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Proliferating cell nuclear antigen (PCNA) is an essential component in the eukaryotic DNA replication
machinery, in which it works for tethering DNA polymerases on the DNA template to accomplish processive
DNA synthesis. The PCNA also interacts with many other proteins in important cellular processes, including
cell cycle control, DNA repair, and an apoptotic pathway in the domain Eucarya. We identified three genes
encoding PCNA-like sequences in the genome of Aeropyrum pernix, a crenarchaeal archaeon. We cloned and
expressed these genes in Escherichia coli and analyzed the gene products. All three PCNA homologs stimulated
the primer extension activities of the two DNA polymerases, polymerase I (Pol I) and Pol II, identified in A.
pernix to various extents, among which A. pernix PCNA 3 (ApePCNA3) provided a most remarkable effect on
both Pol I and Pol II. The three proteins were confirmed to exist in the A. pernix cells. These results suggest
that the three PCNAs work as the processivity factor of DNA polymerases in A. pernix cells under different
conditions. In Eucarya, three checkpoint proteins, Husl, Radl, and Rad9, have been proposed to form a
PCNA-like ring structure and may work as a sliding clamp for the translesion DNA polymerases. Therefore,
it is very interesting that three active PCNAs were found in one archaeal cell. Further analyses are necessary
to determine whether each PCNA has specific roles, and moreover, how they reveal different functions in the

cells.

Proliferating cell nuclear antigen (PCNA) is implicated in
many DNA metabolic processes, including cell cycle control,
DNA replication, nucleotide excision repair, and postreplica-
tion mismatch repair in the eukaryotic cells (21, 24, 25, 47).
Among PCNA’s roles, its function as the elongation (proces-
sivity) factor of DNA polymerases & and € (Pol 8 and Pol €),
which are replicative enzymes of genomic DNA, is the most
understood function (52). PCNA works as a homotrimer,
which forms a doughnut-shaped structure that can encircle
double-stranded DNA. PCNA functions by tethering the DNA
polymerase on the DNA strand; therefore, it is called a sliding
clamp. In the DNA replication process in Eucarya, replication
factor C (RFC) is required as a clamp loader to open the
PCNA ring and to introduce the DNA strand into the ring
efficiently in an ATP-dependent manner. Then the DNA poly-
merase binds to PCNA to form a holoenzyme capable of pro-
cessive DNA replication on the DNA strands. Bacteria consti-
tute a different domain of life. However, a common mechanism
exists for facilitating processive DNA replication of the ge-
nome by the cooperative work of DNA polymerase and its
clamp. PCNA shares a similar three-dimensional structure
with the B subunit of Escherichia coli DNA polymerase III (Pol
III), although there is little sequence homology between the
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two proteins (13, 29, 30, 35). The B subunit works for tethering
Pol IIT core proteins on the DNA strand (26).

Archaea, the third domain of life (56), resemble the Bacteria
in cellular ultrastructure. However, the archaeal proteins re-
lated to DNA transactions are more similar to those in Eucarya
than to those in Bacteria (38). The similarity of archaeal and
eukaryotic DNA replication became evident when halo-
archaeal growth was found to be inhibited by aphidicolin, a
specific inhibitor of the eukaryotic Pol a-like DNA poly-
merases (12, 46). It was subsequently confirmed that Archaea
contain a family B (a-like) DNA polymerase with an amino
acid sequence similar to that of the large subunit of eukaryotic
DNA replicases «, 8, and € (reviewed in reference 40). In
addition, after the total genome sequences of several archaeal
organisms were determined, it was confirmed that several
genes encoding proteins sharing sequence similarities with eu-
karyotic DNA replication proteins are present in all archaeal
genomes (5, 10, 15, 32). Among them, we characterized DNA
polymerases (14, 16, 27, 49, 50), PCNA (6, 18, 35), RFC (7, 36,
39), replication protein A (28), and primase (1, 33) from a
hyperthermophilic archaeon, Pyrococcus furiosus. While the
Euryarchaeota, a subdomain of Archaea, contain one family B
DNA polymerase, their relatives in the crenarchaeotic subdo-
main possess at least two homologs of the family B DNA
polymerase (4, 48). A heterodimeric DNA polymerase from
the euryarchaeota was found in earlier research (3, 17, 50).
This polymerase is composed of a small (DP1) subunit and a
large (DP2) subunit and has higher processivity than the family
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B polymerase in vitro (16, 50). The DP1 subunit has some
sequence similarity with the second subunit of eukaryotic Pol
a, §, and € (3, 34). On the other hand, DP2, the catalytic
subunit, lacks similarity to any other DNA polymerases, and it
was named a family D DNA polymerase (5).

Including the archaeal family B and the family D DNA
polymerases, in general, all known replicative DNA poly-
merases require a sliding clamp, the B subunit for E. coli, gp45
for bacteriophage T4, and PCNA for eucarya and archaea.
Interestingly, two PCNA-like proteins were found in the ge-
nome of a crenarchaeon, Sulfolobus solfataricus (9). Both of
them stimulated the DNA-synthesizing activity of a family B
DNA polymerase from S. solfataricus. However, a direct link
between these plural PCNAs and the archaeal plural DNA
polymerases has yet to be demonstrated. We now describe the
cloning and characterization of three PCNA homologs from
Aeropyrum pernix and show that these proteins interact with
two DNA polymerases (Pol I and Pol IT) which were previously
identified in this organism (4). The difference of the band
mobilities on the sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) between the recombinant and
native proteins detected by the Western blot analysis suggests
that A. pernix PCNA 2 (ApePCNAZ2) used in this study may be
a truncated form. However, ApePCNA?2 affected Pol I and Pol
II activities. These interactions augmented DNA synthesis by
both DNA polymerases. Our results, showing the distinct fea-
tures of the aeropyral PCNAs, provide evidence for the exis-
tential significance of plural PCNAs in crenarchaeota and con-
tribute to our understanding of the DNA replication system in
the domain Archaea.

MATERIALS AND METHODS

Cloning and sequencing of A. pernix PCNA genes. PCR was used to amplify
the genes encoding homologs of PCNA from the A. pernix genome. Six primers
were designed as follows: ApePCI1F (5'-GCGAACATATGTCCTCTGAGGCC
ACCCTA-3"), ApePCIR (5'-CGCTTAAGCTTACTAACCTGTCGAGG-3'),
ApePC2F (5'-GCGA-ACATATGGTCGCCTCTATCGAG-3"), ApePC2R (5'-
CATATGGATCCTTACTACT-CGATCTTC-3"), ApePC3F (5'-GCGAACAT
ATGTTCAGACTAGTATAG-3'), and ApePC3R (5'-CATATGGATCCTTAC
TAGCCAGCTAG-3"), which have Ndel and either HindIII (ApePCIR) or
BamHI (ApePC2R and ApePC3R) sites (underlined), respectively. The PCR
conditions involved 25 cycles of denaturation at 94°C for 30 s, annealing at 55°C
for 30 s, and extension at 72°C for 30 s. Pfu DNA polymerase (Stratagene) was
used to maintain the accuracy of amplification. The PCR product was cloned into
a TA cloning vector (pT7Blue; Novagen), and the nucleotide sequences of the
inserted DNAs were determined from several independent clones by a capillary
sequencer (ABI Prism 310 Genetic Analyzer; Applied Biosystems). The putative
genes for the A. pernix PCNAs were excised by digestion with Ndel and HindIII
or BamHI. These DNA fragments were ligated into the pET21a vector (Nova-
gen), which had been digested by the corresponding restriction enzymes. The
constructs were designated pAP-PCNA1, pAP-PCNA2, and pAP-PCNA3.

Production and purification of recombinant ApePCNAs. E. coli BL21-Codon-
Plus(DE3)-RIL (Stratagene) cells harboring the pAP-PCNAs were grown at
37°C in 1 liter of Luria-Bertani medium containing ampicillin (100 pg/ml) and
chloramphenicol (20 ng/ml) to an optical density of 0.5 at 600 nm. Isopropyl-p-
p-thiogalactopyranoside (IPTG) was then added to the culture to a final con-
centration of 1.0 mM, and growth was continued for 5 h. Cells were harvested,
suspended in 25 ml of buffer A (50 mM Tris-HCI, pH 8.0; 0.1 mM EDTA; 0.5
mM dithiothreitol; and 10% glycerol), and lysed by sonication. Cell debris was
removed by centrifugation at 30,000 X g for 15 min at 4°C. E. coli proteins were
removed by heat treatment at 75°C for 15 min. To the supernatant after centrif-
ugation, polyethyleneimine and NaCl were added to final concentrations of 0.2%
and 0.5 M, respectively, and the mixture was stirred for 30 min at 4°C. The
proteins in the supernatant (30 ml) were precipitated by adding 16.8 g of am-
monium sulfate (80% saturation). The precipitates were dissolved in buffer B (50
mM Tris-HCl, pH 8.0; 0.1 mM EDTA; 0.5 mM dithiothreitol; 10% glycerol; and
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0.1 M NaCl) and were dialyzed against the same buffer. The dialysates were
applied to an anion-exchange column (HiTrap Q, 5 ml; Pharmacia Biotech)
fitted to a high-pressure liquid chromatography apparatus (AKTA explorer 10S;
Pharmacia Biotech). The chromatography was developed with a 50-ml linear
gradient of 0.1 to 1.0 M NaCl in buffer A at a flow rate of 2 ml/min. ApePCNA1
and ApePCNA3 eluted at a salt concentration of 0.4 to 0.6 M. After the anion-
exchange chromatography, the fractions containing PCNA proteins were pooled,
diluted in buffer A, and applied to an affinity column (HiTrap heparin, 1 ml;
Pharmacia Biotech). The chromatography was developed with a 0.1 to 1.0 M
NaCl gradient in buffer A at a flow rate of 1 ml/min. ApePCNA1 and ApeP-
CNA3 eluted at a salt concentration range of 0.25 and 0.6 M, respectively. The
purified ApePCNA1 and ApePCNA3 proteins were stored at —20°C as 50%
glycerol stock solutions after dialysis against buffer A. In the case of ApePCNA2,
the supernatant obtained after sonication was not heat treated. Instead, poly-
ethyleneimine and NaCl were added to concentrations of 0.2% and 1.0 M,
respectively, and the mixture was stirred for 30 min at 4°C. The protein in the
supernatant was applied to a hydrophobic column (HiTrap Phenyl-Sepharose
HP, 1 ml; Pharmacia Biotech), and the chromatography was developed with a
20-ml gradient of 1.5 to 0 M NaCl in buffer A at a flow rate of 1 ml/min. All of
the eluted fractions were combined, and this pool was applied to an anion-
exchange column (HiTrap Q, 5 ml; Pharmacia Biotech), which was developed
with a 50-ml linear gradient of 0.1 to 1.0 M NaCl in buffer A at a flow rate of 2
ml/min. The ApePCNAZ2 protein eluted at a salt concentration range of 0.6 to 0.7
M. After anion-exchange chromatography, the fractions containing PCNA pro-
teins were pooled, diluted in buffer A, and applied to an affinity column (HiTrap
heparin, 1 ml; Pharmacia Biotech), and the chromatography was developed
with a 0.1 to 1.0 M NaCl gradient in buffer A at a flow rate of 1 ml/min. The
ApePCNA2 protein eluted at a salt concentration of 0.3 M. The purified
ApePCNAZ2 protein was stored at —20°C as a 50% glycerol stock solution after
dialysis against buffer A.

Purification of recombinant A. pernix Pol I and Pol II. The preparation of the
A. pernix Pol I and Pol II proteins was basically performed as described earlier (4)
with some modifications. The expression plasmids pAPP1 (for Pol I) and pAPP2
(for Pol II) were used to transform E. coli CodonPlus-RIL (Stratagene) cells.
The genes were expressed by incubating the transformed cells in Luria-Bertani
broth supplemented with ampicillin (100 wg/ml) and chloramphenicol (20 ng/ml)
at 37°C for 5 h. One-liter cultures of cells harboring the pol genes were harvested
by centrifugation at 5,000 X g for 20 min. The cell pellets were suspended in 30
ml of buffer A and were lysed by sonication. The lysates were each centrifuged
at 30,000 X g for 20 min, and the supernatant from each preparation was heated
at 75°C for 15 min followed by recentrifugation. To the supernatant after cen-
trifugation, polyethyleneimine and NaCl were added to concentrations of 0.1%
and 0.5 M, respectively, and the mixture was stirred for 30 min at 4°C. The
proteins in the supernatant (30 ml) were precipitated by adding 16.8 g of am-
monium sulfate (80% saturation). The precipitates were dissolved in buffer B
and dialyzed against the same buffer. The dialysate containing Pol I was applied
to an anion-exchange column (HiTrap Q, 5 ml; Pharmacia Biotech), and the
chromatography was developed with a 50-ml linear gradient of 0.1 to 1.0 M NaCl
in buffer A at a flow rate of 2 ml/min. Pol I eluted at a salt concentration range
of 0.2 to 0.3 M. After anion-exchange chromatography, the fractions containing
the Pol I proteins were pooled, diluted in buffer A, and applied to an affinity
column (HiTrap heparin, 1 ml; Pharmacia Biotech), and the chromatography
was developed with a 0.1 to 1.0 M NaCl gradient in buffer A at a flow rate of 1
ml/min. Pol T eluted at a salt concentration range of 0.45 to 0.55 M. In the case
of Pol II, after ammonium sulfate precipitation, the dialysate containing Pol II
was applied to a cation-exchange column (HiTrap SP, 5 ml; Pharmacia Biotech),
and the chromatography was developed with a 50-ml linear gradient of 0.1 to 1.0
M NaCl in buffer A at a flow rate of 2 ml/min. Pol II eluted at a salt concentration
range of 0.2 to 0.25 M. After cation-exchange chromatography, the fractions
containing the Pol II proteins were pooled, diluted in buffer A, and applied to an
affinity column (HiTrap heparin, 1 ml; Pharmacia Biotech). The column was
developed with a 0.1 to 1.0 M NaCl gradient in buffer A at a flow rate of 1
ml/min. Pol II eluted at a salt concentration range of 0.25 to 0.35 M. The purified
Pol I and Pol II proteins were stored at —20°C as 50% glycerol stock solutions
after dialysis against buffer A.

N-terminal amino acid sequencing. The purified PCNAs were fractionated by
electrophoresis on an SDS-10% polyacrylamide gel, electroblotted onto a poly-
vinylidene difluoride (PVDF) membrane (Sequi-Blot PVDF, 0.2 um; Bio-Rad),
stained with Coomassie brilliant blue R250 (0.02% in 40% methanol), and
destained with 5% methanol. The protein bands were excised and subjected to
automated Edman degradation in an Applied Biosystems model 492 protein
sequencer.
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TABLE 1. A sequence comparison of eukaryotic and archaeal PCNAs*

% Amino acid identity

Organism
& A. pernix 1 A. pernix 2 A. pernix 3 P. furiosus M. jannaschii ~A. fulyidus M t’t_ﬁ;;:?c(;ammo_ H. sapions S. cerevisiae D. gma;)tlZ:o-
A. pernix 1
A. pernix 2 27
A. pernix 3 25 20
P. furiosus 31 28 26
Methanococcus jannaschii 27 22 23 38
Archaeoglobus fulgidus 20 18 16 23 26
Methanobacterium thermo- 20 22 19 29 30 24
autotrophicum
Homo sapiens 15 20 16 22 21 20 26
Saccharomyces cerevisiae 14 16 14 23 26 19 22 34
Drosophila melanogaster 17 19 16 23 21 19 22 71 35

DNA polymerase nucleotide incorporation assay. The nucleotide incorpora-
tion abilities of Pol T and Pol II, in the absence or presence of ApePCNAI,
ApePCNA2, or ApePCNA3, were investigated by using two templates: linearized
M13 single-stranded DNA (ssDNA) and circular M13 ssDNA (Takara Shuzo).
The oligomer, 5'-ATTCGTAATCATGGTCATAGCTGTTTCCTG-3', which is
complementary to positions 6204 to 6233 of M13mp18 DNA (57), was annealed
to linearized and circular M13 ssDNA. To create the linearized M13 ssDNA, an
oligonucleotide, 5'-GCCAAGCTTGCATGCCTGCAGGTCGACTCT-3’, com-
plementary to positions 6260 to 6289 (within the multicloning site), was initially
annealed to the circular M13 ssDNA to create a double-stranded region con-
taining some restriction enzyme recognition sites. The DNA was then digested
overnight with PstI. The product was purified by ethanol precipitation. The assay
was carried out as described below. To anneal the primer to the templates, 0.1 pg
of M13 ssDNA per test and 1.0 pmol of the primer in DNA polymerase reaction
buffer were boiled for 3 min to ensure denaturation. The mixture was then
gradually cooled to room temperature, and 0.5 pmol of the respective DNA
polymerase was added. Twenty microliters from this mixture was aliquoted into
the respective tube containing either PCNA or buffer. The reaction was initiated
by adding deoxyribonucleotide triphosphates to a concentration of 0.1 mM,
including 227 nM [methyl-*H]TTP (Amersham). Each 25-ul assay mixture con-
tained 20 mM Tris-HCI (pH 8.8), 5.0 mM MgCl,, and 2 mM 2-mercaptoethanol.
The reaction was carried out at 70°C for 5 min for Pol I and for 20 min for Pol
II. After the reaction, 20 pl of each reaction mixture was spotted onto DES1
filters (Whatman). The filters were washed three times with a 5% Na,HPO,
solution, and the radioactivity incorporated into the DNA strands was counted
by a scintillation counter.

Primer extension analysis. The primer elongation abilities of Pol I and Pol 11
in the absence or presence of ApePCNA1, ApePCNA2, and ApePCNA3 were
also investigated by using two templates. 5’ 3*P-labeled oligomer, 5'-CTGTGT
GAAATTGTTATCCGCTCACAATTC-3’, complementary to positions 6177 to
6206 of the M13mpl8 genome, was annealed to linearized and circular M13
ssDNA. To anneal the primers to the template, 0.1 ug of M13 ssDNA and 1.0
pmol of 3?P-labeled primer in DNA polymerase reaction buffer were boiled for
3 min to ensure denaturation. The mixture was then gradually cooled to room
temperature, and 0.5 pmol of the respective DNA polymerase was added. Seven
microliters from this mixture was aliquoted into the respective tubes containing
either PCNA or buffer. The reaction was initiated by adding deoxyribonucleotide
triphosphates to a concentration of 0.2 mM. Each 10-pl assay mixture contained
20 mM Tris-HCI (pH 8.8) and 5.0 mM MgCl,. The reaction was carried out at
70°C for 5 min for Pol I and for 20 min for Pol II. After the reaction, 3 ul of stop
solution (98% deionized formamide, 1 mM EDTA, 0.1% xylene cyanol, and
0.1% bromophenol blue) was added, and 2.6 .l of each reaction was analyzed on
a 1.0% alkaline agarose gel in 50 mM sodium sulfate and 1 mM EDTA.

Western blotting. A. pernix K1 cells were cultivated as described earlier (44).
Ten grams of bacterial cells was suspended in buffer A. The cells were disrupted
by a French press, and the supernatant was recovered by centrifugation for 15
min at 25,000 X g. For immunoblot analysis, SDS-10% polyacrylamide gels were
electroblotted onto a PVDF membrane (Bio-Rad). The blots were blocked with
5% (wt/vol) skim milk (Wako) in phosphate-buffered saline (PBS) containing
0.1% (vol/vol) Tween 20 (PBS-T) for 1 h and then were incubated for over 1 h
at room temperature with a 1:1,000 dilution of rabbit anti-PCNA (—1, —2, and
—3) antiserum in 5% skim milk in PBS-T. Membranes were washed using PBS-T
and then were incubated for 1 h at room temperature with a 1:10,000 dilution of
horseradish peroxidase-conjugated anti-rabbit immunoglobulin G in 5% skim

milk in PBS-T. Membranes were washed using PBS-T, and the secondary anti-
body was detected with the enhanced chemiluminescence Western blotting anal-
ysis system (Amersham Pharmacia Biotech).

Immunoprecipitation of ApePCNAs and immunoblotting. One milligram of
total protein was diluted into 250 pl of TBS-T buffer (10 mM Tris-HCI, pH 7.6,
140 mM NaCl, 0.1% Triton X-100) and was incubated with the anti-PCNA
antibodies at room temperature for 30 min. Immunocomplexes were collected
with protein A-Sepharose (Amersham Pharmacia Biotech) for 30 min at room
temperature with mixing. Pellets were washed three times with TBS-T buffer,
boiled in SDS sample buffer, and loaded onto SDS-12% polyacrylamide gels.
Proteins were transferred to a PVDF membrane and were analyzed by Western
blotting as described above.

Chemical cross-linking. Purified ApePCNAs were subjected to a chemical
cross-linking experiment, using sulfoethylene glycol-bis (succinimidyl succinate)
(sulfo-EGS; Sigma) as described earlier (58). The reaction mixtures (10 l)
contained 5 pg of ApePCNA per ml and 50 pM EGS in 20 mM sodium
phosphate (pH 7.0) and 150 mM NaCl. The products were analyzed by Western
blotting.

RESULTS

Identification of three PCNA-like sequence in the 4. pernix
genome. From the total genome sequencing project, three
genes encoding sequences homologous to the eukaryotic
PCNA were found in 4. pernix (23). The genes encode proteins
of 263, 233, and 251 amino acids, and these proteins have
estimated molecular masses of 29.4, 25.9, and 28.6 kDa, re-
spectively. The amino acid sequences deduced from the genes
were compared with those of other archaeal and eukaryotic
homologs (Table 1). The identities within the archaecal PCNA
homologs ranged from 16 to 38%, with the average being
24.5%. From the sequence alignment, the three proteins in 4.
pernix may form a homotrimeric, ring-shaped structure and
work as sliding clamps for DNA synthesis.

Cloning, expression, and purification of recombinant ApeP-
CNAs. The three genes encoding PCNA-like sequence were
directly amplified by PCR from the A. pernix DNA and were
cloned into the expression vector pET21a. The cloned genes
were expressed in E. coli, and the PCNA homologs, designated
ApePCNAL1, ApePCNA2, and ApePCNA3, were produced. In
the cases of ApePCNA1 and ApePCNA3, the recombinant
proteins of ca. 29.4 and 28.6 kDa detected by SDS-PAGE were
purified to homogeneity through heat treatment to denature
the majority of the host proteins, polyethyleneimine treatment
to remove the DNA, ammonium sulfate precipitation, anion-
exchange chromatography, and heparin affinity chromatogra-
phy (Fig. 1A and C). In the case of ApePCNA2, because its
thermostability was weaker than that of the other two PCNAs,
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FIG. 1. Purification of recombinant ApePCNA homologs from E.
coli cells. All samples of each step were fractionated on SDS-10%
polyacrylamide gels, which were stained with Coomassie brilliant blue.
The sizes of the molecular mass markers (Protein Marker, Broad
Range; New England BioLabs, Inc.) are indicated on the left of each
figure. The arrows on the right side of the panels show the obtained
proteins. (A) Purification steps of recombinant ApePCNA1. Lanes: M,
molecular mass markers; 1, crude cell extract after sonication; 2, su-
pernatant from heat treatment (75°C, 15 min.); 3, supernatant after
polyethyleneimine treatment; 4, HiTrap Q fraction; and 5, HiTrap
heparin fraction. (B) Purification steps of recombinant ApePCNA2.
Lanes: M, molecular mass markers; 1, crude cell extract after sonica-
tion; 2, supernatant after polyethyleneimine treatment; 3, HiTrap Phe-
nyl Sepharose HP fraction; 4, HiTrap Q fraction; 5, and HiTrap hep-
arin fraction. (C) Purification steps of recombinant ApePCNA3. All
lanes are the same as in the case of ApePCNAI.

the recombinant protein of ca. 25.9 kDa detected by SDS-
PAGE was purified to homogeneity through polyethylenei-
mine treatment, ammonium sulfate precipitation, hydrophobic
chromatography, anion-exchange chromatography, and hepa-
rin affinity chromatography (Fig. 1B). The amino acid se-
quences of the purified proteins were confirmed to match the
initiation region of the open reading frames deduced from the
genomic DNA sequences.

Detection of PCNAs in A. pernix cell extract. To investigate
whether the PCNA-like proteins were actually produced in A.
pernix cells and also whether their sizes corresponded to those
of the recombinant proteins produced in E. coli, polyclonal
antibodies were prepared by using the purified proteins and
Western blot analysis was performed. As shown in Fig. 2A and
C, two proteins with sizes corresponding to those of the re-
combinant ApePCNA1 and ApePCNA3 proteins were de-
tected in the crude cell extract of A. pernix by each specific
antibody. On the other hand, although a specific band that
reacted with anti-ApePCNA2 was detected in A. pernix
cells, the protein was slightly bigger than the recombinant
ApePCNA2 protein that reacted with the anti-ApePCNA2
shown in Fig. 2B). These results indicate that all three genes
are expressed and work in some processes in A. pernix cells. It
is conceivable that the differences in the electrophoretic mo-
bility of ApePCNA2 between the recombinant and native pro-
teins reflect different modifications of that protein in E. coli
and A. pernix cells. Another possibility is discussed below.

Effect of ApePCNAs on processivity of DNA polymerases.
One of the biological functions of these purified PCNA ho-
mologs was investigated through their effect on the primer
elongation activities of the DNA polymerases found in A. per-
nix. Using A. pernix Pol I and Pol II, a nucleotide incorporation
assay was performed. All three PCNAs enhanced the DNA
synthesis activities of Pol I and Pol II from the incorporation
assay of radioactive thymidines into the DNA strands (data not
shown). To confirm that the increased incorporations of radio-
active nucleotides were derived from the stimulating effect of
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FIG. 2. Identification of ApePCNAs in A. pernix cells. (A) Recom-
binant ApePCNA1 (lane 1, 40 ng) and A. pernix cell extracts (lane 2, 30
ng) were separated by SDS-10% PAGE and then were analyzed by
Western blotting with anti-ApePCNAL1 antiserum. (B) Recombinant
ApePCNA2 (lane 1, 80 ng) and A. pernix cell extracts (lane 2, 30 pg)
were analyzed with anti-ApePCNA2 antiserum. (C) Recombinant
ApePCNA3 (lane 1, 10 ng) and A. pernix cell extracts (lane 2, 15 pg)
were analyzed with anti-ApePCNA3 antiserum.

the PCNA homologs on the primer elongation abilities of these
DNA polymerases, the synthesized products were visualized by
denaturing gel electrophoresis by using circular and linear M13
ssDNA as substrates. As shown in Fig. 3, longer products were
increased for both Pol I and Pol II in the presence of each
PCNA homolog, compared to the cases without them. As with
our previous observation of P. furiosus PCNA (PfuPCNA), the
stimulation of the PCNA homologs in A. pernix was found not

A B

Circular DNA Linear DNA
Pol 1 Pol IT Pol I Pol 1T
N123P N123PM N123P N123PM

FIG. 3. Detection of the reaction products by Pol I and Pol II. The
primer elongation abilities of Pol I and Pol II in the absence and
presence (0.3 pg) of ApePCNAI (lane 1), ApePCNA2 (lane 2), and
ApePCNA3 (lane 3) were investigated by using two templates: circular
M13 ssDNA (panel A) and linearized M13 ssDNA (panel B). Lanes N
and P indicate reactions without PCNA and with PfuPCNA, respec-
tively, in both panels. The products were analyzed by 1.2% alkaline
agarose gel electrophoresis, and the reaction products were visualized
by autoradiography. The sizes indicated on the right side were from
BstPI-digested lambda DNA labeled by polynucleotide kinase with
[y->*P]ATP. The arrow shows the position of the product with full-
length M13 DNA.
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FIG. 4. Association states of ApePCNAs assessed by chemical
cross-linking. ApePCNAI (A), ApePCNA2 (B), and ApePCNA3 (C)
were treated with buffer (lanel) and sulfo-EGS (lane 2) for 2 min
and were analyzed by SDS-10% PAGE, followed by Western blot-
ting using anti-ApePCNA1, anti-ApePCNAZ2, and anti-ApePCNA3,
respectively. Lanes 3 in panel A and B include equal amounts of
ApePCNAL1 and ApePCNAZ2. The cross-linked products from the mix-
ture of ApePCNA1 and ApePCNA?2 are indicated by a thick arrow.
Each band is derived from a PCNA monomer (a), a single cross-linked
dimer (b), three cross-linked circled trimers (c), and two cross-linked
linear trimers (d), as indicated for the T4 gp45 protein (19). The
indicated molecular sizes were derived from the prestained protein
markers (APRO Science, Inc.).

only with the linear DNA substrate but also with the circular
DNA. The stimulation effect of ApePCNA3 on both Pol I and
Pol II under these conditions was remarkably higher than
those of the other two PCNAs in the cases of M13 circular and
linear ssDNA as templates. The PfuPCNA surprisingly en-
hanced the nucleotide incorporation by A. pernix Pol I and Pol
II, with almost the same efficiency as ApePCNA3 (data not
shown). However, PfuPCNA strongly paused at a specific site
of the template (at around 0.7 kb), as observed in the reactions
of PfuPCNA with P. furiosus Pol I and Pol II (6). The pauses
may be due to the PfluPCNA-DNA polymerase complex en-
countering secondary template structures. Similar transient
pauses were observed with eukaryotic Pol 8 in the presence of
PCNA (11, 42). Under physiological conditions, replicative
helicases and ssDNA binding protein are likely to prevent or
alleviate this condition. This pausing occurred, but to a lesser
extent, in the presence of all three ApePCNAs (Fig. 3). The
reason why the pauses were weaker in the ApePCNA-DNA
polymerase complexes remains unclear at this stage. Further
analyses, including measurement of the strength of each
PCNA-polymerase interaction and direct loading and unload-
ing assays of these archacal PCNAs, are necessary to under-
stand the different features of the in vitro reaction products.
Native molecular weight of ApePCNAs. To investigate wheth-
er these PCNA homologs form a ring-shaped, trimeric struc-
ture, the purified recombinant proteins were subjected to a
chemical cross-linking experiment. As shown in Fig. 4, sulfo-
EGS rapidly cross-linked ApePCNA1 and ApePCNA3, which
caused the complex to migrate as larger molecules in SDS-
PAGE. This result supports the existence of multimeric forms
of the two PCNAs. Three major cross-linked species appeared,
which can be postulated to be the products from a single
cross-linked dimer, a double cross-linked trimer (linear), and a
triple cross-linked trimer (circular) estimated from the molec-
ular weights of each molecule by the band mobilities of cross-
linked proteins as shown earlier with the gp45 protein from
T4 phage (20). Distinctly smaller amount of cross-linked
products were detected from ApePCNAZ2 under the same con-
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ditions, indicating that the efficiency of multimer formation of
ApePCNA2 is much lower than that of the other two PCNAs.

Interactions between ApePCNAs. To examine whether the
PCNA homologs physically interact with each other, an immu-
noprecipitation experiment was done using antibodies raised
against all three ApePCNA homologs. As shown in both
experiments using the purified proteins (Fig. SA to C) and
a crude cell extract of 4. pernix (Fig. 5D to F), ApePCNA1
and ApePCNA2 were coprecipitated (lanes 4 and 7 in Fig.
5A and B). Conversely, ApePCNA3 was coprecipitated with
neither ApePCNA1 nor ApePCNAZ2. These results suggest that
ApePCNA3 works by itself, while ApePCNA1 and ApePCNA2
may work together in some cases. Chemical cross-linking ex-
periments using a mixture of ApePCNA1 and ApePCNA2 also
showed some complexes of the two molecules, although it is
very difficult to interpret the composition of each band (Fig.
4A and B). According to these results, the primer extension
assay including both ApePCNA1 and ApePCNAZ2 simulta-
neously was carried out. However, there was no difference be-
tween the reactions with both of the PCNAs and those with
either ApePCNA1 or ApePCNA2 (data not shown). There-
fore, the formation of the ApePCNA1 and ApePCNA2 com-
plex does not seem likely to contribute specifically to the in-
crease in the processivities with Pol I and Pol II. Further
investigations with better quality are necessary to identify the
most suitable structure of the heterologous PCNA complex in
addition to know its physiological function.

DISCUSSION

We cloned the genes encoding homologs of PCNAs, the
sliding clamps of DNA polymerases, from A. pernix, and char-
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FIG. 5. Analysis of heterologous interactions of ApePCNAs. (A to
C) Immunoprecipitation analysis was done using purified ApePCNAs
and anti-ApePCNAL (left part of each panel), anti-ApePCNA2 (mid-
dle part), and anti-ApePCNA3 (right part). The immunocomplexes
were captured with protein A-Sepharose and were subjected to
SDS-12% PAGE, followed by Western blot analysis using anti-
PCNAL1 (A), anti-PCNA2 (B), and anti-PCNA3 (C). Lanes: N, no
protein; 1, ApePCNAL; 2, ApePCNAZ2; 3, ApePCNA3; 4, ApePCNA1
+ ApePCNA2; 5, ApePCNA1 + ApePCNA3; 6, ApePCNA2 +
ApePCNA3; and 7, ApePCNA1 + ApePCNA2 + ApePCNA3. (D to
F) Total cell extract of A. pernix was reacted with anti-ApePCNA1
(lane C1), anti-ApePCNA2 (lane C2), and anti-ApePCNA3 (lane
C3). These complexes were captured with protein A-Sepharose, and
the immunoprecipitates were analyzed as described above, using
anti-ApePCNA1 (D), anti-ApePCNA2 (E), and anti-ApePCNA3 (F).
As a positive control, purified ApePCNAs precipitated by anti-PCNAs
were loaded onto each gel (lanes: R1, ApePCNAI1; R2, ApePCNA2;
and R3, ApePCNA3).
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TABLE 2. A sequence comparison of crenarchaeal PCNAs

% Amino acid identity

Organism

A. pernix A. pernix A. pernix S. solfataricus S. solfataricus S. solfataricus S. tokodaii S. tokodaii S. tokodaii
1 2 3 0397 0405 1047 0387 0397 0944
A. pernix 1
A. pernix 2 27
A. pernix 3 25 20
S. solfataricus 0397 15 19 23
S. solfataricus 0405 22 22 24 19
S. solfataricus 1047 23 22 19 18 20
S. tokodaii 0387 23 23 27 18 61 23
S. tokodaii 0397 20 21 25 52 21 22 20
S. tokodaii 0944 19 24 22 18 24 48 24 21

acterized the gene products. All of the PCNA homologs actu-
ally stimulated the primer extension abilities of both Pol I and
Pol II from A. pernix. These effects suggested the possibility
that all three of the PCNA homologs work as the sliding clamp
for DNA polymerases in this organism. It was important to
study how the three PCNAs are separately used in different
situations. The most plausible idea is that there is a specific
DNA polymerase-and-PCNA combination. Therefore, the
specificity of the stimulating effects of the ApePCNAs for Pol
I and Pol II was carefully investigated. In the cases of both Pol
I and Pol II, the stimulation specificity of the ApePCNA3 in
the primer extension activities was evident: remarkably,
ApePCNA3 enhanced Pol II activity by more than 200-fold.
These results suggest that ApePCNA3 may be the authentic
processivity factor for Pol I and Pol II in the cells. This idea is
consistent with the results that ApePCNA3 is the most easily
cross-linked to the trimeric structure (Fig. 4) and that it does
not seems likely to interact directly with the other two PCNAs
(Fig. 5). These results were not predicted, because the amino
acid sequence of ApePCNA3 is the least similar among the
three to those of other archaecal PCNA homologs (Table 1). All
of the archaeal PCNAs compared here are from euryarchaeal
organisms, and only one PCNA-like sequence has been found
in each of them. Very recently, the total genome sequencing of
two Sulfolobus organisms, S. solfataricus (45) and Sulfolobus
tokodaii (22), has been completed. These crenarchaeal organ-
isms also have three PCNA-like genes. Therefore, the deduced
amino acid sequences were compared with the three PCNAs
from A. pernix. As shown in Table 2, S. solfataricus 0405 and S.
tokodaii 0387, S. solfataricus 1047 and S. tokodaii 0944, and S.
solfataricus 0397 and S. tokodaii 0397 are the respective or-
thologs. However, the similarity of these sequences to those of
ApePCNA1, ApePCNA2, and ApePCNA3 is very low (less
than 25% identity). More detailed phylogenetic analysis is now
under way to understand the relationships of the three PCNA
genes found in Crenarchaeota. Recently, two PCNA-like se-
quences in a crenarchaeote, Sulfurisphaera ohwakuensis, have
been reported (19). The third PCNA-like sequence may also
be discovered soon from this crenarchaeote.

To explain the difference between the size of ApePCNA2
found in A. pernix cells and the size of that found in recombi-
nant protein from E. coli cells, in addition to the idea that the
different modifications occurs in the two cells, perhaps the
translation initiation codon actually used in 4. pernix is differ-
ent from that which we selected. We checked the DNA se-
quence around the gene for ApePCNA2 and found a TTG

codon 48 bases upstream of the ATG that we used in this
study. If this TTG codon is actually used as the start codon in
A. pernix, then the gene product would be 16 amino acids
longer, and it should be appear as a band with the same size as
that of the native protein on the SDS-PAGE. We are presently
purifying the longer ApePCNAZ2 protein to compare the two
ApePCNAZs.

From a study of the DNA polymerase activities of the Pol &
catalytic subunit from yeast and human, a consensus motif,
GX4GX8GX3YFY, in which the subunit was proposed to be
important for binding to PCNA (59), was put forth. The A.
pernix Pol II has a sequence resembling this consensus motif in
its N-terminal region, while Pol I does not. In several eukary-
otic proteins that are known to interact with PCNA, including
the cell cycle checkpoint protein p21, and the endonucleases
FEN1 and XPG, an octapeptide sequence, referred to as the
PCNA-interacting protein box, is conserved (53-55). Like the
consensus sequence described above, Pol II of A. pernix has a
sequence resembling the PCNA-interacting protein motif
(QSTLLDFM) in its C-terminal region, while this box is not
included in Pol I. Consistent with these results, the 4. pernix
Pol II has a higher requirement for stimulation by PCNA than
does Pol I (Fig. 3). Our previous study showed that Pol I has a
much more efficient primer extension ability by itself than Pol
II in vitro (4); therefore, it is likely that the actual effect of the
PCNAs on Pol I may be much less than that on Pol 11, resulting
from the weaker interaction. Quantitative analyses are neces-
sary to discuss the strength of each DNA polymerase-PCNA
interaction.

As previously found in a P. furiosus study (6), the DNA
synthesis reactions by the two A. pernix DNA polymerases were
stimulated by the ApePCNAs, even when a circular DNA
template was used. It is well known that a molecule called the
“clamp loader” (y complexes in Bacteria and RFC in Eucarya)
is required for the opening and loading of the ring-shaped
sliding clamp onto circular DNA. One possible explanation is
that the subunit-subunit interaction of archaeal PCNA from its
predicted ring structure may be less stable than those of other
sliding clamp molecules, which cause the ring of PCNA to
open spontaneously in vitro at a high reaction temperature. In
the crystal structures of yeast and human PCNA, a stable
interface connection is produced through seven and eight clus-
tered main chain hydrogen bonds, respectively (13, 30). How-
ever, there are only four hydrogen bonds between the subunit
main chains of PfuPCNA (35). A multiple sequence alignment
of the PCNAs showed that there are some deletions in the loop
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constituting the interfaces of the archaecal PCNAs (Fig. 6).
ApePCNAL1 and ApePCNA2 have deletions in the first inter-
face region, and ApePCNA3 also has some deletions in the
second interface. Due to the weak connections of the subunits,
these archaecal PCNAs may be able to load onto the DNA
strand without the clamp-loading activity of RFC, which is
usually required to load PCNA onto DNA in the eukaryotic
system. However, there is a sequence of an RFC homolog in
the A. pernix genome. As in the cases of P. furiosus (7) and S.
solfataricus (41), the clamp-loading process is possibly much
more efficient in the presence of RFC in A. pernix cells. There
is only one set of sequences corresponding to the small and
large subunits of RFC in A. pernix. The relationship between
the RFC and the three PCNAs should be analyzed.
Recently, an interesting model was proposed, in which three
checkpoints, Radl, Husl, and Rad9, form a PCNA-like toroi-
dal structure and Rad17 forms a clamp loader complex with
four small subunits of RFC, which may be the specific clamp
loader for the heterotrimeric circle of Rad1-Hus1-Rad9 (2, 8,
43, 51). The structural models imply that these proteins are
specific partners for the damage-specific DNA polymerases,
such as Pol m. From this analogy, we carefully analyzed
whether the three PCNA homologs interact with each other
and work as the sliding clamps for Pol I and Pol II. Our results
showed that ApePCNA1 and ApePCNA2 may work together,
but the heterocomplex is probably not a clamp for either Pol I
or Pol II. ApePCNA1 and ApePCNAZ2 may be a specific clamp
for a DNA polymerase with translesion activity, which has not
been identified in A. pernix. We searched for a sequence in the
A. pernix genome that is similar to the DNA polymerases
belonging to the DinB/UmuC/Rev1/Rad30 superfamily (the
name of family Y has been recently acknowledged [37] for
DNA polymerases in this family), but no distinct similarity was
found. However, a gene encoding a sequence homologous to
that of DinB protein exists in Sulfolobus (31), and the gene
product can bypass an abasic site with its nonprocessive DNA
polymerase activity (60). A. pernix may have translesion DNA
polymerases with very divergent sequences from those of fam-

ily Y. Crenarchaeal organisms may have commonly three
PCNA-like proteins; therefore, including the subject of the
possibility as the sliding clamp for a translesion DNA polymer-
ase, further studies are necessary to explain the biological
meaning of the three PCNAs in A. pernix. The information
obtained from this study would contribute to a better under-
standing of the DNA replication mechanism in Crenarchaeota.
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