JOURNAL OF BACTERIOLOGY, Apr. 1997, p. 2632-2640
0021-9193/97/$04.00+0
Copyright © 1997, American Society for Microbiology

Vol. 179, No. 8

Gene Duplications in Evolution of Archaeal Family
B DNA Polymerases

DAVID R. EDGELL,* HANS-PETER KLENK, anp W. FORD DOOLITTLE

Department of Biochemistry, Canadian Institute for Advanced Research, Dalhousie University,
Hualifax, Nova Scotia, Canada B3H 4H7

Received 23 October 1996/Accepted 11 February 1997

All archaeal DNA-dependent DNA polymerases sequenced to date are homologous to family B DNA poly-
merases from eukaryotes and eubacteria. Presently, representatives of the euryarchaeote division of archaea
appear to have a single family B DNA polymerase, whereas two crenarchaeotes, Pyrodictium occultum and
Sulfolobus solfataricus, each possess two family B DNA polymerases. We have found the gene for yet a third
family B DNA polymerase, designated B3, in the crenarchaeote S. solfataricus P2. The encoded protein is highly
divergent at the amino acid level from the previously characterized family B polymerases in S. solfataricus P2
and contains a number of nonconserved amino acid substitutions in catalytic domains. We have cloned and
sequenced the ortholog of this gene from the closely related Sulfolobus shibatae. 1t is also highly divergent from
other archaeal family B DNA polymerases and, surprisingly, from the S. solfataricus B3 ortholog. Phylogenetic
analysis using all available archaeal family B DNA polymerases suggests that the S. solfataricus P2 B3 and S.
shibatae B3 paralogs are related to one of the two DNA polymerases of P. occultum. These sequences are
members of a group which includes all euryarchaeote family B homologs, while the remaining crenarchaeote
sequences form another distinct group. Archaeal family B DNA polymerases together constitute a monophy-

letic subfamily whose evolution has been characterized by a number of gene duplication events.

Studies on the mechanisms of DNA replication in eubacteria
and eukaryotes have led to the identification of numerous
DNA-dependent DNA polymerases (31). These have been
classified into families based on amino acid sequence similarity
of the catalytic subunit to one of the three Escherichia coli
DNA polymerases (5). Family A DNA polymerases include E.
coli DNA polymerase I (poll), all eubacterial poll homologs,
some eubacterial phage DNA polymerases, and mitochondrial
DNA polymerases (often called y polymerase). Family B DNA
polymerases include E. coli DNA polymerase II, some eubac-
terial phage DNA polymerases, the eukaryotic nuclear repli-
cative DNA polymerases (a, 8, and €), and eukaryotic viral and
plasmid-borne enzymes. Family C includes only eubacterial
polIIl homologs: there are no known phage, viral, archaeal, or
eukaryotic family C DNA polymerases. An additional eukary-
otic nuclear encoded DNA polymerase, 3, which functions in
repair, is assigned to family X. Members of family X have little
amino acid sequence similarity with DNA polymerases but
instead exhibit amino acid sequence similarity to terminal
transferases.

Although our understanding of DNA replication in eubac-
teria and eukaryotes is quite advanced, comparatively little is
known about DNA replication in archaea. Early studies on
DNA replication showed that aphidicolin, a specific inhibitor
of eukaryotic DNA replication, inhibited cell growth and DNA
synthesis in halophilic archaea (21, 43). Aphidicolin-sensitive
DNA polymerases were subsequently purified from halophilic,
methanogenic, and some thermophilic archaea, suggesting
that, like eukaryotes and unlike eubacteria, archaea use an
aphidicolin-sensitive DNA polymerase for DNA replication
(summarized in reference 20). However, not all archaea dem-
onstrate a sensitivity to aphidicolin, and aphidicolin-resistant
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DNA polymerases have recently been isolated and biochemi-
cally characterized from archaea that had been shown to also
contain aphidicolin-sensitive DNA enzymes (14, 25, 29, 35, 48,
49). Sequencing of the genes for several aphidicolin-sensitive
and one aphidicolin-resistant DNA polymerase revealed that
these DNA polymerases are all homologous to family B DNA
polymerases from eubacteria and eukaryotes (34, 38, 48, 49)
and more similar at the amino acid level to eukaryotic ho-
mologs. This similarity does not prove a specific (sister) rela-
tionship between archaea and eukaryotes (19), as it is impos-
sible to root phylogenetic trees of family B DNA polymerases.

Eukaryotic replicative polymerases («, 8, and €) are more
similar to each other at the amino acid level than to either
archaeal or eubacterial family B homologs (13a). These three
DNA polymerases must be the products of gene duplication
events which occurred at or before the origin of the eukaryotic
nucleus. Since eukaryotic nuclear genomes are likely derived
from the genomes of an archaea-like ancestor (13), the family
B DNA polymerase complement of members of the domain
Archaea is of particular evolutionary interest. To date, eury-
archaeote genomes appear to encode only a single B-type
enzyme (7), while the crenarchaeotes Pyrodictium occultum
and Sulfolobus solfataricus show two or (as we present here)
three B-type polymerases (38, 40, 49).

The third DNA polymerase from S. solfataricus P2 described
here is divergent from other archaeal family B homologs and is
missing a number of invariant amino acids in catalytic motifs.
We have cloned and sequenced the ortholog of this gene from
Sulfolobus shibatae, a closely related member of the crenar-
chaeote order Sulfolobales. The S. shibatae ortholog is also
highly divergent from other archaeal family B DNA poly-
merases and from the S. solfataricus P2 DNA polymerase. Our
phylogenetic analysis splits the archaeal family B DNA poly-
merases into two paralogous groups. Group I includes all eu-
ryarchacote DNA polymerases, one of the two P. occultum
DNA polymerases, and the new DNA polymerases from S.
solfataricus and S. shibatae. Group II encompasses the remain-
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ing crenarchaeote DNA polymerases. This is consistent with
the last common ancestor of archaea possessing multiple fam-
ily B DNA polymerases, one of which was lost in evolution of
the euryarchaeote lineage. However, due to extremely rapid
rates of molecular evolution of the S. solfataricus P2 paralogs,
the relationship between the two groups of DNA polymerases
is poorly resolved and we cannot rule out the competing hy-
pothesis that the common ancestor of archaea possessed a
single family B DNA polymerase and the multiple DNA poly-
merases of crenarchaeotes arose by lineage-specific gene du-
plications.

MATERIALS AND METHODS

Definitions and gene nomenclature. We use the term paralog to refer to
homologous DNA polymerases related by gene duplication and the term or-
tholog to refer to homologous DNA polymerases related by speciation. We
propose to name crenarchaeote family B DNA polymerases on the basis of their
relationship to one of the three S. solfataricus P2 DNA polymerases. DNA
polymerases have been sequenced from two S. solfataricus strains, MT4 and P2.
The letter B refers to family B DNA polymerase, and a number after the letter
B refers to one of the three family B DNA polymerases of S. solfataricus P2. For
instance, one of the two P. occultum DNA polymerases (referred to as DNA
polymerase A in reference 49) is an ortholog of the S. solfataricus P2 B1 DNA
polymerase. We call this polymerase P. occultum B1. The other P. occultum DNA
polymerase (B in reference 49) is likely an ortholog of the S. solfataricus P2 B3
DNA polymerase. We call this polymerase P. occultum B3.

Strains and genomic DNAs. E. coli DH5« and INVaF (Invitrogen) were used
for cloning PCR products and preparation of plasmid DNA for sequencing.
Genomic DNA from the crenarchaeotes Acidianus ambivalens (formerly Desul-
furolobus ambivalens), S. solfataricus MT4, and S. shibatae was prepared as
described previously (28). Genomic DNAs from S. solfataricus P2 and S. acido-
caldarius were a gift from Margaret E. Schenk (Dalhousie University).

PCR and sequencing. Exact-match oligonucleotides surrounding the S. solfa-
taricus P2 B3 DNA polymerase were designed by using DNA sequence data from
the Sulfolobus Genome Project (44). Primers and their sequences (5’ to 3') are
as follows: ShibB3-1, TAGCCATGTTTATGTTC; ShibB3-2, TTGACTAGAG
TATCTGG; UPS-1, AGAGGGCACATAGTCATAGC; DST-1, CGTTCTCTA
TGATAATAATTGG. Conditions for amplification were 92°C denaturation for
2 min, annealing at various temperatures (42 to 50°C depending on which primer
set was used), and extension at 72°C for 2 min. Approximately 50 to 100 ng of
genomic DNA was used in each amplification reaction mixture, which consisted
of 10 mM Tris HCI, 50 mM KCl, 1.5 mM MgCl,, 0.1% Triton X-100, 0.2 mg of
bovine serum albumin per ml, 2 U of Tag polymerase (Gibco-BRL), and 5%
acetamide (Sigma). PCR products of the correct molecular weight were purified
from agarose gels (Bio-Rad) and ligated into a T-tailed vector, pCR2.1 (Invitro-
gen). Ligations were either electrotransformed into E. coli DH5a or heat
shocked into E. coli INVaF (42). Clones were first manually sequenced to
confirm the identity of the insert, and then two clones were completely se-
quenced on both strands by using ABI and Lycor automated sequencers.

Alignments and phylogenetic analysis. The sequences of the catalytic subunits
of archaeal and eukaryotic family B DNA polymerases obtained from GenBank
(release 94.0) are summarized in Table 1. Numbering of amino acids involved in
3'-5" exonuclease and polymerase activity was as previously described (50). Two
separate alignments were created by use of the PILEUP option of the Genetics
Computer Group program with default values, one which contained all archaeal
DNA polymerases, and another which contained the eukaryotic o and & ho-
mologs. The two separate alignments were edited by hand and then combined
into a final alignment that consisted of 168 amino acid characters. Only amino
acids were used for phylogenetic analysis. Functional information on catalytic
residues of the exonuclease domains of archaeal and other family B DNA
polymerases was used to aid in the alignment of exonuclease domains. (Align-
ments are available from D. R. Edgell upon request.)

For phylogenetic analysis, the choice of outgroup sequences was based on
BLASTP and BLASTX scores obtained by using numerous archaeal DNA poly-
merases as query sequences; in each case, the eukaryotic 8 and o« DNA poly-
merases were recovered by both BLASTP and BLASTX before eubacterial or
other eukaryotic homologs. Parsimony analysis was performed by using PAUP
3.1.1 (47) with 100 random replicates with TBR branch swapping to search for
the shortest tree. One hundred bootstrap replicates were performed with simple
stepwise addition to determine confidence in the branching order. Distance
analysis was performed with PHYLIP 3.57c (17). A PAM-corrected distance
matrix was obtained with PROTDIST, and this matrix was used to calculate a
tree by the neighbor-joining method (the NEIGHBOR option of PHYLIP).
SEQBOOT was used for bootstrap analysis. Templeton tests were carried out
with the PROTPARS option of PHYLIP 3.57c with user-defined trees. The
standard error for parsimony trees was determined by dividing the numbers of
steps by the standard deviation. Due to the time constraints of exhaustive max-
imum likelihood searches with many taxa, partially constrained trees based on
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TABLE 1. Archaeal and eukaryotic family B DNA polymerases
used for phylogenetic analyses

DNA polymerase Accession no.

Pyrodictium occultum A (B1)..........D12983
Pyrodictium occultum B (B2)..........D12984
Sulfolobus solfataricus MT4 B1 ....... X 64466

Sulfolobus solfataricus P2 B1 .......... U92875
Sulfolobus solfataricus P2 B2 . X71597
Sulfolobus solfataricus P2 B3 . .Y08257

Sulfolobus shibatae B3 ....U92874
Sulfolobus acidocaldarius B1............U33846
Pyrococcus Sp. ...oceeeeeeeccennne. ...u00707
Pyrococcus sp. strain KOD1.............. D26971

Pyrococcus furiosus .D12983

Thermococcus sp. strain 9oN-7........U47108
Thermococcus litoralis.... .M47198
Methanococcus voltae.. ....L33366
Methanococcus jannaschii. .U67532

Homo sapiens & and o M80397 and X06745, respectively
Saccharomyces cerevisiae o and 3....J03268 and X15477, respectively

Schizbsaccharomyces pombe b.......... X62423

Plasmodium falciparum o and 3......L18785 and X62423, respectively
Trypanosoma bruceii o.. ...571823

Bos tarus §.... ....M80395

Caenorhabditis elegans & .Z81497

Mus musculus o and §.. .D13543 and Z21848, respectively
Oxytricha nova o...... .U02001

Oxytricha fallax o U59426

optimal trees found by both parsimony and distance methods were used. An
exhaustive search was then performed with PROTML (1).

Calculation of nucleotide substitution rates was done with the program
MEGA (32). DNA alignments were created by first aligning the amino acid
sequences of the S. solfataricus P2 B3 and S. shibatae B3 DNA polymerases and
the S. solfataricus (accession number M34696) and S. shibatae (accession number
1L47841) B-galactosidase genes. The amino acid alignments were used as tem-
plates to align the DNA sequences. Nonsynonymous and synonymous substitu-
tions per site were calculated by the method of Nei and Gojobori (37).

Nucleotide seq e accessi bers. The Sulfolobus solfataricus P2 and
Sulfolobus shibatae DNA polymerase sequences described in this paper have
been deposited in GenBank under accession numbers U92875 and U92874,
respectively.

RESULTS

S. solfataricus P2 has three family B DNA polymerases. Two
S. solfataricus family B DNA polymerases are described in the
literature, an enzyme which we designate B1 from S. solfatari-
cus MT4, and a paralog, B2, from S. solfataricus P2 (38, 40). In
the course of sequencing the genome of S. solfataricus P2, two
open reading frames (ORFs) that were highly similar to ar-
chaecal DNA polymerases were found by BLASTX and
BLASTP searches (44). One of the ORFs had 880 of 882
residues identical on the amino acid level to the S. solfataricus
MT4 B1 polymerase (38). The second ORF, designated B3,
was not specifically close at the amino acid level to any S.
solfataricus DNA polymerase sequenced to date and repre-
sented an as-yet-undescribed family B DNA polymerase (44).
Putative BoxA motifs, essential for transcription initiation,
could be identified in the 5’ noncoding regions of all four DNA
polymerase genes (see Fig. 2) (10, 24). S. solfataricus P2 is the
first archaeon reported in which three family B DNA poly-
merases have been found, namely, the two DNA polymerases
we report here and the previously sequenced B2 gene (40).

The catalytic subunits of family B DNA polymerases are
difficult to align due to short, highly conserved exonuclease and
polymerase domains separated by long stretches of low or no
amino acid conservation. The new S. solfataricus P2 B3 DNA
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FIG. 1. (A) Schematic representation (not to scale) of the genomic region of S. solfataricus P2 surrounding the B3 DNA polymerase ORF. Boxes indicate ORFs
identified as potential coding regions. Names above or below boxes indicate ORFs which have significant matches in databases. URF, unidentified ORF. Direction of
transcription is indicated by arrows. Solid arrows indicate the approximate location of direct-match PCR primers used to amplify the region from S. shibatae. (B) Amino
acid alignment of the orthologous B3 DNA polymerase from S. shibatae (S. shib B3) with the S. solfataricus P2 B3 DNA polymerase (S. solf P2 B3). Conserved or
nonconserved amino acid substitutions are highlighted in bold. Conserved functional regions are boxed. Polymerase domain IV and exonuclease domain II overlap;

amino acids corresponding to the polymerase domain are shaded.

polymerase sequence could be aligned with other archaeal and
eukaryotic family B homologs except in exonuclease domain
IIT and polymerase domain VI; these two domains were ex-
cluded from phylogenetic analysis. Four additional domains
not identified in previous analyses of archaeal DNA poly-
merases, and designated A through D in Fig. 6, were included
in the alignment. Of these newly identified regions, only do-
main A was used in phylogenetic analysis since it alone could

be confidently aligned with homologous domains from the
eukaryotic a and 8 DNA polymerases.

As noted previously, the S. solfataricus P2 B2 sequence con-
tains a number of unusual amino acid substitutions in poly-
merase and exonuclease domains; this is also true for the S.
solfataricus P2 B3 sequence (40). Neither DNA polymerase has
the consensus Asp-Ile-Glu (DIE) motif found in the 3'-5'
exonuclease domain I of other archaeal DNA polymerases.
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taaaalTTATAgcgtatttctcagaaaataatAtAtgttagaaaATG
taaaaCTTATAgcgtatttctcagaaaataatAtAtgttagaaaATG
aaagaClTTAATttaccagaggagagAtgtaacAcATG
aagaalTTATAttataaatatctggattaattgttAa[42 bps]atATG
gaactGTTATCggaaatatcctcatctaggaghcgeg (51 bps]gcATG
atacgATTATGtaggggcgggtggtggtagAttctccagggcagageccageccATG
aaggtTTTATActccaaactgagttagtagAtAtgtggggagcAtaATG
gcgttCTTAAAgoCTTAAAtacgtgaatttagecgtaaAttAttgagggattaagtATG
ggggglTTAAAaatttggcggaacttttallTAATttgaactccagtttatatctggtggtAtttATG

FIG. 2. Putative promoter motifs in the 5’ regions of archaeal family B DNA polymerases (22). Sequences shown in capitalized, underlined letters correspond to
the consensus archaeal BoxA motif. Nucleotides which are in bold type indicate a pyrimidine-purine pair and the probable site of transcription initiation. Start codons

of the DNA polymerase ORFs are capitalized.

These residues are critical for exonuclease activity, since intro-
duction of Asp—Glu or Glu—Ala substitutions in exonuclease
domain I of the Thermococcus litoralis family B DNA polymer-
ase abolishes exonuclease activity (30). Mechanistic studies
with other DNA polymerases indicate that these acidic amino
acids play crucial roles in exonuclease activity and are respon-
sible for coordination of divalent metal ions (3, 11). The ab-
sence of this exonuclease domain has been noted before in
other family B DNA polymerases, notably all of the eukaryotic
o DNA polymerases, but these homologs still retain polymer-
ase function (5, 31). It is possible that the 3'-5' exonuclease
activity in S. solfataricus is performed by the S. solfataricus P2
B1 paralog, which does possess a consensus exonuclease do-
main I sequence.

Both the B2 and B3 sequences from S. solfataricus P2 exhibit
a number of nonconserved substitutions in two metal-binding
polymerase domains (I and IT). The amino acid motif Asp-Thr-
Asp (DTD), which is present in polymerase domain I of all
other archaeal enzymes, is replaced by Ile-Ile-Asp and Asn-
Asp-Leu in S. solfataricus P2 B2 and B3, respectively (Fig. 2).
Copeland and Wang found that mutation of the Asp-Thr-Asp
motif to Asn-Thr-Asp, Asp-Ser-Asp, or Asp-Thr-Asn in hu-
man DNA polymerase « drastically reduced DNA polymerase
activity (9). Dong and Wang (12) also found that Lys-950 of
human DNA polymerase « is essential for the binding of de-
oxynucleoside triphosphates. The S. solfataricus P2 B2 se-
quence possesses this amino acid in the homologous position
but it is replaced by a Glu residue in the S. solfataricus P2 B3
and the S. shibatae B3 (see below) sequences.

S. shibatae possesses a rapidly evolving ortholog of the S.
solfataricus P2 B3 DNA polymerase. S. solfataricus P2 is the first
archaeon reported to have three family B DNA polymerases.
However, the extremely divergent amino acid sequence of the
B3 DNA polymerase raises the question of whether this gene
actually codes for a functional DNA polymerase. In an attempt
to address this issue, we have cloned and sequenced an or-
tholog of the S. solfataricus P2 B3 DNA polymerase from
Sulfolobus shibatae, a closely related member in the order
Sulfolobales.

Using the S. solfataricus P2 genome sequence (44), we de-
signed nondegenerate PCR primers flanking the B3 ORF (Fig.
1A) and attempted to amplify this genomic region from rep-
resentatives of the Sulfolobales. We were consistently able to
amplify a fragment of the expected size (2.8 kb) from S. solfa-
taricus P1, S. solfataricus MT4, and S. shibatae but not from
Sulfolobus acidocaldarius (data not shown). Of the organisms
for which we could obtain amplification, S. shibatae is the most
distant from S. solfataricus P2 on the basis of 16S rRNA phy-
logeny (23). We cloned and sequenced the S. shibatae PCR
product and found it to be identical to S. solfataricus P2 in gene
identity and order. However, the predicted amino acid se-
quence of the S. shibatae B3 DNA polymerase is only 79%
identical to the S. solfataricus P2 B3 sequence (158 of 764
amino acids are different [Fig. 1B]).

This number of amino acid substitutions, both conserved
and nonconserved, was surprising. Protein-coding genes evolv-
ing neutrally and under stabilizing selection for maintenance of
a function will have high synonymous (no change of amino
acid) substitution rates and low nonsynonymous (change of
amino acid) rates (33). Protein-coding genes which are not
evolving at neutral rates will have a higher rate of nonsynony-
mous substitutions and a lower rate of synonymous substitu-
tions per site. We calculated both synonymous (Kg) and non-
synonymous (K,) nucleotide substitution rates for the B3
DNA polymerases and for the only other protein-coding gene
sequenced from both organisms, B-galactosidase (Table 2).
The synonymous substitution rate of B-galactosidase is typical
of protein-coding genes evolving neutrally (33). The substitu-
tion rates of the B3 DNA polymerase genes suggest that func-
tional constraints have been relaxed, allowing these genes to
accumulate nonsynonymous substitutions. However, the rate
of nonsynonymous substitutions is not high enough to suggest
that these proteins are under positive selection for a novel
function (36).

Phylogenetic analysis of archaeal family B DNA poly-
merases is confounded by rapid rates of sequence evolution.
To determine the relationship of the three S. solfataricus P2
family B DNA polymerases to other archaeal DNA poly-

TABLE 2. Comparison of rates of nucleotide substitution of S. solfataricus and S. shibatae protein-coding genes®

No. of differences Sub rate
Gene coding for: No. of nt Nsy/Syn ratio
Nsy Syn Nsy Syn
B3 DNA polymerase 2,292 183.5 201.5 0.111 = 0.0083 0.572 = 0.0468 0.192
B-Galactosidase 1,467 41.0 171.0 0.037 £ 0.058 0.886 = 0.0898 0.042

“ Abbreviations: nt, nucleotides; Nsy, nonsynonomous; Syn, synonomous; sub rate, number of substitutions per site.
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FIG. 3. Phylogenetic analysis of archaeal and eukaryotic family B DNA polymerases. (A) PROTDIST analysis with all taxa. An identical topology was found by
using PAUP (100 random replicates of stepwise addition; the shortest tree was 748 steps [confidence interval = 0.741; HI = 0.259]). Based on the phylogeny obtained
by PAUP and distance analyses, a partially constrained tree was used for a maximum likelihood search with PROTML. Nodes which were constrained in the maximum
likelihood analysis are indicated by a small solid circle. Bootstrap values for nodes are indicated in the order parsimony/distance/maximum likelihood. EURY,
euryarchaeote; CREN, crenarchaeote. (B) PROTDIST analysis with the rapidly evolving S. solfataricus P2 B2 and B3 sequences removed. An identical tree was found

by use of parsimony and maximum likelihood methods. Bootstrap values are as described for panel A.

merases, phylogenetic analysis was performed on a data set
which contained all available archaeal family B DNA polymer-
ase sequences. These include family B paralogs from eury-
archaeotes, the S. solfataricus P2 B1, B2, and B3 paralogs, a B1
DNA polymerase from S. acidocaldarius, and the S. shibatae
B3 paralog. The S. solfataricus MT4 B1 paralog was not in-
cluded in phylogenetic analysis since it is 99.7% identical at the
amino acid level to its ortholog from S. solfataricus P2. Two
paralogs (called A and B in reference 49) from the crenarchae-
ote P. occultum were also included in analyses. P. occultum A
and S. solfataricus P2 B1 are orthologs, but P. occultum B
appears most related to S. solfataricus P2 B3 (see below). The

two family B DNA polymerases from P. occultum have been
renamed P. occultum Bl and P. occultum B3.

Regardless of the phylogenetic method used, the three S.
solfataricus P2 DNA polymerases did not branch together, as
would have been expected if they were related by recent gene
duplications (Fig. 3). In both parsimony and distance analyses,
the S. solfataricus P2 B3 and S. shibatae B3 sequences grouped
with the P. occultum B3 DNA polymerase with moderate boot-
strap support. The S. solfataricus P2 B1 and S. acidocaldarius
B1 paralogs form a separate group with P. occultum B1. High
bootstrap values for this group were obtained. Our results
suggest that the S. solfataricus P2 B3, S. shibatae B3, and P.
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FIG. 4. Effect of removing rapidly evolving taxa from phylogenetic analysis.
The optimal tree found by parsimony and distance analysis is drawn schemati-
cally. Important nodes are indicated by letters A through D. A, archaeal unity; B,
support for group I; C, support for group II; D, affinity of S. solfataricus P2 B3
and P. occultum B3. Confidence for each node after removal of rapidly evolving
taxa was measured by 100 bootstrap replicates by both parsimony and distance
methods.

occultum B3 DNA polymerases are orthologs as are the S.
solfataricus P2 B1, S. acidocaldarius B1, and P. occultum Bl
polymerases. It is not clear to which DNA polymerase the S.
solfataricus P2 B2 sequence is related. Low bootstrap support
was found for this sequence grouping with the S. solfataricus P2
B1, S. acidocaldarius B1, and P. occultum Bl DNA poly-
merases. If this placement is correct, a crenarchaeote-specific
gene duplication event must have occurred to give rise to the
S. solfataricus P2 B2 paralog. Finding of an orthologous se-
quence in another crenarchaeote may help in resolving the
phylogenetic position of this DNA polymerase.

Parsimony, distance, and maximum likelihood analyses split
the archaeal DNA polymerases into two groups. We suggest
calling the euryarchaeote and S. solfataricus P2 B3-S. shibatae
B3-P. occultum B3 clade group I and the remaining crenar-
chaeote sequences group II (Fig. 3). This tree topology is
consistent with the last common ancestor of archaea possessing
at least two family B DNA polymerases. However, given the
extremely rapid rates of evolution of the S. solfataricus B2 and
B3 and the S. shibatae B3 sequences compared to that of other
archaeal DNA polymerases, we were concerned that the tree
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topology found by all methods was artifactual. To test this
possibility, we first eliminated the S. shibatae B3 sequence from
phylogenetic analysis. Removal of this sequence did not result
in tree topologies different from those obtained when it was
included; we did not include the S. shibatae B3 sequence in any
further phylogenetic analyses. The same rationale was applied
to removing the S. acidocaldarius B1 sequence from further anal-
yses. With this reduced data set, each of the three S. solfataricus
P2 paralogs was separately removed from the analysis and the
effect on tree topology was measured by both parsimony and
distance bootstrap analyses. Figure 4 indicates that removal of
the S. solfataricus P2 B3 sequence from the analysis had the
greatest effect since bootstrap values at nodes supporting
group I (node B) and group II (node C) were reduced.

The long branch lengths of the S. solfataricus P2 B2 and B3
DNA polymerases also concerned us, since rapidly evolving
sequences such as these are known to be positively misleading
in phylogenetic reconstruction (16). We were particularly in-
terested in testing an alternative tree topology which would be
consistent with the common ancestor of archaea possessing a
single family B DNA polymerase. This tree topology, which
unites all crenarchaeote sequences to the exclusion of eury-
archaeote sequences, was not significantly worse than the
shortest tree topology since both the Kishino-Hasegawa and
Templeton tests did not reject the alternative topology at the
5% significance level (Fig. 5) (17).

We also removed the S. solfataricus P2 B2 and B3 sequences
and performed parsimony, distance, and maximum likelihood
analyses to find the best tree topology. If the branching order
observed with all taxa is robust, removal of these two taxa
should not result in a significantly different tree topology. In-
deed, the best tree recovered by all methods was identical to
the best tree recovered when all taxa were included, with the
archaeal DNA polymerases split into two groups (Fig. 3B).
However, an alternative topology uniting all crenarchaeote
sequences as a group and consistent with the common ancestor
of archaea possessing a single family B DNA polymerase was
not significantly worse than the best tree (Fig. 5). The lack of
phylogenetic resolution of the archaeal family B DNA poly-
merase data set cannot be attributed only to the rapidly evolv-
ing S. solfataricus P2 paralogs; other factors must also be con-
tributing to the problem. Sequencing of additional paralogs
from a diverse sampling of both crenarchaeotes and eury-
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InL AlnVS.E. steps S.D. Sig. worse?
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‘_EESunombus P2 B3
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Pyrodictium B1 -2447.2 0.0 725 0.0 BEST
ma— Sulfolobus P2 B1
Sulfolobus P2 B2
Eukaryotes
B
— Euryarchaeotes
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Pyrodictium B2 -2451.6 -1.1 728 413 NO
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—Sulfolobus P2 B1
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FIG. 5. An alternative topology (tree B) consistent with the hypothesis that the common ancestor of archaea had only a single family B DNA polymerase is not
significantly worse than the best tree (tree A). Abbreviations: In L, log likelihood; In L, difference in log likelihood; S.E., standard error. Alternative topologies are
considered significantly worse if the Kishino-Hasegawa and Templeton tests reject these topologies at the 5% significance level (1, 17). The boxed values are those
obtained when the S. solfataricus P2 B2 and B3 sequences were removed from the analysis.
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archaeotes may help in resolving the phylogenetic relationship
of archaeal DNA polymerases.

DISCUSSION

Previous studies on archaeal DNA replication have focused
primarily on the biochemistry of purified DNA polymerases
(20, 51, 52). These studies attempted to classify DNA poly-
merases as eukaryotic- or eubacterial-like on the basis of en-
zymatic properties and resistance or sensitivity to various in-
hibitors. The most common indicator of the presence of a
eukaryotic-like DNA polymerase was sensitivity to aphidicolin,
a fungal metabolite which inhibits eukaryotic DNA replication
by allosterically binding to the replicative DNA polymerases
(45). By using aphidicolin sensitivity as an indicator, S. acido-
caldarius and S. solfataricus were found to possess a eukaryotic-
like DNA polymerase activity as well as an unclassified aphidi-
colin-resistant DNA polymerase activity (14, 29, 35, 41, 49).
Sequencing of the gene corresponding to the aphidicolin-sen-
sitive activity from S. solfataricus MT4 confirmed that this
DNA polymerase was a family B homolog more similar to
eukaryotic than to eubacterial homologs (38). We call this
paralog B1.

Prangishvili and Klenk (40) attempted to clone and se-
quence the gene for the aphidicolin-resistant DNA polymerase
activity by designing a degenerate oligonucleotide against poly-
merase domain I of eukaryotic and archaeal family B ho-
mologs. The DNA polymerase they sequenced, and which we
call B2, was significantly different on the amino acid level from
the S. solfataricus MT4 B1 aphidicolin-sensitive DNA polymer-
ase. Since the biochemical activities of the cloned S. solfatari-
cus P2 B2 DNA polymerase were not studied, it is unclear if
this DNA polymerase actually corresponds to the aphidicolin-
resistant activity.

Since only two DNA polymerase activities were found in cell
extracts of S. acidocaldarius and S. solfataricus, it is perhaps
surprising that we have found a third DNA polymerase (B3)
(44). The amino acid sequence of this DNA polymerase is
extremely divergent, raising the question of whether this is
actually the product of a functional gene. To address this
question, we have cloned and sequenced the ortholog of this
gene from S. shibatae, a closely related member of the Sul-
folobales (23), reasoning that if S. shibatae also possesses this
divergent DNA polymerase, it is likely to have some function.
Database search scores (data not shown) and the alignment in
Fig. 6 convincingly show that these proteins align over much of
their length with other archaeal DNA polymerases. There is
little doubt that the genes encoding these proteins evolved
from an archaeal family B DNA polymerase. However, the
number of amino acid differences between the orthologous .
shibatae B3 and S. solfataricus P2 B3 sequences is surprising
given the close evolutionary relationship of these two organ-
isms (23).

A possible explanation for the low amino acid identity be-
tween these two sequences is positive selection for a novel
function(s). There are very few examples of positive selection
based on molecular sequences and only a single possible ex-
ample in Archaea, that of the superoxide dismutase genes of
halophiles (15, 27). Evidence for positive selection can be as-
sessed by taking the ratio of nonsynonymous (K,) to synony-
mous (Kg) substitutions per site (15, 36). Ratios of >1 are
considered strong evidence for positive selection, since the rate
of nonsynonymous substitutions exceeds that which can be
explained by neutral evolution. A ratio of <1 is taken as evi-
dence for stabilizing or purifying selection, since deleterious
nonsynonymous substitutions do not become fixed in the pop-
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ulation. The K /K ratio for the B3 DNA polymerase genes is
only 0.192 (Table 2), well below what is considered evidence
for positive selection, but is higher than that of the B-galacto-
sidase genes (0.042). It is clear from the alignment in Fig. 6
that the S. solfataricus and S. shibatae B3 DNA polymerases
have undergone a high rate of nonsynonymous amino acid
replacements after their divergence from a common ancestral
sequence. Amino acid substitutions in catalytic domains sug-
gest that we cannot be certain that the encoded proteins retain
all or any of the ancestral exonuclease or polymerization func-
tions, but the fact that both ORFs remain uninterrupted by
nonsense mutations indicates that the genes encoding these
proteins remain under some sort of selection.

The finding of multiple family B DNA polymerases in two
crenarchaeotes but (as yet) only a single family B DNA poly-
merase in all euryarchaeotes studied, including the whole-ge-
nome sequence of Methanococcus jannaschii (7), raises a number
of interesting questions concerning the evolution of the archaeal
DNA replication apparatus. Our phylogenetic analysis, and pre-
vious analyses, cannot resolve what we view as two competing
hypotheses of archaeal family B DNA polymerase evolution:
(i) that the common ancestor of archaea possessed at least two
family B DNA polymerases, one of which (the group II or-
tholog) was lost in the euryarchaeote lineage after the split of
the two archaeal kingdoms; and (ii) that the common ancestor
possessed a single family B DNA polymerase (orthologous to
group I) and the multiple DNA polymerases of crenarchaeotes
(group II) evolved by gene duplication after the split of the two
archaeal kingdoms.

In the absence of data concerning the function and organ-
ismal distribution of family B DNA polymerases in archaea,
both scenarios seem equally plausible. Scenario (i), which pos-
tulates a loss of a cellular encoded family B DNA polymerase,
has been observed in two eubacteria. Neither Haemophilus
influenzae Rd nor Mycoplasma genitalium possesses a family B
homolog (18, 22), yet this DNA polymerase is present in E.
coli, where it functions as a repair polymerase (4, 8, 26). This
DNA polymerase must have been lost independently in the
lineages leading to H. influenzae and Mycoplasma genitalium.

Scenerio (ii) would be favored by the finding of a single
family B homolog in euryarchaeotes by genome sequencing
projects. Indeed, only a single family B homolog is found in the
recently completed genome sequence of Methanococcus jann-
aschii (7). However, two DNA polymerases activities have
been described in another euryarchaeote, Halobacterium halo-
bium (35, 46). One of these activities likely corresponds to a
family B homolog, orthologous to the known family B DNA
polymerases of euryarchaeotes. The second activity is aphidi-
colin resistant and unclassified. It is possible that the second
polymerase activity could also correspond to a family B DNA
polymerase since both aphidicolin-resistant and -sensitive family
B homologs from P. occultum were recently characterized (49).

The finding of multiple family B DNA polymerases in cre-
narchaeotes is intriguing, given that eukaryotes use three fam-
ily B DNA polymerases (a, 8, and €) for nuclear DNA repli-
cation (2, 6, 31). The finding of three family B DNA
polymerases in S. solfataricus P2 raises the obvious question of
whether these homologs perform similar roles at the replica-
tion fork as the eukaryotic homologs. Conversely, if eur-
yarchaeotes possess only a single family B homolog, as indi-
cated by the genome sequence of Methanococcus jannaschii,
this also raises questions concerning the function(s) of the
single DNA polymerase at the replication fork. It is conceiv-
able that a single DNA polymerase could replicate both the
leading and lagging strands in euryarchaeotes, as does the
family C DNA polymerase in E. coli (31).
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Exonuclease Exonuclease Domain IT
Domain I A Polymerase Domain IV B c
S.solfataricus MT4 Bl [225] IKRVAIDIEVY [246] QKAEFPIISI (292] EYELLGRFFDILLEY .P.IVLT] 3 FDLPYIYFR [326] .ALKLGY [347] KYLAGLHIDL
s.solfataricus P2 Bl [225] IKRVAIDIEVY [246] QKAEFPIISI [292] EYELLGRFFDILLEY .P.IVLTFRC DLPYIYFR [326] .ALKLGY [347] KYLAGLHIDL
S.acidocaldarius Bl [223) IKRVSLDIEVY [244] ERAEFPIISV ([290] EKKLLARLFEIIREY .P.MLLTFNGDDEDIPYIYFR [324] .ALRLNF [344] KFLAGIHIDL
S.solfataricus P2 B2 [16] LEKLERIIERL [51] DELVDPYNLV [151] .............. Y FYYMRKRLNVVN.ETPTVLSQ [172] TLYRLGI [208) SLKGKV.FEV
S.solfataricus P2 B3 [166] LRTIGVDFQIY [183] NPRKDPIVVM [211] DLKIIRRFVDYILNY DPDIIFVYDSDLLPWKYITER [247] .ASSLGV [273] SISGERLNVDL
S.shibatae B3 [166] LRAIGIDFQIY ({183] NPRKDPIVVL [211} DLKIIRKFVDYILNY DPDIIYVFDVDVFHWKYITER [247] .ANSLGV [273] SISL
P.occultum Bl [261] PRRLAVDIEVF ([282] STASYPVISV [331] ERALILEAFRLISNY .P.VLLTHNGDUFDLPYLYNR [365] .AVRLGI [385] TLEYGFHIDL
P.occultum B3 [181] MRLVAFDIEVY [198] NPARDPVIIV [226]) DRRVLREFVEYVRAF DPDIIVGYNSNHFDWPYLMER [262] .ARRLGI [288] SVQﬁ\TVDL
Pyrococcus fur. [135] LKILAFDIETL [151] EFGKGPIIMI [187] EREMIKRFLRIIREK DPDIIVT SFDFPYLAKR (223] .AEKLGI [251] EVKGRIHFDL
Pyrococcus sp. [135] LKLLAFDIETL [151] EFAKGPIIMI [187] EREMIKRFLKVIREK DPDVIIT PLPYLVKR {223] .AERLGI [251] EIKGERIHFDL
Pyrococcus KOD1 [135] LKMLAFDIQTL [151] EFAEGPILMI [187) EREMIKRFLRVVKEK DPDVLIT DFAYLKKR [223] .CEKLGI [251] EVKBRIHFDL
Thermococcus lit. [135] LKLLAFDIETF [151] EFGKGEIIMI ([187] EREMIKRFVQVVKEK DPDVIIT BLPYLIKR [223] .AEKLGV [253] EIKGRIHFDL
Thermococcus 9oN-7 [135] LTMLAFDIETL [151] EFGTGPILMI [187] EKEMIKRFLRVVREK DPDVLIT DFAYLKKR [223] .CEELGI [251] EVKBRIHFDL
Methanococcus vol. [175] LNCIAFDMELY [191] NAKKDPIIMV (231] EKELIQKTIEIL..K QYDVIYTY DFPYLKKR [265] .ANIYEI [298) KIP[SIIHIDL
Methanococcus jan. [154] LKSVAFDMEVY [171] NPERDPILMA [207] EKELIKKIIETL..K EYDVIYTYN PYLKAR [241] .AKIYGI [269] YIPGRVHIDL
Exonuclease
Domain III Polymerase Domain II D Polymerase Domain VI
S.solfataricus MT4 Bl [406] LIEYNFRDAEITLQL [4%6] GAVVIDPPAGIFFNITVLDFASLYPSIIRT.WNLSYETV [545] KDETGEVLHIVCMDRP [S561] GITAVITGLLRDFR..VKIYKKEA
S.solfataricus P2 Bl [406]) LIEYNFRDAEITLQL [496] GAVVIDPPAGIFFNITVLDFASLYPSIIRT.WNLSYETV [545] KDETGEVLHIVCMDRP [561] GITAVITGLLRDFR..VKIYKKKA
S.acidocaldarius Bl [403) LIEYNLRDAEITLKL [493] GAVVIDPPAGVYFNVVVLDFASLYPSIIKN.WNISYETI [542] EDETGEKLHYVCMDKP [558] GITAVYQGLIRDFR..VKVYKKKA
S.solfataricus P2 B2 [226] LIEWS.......... {326) GGLILFPQPGCYDNVYQVDFSSMYPSLIVK.HNISAETV [366] CDDIKTELHSICLKEK [382] GIIPEALQWLIERKSELK......
S.solfataricus P2 B3 [331] IREYSIENARSIYLL [406] RNIIIQPKVGIYTDVYVLDISSVY.SLVIRKFNIAPDTL [451] CYSSPISNYKFKREPS ([467] GLYKTFLDELSNVR....
S.shibatae B3 [331] VKQYSLENAKSIYLL [406] KKTVIEPKIGIYSDVYVLDISSVY.LSVIRKFNISPDTL [451] CYVSTISNYKFKKEPS [467] GLYKTFLEELSNIQ..
P.occultum Bl {444] LVRYNVRDADLTLRL [534] GALVLDPPSGIYFNIVVLDFASLYPSIIKR.WNLSYETV [583] .EV.PDVGHKVCMSIP [597] GLTSQIVGLLRDYR..VKIYKKKA
P.occultum B3 [348] LERYALDDVRATYGL [421] GAVVLKPLRGVHENVVVLDFSSMYPSIMIK.YNVGPDTI [471] CYVAPEVGHRFRRSPP [487] GFFKTVLENLLKLRRQVKEKMKEF
Pyrococcus fur. [308] VAKYSMEDAKRATYEL [387] GGFVKEPEKGLWENIVYLDFRALYPSIIIT.HNVSPDTL [432] YDIAPQVGHKFCKDIP [448] GFIPSLLGHLLEERQKIKTKMKET
Pyrococcus sp. [308] VAKYSMEDAKVTYEL [387] GGYVKEPEKGLWEGLVSLDFRSLYPSIIIT.HNVSPDTL [432] YDVAPEVGHKFCKDFP [448] GFIPSLLKRLLDERQEIKRKMKAS
Pyrococcus KOD1 [308] VARYSMEDAKVTYEL [386] GGYVKEPERGLWENIVYLDFRSLYPSIIIT.HNVSPDTL [431] YDVAPQVGHRFCKDFP [447] GFIPSLLGDLLEERQKIKKKMKAT
Thermococcus lit. [310] LAQYSMEDARATYEL [389] GGYVKEPEKGLWENIIYLDFRSLYPSIIVT.HNVSPDTL ([434) YDVAPIVGYRFCKDFP [450] GFIPSILGDLIAMRQDIKKKMKST
Thermococcus 9oN-7 [308] VARYSMEDAKVTYEL [386] GGYVKEPERGLWDNIVYLDFRSLYPSIIIT.HNVSPDTL ([431] YDVAPEVGHKFCKDFP [447] GFIPSLLGDLLEERQKIKRKMKAT
Methanococcus vol. (353) LLRYAYEDALYTYKM [432] GGYVREPLKGIQEDIVSLDFMSLYPSILIS.HNISPETV [477] .ENM.EL......... [482] GIIPKTLNELLSRRKHIKMLLKDK
Methanococcus jan. [324] LIEYSLQDAKYTYKI [403] GGYVKEPEKGMFEDIISMDFRSLYPSIIIS.YNISPDTL [442] ........ CECCKDVS {463] GLIPKTLRNLIERRINIKRRMKKM
Polymerase Polymerase Polymerase
Polymerase Domain III Domain I Domain VII Domain V
S.solfataricus MT4 Bl [599]) ORAMKVFINATYGVFGAETFPLYAPRVAESVTALGRY ([648] GLTVLYGDTDSLFL [692] FVAFSGLRKRNYFGVY [707] ODGKVDIKGMLVKKRNTPEFVR
S.solfataricus P2 Bl [599] QRAMKVFINATYGVFGAETFPLYAPAVAESVTALGLR [648] GLTVLYGDTDSLFK [692] FVAFSGLKKNYFGVY [707] QDGKVDIKGMLVKKRNTPEFVK
S.acidocaldarius Bl [596] QRAMRVFINATYGVFGAENFPLYAPAVAESVTAIGRY [645] NLKVIYGDTDSLFL [689] YVAYSGLKKNYFGVY [704] PDGKTEIKGMLAKKRNTPEFIK
S.solfataricus P2 B2 [406]) AEAIRWILVASFGYLGYRNSLFGKIEAYEMVTYLARK [455] GLRVLHGIIDSLVV [482] KET..GLRKRYNWII [515] MNGEMIAKGL..IRENMPNIVK
8.solfataricus P2 B3 [485) IKVIEELISSFNDYVHWVN, REIA.SAFDEFSN [534] GLDVILANDLLIFV [577] KSLLVLDNNRYAGLS [592] EGDKIDIARKGEEDMNLCELAR
S.shibatae B3 [485] SKVIEELMSSFYDYIHWIN. REIA.SAVDELSY [534] GFEVILANDFLVFV [577] RSLLILGNDRYAGLL [592] EGDKIDIARIGKEDRDLCELVR
P.occultum Bl {635] QAAMRVYINASYGVFGAESFPFYAPPVAESVTAIGRY [684] GLRVLYGDTDSLFI [728] FVTFSGLKEKNYIGAY (743] EDGSIDVKGMVAKKRNTPEFLK
P.occultum B3 [524] QKALKVLANASYGYMGWSHARWYCKRCAEAVTAWGRN [573 ] GLKVIYGDTDSLFV [616] KVFFTEAKKRYVGLL [631] EDGRIDIVGFEAVRGDWCELAK
Pyrccoccus fur. [484] QKATRLLANSFYGYYGYAKARWY(CKECAESVTAWGRK [534] GFKVLYIDTDGLYA [586] RGFFV.TKKRYAVID [600] EEGKVITRGLEIVRRDWSEIAK
Pyrococcus sp. [484] QRAIRILANSYYGYYGYAKARWYICKECAESVTAWGRE [534] GFKVLYIDTDGLYA [586]) RGFFV.TKKKYALID [600] EEGKIITRGLEIVRRDWSEIAK
Pyrococcus KOD1 [483] QRAIKILANSYYGYYGYARARWYCKECAESVTAWGRE [S533] GFKVIYSDTDGFFA [585] RGFFV.TKKKYAVID [599] EEGKITTRGLEIVRRDWSEIAK
Thermococcus lit. [486] QRAIKLLANSYYGYMGYPKARWY[SKECAESVTAWGRH [536] GFKVLYADTDGFYA [588] RGFFV.TKKRYAVID [602] EEGRITTRGLEVVRRDWSEIAK
Thermococcus 9oN-7 [483] QRATKILANSFYGYYGYAKARWY(CKECAESVTAWGRE [533) GFKVLYADTDGLHA ([585) RGFFV.TKKKYAVID {599] EEGKITTRGLEIVRRDWSEIAK
Methanococcus vol. [522] QKSIKVLANSHYGYLAFPMARWY[SDKCAEMVTGLGRK [571] GFKVIYADTDGFYA [645) RGLFV.TKKKYALIE {[659] DDGHIVVKGLEVVRRDWSNIAK
Methanococcus jan. [503] QKSLKILANSVYGYLAFPRARFY[SRECAEIVTYLGRV [S522] GFKVLYIDTDGFYA [605] RGIFV.TKKRYALVT ([627] NGRVTVVKGLEFVRRDWSNIAK

FIG. 6. Amino acid alignment of archaeal family B DNA polymerases. Numbering of sequences is from the N to the C terminal and corresponds to the amino acid
position at the start of each conserved domain. Exonuclease domain II and polymerase domain IV overlap, and a space has been inserted in the alignment to indicate
the start of exonuclease domain II. Signature sequences which support a specific relationship of the P. occultum B3, S. solfataricus P2 B3, and S. shibatae B3 DNA
polymerases with euryarchacote DNA polymerases are boxed. Signature sequences which support a relationship of the S. solfataricus P2 B1 and P. occultum B1 DNA
polymerases with euryarchaeotes are boxed and shaded. Amino acid residues which have been identified as functionally important by mutational studies are in bold
type. Not all of the alignment was used for phylogenetic analysis (see Results), and the regions used are indicated by ~. Gaps introduced in the alignment are indicated
by a period. Pyrococcus fur., Pyrococcus furiosus; Thermococcus lit., Thermococcus litoralis; Methanococcus vol., Methanococcus voltae; Methanococcus jan., Meth-

anococcus jannaschi.

If the three S. solfataricus P2 family B DNA polymerases do
perform function(s) analogous to those of the three eukaryotic
family B DNA polymerases, it would not be unreasonable to
expect them to be orthologs. For example, the S. solfataricus P2
B1 polymerase should branch with a specific group of eukary-
otic polymerases in phylogenetic analyses (8-type, for in-
stance). However, this is not the relationship observed; the
archaeal DNA polymerases form a monophyletic group with
high bootstrap values (Fig. 3). The gene duplication events
which gave rise to the multiple family B DNA polymerases of
eukaryotes and crenarchaeotes must have occurred indepen-
dently of one another.
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