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Abstract Proliferating cell nuclear antigen (PCNA) is an
essential component of the DNA replication and repair
machinery in the domain FEucarya. Eukaryotes and
euryarchaeotes, which belong to one subdomain of
Archaea, possess a single PCNA homologue, whereas
two distinct PCNA homologues have been identified from
Sulfolobus solfataricus, which belongs to the other archaeal
subdomain, Crenarchaeota. We have cloned and sequenced
two genes of PCNA homologues from the thermoacid-
ophilic crenarchaeon Sulfurisphaera ohwakuensis. These
genes, referred to as the Soh PCNA A gene and the Soh
PCNA B gene, were found to encode 245 amino acids (aa)
(27kDa) and 248 aa (27kDa), respectively. In deduced
amino acid sequences of both PCNA homologues, the motif
L/I-A-P-K/R, implicated in binding of PCNA with replica-
tion factor C (RFC), was identified. Phylogenetic analysis
of all available archaeal PCNA homologues suggests that
crenarchaeal homologues are divided into two groups.
Group A consists of Soh PCNA A, one of the S. solfataricus
PCNA homologues, and one of the Aeropyrum pernix
PCNA homologues. The other crenarchaeal homologues
form group B. Crenarchaeal PCNA homologues constitute
a monophyletic subfamily. These results suggest that the
evolution of crenarchaeal PCNA homologues has been
characterized by one or two gene duplication events, which
are assumed to have occurred after the split of the
crenarchaeal and euryarchaeal lineages.
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Introduction

In Eucarya, proliferating cell nuclear antigen (PCNA), so
named because of its initial discovery as a cell cycle-
dependent antigen (Miyachi et al. 1978), is an essential
component in the chromosomal replication and the DNA
repair system (reviewed by Jonsson and Hiibscher 1997,
Kelman 1997; Kelman and Hurwitz 1998; Tsurimoto 1998).
PCNA acts as the processivity factor or sliding clamp for
DNA polymerase & (Pol 9), an essential replicative enzyme
in the eukaryotic cells (Tan et al. 1986; Bravo et al. 1987;
Prelich et al. 1987a, b; Wold and Kelly 1988; Miiller et al.
1994). In addition, PCNA is also a processivity factor for
DNA polymerase € (Pol €), another indispensable eukary-
otic DNA polymerase (Morrison et al. 1990; Burgers 1991;
Lee et al. 1991; Podust and Hiibscher 1993).

Archaea, the third domain of life (Woese et al. 1990),
resemble the Bacteria in cellular ultrastructure; however,
the archaeal DNA replication machinery is similar to that
of Eucarya. In the total genome sequences from several
archaeal strains, many putative homologues of the eukary-
otic replication proteins have been identified (Edgell
and Doolittle 1997). The domain of Archaea is divided
into two subdomains, Euryarchaeota and Crenarchaeota
(Woese et al. 1990). To date, the crenarchaeon Sulfolobus
solfataricus shows two PCNA homologues (De Felice et al.
1999), whereas euryarchaeote genomes appear to encode
only a single PCNA homologue. The identities of amino
acid sequences of S. solfataricus PCNA homologues with
that of euryarchaeal homologues are low (values ranging
from 19% to 29%). Moreover, the sequence identity
between two S. solfataricus PCNA homologues is only
19%. Both homologues were demonstrated to be able to
stimulate the polymerization activity of the S. solfataricus
DNA polymerase B1 (Pisani et al. 1992). It is unclear if S.
solfataricus PCNA homologues arose by gene duplication
after the split of the crenarchaeal and euryarchaeal lin-
eages, or if the present distribution of homologues can be
explained by an ancestral gene duplication that occurred
before the split of crenarchaeotes and euryarchaeotes, fol-
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lowed by the loss of one of the homologues in euryarchaeal
lineages.

To study the phylogenetic relationships of archaeal
PCNA homologues, we have cloned and sequenced two
genes, each encoding distinct putative PCNA homologues,
referred to as Soh PCNA A and Soh PCNA B, from
another crenarchaeon, Sulfurisphaera ohwakuensis. S.
ohwakuensis is a thermoacidophilic and facultatively
anaerobic archaeon (Kurosawa et al. 1998). It belongs to
the order Sulfolobales but is rather distantly related to
Sulfolobus solfataricus phylogenetically. In this article, we
describe our phylogenetic analysis, which suggests that the
two crenarchaecal PCNA homologues resulted from an
event of the early gene duplication that occurred after the
split of the crenarchaeal and euryarchaeal lineages.

Materials and methods
Bacterial strains

Sulfurisphaera ohwakuensis strain TA-1" (IFO15161") was
grown and its genomic DNA is prepared as previously de-
scribed (Kurosawa et al. 1998).

DNA probes for screening

Two Sulfolobus solfataricus PCNA genes were amplified
by PCR using S. solfataricus genomic DNA as a template.
PCR primers were synthesized according to the sequences
previously described (De Felice et al. 1999) as follows:
AS5' (5'-GGTTCCATGGCATATGAAAGTAGTTTTAC
GATGATGTAAGGGTT) and A3' (5'-CCTTGGATCC
TCAAACTTTTGGAGCTAATAAATAAGTAACT);

B5' (5'-GGTTCCATGGCATATGTTTAAGATTGTTT
ACCCTAATGCAAAA) and B3’ (5'-CCTTGGATCCTT
ATAACCTTGGCGCTATCCAAAAGATCATGTGACC
CCC). PCR products of about 750bp were used for plaque
hybridization as probes.

Plaque hybridization

Genomic DNA library of Sulfurisphaera ohwakuensis was
constructed in A ZAP II (Stratagene, La Jolla, CA, USA)
according to the protocol of the supplier, and was screened
by plaque hybridization with each of the DNA probes
described previously. Labeling of probes, hybridization,
and detection of signals were performed by using a ECL
direct nucleic acid labeling and detection system
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) ac-
cording to the protocol of the supplier.

DNA sequencing

Small restriction fragments of the PCNA genes were
subcloned into plasmid Bluescript II SK or KS (Stratagene).
DNA sequence analysis was performed on both strands
and was carried out by using Thermosequenase™ premixed
cycle sequencing kit (Amersham).

Alignments and phylogenetic analysis

The sequences of archaeal and eukaryotic PCNA homo-
logues used in this study are summarized in Table 1. Align-
ment was created by using the CLUSTAL W program
(Higgins and Clustal 1998). Conserved regions that con-
sisted of 122 amino acid positions were picked up and com-

Table 1. Archaeal and eukaryotic proliferating cell nuclear antigens (PCNAs) used in this study

PCNA

Accession no. and/or reference

Sulfurisphaera ohwakuensis A
Sulfolobus solfataricus A (244 aa)
Aeropyrum pernix A (263 aa)
Sulfurisphaera ohwakuensis B
Sulfolobus solfataricus B (249 aa)
Aeropyrum pernix BI (251 aa)
Aeropyrum pernix BII (233 aa)
Pyrococcus abyssi

Pyrococcus horikoshii
Pyrococcus furiosus
Thermococcus fumicolans
Methanococcus jannaschii
Methanobacterium thermoautotrophicum
Archaeoglobus fulgidus

Homo sapiens

Drosophila melanogaster
Caenorhabditis elegans
Saccharomyces cerevisiae

AB045089 This paper

De Felice et al. 1999

Ishino et al. (in preparation)
AB045090 This paper

De Felice et al. 1999

Ishino et al. (in preparation)
E72738 Kawarabayasi et al. 1999
G75048 Erauso et al. 1996
058398 Kawarabayasi et al. 1998
073947 Cann et al. 1999
AJ130939
Q57697 Bult et al. 1996
027367 Smith et al. 1997
G69291 Klenk et al. 1997
P12004 Almendral et al. 1987
P17917 Yamaguchi et al. 1990
002115 Wilson et al. 1994
P15873 Bauer and Burgers 1990

A and B (BI, BII) described with organism names are taxa that we have proposed in this paper
Numbers in parentheses show amino acid residues

aa, amino acids



bined into a final alignment. These regions were used for
the phylogenetic analysis, which was performed by using
the program package PHYLIP (Felsenstein 1993). Pairwise
distances between all the sequences were estimated by
Protdist, and the phylogenetic tree was constructed using
Neighbor and Protpars. To test the robustness of the phylo-
genetic tree, the sequence data were sampled 100 times for
bootstrap analysis.

Accession numbers for the sequences

The EMBL/DDBJ/GenBank accession numbers for the
sequences reported in this paper are AB045089 (A) and
AB045090 (B).

Results
Cloning and sequence analysis

We cloned the two genes for PCNA homologues from
Sulfurisphaera ohwakuensis using Sulfolobus solfataricus
PCNA genes as probes. Sulfurisphaera ohwakuensis PCNA
A (Soh PCNA A), which showed 61% amino acid identity
with one Sulfolobus solfataricus PCNA homologue (244
aa), was encoded by 738bp (245aa), and its putative
molecular mass was 27kDa. Sulfurisphaera ohwakuensis
PCNA B (Soh PCNA B), which showed 52% amino acid
identity with the other Sulfolobus solfataricus PCN A homo-
logue (249 aa), was encoded by 747 bp (248 aa) and its puta-
tive molecular mass was 27kDa. No intervening sequence
was found in either gene.

Alignment of archaeal and eukaryotic PCNA homologues

The amino acid sequences of all available archaeal and
selected eukaryotic PCNA homologues were used in this
study (Table 1). The alignment of the amino acid sequences
is shown in Fig. 1. The identities among these sequences are
summarized in Table 2. Identity between Soh PCNA A and
Soh PCNA B was very low (19%); similarly, identity be-
tween Sso PCNA homologues and that among Ape PCNA
homologues was only 20% and ranging from 23% to 29%,
respectively. The primary structure identity between Soh
PCNA A and one Sso PCNA homologue (244 aa) and that
between Soh PCNA B and the other Sso PCNA homologue
(249 aa) were medium values (61% and 52%, respectively),
although identities between each of three Ape PCNA ho-
mologues and each of the crenarchaeal PCNA homologues
were low (ranging from 17% to 29%). The percentages of
identities among euryarchaeal homologues ranged from
25% to 93%. The sequence identities between archaeal and
eukaryotic PCNA homologues appeared to be lower (from
14% to 29%). However, the highly conserved L/I-A-P-K/R
motifs, which were demonstrated to be critical amino acid
residues for the functional interaction of human PCNA with
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the replication factor C (RFC), was generally found in
the C-terminal regions of the primary structures of PCNA
homologues. In the putative amino acid sequences of
Soh PCNA A and PCNA B, L/I-A-P-K/R motifs were
identified at the predicted positions (Fig. 1). The loop be-
tween PD-2 and BE-2 of eukaryotic PCNA was demon-
strated to be important for the interaction with DNA
polymerase ¢ (Krishna et al. 1994; Gulbis et al. 1996). In this
loop of archaeal PCNA homologues, a conspicuous gap is
present.

Phylogenetic analysis

To analyze the phylogenetic relationships among the
archaecal PCNA homologues, a phylogenetic tree was
constructed using a data set that contained all available
archaeal PCNA sequences, and eukaryotic PCNA homo-
logues as outgroup sequences (Fig. 2). Based on the align-
ment of amino acid sequences, conserved regions (122
positions) were picked up and used for this analysis.

The crenarchaecal PCNA homologues are split into
two groups. We propose calling one group A and the
other group B. Group A is composed of one Sulfur-
isphaera ohwakuensis PCNA homologue (accession num-
ber, AB045089), Sulfolobus solfataricus (Sso PCNA A,
244 aa), and one Aeropyrum pernix homologue (Ape PCNA
A, 263aa). Group B consists of another Sulfurisphaera
ohwakuensis (accession number, AB045090), Sulfolobus
solfataricus (Sso PCNA B, 249aa), and two Aeropyrum
pernix (Ape PCNA BI, 251 aa, and Ape PCNA BII, 233 aa).
Soh PCNA A and Sso PCNA A, and Soh PCNA B, Sso
PCNA B, and Ape PCNA BI, were clustered with high
bootstrap values (100% and 93%, respectively). Neverthe-
less, Ape PCNA A and Ape PCNA BII were grouped with
group A and group B with only 29% and 48% of bootstrap
values, respectively. Crenarchaeal PCNA homologues form
a monophyletic group, although the bootstrap value sup-
porting this topology was very low (22%).

Discussion

In the total genome sequences of several archaeal strains,
many homologous proteins necessary for eukaryotic DNA
replication have been identified (Edgell and Doolittle
1997). These data suggest that the archaeal DNA replica-
tion system is similar not to that of Bacteria but to the
eukaryotic system. However, there are some differences
between crenarchaeal and euryarchaeal DNA replication
mechanisms because there are disparities in the DNA poly-
merase sets of each subdomain. Crenarchaeota has at least
two family B DNA polymerases, whereas euryarchaeotes
have a single family B DNA polymerase and a family D
DNA polymerase (Cann et al. 1998; Ishino et al. 1998;
Cann and Ishino 1999). Family D DNA polymerase is a
heterodimeric enzyme composed of a small subunit that
shows some similarity to the small subunit of eukaryotic
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DNA polymerase 8, and a large subunit which is not
similar to any known DNA polymerases. Recently, two
PCNA homologues were identified in the genome se-
quences of the crenarchaeon Sulfolobus solfataricus,
whereas euryarchaeote genomes appear to encode only a
single PCNA homologue. Both S. solfataricus PCNA homo-
logues were demonstrated to be able to stimulate the poly-
merization activity of its DNA polymerase B1 (De Felice et
al. 1999).

There are three possibilities for the evolution of
two Sulfolobus solfataricus PCNA homologues: (i) S.
solfataricus PCNA homologues arose independently of
other archaeal homologues by gene duplication in the evo-
lutionary process, (ii) two homologues arose independently
of euryarchaeal homologues by gene duplication after the
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split of the crenarchaeal and euryarchaeal lineages, or (iii)
the present distribution of homologues can be explained by
an ancestral gene duplication that occurred before the split
of crenarchaeotes and euryarchaeotes, followed by loss of
one homologue in the euryarchaeal lineage. To clarify the
evolutionary process of the archaeal PCNA homologues,
we have attempted to clone and sequence two genes from
another crenarchaeon, Sulfurisphaera ohwakuensis, and
have analyzed phylogenetic relationships of the archaeal
PCNA homologues. The two genes of PCNA homologues
from S. ohwakuensis were referred to as Soh PCNA A and
Soh PCNA B. Further, three genes of PCNA homologues
have been found from the thermophilic crenarchaeon
Aeropyrum pernix (Kawarabayasi et al. 1999; Cann and
Ishino 1999). Our phylogenetic analysis, using all the

Fig. 2. Phylogenetic tree of . .
archaeal and eukaryotic PCNAs 100 ——— Sulfurisphaera ohwakuensis A
constructed by the neighbor- X Cren A
joining method. Bootstrap 29 ————— Sulfolobus solfataricus A
probabilities (in percentages) are .
given above the internal branches Aeropyrum pernix A —
22 100 Sulfurisphaera ohwakuensis B
93 Sulfolobus solfataricus B
Cren B
48 Aeropyrum pernix Bl
20 Aeropyrum pernix BII
so[~ Pyrococcus abyssi ]
52— Pyrococcus horikoshii
49
100 pyrococcus furiosus
Thermococcus fumicolans B
ury
Methanococcus jannascii
30 Methanobacterium thermoautotrophicum
Archaeoglobus fulgidus
Saccharomyces cerevisiae o
99
100 Caenorhabditis elegans E
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Fig.1. Amino acid alignment of PCNA homologues from archaeal and
eukaryotic species. Soh, Sulfurisphaera ohwakuensis; Sso, Sulfolobus
solfataricus; Ape, Aeropyrum pernix; Pab, Pyrococcus abyssi; Pho,
Pyrococcus horikoshii; Pfu, Pyococcus furiosus; Tfu, Thermococcus
fumicolans; Mja, Methanococcus jannaschii; Mth, Methanobacterium
thermoautotrophicum;, Afu, Archaeoglobus fulgidus; Hsa, Homo sapi-
ens; Dme, Drosophila melanogaster; Cel, Caenorhabditis elegans; Sce,
Saccharomyces cerevisiae. A and B (BI, BII) are the same as shown in
Table 1. Amino acid residues that are identical (white letter) and similar
(green letters) in all sequences, similar in =80% of sequences (red

letters), or similar in 70%-80% of sequences (purple letters) are shown.
Similar amino acids are grouped as AG, LIMV, YFW, DEQN, KRH,
and ST. The positions of the a-helices and 3-sheets of S. cerevisiae
PCNA are shown by rectangles and arrows, respectively; green and
purple indicate domains 1 and 2 of S. cerevisiee PCNA monomer,
respectively (Krishna et al. 1994). Asterisks indicate amino acids corre-
sponding to those forming the hydrophobic pocket in human PCNA
(Gulbis et al. 1996). The regions using phylogenetic analysis are under-
lined
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Table 2. Sequence comparison of archaeal and eukaryotic PCNAs

Amino acid identity (%)

Organism

Soh A
Sso A

Crenarchaeota

61

26
23

27

Ape A

21

19
17
26
27

Soh B
Sso B

52
22
23

17
27

20
26
24

23

Ape BI

23

21

29

Ape BIL

25
28
24
24

35
31

42
29
26

85
41
32
25

90
85
30
25

43

93
89
84
43
30
25

30
30
30
31
25
26
22
22

28
28
29
27
27
21
19

21
21
22
22
20
20
18

25
24
25
23
22
18
18

31
33
32
31
31
23
23

32
30
32
32
25
24
23

32
30
26

31
31
23
22

Pab
Pho
Pfu
Tfu
Mja
Mth
Afu

Euryarchaeota

71 -
48 48

23
22
21

25
24
27

25
25
22

24
24
23

24
22
24

23
22
23

14 16
14 14 21
15 16 23

19 19
19 18
15 16

22
20
21

24
23
21

Dine

Hsa
Cel

Eucarya

25 25 29 22 22 36 36 40

26

25

18

14

17

19

18

21

19

Sce

Dme Cel Sce

Pho Pfu Tfu Mja Mth  Afu Hsa

Sso A Ape A Soh B Sso B Ape Bl Ape BII Pab

Soh A

Abbreviations are as defined in Fig. 1

A and B (BI, BII) are as shown in Table 1

archacal PCNA sequences, suggested that these three
PCNA homologues were grouped into PCNA A and PCNA
B, respectively.

The highly conserved L/I-A-P-K/R motifs, which
were demonstrated to be critical amino acid residues for
the functional interaction of human PCNA with the re-
plication factor C (RFC), was identified in the amino acid
sequences of archaeal homologues. However, in all the
three A. pernix PCNA homologues, this motif is less con-
served. One- and two-amino-acid substitutions were iden-
tified in the Ape PCNA BI and PCNA BII, and PCNA A,
respectively.

PCNA has been identified as a target not only for
replicative DNA polymerase but also for the cell cycle
checkpoint protein p21 (Chen et al. 1995; Luo et al. 1995),
the replication endonuclease Fenl (Li et al. 1995; Chen et
al. 1996; Wu et al. 1996), DNA (cytosine) methyltransferase
(MCMT) (Chuang et al. 1997), and the DNA repair endo-
nuclease XPG (Gary et al. 1997). In the primary structures
of these proteins, a consensus motif called the PIP
box, which is important for binding to PCNA, has been
found (Warbrick et al. 1997, Warbrick 1998). Study of the
crystal structure of the human PCNA complexed with a 22-
residue peptide derived from the cell cycle checkpoint pro-
tein p21 showed that a hydrophobic pocket that is formed
by Met®, Val®, Leu”, Leu', Ileu'”, Pro'”, Tyr'®, Pro™,
Tyr*, Ala*?, and Pro™’ of human PCNA interacts with a
hydrophobic cavity formed by Met', Phe'”’, and Tyr"' of
the PIP box in human p21 (Gulbis et al. 1996). In all the
archaeal PCNA homologues, 8 of 11 amino acids corre-
sponding to those forming the hydrophobic pocket in
human PCNA are conserved or substituted with similar,
hydrophobic, or aromatic residues. These amino acids of
archaeal PCNA homologues seemed to be able to form the
hydrophobic pocket.

The phylogenetic analysis showed that two Sulfuri-
sphaera ohwakuensis PCNA homologues did not branch
together, and that two Sulfolobus solfataricus and three
Aeropyrum pernix homologues also did not. Crenarchaeal
PCNA homologues were divided into two groups, one re-
ferred to as group A and the other as group B, and the
clustering topology of the phylogenetic tree suggests that
crenarchaeal A and B are paralogues. However, the phylo-
genetic tree constructed by parsimony showed that Ape
PCNA BII is branched with Ape PCNA A with a very low
bootstrap value, 26% (data not shown). It is a possibility
that Ape PCNA BII belongs to group A.

In conclusion, it is assumed that the presence of at least
two PCNA homologues is a general feature of Crenar-
chaeota, and that these homologues arose by an early gene
duplication(s). The phylogenetic analysis suggested that
crenarchaeal PCNA homologues arose independently of
euryarchaeal homologues by gene duplication after the split
of the crenarchaeal and euryarchaeal lineages, although it
cannot be ruled out that an ancestral gene duplication oc-
curred before the split of crenarchaeotes and euryarchae-
otes, and then one paralogue was lost in the euryarchaeal
lineage immediately after the split of the crenarchaeal and
euryarchaeal lineages.
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