion synthesis (TLS) pathways have been detected
in HA which, aside from their temperature optima, seem
to resemble their mesophilic counterparts. The BER
enzymes found in HA include a variety of thermostable
N-glycosylases (Knaevelsrud et al. 2001; Yang et al.
2000; Sartori et al. 2001; Birkeland et al. 2002), whereas
the TLS enzymes include several DNA polymerases of
the Y family (Boudsocq et al. 2001) It has also been
reported that at least one of the uracil DNA glycosylases
(Yang et al. 2002) and one of the Y-family polymerases
(Griiz et al. 2001) associate with the PCNA-like sliding
clamp in the corresponding HA. In addition, at least two
studies have generated high-resolution structures of Y-
family polymerases of Sulfolobus (Ling et al. 2001; Zhou
et al. 2002), providing valuable structural information for
comparison to the functional properties of TLS polymerases
in HA. These studies show, for example, that the low
geometric selectivity of the catalytic site encourages the
generation of frameshift mutations even at non-repetitive
DNA sequences (Kokoska et al. 2002).

Unusual biochemical properties also appear
among DNA enzymes of HA, however. A type 1B DNA
topoisomerase exhibits AP lyase activity, for example,
which represents a novel combination of enzyme activities
(Belova et al. 2001). More recently, a single-subunit
DNA polymerase encoded by a Sulfolobus plasmid has
been found to have ATPase and DNA primase activities,
representing a new class of DNA polymerases (Lipps et al.
2003). Of particularly broad significance for HA is the fact
that their B-family polymerases, which appear to include
the replicative enzymes, stall when they encounter uracil
residues in the template strand. This property, first reported
by Lasken et al. (1996), has recently been shown to result
from a uracil-specific binding pocket in the polymerase that
scans the template strand 4 -6 nt ahead of the catalytic site
(Fogg et al. 2002).

The biological function attributed to this feature
is prevention of replication past deaminated cytosine
residues, thereby avoiding C-to-T transition mutations.
What has received less attention, however, is how the
cell is supposed to rescue the stalled complex, repair the
template strand, and resume DNA synthesis, and why
polymerases with this feature should be widespread among
thermophilic archaea but not among thermophilic bacteria,
which nevertheless tend to have DNAs of higher G+C
content. In particular, the fact that the complex stalls with
the uracil residue in ssDNA protected by the enzyme (Fogg
et al. 2002) would seem to preclude conventional BER. In
principle, dissociation of the polymerase and regression
of the replication fork could allow the uracil-containing
strand to reanneal to its original partner so that BER
could repair the lesion. Alternatively, displacement of the
replicative polymerase by a specialized TLS polymerase
could, in principle, allow for accurate replication past the
uracil, in a manner analogous to replication of certain TLS
polymerases past UV photoproducts (Boudsocq et al.
2001; Goodman 2002). In any event, without some form
of rescue, the stalled complex would eventually insert an
A opposite the U and continue, as judged by assays in
vitro (Fogg et al. 2002). It will be important to resolve
these mechanistic questions in the future, and to resolve
the phylogenetic distribution of this polymerase feature.
Sequence alignments suggest it may not occur in the B-
family DNA polymerases of psychrophilic or mesophilic
archaea (Fogg et al. 2002), raising a question as to whether
this feature is required for successful DNA replication in
archaea that grow optimally at low temperatures.

Important proteins missing

Given the plausible arguments that hyperthermophiles
should experience higher rates of spontaneous DNA
damage than other organisms, the absence of certain
highly conserved DNA repair proteins in HA attracts
special attention. Table 1 summarizes the distribution
of homologues of NER and MMR proteins in species
of archaea and bacteria whose genomes have been
sequenced. The pattern among archaea could be called
“The Great Irony”; only those archaea that grow optimally at
high temperatures lack critical components of the versatile
and otherwise highly conserved NER and MMR pathways.
Specifically, NER damage-recognition proteins are missing,
whether of the XPA/Rad4 and XPC/Rad1 types found in
eukaryotes, or of the UvrA and UvrB types found in bacteria.
In contrast, structure-specific nucleases of eukaryotic NER
are well-represented. Similarly, although some HA encode
MutS-like proteins, these belong to a family of proteins
with no demonstrated role in MMR (Rossolillo and Albertini
2001), whereas orthologues of MMR-specific proteins
(MutS and MutL) do not occur in HA. This absence of
genes encoding identifiable damage-recognition proteins is
so far without exception in all of the completely sequenced
genomes of HA (which numbered 11 at the time of writing)
and appears unique to the HA, based on the available
genomic sequences of thermophilic archaea, mesophilic
archaea, and hyperthermophilic bacteria.
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Do hyperthermophilic archaea have an alternative
form of NER?

All bacterial genomes that have been sequenced, including
the highly reduced genomes of intracellular parasites,
encode UvrABC homologues, whereas sequenced
eukaryotic genomes, with one exception (Gardner et al.
2002), encode complete sets of XP homologues. This
strong conservation of functional pathways outside the
hyperthermophilic archaea argues that NER is important
for the evolutionary success of free-living organisms and
many parasites. All HA genomes sequenced to date indeed
encode some homologues of eukaryotic NER nucleases
(Table 1), and one of these was recently reported to
associate with the PCNA-like sliding clamp (Roberts et al.
2003). In addition, properties of certain HA suggest the
operation of a DNA repair system with functions similar to
those of NER. UV survival curves, for example, indicate
that Sulfolobus acidocaldarius has at least half the dark-
repair capacity of NER-proficient E. coli (Wood et al.
1997). Also, UV-C radiation stimulates conjugational DNA
exchange and recombination in this species (Wood et al.
1997), and the kinetics of this stimulation are consistent
with the enzymatic conversion of UV photoproducts into
recombinogenic lesions and subsequent repair of those
lesions (Schmidt et al. 1999). Taken together, therefore,
the data suggest that HA have some functional equivalent
of NER which uses yet-unknown proteins to recognize UV
photoproducts, but may use homologues of eukaryotic NER
proteins to complete the repair process.

Do hyperthermophilic archaea have an alternative
form of MMR?

Unlike NER proteins, the proteins required for classical
MMR define only two families, MutS and MutL, which span
the bacterial and eukaryotic domains. In E. coli, MutS and
MutL interact with each other to identify DNA mismatches
and target them for repair. Accordingly, all organisms
known to carry out post-replicational MMR encode at
least one homologue of each family; eukaryotes differ from
bacteria primarily in having multiple homologues exhibiting
greater specialization of function (Nakagawa et al. 1999).
The biological consequence of MMR is suppression of
spontaneous mutation and homologous recombination
between similar but non-identical sequences (Modrich and
Lahue 1996). In yeast, the anti-recombination function
can be resolved genetically from the mutation-avoidance
function by certain alleles of the mutL homologue PMS1
(Welz-Vogele et al. 2002).

MMR-proficient bacteria generally exhibit rates of
spontaneous mutation around 1077 events per gene per cell
division, whereas mutS or mutL mutants exhibit about 100-
fold higher rates, making them relatively easy to recognize
on this basis (Matic et al. 1997). Accurate measurement
of loss-of-function mutation in the pyrE and pyrF genes
have shown that the rate of spontaneous mutation in S.
acidocaldarius is at or below the level of MMR-proficient
E. coli (Jacobs and Grogan 1997; Grogan et al. 2001).
Frequencies of spontaneous mutations appear to be
comparable in other HA assayed by similar selections, with
the exception of Sulfolobus solfataricus. [In this species,

the mutational spectrum is overwhelmed by the frequent
transposition of insertion sequences (Martusewitsch et al.
2000), which are extremely abundant in its genome (She
et al. 2001).] Several mutator strains of S. acidocaldarius
have been isolated which do not exhibit any obvious
growth defects or sensitivity to DNA-damaging agents
(Bell and Grogan 2001). This indicates that the mutation-
avoidance systems can be inactivated or saturated without
compromising viability.

Taken together, the data suggest that Sulfolobus
spp., and perhaps other HA, have effective mechanisms
of mutation-avoidance which do not involve homologues
of the E. coli MutS and MutL proteins. On the other hand,
Pyrobaculum aerophilum has been claimed to be a natural
mutator, based on the frequency of recovering sequence
variants from its genomic DNA (Fitz-Gibbon et al. 2001),
and this possibility warrants experimental confirmation.
The picture is further complicated by the prominence
of slipped-strand events in the spontaneous mutational
spectrum of S. acidocaldarius (Grogan et al. 2001). This
is a characteristic of MMR-deficient systems (Tran et al.
1997), which raises questions regarding the extent to which
post-replicational MMR contributes to the genetic fidelity
observed in S. acidocaldarius.

Hyperthermophilic bacteria

Genomes of several bacteria which grow optimally
at temperatures near or above 80° C have also been
sequenced (Table 1). These hyperthermophilic bacteria
encode full sets of NER and MMR genes, but few published
studies have assessed the corresponding enzyme activities,
DNA repair capacity, or genetic fidelity of these bacteria,
most of which are strict anaerobes. Aerobic bacteria of the
genus Thermus, which can grow at temperatures above 70°
C have been studied more systematically in genetic terms,
however. Results of one recent study (Castan et al. 2003)
indicate a high spontaneous mutation rate in Thermus
thermophilus, which is further elevated by inactivating
this bacterium’s recA gene. This observation raises
the possibility that conventional MMR may not suppress
spontaneous mutation as effectively in Thermus spp. or
hyperthermophilic bacteria as in mesophilic bacteria. It
should also be noted that a number of thermostable DNA
repair proteins have been isolated from Thermus spp. and
characterized. These include DNA N-glycosylases (Mikawa
et al. 1998; Starkuviene and Fritz 2002), DNA photolyase
(Kato et al. 1997), and MutS homologues (Takamatsu et
al. 1996).

Challenges for the near future

As interest in DNA repair mechanisms intensifies and
biochemical data regarding individual proteins accumulate,
it becomes critical to appreciate the tremendous molecular
diversity of prokaryotes and our extremely limited
knowledge of the cellular and molecular biology of HA.
Many DNA-repair proteins studied in model systems
have broadly conserved paralogues with no obvious role
in DNA stabilization or repair. These are exemplified
by the YshD protein of Bacillus subtilis (Rossolillo and
Albertini 2001), relatives of which represent the only MutS



homologues in many archaea (Table 1). Also, some DNA
repair mechanisms of HA resemble those of well-studied
organisms, whereas others clearly deviate from them at
fundamental levels. In this context, simplistic claims for the
biological significance of an archaeal gene based upon its
most famous E. coli or yeast homologue lose their validity
and deserve appropriate skepticism. At the same time,
opportunities to confirm DNA repair functions in vivo remain
scarce and difficult, reflecting the technical limitations of
manipulating HA. As a result, we have no firm measure of
the complexity and functional overlap of DNA stabilization
and repair systems in HA, nor the extent to which they
participate in “normal” or essential DNA transactions. These
cautions must be borne in mind as individual components
of DNA stabilization and repair become identified. What
we do know nevertheless suggests at least three efforts
as being especially significant and timely.

1. Identify protein-protein and protein-DNA interactions
relevant to an alternative NER-like system

At least three lines of evidence suggest a functional
equivalent of NER in HA: i) UV-C survival curves
and kinetics of UV-induced recombinogenesis in S.
acidocaldarius (Wood et al. 1997; Schmidt et al. 1999), ii)
conservation of XPF/Rad1 and XPG/Rad2 homologues
in Sulfolobus and other HA (Table 1), and iii) biochemical
properties of the XPF/Rad1 homologue of S. solfataricus
(Roberts et al. 2003). Finding proteins that interact with
the archaeal XPF and XPG homologues provides one
promising route to revealing additional components of
the NER equivalent pathway in HA, which are not evident
from gene sequences. In addition, two of the three PCNA
homologues of S. solfataricus have been found to interact
with the XPF/Rad1 homologue of this species, and to
stimulate its activity in vitro (Roberts et al. 2003). Given
the fact that interaction of DNA-repair enzymes with PCNA
is a prominent theme in eukaryotes (Maga and Hubscher
2003), identification of PCNA-associated proteins may
uncover other DNA repair proteins in HA. Alternatively,
the use of damaged DNA to bind proteins specifically may
enable the elusive damage-recognition proteins of NER to
be recovered and identified in a more direct manner.

2. Determine whether a form of post-replicational MMR
operates in hyperthermophilic archaea

As described above, the available genetic data demonstrate
effective mutation suppression in one Sulfolobus species,
but leave unresolved its conservation among other HA and
the nature of its molecular mechanism. The lack of MutS
and MutL homologues in all HA and many other archaea
analysed to date (Table 1) increases the significance of this
question, and highlights the challenge of characterizing
an MMR mechanism that may use novel proteins. The
problem calls for experiments testing a range of hypotheses
(including unconventional ones) that accommodate the
various phylogenetic and biochemical data available.

In particular, if Sulfolobus spp. and other HA indeed
use one or more unusual proteins to remove mismatches
following replication, it is important to re-evaluate the
essential requirements of MMR with respect to how
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archaeal proteins might recognize DNA mismatches and
how repair could be confined to the newer (i.e. daughter)
strand. For example, one possible explanation for the
simultaneous lack of identifiable damage-recognition
proteins for both MMR and NER is that HA have a common
damage-recognition system that serves both MMR- and
NER-like pathways. Such a protein (or set of proteins)
could deviate with respect to sequence from the known
NER and MMR proteins but remain functionally analogous
to them by employing a lesion-binding mechanism based
on induced DNA bending. This idea reflects the recent
structural data which show that MutS, (UvrA),UvrB, and
XPA proteins all induce a sharp bend or curve in dsDNA
when they bind to their corresponding lesions (Hsieh 2001;
Schofield et al. 2001; Batty and Wood 2001; Missura et
al. 2001). This shared feature of these diverse proteins
suggests that localized weakening of the DNA duplex by
a variety of lesions can “trap” proteins having an induced-
fit mode of binding of the proper affinity. Small dsDNA-
binding proteins of Sulfolobus such as Sac7d have several
properties predicted for such damage-sensors. Although
these small, rigid proteins have been portrayed primarily as
chromatin-structuring proteins, their ability to induce sharp
bends in normal duplex DNA and at a mismatch (Robinson
et al. 1998; Su et al. 2000) mimics that of known damage-
recognition proteins. Alternatively, a protein similar to
DNA methyl transferases or other enzymes that abstract
(“flip out”) bases from the duplex as part of their catalysis
could, in principle, probe duplex DNA for lesions. In this
mode, the hypothesized protein may scan the intact helix
but remove and bind with high affinity only bases whose
normal stacking and hydrogen-bonding are perturbed by
mismatch or covalent damage on an adjacent or opposing
nucleotide. This interaction would be analogous to what
has been observed for other DNA repair enzymes, such as
DNA photolyase and uracil DNA N-glycosylases (Christine
et al. 2002; Parihk et al. 2000).

The question of how an archaeal MMR system could
discriminate daughter strand from template at a mismatch
has special interest because the molecular basis of strand
discrimination remains obscure in most organisms. This
reflects the fact that Dam/MutH-directed MMR, analyzed
so elegantly in E. coli, does not occur in eukaryotes or
most bacteria. However, nicks in the daughter strand
near the mismatch, which is the immediate result of the
Dam/MutH system, seems to represent a more-general
strand discriminator, as proposed by Lacks and others
based on MMR in Gram-positive bacteria (Claverys and
Lacks 1986). In Lacks’ model, the discontinuity needed
to mark the lagging daughter strand is provided most
simply by Okazaki fragments. The leading strand could
be made discontinuous as well, however, by re-initiation
of synthesis, or low-level incorporation of dUMP and
subsequent processing by BER enzymes (Claverys and
Lacks 1986).

The known properties of HA seem broadly consistent
with these proposed mechanisms. Like eukaryotes,
HA synthesize short Okazaki fragments (Matsunaga et
al. 2003), and the family B DNA polymerases of HA do
not discriminate effectively against dUTP (Lasken et al.
1996). Indeed, this latter property, in combination with their
unique sensitivity to U residues in the template strand, can
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limit the effectiveness of the native polymerases in PCR
(Hogrefe et al. 2002). It is therefore interesting to note that
a hypothetical marking of the daughter strand for MMR by
periodic incorporation of U residues suggests a biological
rationale for the peculiar stalling of HA DNA polymerases.
If incorporation of U residues into the nascent strand were
relatively frequent, DNA synthesis past a U residue in the
template strand would create a significant risk that, after
replication, BER would convert closely apposed U residues
into double-strand breaks. Thus, whereas avoidance of C-
to-T transitions remains a plausible, long-term benefit of the
“read-ahead proofreading” function of these polymerases
(Fogg et al. 2002), avoidance of double-strand break
formation would be acutely important for DNA replication
and survival. It should also be noted that the eventual
insertion of A opposite U by the polymerase would not be
mutagenic in cases where the template U residue were an
unrepaired nascent-strand marker from the prior round of
replication.

Finally, it is interesting to note that Lacks’ model of
daughter-strand marking by discontinuity provides a simple
way for an hypothetical MMR system to remove the newly
synthesized strand specifically. If two helicases of opposite
polarity were recruited to the mismatch in a manner
analogous to eukaryotic NER, their uncontrolled translation
along the DNA in both directions would ultimately displace
the discontinuous (daughter) strand from the continuous
(template) strand. Destruction of the displaced strand by
single-strand-specific exonucleases or other means would
thereby remove the incorrect base of the mismatch and
prepare the template for re-synthesis of a correct daughter
strand.

3. Confirm the relevance of specific proteins to DNA
stability and repair in vivo

Research on HA must rely currently on similarities among
primary structures and biochemical properties to infer which
proteins are relevant for DNA stabilization and repair. As
these criteria can be confounded by paralogues and
functional divergence between HA and model systems,
they do not conclusively establish biological function in
vivo, which represents a major goal of this area of research.
Thus, experimental methods are needed which can be
applied to living archaeal cells. Foremost among these
are methods to inactivate putative DNA-repair genes
and document the phenotypes of the resulting mutants.
Some encouraging progress in cloning and targeted
gene disruption has been reported recently for certain
Pyrococcus, Thermococcus and Sulfolobus species
(Lucas et al. 2002; Sato et al. 2003; Worthington et al.
2003). ORFs which have been annotated as non-essential
DNA-repair genes would seem to provide ideal test-cases
for the utility of these published methods. In most cases,
the corresponding species should also support some
basic biological assays of DNA stability and repair, such
as radiation survival, homologous recombination, induced
mutation, or spontaneous mutation.
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