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Nucleotide excision repair, a general repair mechanism for removing DNA damage, is initiated by dual in-
cisions bracketing the lesion. In procaryotes, the dual incisions result in excision of the damage in 12- to 13-
nucleotide-long oligomers, and in eucaryotes they result in excision of the damage in the form of 24- to 32-
nucleotide-long oligomers. We wished to find out if Archaea perform excision repair. Using cell extracts from
Methanobacterium thermoautotrophicum, we found that this organism removes UV-induced (6-4) photoproducts
in the form of 10- to 11-mers by incising the sixth to seventh phosphodiester bond 5’ to the damage and the

fourth phosphodiester bond 3’ to the damage.

DNA repair plays an important role in the survival of or-
ganisms and the maintenance of species (5). Several DNA
repair pathways work in a complementary manner to eliminate
lesions from DNA. Of these repair systems, nucleotide excision
repair (referred to herein as excision repair) has a unique place in
cellular defense because it has a wide substrate range and the
capability of removing virtually all base lesions from the genome
(14-16, 22). Indeed, the presence of this rather complex enzy-
matic system in Mycoplasma genitalium, which is considered the
minimal life form (4), has been taken as evidence of the indis-
pensability of excision repair in the maintenance of species (14).

In recent years, excision repair has been characterized in
considerable detail for both procaryotes and eucaryotes. In
both Bacteria and Eucarya, damage is excised by the joint
actions of several proteins in an ATP-dependent reaction. The
multisubunit system which makes the dual incisions is referred
to as excision nuclease (excinuclease). The Escherichia coli
excinuclease, comprising the UvrA, UvrB, and UvrC proteins,
hydrolyzes the eighth phosphodiester bond 5’ to the damaged
base(s) and the fourth to fifth phosphodiester bond 3’ to the
damaged base(s) and excises the damage in the form of a 12-
to 13-mer (17). Partial or complete genome sequences of about
a dozen bacteria have revealed that all bacterial species ana-
lyzed so far have excinucleases similar in function to the E. coli
enzyme (3). For some organisms, such as Salmonella typhimu-
rium and Bacillus subtilis, functional assays support genomic
data showing that both gram-negative and gram-positive pro-
caryotes possess excinucleases that are highly similar in struc-
ture and function (16).

Eucaryotic excinucleases in mammalian cells and in Saccha-
romyces cerevisiae have been studied extensively. Those studies
revealed a high degree of structural and functional similarities
between the excision repair system of these two eucaryotes (5,
13, 16, 22). Furthermore, the limited data for other eucaryotes
suggest a universal excision repair system in eucaryotes (15,
20). The basic mechanism of eucaryotic excinuclease, based on
results for humans and yeast, is quite similar to the procaryotic
prototype: a multisubunit enzyme system removes damage
from DNA in an ATP-dependent reaction and by dual inci-
sions bracketing the lesion (9, 20). However, the eucaryotic
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FIG. 1. Excision assay with members of the three kingdoms. The reaction
mixture (25 pl) contained 25 mM HEPES-KOH (pH 7.9), 45 mM KCl, 4.4 mM
MgCl,, 2 mM ATP, a 20 uM concentration of each deoxynucleoside triphos-
phate, 0.5 mM dithiothreitol, 0.16 mM EDTA, and 200 wg of bovine serum
albumin per ml, plus 10 nM substrate and repair protein as follows: E. coli (Ec),
180 nM (each) UvrA, UvrB, and UvrC; M. thermoautotrophicum (Mt) cell ex-
tract, 63 pg; and CHO AAS cell extract, 60 pg. The reaction mixtures were
incubated for 1 h at 37°C with the E. coli excinuclease and the methanogen
extract and at 30°C with the CHO cell extracts. The products were separated on
an 8% denaturing polyacrylamide gel and visualized by phosphorimaging. Oli-
gomers in the 3- to 20-nt range with a photoproduct migrate one space slower
than corresponding oligomers free of photoproduct (2). Lane 4 contains molec-
ular size markers (M); sizes are indicated on the right, in nucleotides. The arrows
on the left indicate the positions of the major excision products of the three
species. The proportions of substrate excised were 12, 0.15, and 1.6% for E. coli,
M. thermoautotrophicum, and CHO cells, respectively.
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FIG. 2. M. thermoautotrophicum (Mt) excinuclease is ATP dependent. Re-
actions were carried out with cell extract as for Fig. 1 in the presence and absence
of ATP as indicated. The arrows indicate the two major excision products. Lane 1
contains a molecular size marker (M) in nucleotides.

excinuclease differs from its procaryotic counterpart in two
important aspects. First, the eucaryotic excinuclease removes
the damage in 24- to 32-mers by hydrolyzing the 20th * 5th
phosphodiester bond 5’ to the lesion and the 6th = 3rd phos-
phodiester bond 3’ to the lesion (8, 20). More significantly,
none of the subunits of the eucaryotic excinuclease exhibits any
significant homology to the procaryotic enzyme (5, 13), indi-
cating that the appearance of the dual incision mechanisms in
these two kingdoms can be described by the convergent-evo-
lution model. This contrasts with all other repair systems, in
which there are considerable homologies between the procary-
otic and eucaryotic enzymes (5, 17).

Archaea, sometimes referred to as the third biological king-
dom (21), have recently attracted considerable attention both
from an evolutionary perspective and because they have novel
biochemical pathways with no counterparts in the other king-
doms (12). For these reasons, we wished to investigate the
mechanism of excision repair in Archaea. We chose to conduct
our studies with Methanobacterium thermoautotrophicum be-
cause of the availability of cultures of this organism in the
quantities required for biochemical studies.

M. thermoautotrophicum Marburg was obtained from the
Oregon Collection of Methanogens (catalogue no. OCMS2)
and cultured on H,-CO,-H,S (80%/20%/0.1%) at 65°C in a
14-liter New Brunswick fermentor (7, 18). Media were pre-
pared as previously described (18). M. thermoautotrophicum
Marburg was harvested anaerobically during log phase (optical
density of ~3.0 at 578 nm). A cell extract was prepared in an
N,-H, (95%/5%) atmosphere in an anaerobic chamber (Coy
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Instruments) according to a previously described procedure
(7). After removal of Ti(III) citrate and methyl viologen from
the cell extract by gel filtration (Bio-Gel P-6), the cell extract
was stored at —80°C until use. The substrate was a 136-bp
duplex with a T-T (6-4) photoproduct (T[6-4]T) in the center
of one strand and a *?P label at the fifth phosphodiester bond
5’ to the photoproduct (11). The excision assay measures the
release of a radiolabeled oligomer containing the lesion from
this duplex (9).

Figure 1 shows the results of excision assays conducted with
cell extracts of members of the three kingdoms. E. coli exci-
nuclease reconstituted from purified subunits (lane 1) and
mammalian excinuclease in cell extracts of Chinese hamster
ovary (CHO) AAS cells (lane 3) excised the (6-4) photoprod-
uct primarily in the form of 12- and 27-mers, respectively, in
agreement with earlier results (11, 16). The cell extract of the
methanogen released two oligomers 10 to 11 nucleotides (nt)
in length (lane 2). Even though the efficiency of excision by the
methanogen extract was rather low compared to those of re-
constituted E. coli excinuclease and the CHO cell extracts, the
10- to 11-nt-long oligomer was consistently observed in reac-
tions with the methanogen extract and hence was considered to
be a bona fide repair reaction product. The low efficiency of
excision is most likely due to suboptimal reaction conditions,
since no systematic search to maximize excision by the meth-
anogen extract was made. In addition to the 10- to 11-mers
considered to be primary excision products, fragments of other
sizes generated by nonspecific degradation of the substrate by
the cell extract are seen at the background level in lane 2. In
this experiment, a 17-nt oligomer was also observed in sub-
strate treated with the methanogen extract. However, because
this oligomer was not observed consistently and it contained no
damage (data not shown; see below), we consider it a product
of nonspecific degradation of the substrate. Thus, we conclude
that the methanogen excises DNA damage by a mechanism
similar to that involving the procaryotic excinuclease. Both the

Ec Mt CHO

- + - + -+ TaPol

- 27
> 24

°
s
C i
b
#t

12 3456

FIG. 3. Location of the (6-4) photoproduct in the excision products of the
three species. The major excision products seen in Fig. 1 were eluted from prepara-
tive-scale gels and digested with T4 DNA polymerase (T4 Pol.) 3'-to-5' exonuclease
as described by Svoboda et al. (20). The products were analyzed on an 8% dena-
turing polyacrylamide gel. The sizes, in nucleotides, of the fragments before and
after exonuclease digestion are indicated. Ec, E. coli; Mt, M. thermoautotrophicum.
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FIG. 4. Incision patterns for members of the three kingdoms. The arrows indicate the incision sites, the two stars mark the position of the (6-4) photoproduct, and
the numbers below the brackets represent the numbers of nucleotides from the site of incision to the first nucleotide of the diadduct. Only the major incision sites are

shown for simplification.

procaryotic and eucaryotic excinuclease systems have absolute
dependence on ATP. Hence, to confirm that the 10- to 11-mers
produced by the methanogen cell extract are excinuclease
products, we performed the excision reaction with and without
ATP. Figure 2 shows that ATP is required for excision, lending
further support to the conclusion that the 10- to 11-mers are
excinuclease products.

The dual incisions made by procaryotic and eucaryotic ex-
cinucleases occur at relatively precise distances from the lesion
(16). To determine the incision sites of the methanogen ex-
cinuclease, the excision products generated by the cell extract
were digested with T4 DNA polymerase, which, in the absence
of deoxynucleoside triphosphates, acts as a potent 3'-to-5’ exo-
nuclease, and its progress is blocked by DNA lesions (2, 6).
Thus, it is possible to determine whether a DNA fragment
contains a DNA lesion and the position of this lesion by di-
gestion with T4 DNA polymerase (9, 20). Figure 3 shows the
analyses of the excision fragments produced by the excinucle-
ase systems of the three kingdoms. This figure illustrates that
the 10- to 11-mers produced by methanogen extract are the
products of specific incisions which, by definition, are gener-
ated by an excinuclease.

To summarize, the incision patterns on a (6-4) photoproduct
substrate for the three species used in this study are as follows:
for E. coli, the 8th phosphodiester bond 5’ to the lesion and the
4th phosphodiester bond 3’ to the lesion; for M. thermoauto-
trophicum, the 6th to 7th phosphodiester bond 5’ to the pho-
toproduct and the 4th phosphodiester bond 3’ to the photo-
product; and for CHO cells, the 23rd phosphodiester bond 5’
to the diadduct and the 4th phosphodiester bond 3’ to the diad-
duct. These incision patterns are schematically shown in Fig. 4. It
must be noted, however, that Fig. 3 and 4 represent the major
species and that in all three systems other dual incision products
are observed at lower frequencies (Fig. 1 and 2).

In summary, our results show that at least one member of
the third kingdom has a procaryotic-type excision pattern. This
is not surprising, since the sequence of the M. thermoautotro-
phicum genome shows that this organism has uvrA4, uvrB, and
uvrC homologs (19). Considering the high degree of sequence
identity of the methanogen genes to those of E. coli, it is
possible that the primary excision products of the methanogen
are identical to those of E. coli and that the smaller species are
generated by postexcision degradation by nonspecific nucle-
ases (20). More importantly, in contrast to members of the
other two kingdoms, members of Archaea show greater vari-
ability in their gene and enzyme systems, and it is quite likely
that the dual incision pattern we found in M. thermoautotro-
phicum is not universal to all members of Archaea. Indeed, the
genome sequences of Methanococcus jannaschii (1) and Ar-
chaeoglobus fulgidus (10) do not reveal a complete set of ex-
cinuclease genes homologous to those of either Bacteria or
Eucarya. Hence, whether these species possess an excinuclease
in the conventional sense remains to be determined biochem-
ically. When sufficient quantities of cultures of these organisms
become available, it is possible that Archaea may yet be re-
vealed to have a third type of excinuclease.
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