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We describe here the isolation and characterization of
a B-type DNA polymerase (PolB) from the archaeon
Methanobacterium thermoautotrophicum DH. Uniquely,
the catalytic domains of M. thermoautotrophicum PolB
are encoded from two different genes, a feature that has
not been observed as yet in other polymerases. The two
genes were cloned, and the proteins were overexpressed
in Escherichia coli and purified individually and as a
complex. We demonstrate that both polypeptides are
needed to form the active polymerase. Similar to other
polymerases constituting the B-type family, PolB pos-
sesses both polymerase and 3*–5* exonuclease activities.
We found that a homolog of replication protein A from
M. thermoautotrophicum inhibits the PolB activity. The
inhibition of DNA synthesis by replication protein A
from M. thermoautotrophicum can be relieved by the
addition of M. thermoautotrophicum homologs of repli-
cation factor C and proliferating cell nuclear antigen.
The possible roles of PolB in M. thermoautotrophicum
replication are discussed.

DNA replication is the basis for evolution and propagation of
living organisms. DNA-dependent DNA polymerases replicate
double-stranded DNA, utilizing each complementary strand as
the template for the synthesis of the other (1). Most organisms
possess several DNA polymerases that differ in their catalytic
properties such as processivity, fidelity, and rate of chain ex-
tension. Different polymerases are used for replication, repair,
and recombination and have distinct polypeptide compositions.
They also vary between the different genomes present in or-
ganelles found in eukaryotic cells (nuclear, mitochondrial, and
chloroplast). Based on their amino acid sequences, DNA poly-
merases (pol)1 can be classified into at least five distinct groups
(2, 3). Type (or family) A polymerases are named for their
homology to Escherichia coli polI and include eubacterial, mi-
tochondrial (polg), and bacteriophage pols. Type B pols are

named for their homology to E. coli polII. This family is more
diverse than family A; they include eubacterial, bacteriophage,
archaea, and viral pols and the catalytic subunits of eukaryotic
pola, pold, and pole. Eubacterial replicative pol (polIII, DnaE)
is the prototype of the type C group, and the type X group
includes proteins with homology to the eukaryotic b repair pols
with some members also identified in eubacteria and archaea.
A new group of pols, with no strong homology to any of the
above families, has recently been identified in archaea (3). This
family is named after the first member identified, the DP2 pol
from Pyrococcus furiosus. These five groups appear only dis-
tantly related, and members in each group can be further
subdivided by their function and sequence similarities.

Archaea, the third domain of life (4), are believed to replicate
DNA in a eukaryotic like fashion. This conclusion is based in
large part on the amino acid sequences of several archaea
(5–8). Homologs of proteins involved in eukaryotic DNA repli-
cation have been identified within these genomes (reviewed in
Refs. 9 and 10), whereas only limited similarities have been
observed for bacterial proteins involved in replication. All ar-
chaea studied to date contain one or more type B pols (11) and
perhaps also a DP2 type. However, some archaea also contain
other pols, and the role of each is presently unclear (7).

The archaeon Methanobacterium thermoautotrophicum DH
is an obligatory anaerobic thermophilic microorganism with an
optimal growth temperature of 65–70 °C and a generation time
of about 5 h (12). Based on sequence similarities to known pols,
three putative pols have been identified within its genome as
follows: a type B, a type DP2, and a type X. The pol constituting
the B-type is unique in being made up of two separate gene
products, PolB1 and PolB2 (Fig. 1A), with calculated molecular
masses of 68 and 25 kDa, respectively (their complex will be
referred to hereafter as PolB). The two genes are 850 kb apart
on the circular genome of M. thermoautotrophicum and are
encoded on different strands (7). Whereas all other known
B-type pols are coded as one contiguous protein, several such
euryarchaeote (the major archaeal subdivision to which M.
thermoautotrophicum belongs) proteins contain one to three
inserts that are post-translationally removed by protein splic-
ing (inteins) (13) (Fig. 1A).

In this study, we describe the isolation and the biochemical
characterization of the split PolB from M. thermoautotrophi-
cum. Recombinant proteins were expressed and purified from
E. coli cells, and the properties of this pol were studied in vitro.

EXPERIMENTAL PROCEDURES

Materials—Labeled deoxy- and ribonucleoside triphosphates were
obtained from Amersham Pharmacia Biotech. Unlabeled deoxynucleo-
side triphosphates were from Amersham Pharmacia Biotech. Single-
stranded M13mp19 was from Life Technologies, Inc.; the various pET
vectors used were from Novagene, and oligonucleotides were synthe-
sized by Gene Link (Hawthorne, NY). E. coli SSB and the bacteriophage
T4 gene product 32 were from Amersham Pharmacia Biotech. Schizo-
saccharomyces pombe RPA was purified as described previously (14).
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Rabbit polyclonal antibodies were generated by Cocalico Biologicals Inc.
(Reamstown, PA). The buffers used and their composition were as
follows: buffer A which contained 20 mM Tris-HCl (pH 7.5), 2 mM

dithiothreitol, 0.5 mM EDTA, and 10% glycerol; buffer L which con-
tained 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 10% glycerol.

Computational Sequence Analysis—Protein sequences were re-
trieved from the NCBI data bases and aligned across short conserved
sequence regions using the BlockMaker (15) and MACAW (16) pro-
grams as described previously (17, 18). Dendrograms were calculated
from the block alignments by standard methods described previously
(19).

Cloning of M. thermoautotrophicum Genes—PolB1 and PolB2 genes
(MTH1208 and MTH208, respectively) were amplified by polymerase
chain reaction from M. thermoautotrophicum DNA (kindly provided by
John Reeve, Ohio State University) and were cloned, after sequencing,
between the NdeI and BamHI sites of the bacterial expression vector
pET-16b (Novagene) (called pET16-PolB1 and pET16-PolB2). These
two constructs contained a His10 tag at the N terminus of their respec-
tive proteins. PolB2 was also cloned into pET-21a (Novagene) (called
pET21-PolB2) using the same restriction sites. mthRPA was cloned
between the BamHI and SalI sites of pET28a (Novagene) (called
pET28-RPA) and contained a His6 tag at the N terminus. A vector that
expressed both subunits of PolB, PolB1 and PolB2, was generated as
follows. A BglII-BamHI fragment of pET16-PolB1 that contained the
entire coding region and the upstream regulatory sequences (the T7
promoter and the ribosome-binding site) was cloned into the BamHI
site of pET21-PolB2. Thus, although the new vector (called pET21-
PolB) expressed both subunits of PolB, only the large subunit, PolB1,
contained a His10 tag. The cloning of proliferating cell nuclear antigen
(PCNA) and the two-subunit RFC complex will be described elsewhere.

Expression and Purification of Recombinant Proteins—PolB and
mthRPA proteins were overexpressed as follows: 12 liters of E. coli cells
BL21(DE3) pLysS (Novagene) harboring the different plasmids were
grown at 37 °C in Luria-Bertani (LB) medium in the presence of appro-
priate antibiotics. When the culture reached an A600 of 0.5, protein
expression was induced by incubation in the presence of 2 mM IPTG for
3 h after which time the cells were harvested yielding 60 and 33 g (wet
weight) of cells expressing PolB and mthRPA, respectively. PolB and
RPA were purified from E. coli cells as follows: bacterial lysates were
prepared by sonication in 75 ml of buffer L. After centrifugation for 20
min at 36,000 3 g, extracts were mixed with 5 ml of Ni21 chelate
(ProBound resin, Invitrogen) for 2 h at 4 °C with gentle shaking. The
mixtures were then poured onto a column, washed with 25 ml of buffer
L containing 10 mM imidazole, and eluted with 10 ml of buffer L
containing 500 mM imidazole. The latter fraction was dialyzed over-
night against 2 liters of buffer A containing 100 mM NaCl. The dialyzed
material was loaded onto a 5-ml HiTrap-Q column (Amersham Phar-
macia Biotech) equilibrated with buffer A containing 100 mM NaCl. The
column was washed with 25 ml of buffer A containing 200 mM NaCl and
developed with a 50-ml linear gradient of NaCl from 200 to 700 mM in
buffer A. The pooled protein peaks (6 mg of PolB peaking at 450 mM

NaCl and 12 mg of mthRPA peaking at 550 mM NaCl) were dialyzed
overnight against 2 liters of buffer A containing 100 mM NaCl (see Fig.
2A). PolB1 was purified essentially as described for PolB but without
the HiTrap-Q step from 2 liters of cells (8 g). PolB1, however, has
limited solubility (see Fig. 2B). In contrast, PolB2 was not soluble under
similar conditions (see Fig. 2C) and therefore was purified in the pres-
ence of urea as follows: bacterial lysates were prepared by sonication in
75 ml of buffer L containing 6 M urea. After centrifugation for 20 min at
36,000 3 g, the extract was mixed with 5 ml of Ni21 chelate (ProBound
resin, Invitrogen) for 2 h at 4 °C with gentle shaking. The mixture was
then loaded onto a column, washed with 25 ml of buffer L containing 6
M urea and 10 mM imidazole, and eluted with 10 ml of buffer L contain-
ing 6 M urea plus 500 mM imidazole. The eluted protein fraction (10 mg)
was dialyzed overnight against 2 liters of buffer A containing 6 M urea.
Protein concentrations were determined by Bradford assay (Bio-Rad)
using bovine serum albumin (BSA) as the standard. Proteins were
stored at 270 °C. PolB activity was stable to repeated freezing and
thawing.

Elongation of a Singly Primed M13 DNA Template—PolB catalyzed
elongation of singly primed M13 DNA was carried out in reaction
mixtures (20 ml) containing 40 mM Tris-HCl (pH 7.5), 0.5 mM dithio-
threitol, 0.01% BSA, 7 mM magnesium acetate, 2 mM ATP, 100 mM each
of dCTP, dGTP, and dTTP, 20 mM [a-32P]dATP (0.5–2 3 104 cpm/pmol),
12 fmol of singly primed M13 DNA (primed with M13-1 primer, map
position 5999–6033), and varying levels of PolB as indicated. Reaction
mixtures were incubated as indicated in the legends, stopped with 10
mM EDTA, and separated by electrophoresis through an alkaline-aga-

rose gel (1.5%) followed by autoradiography. For quantitation, an ali-
quot (2 ml) of the reaction mixture was removed, and the amount of
DNA synthesis was measured by adsorption to DE81 paper.

Exonuclease Activity—Exonuclease activity was determined using
two different DNA substrates. One assay involved the use of a singly
primed M13 single-stranded DNA, and the other involved the use of a
labeled single-stranded oligonucleotide. In the first assay, a 34-mer
oligonucleotide (M13–1 map position 5999–6033) was hybridized to
ssM13mp19 DNA and then labeled at its 59-end with T4 polynucleotide
kinase and [g-32P]ATP or at its 39-end using Klenow and [a-32P]dATP.
In the second assay, a 71-mer oligonucleotide (Z18; 59-CTTGC-
CCCAAAAATTGGTGCGGCGGCT GCGGCGTAGATTACGGAATGCA-
TATCTCCTAGGAATCTCTTTGC -39) was labeled at the 59-end with T4
polynucleotide kinase and [g-32P]ATP or at the 39-end using calf thymus
terminal transferase and [a-32P]dATP. Unincorporated nucleotides
were removed using the QIAquick nucleotide removal kit (Qiagen).
Exonuclease assays (20 ml) were performed at different temperatures in
the presence of 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 5 mM MgCl2, 2
mM dithiothreitol, 50 mg/ml BSA, 20 fmol of either the 39- or 59-end-
labeled DNA substrate, and protein concentrations as indicated in the
figure legends. The removal of 32P from either the 39- or 59-end of the
labeled substrates was analyzed using DE81 paper or by thin layer
chromatography on polyethyleneimine (PEI) Cellulose F plates (EM
Sciences, Gibbstown, NJ) using the solvent 0.5 M LiCl plus 1 M HCOOH,
which readily separated mononucleotides from oligonucleotides.

In order to examine the exonuclease activity of PolB in the presence
of different SSBs, 20 fmol of either the 39-labeled singly primed M13
DNA or the 39-labeled oligonucleotide was incubated for 10 min with 50
fmol of PolB using the standard exonuclease assay. In reactions con-
taining singly primed M13 DNA, no SSB or 15 pmol of E. coli SSB or
mthRPA was added. In reactions containing the 71-mer oligonucleotide,
no SSB or 200 fmol of E. coli SSB or mthRPA was added.

Glycerol Gradient Centrifugation—To demonstrate that the activity
observed with preparations of PolB was not due to contamination with
E. coli pols, a portion of the HiTrap-Q purified protein fractions (140 mg
in 200 ml buffer A) was applied to a 5-ml 15–35% glycerol gradient in
buffer A containing 500 mM NaCl. After centrifugation at 45,000 rpm
(190,000 3 g) for 19 h in an SW50.1 rotor at 4 °C, fractions (200 ml) were
collected from the bottom of the tube. The distribution of PolB was
detected following 10% SDS-PAGE and staining with Coomassie Bril-
liant Blue (R-250) and by the assay of each fraction for PolB activity
(using 1 ml of each fraction diluted 50-fold in buffer A) using the
standard replication conditions at (70 °C) as described above.

The interaction between mthRPA and PolB was examined by incu-
bating 140 mg of each protein (in 200 ml) alone or together for 10 min at
70 °C and then subjecting the mixtures to a glycerol gradient centrifu-
gation step as described above. After centrifugation, fractions were
analyzed by 10% SDS-PAGE followed by staining with Coomassie Bril-
liant Blue (R-250).

RESULTS

Split Polymerase—As originally reported, mthPolB is en-
coded by two separate genes that are 850 kb apart and located
on different strands (7). The sequences of these two proteins
together correspond jointly to the single contiguous protein
characteristic of all other known type B pols and contain all
their conserved motifs. The division of these two genes occurs
in a non-conserved sequence region, unlike the intein integra-
tion sites of related pols that are all found in highly conserved
regions (Fig. 1A). Within the archaea, the type B DNA pol can
be divided into three subgroups of which the mthPolB falls
within the archaeal group I of the type B DNA pols (11) (Fig.
1B).

Expression and Purification of mthPolB—To determine
whether PolB is an active pol, its subunits (PolB1 and PolB2)
were purified and characterized individually and as the com-
plex. The genes encoding PolB1 and PolB2 (open reading
frames MTH1208 and MTH208, respectively (7)) were inserted
individually and together into E. coli expression vectors and
expressed as fusion proteins containing N-terminal His6 tags
(see “Experimental Procedures”). The PolB complex, containing
both subunits, was soluble and was purified to near homoge-
neity by affinity chromatography onto Ni21 chelate and a Hi-
Trap-Q column (Amersham Pharmacia Biotech) (Fig. 2A).
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PolB1 alone was marginally soluble (few percent) and was
purified by affinity chromatography on Ni21 chelate (Fig. 2B),
whereas PolB2 was completely insoluble and could be extracted
from cells only in the presence of 6 M urea. PolB2 was purified
to near homogeneity following chromatography on Ni21 chelate
in the presence of 6 M urea (Fig. 2C). This protein fraction was
used to generate polyclonal antibodies against PolB2. The ob-
servations that the two individual subunits were not soluble
when each was expressed alone but were soluble as the het-
erodimeric complex support the idea that they work jointly
together.

Glycerol gradient centrifugation of the pooled HiTrap-Q frac-
tions of PolB yielded a single peak of DNA synthetic activity
that sedimented between aldolase and BSA (Fig. 3). SDS-
PAGE analysis of the gradient fractions revealed that the peak
of pol activity sedimented coincidentally with both PolB pro-
teins (Fig. 3).

Characterization of the PolB Replication Activity—M. ther-
moautotrophicum is a thermophile that grows optimally at
65–70 °C (12). For this reason, we examined the influence of
temperature on DNA synthesis catalyzed by PolB. As shown in
Fig. 4A, PolB, at the concentration used (50 fmol), was not
appreciably active at temperatures below 50 and above 80 °C,

observations consistent with the optimal growth conditions.
Furthermore, under appropriate conditions, the addition of 228
fmol of PolB was sufficient to replicate the entire 7.25 kb of
M13 between 10 and 20 min at 60 °C (Fig. 4B). In similar
experiments, no replication activity was detected when the
PolB1 subunit alone was used (data not shown).

Pols from several archaea have been studied, and each has
distinct salt, pH, and Mg21 requirements for optimal activity.
These parameters were determined for PolB. Optimal activity
was observed in the presence of 100 mM NaCl (Fig. 4C), 7 mM

Mg21, and at pH 7.5 (data not presented). The effects of several
pol inhibitors were also examined. N-Ethylmaleimide and
aphidicolin, which inhibit eukaryotic pola, pole, and pold (1),
and N(2)-(Butylphenyl)dGTP (kindly provided by George
Wright, University of Massachusetts), which specifically inhib-
its pola, did not affect the activity of PolB. Antibodies gener-
ated against PolB2 inhibited PolB polymerase activity, further
supporting the conclusion that the two subunits jointly partic-
ipate in supporting DNA synthesis. These antibodies, however,
did not inhibit the activity of E. coli polI (data not presented).

Exonuclease Activity of PolB—The majority of enzymes in
the B family of pols possess exonuclease activity. Several mem-
bers, however, do not (e.g. pola). The amino acid sequence of

FIG. 1. Comparison of the mthPolB proteins with other type B DNA polymerases. A, sequence domains of the mthPolB proteins. The
positions of the 39–59 exonuclease and the polymerase (palm, fingers, and thumb) domains (based on the structure of homologous pol from
Thermococcus gorgonarius (40)) are shown above a scheme of the protein sequences. Conserved sequence regions found in all group I archaeal DNA
polymerases (see B and Ref. 11) are boxed and stippled. Regions also conserved in all type B DNA polymerases are shown in black. Arrowheads
indicate intein integration points in other group I DNA pols (see B). Sequence lengths are in amino acids. B, sequence relation between different
type B archaeal group I DNA pols. Conserved regions (see A) from all sequences were used to compute the dendrogram. All branch points are
significant, having bootstrap values above 880/1000. mthPolB is highlighted, and DNA pols with inteins are marked with bullets. Species and
sequence accession numbers (from the NCBI Entrez protein sequences data base) are as follows: Mth, M. thermoautotrophicum DH (accession
numbers 3913522 and 2621253); Mja, M. jannaschii (accession number 3915679); Mvo, Methanococcus voltae (accession number 1706513); PocB3,
Pyrodictium occultum (accession number 807830); Afu, Archaeoglobus fulgidus (accession number 3122019); Tli, Thermococcus litoralis (accession
number 154686); TspTY, Thermococcus sp. strain TY (accession number 3913524); Pfu, P. furiosus (woesei) (accession number 399403), PspGB-D.,
Pyrococcus sp. strain GB-D (accession number 2494186); Pho, Pyrococcus horikoshii (accession number 3913526); PspGE23, Pyrococcus sp. strain
GE23 (accession number 3913530); Pab, Pyrococcus abyssi (accession number 3913529); Tfu, Thermococcus fumicolans (accession number
3913528); Tsp9oN-7, Thermococcus sp. strain 9oN-7 (accession number 1197452); PspKOD1, Pyrococcus sp. strain KOD1 (accession number
2129415).
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PolB includes a putative exonuclease domain located between
amino acids residues 165 and 362 of the PolB1 subunit (Fig.
1A). The following experiments were designed to determine
whether PolB possessed exonuclease activity.

AsshowninFig.5A,PolBpreparationscontainatemperature-
dependent 39 to 59 exonuclease activity when assayed in the
presence of a singly primed M13 DNA template. Although no
activity was observed at 30 °C, efficient removal of the 32P-
labeled nucleotide from the 39-end of the primed DNA was
observed at 70 °C (Fig. 5A). At 50 °C, the efficiency of exonu-
clease activity was lower than that observed at 70 °C but
greater than that detected at 30 °C. These results are similar to

FIG. 3. Glycerol gradient sedimentation of PolB. This step was
carried out as described under “Experimental Procedures.” A, aliquots
(20 ml) of the glycerol gradient fractions were subjected to 10% SDS-
PAGE analysis followed by Coomassie Blue staining. Lane 1, molecular
mass markers; lane 2, the load on material; lanes 3–15, glycerol gradi-
ent fractions. The peak positions of BSA (4.3 S), aldolase (7.3 S), and
catalase (11.3 S) are marked at the top. B, elution profile of PolB
activity determined by the replication assay described under “Experi-
mental Procedures.”

Fig. 2. Purification of recombinant proteins. All of the gels shown
were stained with Coomassie Blue after 10% SDS-PAGE analysis. A,
purification of PolB; lane 1, molecular mass markers; lane 2, extract
from uninduced whole cells; lane 3, extract from IPTG induced whole
cells; lane 4, soluble fraction of cell lysate (10 mg); lane 5, Ni21 chelate
column (2 mg); lane 6, Q-Sepharose eluate (2 mg). B, purification of
PolB1; lane 1, molecular mass markers; lane 2, extract from uninduced
cells; lane 3, extract from IPTG-induced cells; lane 4, soluble fraction of
cell lysate (10 mg); lane 5, cell lysate solubilized in 6 M urea (10 mg);
lanes 6, Ni21 chelate column eluate (2 mg). C, purification of PolB2; lane
1, molecular mass markers; lane 2, extract from uninduced whole cells;
lane 3, extract from IPTG-induced whole cells; lane 4, soluble fraction of
cell lysate (10 mg); lane 5, cell lysate solubilized in 6 M urea (10 mg); lane
6, Ni21 chelate column (2 mg).

Split B-type DNA Polymerase28754



the temperature effects observed for DNA synthesis (see Fig.
4A). No 59 to 39 exonuclease activity was detected when the
enzyme was incubated with either the primed DNA at any
temperature (30–70 °C; data not presented) or single-stranded
polydeoxyoligonucleotide substrates (data not shown). When
reactions were incubated for a longer length of time or when
high levels of PolB were used, the length of the 59-labeled
oligonucleotide was reduced due to its digestion from the 39-end
as judged by its chromatographic properties on PEI plates
(data not shown). Under the conditions used in the experiment
described in Fig. 5 (50 fmol of PolB), 39–59 exonuclease activity
was not observed at 30 °C. However, when the concentration of
PolB was increased 300-fold, 39 to 59 exonuclease activity was
detected (data not shown). Although PolB exhibited limited
exonuclease activity at low temperatures on primed ssDNA,
potent 39 to 59 exonuclease activity was evident even at low
temperatures in the presence of the single-stranded
polydeoxyoligonucleotide substrate (Fig. 5B).

Since the exonuclease domain of the pol is located in the
PolB1 subunit, we examined whether PolB1 by itself possesses
exonuclease activity. As shown in Fig. 5B, PolB1 exhibited

FIG. 4. DNA synthesis by PolB. A, effect of temperature on the
replication activity of PolB was performed as described under “Exper-
imental Procedures.” Reaction mixtures (20 ml) containing 8.3 fmol,
singly primed M13 single-stranded DNA, 50 fmol of PolB and 0.1 M

NaCl were incubated for 30 min at the indicated temperatures and
analyzed as described under “Experimental Procedures.” B, Pol B-

FIG. 5. Exonuclease activity of PolB. A, reaction mixtures (20 ml)
containing 50 fmol of PolB and 20 fmol of 39-end-labeled singly primed
M13 ssDNA as substrate were incubated at 30, 50, or 70 °C for the time
indicated and analyzed as described under “Experimental Procedures.”
B, reaction mixtures (20 ml) containing 20 fmol of 39-end-labeled oligo-
nucleotide and PolB or PolB1 at the indicated concentrations were
incubated for 10 min at 30, 50, or 70 °C and analyzed as described under
“Experimental Procedures.”

catalyzed elongation of singly primed M13 DNA was carried out in
reaction mixtures (20 ml) described under “Experimental Procedures” in
the presence of 12.8 fmol of DNA and 0.1 M NaCl. Lane 1, no polymerase
was added; lanes 2–4 contained 0.288 pmol of PolB. Reactions were
incubated at 60 °C for 5, 10, and 20 min in lanes 2–4, respectively, and
for 20 min in lane 1. Reactions were processed as described for DNA
synthesis and alkaline-agarose gel electrophoresis. Size markers (in kb)
are shown at the left. C, effect of salt on the replication activity of PolB
was performed as described in A at 70 °C at salt concentrations as
indicated.
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exonuclease activity, but its activity was lower than that ob-
served with the PolB complex (2-fold at 50 °C). Whether this is
due to the limited solubility of PolB1 (and possible aggregation)
or to the activation of the exonuclease activity of PolB1 through
its association with PolB2 is presently unknown.

The Effects of Single-stranded DNA-binding Protein on PolB
Activity—In mesophiles, a single-stranded DNA-binding pro-
tein (SSB) is an essential component of all replication systems
(1). SSBs stimulate the activity of pols by removing DNA sec-
ondary structures that interfere with their movement. M. ther-
moautotrophicum grows at high temperatures, and thus the
problems due to DNA secondary structure are likely to be
reduced. However, a sequence search revealed the presence of
RPA homologs in the M. thermoautotrophicum genome
(mthRPA).

When the sequence of the M. thermoautotrophicum genome
was first published, it was reported that RPA is encoded by two
genes with partially overlapping sequences (7). The authors
suggested that there might be a frameshift mutation in the
sequence. The cloning and sequencing of the two putative
mthRPA genes described in this study detected a single base
insertion in the published sequence located in the overlap re-
gion. Correction of this error indicated that the nucleotide
sequence of the gene encoding mthRPA is one continuous se-
quence leading to a single polypeptide chain of 792 amino acids
with a calculated molecular mass of 90.2 kDa (Fig. 6A). In
keeping with the sequence presented in Fig. 6A, the cloning,
expression, and isolation of mthRPA (as described under “Ex-
perimental Procedures”) yielded a single protein band of the
expected size (Fig. 6B) that contained strong ssDNA binding
activity.

The experiments described in Fig. 4 were carried out in the
absence of a SSB. In the following experiments the role of SSB
on PolB replication activity was examined (Fig. 7). Surpris-
ingly, DNA synthesis by PolB was inhibited by mthRPA. Re-
actions carried out at 60–70 °C in the presence of mthRPA
were inhibited (Fig. 7, A and B); reactions carried out with
SSBs from other organisms did not inhibit DNA synthesis by
PolB and even slightly stimulated DNA synthesis compared
with reactions carried out without SSB (Fig. 7A). Although S.
pombe RPA and phage T4 gene product 32 bind weakly to DNA
at 70 °C, E. coli SSB strongly binds DNA at 30 and 70 °C (data
not presented). The inhibition of PolB-catalyzed DNA synthesis
by mthRPA appears specific. mthRPA did not inhibit Thermus
aquaticus (Taq) (Life Technologies, Inc.) and P. furiosus (Pfu)
(Stratagene) DNA polymerases under similar assay conditions
(data not presented).

To determine whether the inhibition of DNA synthesis was
dependent on the concentration of RPA, the effects of increased
levels of mthRPA were examined. As shown in Fig. 7, B and C,
mthRPA inhibited DNA synthesis in a concentration-depend-
ent manner. These results also demonstrated that the inhibi-
tion was predominantly due to the ssDNA binding activity of
mthRPA and not to its interaction with the polymerase (de-
scribed below). At the lowest levels of mthRPA added, mthRPA
was present to a large molar excess over PolB (Fig. 7, B and C).
At the highest concentration added, enough RPA was present
to coat the entire DNA template. This value was calculated
assuming that mthRPA and the RPA from Methanococcus jan-
naschii bind to DNA in an identical manner. RPA from this
archaea was shown to bind 15–20 nucleotides of ssDNA per
molecule of RPA (20).

We next examined the effect of SSB on the 39 to 59 exonucle-
ase activity of PolB. Both primed ssDNA and single-stranded
polydeoxyoligonucleotide were used as substrates to determine
whether mthRPA affected the 39 to 59 exonuclease activity. As

shown in Fig. 8A, exonuclease activity with singly primed M13
DNA was not detected at 30 °C in the absence of SSB. This low
activity was stimulated by the addition of SSBs (Fig. 8A). This
may be due to a reduction in the nonspecific binding of the pol
to the extensive ssDNA region. At higher temperatures (50 and
70 °C), exonuclease activity was detected without SSBs and
their presence stimulated the exonuclease activity (Fig. 8A).
When the single-stranded polydeoxyoligonucleotide substrate
(71-mer) was used, the 39 to 59 exonuclease activity of PolB was
detected at all temperatures (Fig. 8B). The exonuclease activity
was slightly reduced by the presence of SSB at all tempera-
tures. These results demonstrate that in contrast to the polym-
erase activity of PolB, its 39 to 59 exonuclease activity was
hardly affected by mthRPA.

PolB Interacts with RPA—In several replication systems,
pols have been shown to interact directly with their corre-
sponding SSBs. For example, eukaryotic pola interacts with
RPA (21), E. coli polII interacts with E. coli SSB (22), T4 gene
product 43 (the pol of phage T4) interacts with gene product 32
(phage T4 SSB) (23), and the T7 phage gene 2.5 protein (phage
T7 SSB) interacts with the phage T7 pol (24). For this reason,
we tested whether PolB interacted with mthRPA.

The interaction between mthRPA and the polymerase was
studied by glycerol gradient centrifugation and co-immunopre-
cipitation experiments. PolB and RPA individually and in com-
bination were sedimented through a 15–35% glycerol gradient.
The proteins (1.5 nmol of each) alone, or in combination, were
applied to a 5-ml glycerol gradient as described under “Exper-
imental Procedures.” After centrifugation, the distribution of
the proteins across the gradient was analyzed by SDS-PAGE.
As shown in Fig. 9, PolB alone sedimented as a homogeneous
protein, peaking at fraction 17. RPA alone behaved identically
and peaked at fraction 19. These proteins alone sedimented to
a position between BSA (4.3 S) and aldolase (7.3 S). When the
two proteins were mixed together, they co-sedimented as a
complex that peaked at fraction 15. Furthermore, the presence
of the RPA-PolB complex was evident even in fraction 11. This
trailing may indicate that the complex is not completely stable
under the condition used (4 °C and in the presence of 0.5 M

NaCl) and partially dissociated during the sedimentation
period.

Direct interaction between PolB and mthRPA was also de-
tected using co-immunoprecipitation of the complex. For these
studies, either labeled mthRPA generated by in vitro transcrip-
tion/translation or purified mthRPA was used for immunopre-
cipitation with antibodies against PolB. Only when purified
PolB was combined with mthRPA was mthRPA detected in the
immunoprecipitates. No RPA was observed in control reactions
carried out in the absence of PolB (data not presented). These
results demonstrate that PolB and mthRPA directly interact to
form a complex.

RFC and PCNA Relieve the Inhibitory Effect of mthRPA—In
bacteria and eukaryotes, replicative pols have low processivity
unless they are associated with a ring-shaped accessory pro-
tein, a DNA sliding clamp (reviewed in Refs. 25 and 26). The
sliding clamp is assembled around DNA by a protein complex
called the clamp loader. By encircling the DNA and interacting
with the polymerase, the clamp tethers the pol to the DNA
template for processive DNA synthesis (25, 26). Homologs of
the eukaryotic clamp (proliferating cell nuclear antigen
(PCNA)) and its clamp loader (replication factor C (RFC)) have
been identified in M. thermoautotrophicum (7). Both proteins
were cloned in E. coli and purified to homogeneity (data not
presented). We studied whether PolB can work in conjunction
with mthRFC and mthPCNA and whether these accessory
proteins could relieve the inhibition of DNA synthesis by
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mthRPA. As shown in Fig. 10, the presence of RFC and PCNA
not only relieved the inhibitory effects of mthRPA on PolB
activity but also stimulated DNA synthesis compared with the
activity observed in reactions containing PolB alone.

In these reactions, the rate of elongation of singly primed
M13 DNA by PolB alone was decreased by reducing the tem-
perature of the reaction to 50 °C and by the presence of 0.25 M

NaCl (see Fig. 4). The effects of mthRPA, RFC, and PCNA on

chain elongation were examined at three different concentra-
tions of PolB. As shown (Fig. 10), increasing levels of PolB
alone under these conditions resulted in the synthesis of low
levels of DNA of short chain length (Fig. 10, lanes 1, 4, and 7).
Addition of mthRPA reduced both the level and size of DNA
synthesized (Fig. 10, lanes 2, 5 and 8). The addition of mthRFC
and mthPCNA markedly increased both the amount of DNA
synthesized as well as the chain length of the products formed

FIG. 6. mthRPA sequence and isola-
tion. A, nucleotide and deduced amino
acid sequences of mthRPA. Nucleotides
are numbered on the right-hand side and
amino acids on the left-hand side. The
position in which adenine was inserted in
the published sequences (7) is indicated
by an arrow. B, purification of mthRPA;
lane 1, molecular mass markers; lane 2,
extract from uninduced whole cells; lane
3, extract from IPTG-induced whole cells;
lane 4, soluble fraction of cell lysate (10
mg); lane 5, Ni21 chelate column (2 mg);
lane 6, Q-Sepharose eluate (2 mg).
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FIG. 7. Effect of various SSBs on
PolB polymerase activity. A, the effect
of different SSBs on PolB pol activity was
analyzed using singly primed M13 ssDNA
as described under “Experimental Proce-
dures.” Reaction mixture (20 ml) con-
tained 8.3 fmol of DNA and either no SSB,
1 pmol of E. coli SSB, 6.2 pmol of phage
T4 gene 32, 7.25 pmol of mthRPA, or 3.8
pmol of S. pombe RPA. The reaction mix-
tures were incubated for 30 min at differ-
ent temperatures, as indicated, and ana-
lyzed as described under “Experimental
Procedures.” B, PolB-catalyzed elongation
of singly primed M13 DNA was carried
out in reaction mixtures (20 ml) described
under “Experimental Procedures” in the
presence of 12 fmol of DNA, 0.1 M NaCl,
and either 48 fmol (lanes 2–5) or 288 fmol
(lanes 6–9) of PolB and either 15 pmol
(lanes 3 and 7), 7.5 pmol (lanes 4 and 8),
or 3 pmol (lanes 5 and 9) of mthRPA.
Reactions were incubated at 60 °C for 20
min, and an aliquot (2 ml) was removed to
measure the extent of DNA synthesis.
The remaining reaction mixtures were
subjected to alkaline-agarose gel electro-
phoresis. Size markers (in kb) are shown
on the left. C, inhibition of DNA synthesis
as a function of mthRPA concentration.
Reaction mixtures, as described in B, con-
taining 48 fmol of PolB were incubated
with the indicated amounts of mthRPA.
After 20 min, an aliquot was used to
measure nucleotide incorporation.
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(Fig. 10, lanes 3, 6, and 9). No synthesis was detected in
reactions containing mthRPA, RFC, and PCNA but lacking
PolB (lane 10). Furthermore, the marked stimulation required
the presence of both RFC and PCNA (data not presented).

These results demonstrate that PolB is stimulated by the
processivity auxiliary factors RFC and PCNA which are likely
to contribute to the replication of M. thermoautotrophicum
DNA (see “Discussion”). They further demonstrate that these
accessory proteins are capable of overcoming the inhibition of
DNA synthesis by mthRPA.

DISCUSSION

The complete genomic sequence of several archaea (5–8),
together with the isolation and identification of individual
genes from other members of this domain, suggests that the
processes leading to replication, transcription, and translation
in all archaea studied to date are more similar to those in
eukaryotes than those in bacteria (eubacteria) (10, 27). Al-
though there are striking similarities in the DNA replication
factors, each archaeal organism contains a slightly different set
of proteins. This study describes the isolation and character-
ization of a pol from the archaeon M. thermoautotrophicum.
The PolB of M. thermoautotrophicum is unique in being split
into two proteins that interact to form a dimeric active enzyme.
All other pols of the B-type are coded by a single gene and are
active as a single protein. Several euryarchaeote B-type pols
contains inteins (Fig. 1B) that are removed post-translationally
leading to a single contiguous polypeptide chain (28–30). In-
terestingly, a C-type cyanobacterial replicative pol is also split
into two separate gene products that are joined to form a single
polypeptide chain by an intermolecular intein-directed splicing
event (31, 32). In contrast, the two polypeptides constituting
mthPolB are split at a region that is different from the char-
acterized intein integration sites found in type B pols (these
sites in intein-containing pols are noted by arrowheads in Fig.
1A). In mthPolB, no amino acid remnants of inteins are found.
Although some euryarchaeotes can each contain 10–19 inteins
(5, 8, 33),2 M. thermoautotrophicum possesses only a single
intein that is localized to a ribonucleotide reductase subunit
(7). These findings suggest that the mthPolB is not protein-

spliced and its gene organization most likely resulted from a
genomic rearrangement that divided the original PolB gene in
two.

This study demonstrates that the complex of the two sub-
units, PolB1 and PolB2, possesses both pol and 39 to 59 exonu-
clease activities. Thus, the properties of PolB are similar to the
majority of pols in the B family. As expected from a thermo-
phile that grows optimally between 65 and 70 °C, both pol and
exonuclease activities are temperature-dependent, exhibiting
maximal activity at temperatures similar to the optimal
growth conditions of M. thermoautotrophicum.

Although this study did not address whether the subunit
PolB2 alone has pol activity, due to technical difficulties (PolB2
is not soluble), several lines of evidence suggest that only the
complex is active. Whereas each PolB subunit is insoluble
(PolB2) or marginally soluble (PolB1) when overexpressed in E.
coli alone, the two subunits form a soluble 1:1 dimer after
coexpression (as judged by scanning of a Coomassie-stained
SDS-PAGE), suggesting that a complex of the proteins exists
within the M. thermoautotrophicum cell. The three-dimen-
sional structures of all pols studied to date have revealed a
conserved overall structural organization, referred to as fin-
gers, palm, and thumb (reviewed in Refs. 34 and 35). In the
mthPolB, a portion of the palm and the entire thumb domains
are encoded by PolB2, and the remaining conserved structures
are encoded by PolB1 (Fig. 1A). These domains are all needed
to form the active enzyme, suggesting that each subunit of PolB
alone would not be sufficient for pol activity as was shown for
PolB1 (data not shown). Furthermore, antibodies generated
against PolB2 inhibited the activity of PolB suggesting that the
PolB2 subunit is required for polymerase activity.

In the DP2 family of pols, the active pol is also a dimer of two
distinct polypeptide chains, DP1 and DP2. Although both sub-
units are essential for pol activity, all of the conserved domains
essential for catalytic activity reside in the large subunit (DP2)
(36). This differs from mthPolB in which the domains essential
for pol activity are distributed between two subunits. Interest-
ingly, the small subunit of the P. furiosus, DP1, has homology
to the small (non-catalytic) subunits of other heteropolymeric
pols (e.g. pold and pole) (37).

Three pols have been identified in M. thermoautotrophicum:
PolB, described here, a DP2-like pol, and a member of family X.2 S. Pietrokovski, unpublished results.

FIG. 8. Effect of SSBs on the 3*–5* exonuclease activity of PolB. A, exonuclease assays were performed as described under “Experimental
Procedures” in reaction mixture (20 ml) containing 20 fmol of 39-labeled singly primed M13 ssDNA, 50 fmol of PolB, and either no SSB, 7.25 pmol
of mthRPA, or 1 pmol E. coli SSB. Reaction mixtures were incubated for 10 min at the indicated temperatures and analyzed as described under
“Experimental Procedures.” B, exonuclease assays were performed as described under “Experimental Procedures” in reaction mixtures (20 ml)
containing 20 fmol of 39-labeled oligonucleotide, 5 fmol of PolB, and either no SSB, 200 fmol of mthRPA, or 200 fmol of E. coli SSB. Reaction
mixtures were incubated for 10 min at the indicated temperatures and analyzed as described under “Experimental Procedures.”
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The latter pol is thought to be involved exclusively in DNA
repair processes; thus, it is not clear which of the other two pols
is responsible for the replication of the M. thermoautotrophi-
cum chromosome. To date, DP2-like pols have been identified
in all fully sequenced euryarchaeota (36). Furthermore, based
on the characterization of DP2 pol isolated from P. furiosus
(processivity, 39 to 59 exonuclease activity), it has been sug-
gested that this pol functions as the replicative pol (3, 38). It
was not demonstrated, however, that DP2 pol activity is stim-
ulated by P. furiosus PCNA and RFC. Stimulation by these
factors is the hallmark of replicative polymerase in other sys-
tems. The stimulation of mthPolB by RFC and PCNA suggests
that it may be the replicative pol in M. thermoautotrophicum.
MthPolB may also act in conjunction with the DP2-like pol.
One pol may replicate the leading strand whereas the other
replicates the lagging strand.

PolB may also be involved in post-replicative processes. This
may be the reason for its relatively low processivity and inhi-
bition by mthRPA. For example, PolB may be a functional
homolog of Pole, a eukaryotic member of the B-type pols. Pole
was suggested to play a role in Okazaki fragment maturation

by filling the gaps left on the lagging strand (39). PolB may also
play a role in post-replicative DNA repair since it contains a
potent 39 to 59 exonuclease activity. Pols also play important
roles in recombination, and PolB may be involved in this proc-
ess as well.

The pols of many organisms have been shown to interact
with their respective SSBs. Such interactions have been ob-
served with eukaryotic pola (21) and pold,3 E. coli polII (22),
and bacteriophages T4 and T7 pols (23, 24). The interactions
between these enzymes and their cognitive SSBs play different
roles. For example, Pola does not bind stably to the DNA
template unless supported by its interaction with RPA,3

whereas in other cases, the SSBs stimulate the pol activity. The
role of the interactions between PolB and mthRPA, described
here, is currently under investigation.

An interesting observation is the effect of mthRPA on DNA
synthesis by PolB. mthRPA inhibits the replication activity of
PolB in a concentration-dependent manner suggesting that the
inhibition is, at least in part, due to the coating of the DNA and
not exclusively through its interaction with the polymerase.
The inhibition of DNA replication by mthRPA may have a
specific function. If the DP2 pol of M. thermoautotrophicum is
the replicative pol, then mthRPA may prevent PolB from acting
at the replication fork. If PolB were to act solely in the repair
and/or maturation of Okazaki fragments, which normally oc-
curs over a relatively short region of DNA, little or limited

3 A. Yuzhakov, Z. Kelman, J. Hurwitz, and M. O’Donnell, submitted
for publication.

FIG. 9. PolB interacts with mthRPA. 140 mg (2 nmol) of PolB was
applied to a 5-ml 15–35% glycerol gradient as described under “Exper-
imental Procedures.” After centrifugation, fractions (20 ml) were col-
lected from the bottom of the tube. The distribution of proteins was
detected following 10% SDS-PAGE of 20 ml from indicated fractions and
staining with Coomassie Brilliant Blue. B, conditions were as described
in A using 140 mg (2 nmol) of mthRPA. C, mixtures were as described
with A using 140 mg of PolB together with 140 mg of mthRPA.

FIG. 10. mthRFC and mthPCNA relieve the inhibition of PolB
by mthRPA. Reaction mixtures (20 ml) were as described under “Ex-
perimental Procedures” for the elongation of singly primed M13 DNA
but included NaCl (final concentration of 0.25 M) and where indicated
15 pmol of mthRPA, 3 pmol of mthRFC, 3 pmol of mthPCNA, and either
0.14 (lanes 1–3), 0.42 (lanes 4–6), or 1.4 (lanes 7–9) pmol of PolB. Lane
10 contained 15 pmol of mthRPA, 3 pmol of mthRFC, and 3 pmol of
mthPCNA but no PolB. Reactions were incubated for 30 min at 50 °C.
An aliquot (2 ml) was used to measure DNA synthesis, and the remain-
ing mixture was subjected to alkaline-agarose gel electrophoresis. After
drying, gels were autoradiographed for 15 min at 280 °C and then
developed. Marker lengths (in kb) are indicated on the left of the
autoradiogram.
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amounts of RPA should be present and therefore RPA would
have little or no effect on PolB activity. Alternatively, if PolB is
a part of the replicative pol, it would need to associate with
PCNA to become processive. PCNA relieves the inhibitory ef-
fects of mthRPA and thus ensures that only in the right context
of a polymerase-clamp complex, PolB will work at the replica-
tion fork. The isolation and characterization of the M. thermo-
autotrophicum DP2 pol may help to answer these possibilities.
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