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ABSTRACT

We cloned the gene encoding the thermostable DNA
polymerase from the archaeon Pyrococcus furiosus.
The DNA fragment of 2785 base pair (bp) containing
the structural gene for DNA polymerase was
sequenced. DNA polymerase (Pfu polymerase), as
deduced from the DNA sequence, consisted of 775
amino acids, had a molecular weight of 90,109, and was
structurally homologous to the o-like DNA polymerases
(family B) represented by human DNA polymerase o
and Escherichia coli DNA polymerase Il. An unrooted
phylogenetic tree of the o-like DNA polymerases based
on the amino acid sequence alignment was
constructed. Pfu polymerase, with two other archaeon
polymerases, constitutes a group with some animal
viruses. The transcription initiation sites of the pol gene
were identified by analysis of in vivo transcripts of both
from P.furiosus and E.coli, and the promoters were
assigned upstream of the pol coding region. A typical
promoter sequence for the archaeon was found at a
reasonable distance from the transcription initiation site
in P.furiosus.

INTRODUCTION

DNA polymerase genes from many organisms have been cloned
and their deduced amino acid sequences have been compared.
On the basis of similarities in these amino acid sequences, DNA
polymerases have been classified into two major groups: the
Escherichia coli DNA polymerase I (Pol I) family and the
eukaryotic DNA polymerase « family. A classification of DNA
polymerases into families A, B, and C according to the homology
of the amino acid sequence with E.coli Pol I, II, and I,
respectively, has been proposed (1).

Extremely thermostable DNA polymerases have been purified
from some archaeon (2—6) and the genes have been cloned
(7—9). The deduced amino acid sequences of the DNA
polymerases showed that they all belong to the a family (family
B). In this study, we report the entire nucleotide sequence of the
P.furiosus DNA polymerase gene and the deduced primary
structure of its protein. We identified the transcription initiation

site in both P.furiosus and E.coli, and located the promoter of
the gene.

MATERIALS AND METHODS
Bacterial strain

Pyrococcus furiosus strain Vcl, DSM3638T (10) was obtained
from the Deutsche Sammlung von Mikroorganismen
(Braunschweig, Germany). The strain was grown at 95°C without
being shaken, in a broth containing 10 g of tryptone, 5 g of yeast
extract, 35 g of the powder conpornent and 5 ml of the solution
conpornent of the artificial sea water (Jamarin S, Jamarin
Laboratory, Osaka, Japan). , 10 g of starch, and 10 ml of trace
elements per 1000 ml. Trace elements (100 X conc) contains 1.5
g of nitriloacetic acid, 3.0 g of MgSO,, 1.0 g of NaCl, 0.1 g
of FeSO, 7H,0, 0.1 g of CoSO,, 0.1 g of CaCl, 2H,0, 0.1 g
of ZnSOy, 10 mg of CuSO4 SH,O, 10 mg of KAI(SO,),, 10 mg
of H3BO3, 10 mg of N32M004 2H20, and 25 mg of NlClz
6H,0. Nitriloacetic acid was dissolved in KOH to pH 6.5, the
minerals were added, the pH was adjusted to 7.0 with KOH,
and then the volume was brought to 1000 ml.

Recombinant DNA techniques

DNA was manipulated in vitro by standard procedures (11).
Restriction enzymes, DNA ligase, reverse transcriptase, the
plasmids pUC18, 19, and pTV118N, the universal primers for
pUC and pTV vectors, cassettes and cassette primers for EcoRI,
Hindlll, Sau3Al and Xbal, and the specific primers for the
P.furiosus pol gene were products of Takara Shuzo (Kyoto,
Japan). [«32P]dCTP and [methyl-*H]TTP were purchased from
Amersham International plc (Bucks, UK).

PCR conditions

P. furiosus DNA (0.5 ng) and a cassette oligonucleotide (50 ng)
were ligated in 20 pl of reaction solution, then 1 ul of the reaction
mix was used as the template for amplification by the PCR. S1
(100 pmol) and cassette primers (25 pmol) were added and 30
cycles were performed with a temperature profile of 30 sec at
94°C, 2 min at 45°C, and 2 min at 72°C in a DNA thermal
cycler (Perkin-Elmer Cetus, Norwalk, CT). One microliter of
the PCR mixture was used as the template and 25 more cycles
were done under the same conditions.
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DNA sequencing

The nucleotide sequences of the DNA fragments were analyzed
by dideoxy nucleotide chain termination method basically as
described by Sanger et al. (12). Ladderman (BcaBEST) DNA
polymerase (13) was used for DNA chain elongation reaction.

Amino acid sequence analysis

Partially purified protein was blotted from an SDS-
polyacrylamide gel onto a polyvinylidene difluoride membrane
as described earlier (14) and the N-terminals were analyzed by
Edman degradation with an automated amino acid sequencer
(470A, Applied Biosystems, Foster City, CA). The purification
procedure of the protein will be described elsewhere.

Analysis of transcripts

The transcription initiation sites of the pol gene were identified
by primer extension of the in vivo transcripts done basically as
described by Treisman et al. (15) with the synthetic
oligonucleotide \GCCTAATAACAGGTTTTCCT, which is the
complementary sequence of the N-terminal coding region of the
pol gene, as the primer.

Computer analysis

Amino acid sequences, which have been identified as the
members of the a-like DNA polymerase family, were collected.
Pairwise comparison of the sequences was carried out by a
computer program with local alignment algorithm (16). Then,
multiple alignments of conserved regions were constructed
according to the results of the pairwaise comparison. An unrooted
phylogenetic tree was constructed by neighbor-joining method
(17) based on differences in amino acid sequences between
aligned pairs of a-like DNA polymerases. The differences were
calculated from the number of substitutions and the number of
aligned sites, which were summed up over the entire aligned
segments. In the calculation of the differences, a continuous gap
was treated as a single substitution, regardless of its length. The
differences were corrected as described by Hood et. al. (18).
The DNA polymerase sequences compared were the following:
Thermococcus litoralis (9), Sulfolobus solfataricus (8),
Saccharomyces cerevisiae DNA polymerase II (19). Autographa
californica nuclear polyhedrosis virus (20), fowlpox virus (21),
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vaccinia virus (22), chlorella virus (23), REV3, a putative DNA
polymerase of S.cerevisiae required for inducible mutagenesis
(24), Plasmodium falciparum DNA polymerase & (25), bovine
DNA polymerase § (26), human DNA polymerase & (27),
Schizosaccharomyces pombe DNA polymerase & (28),
S.cerevisiae DNA polymerase III (29), DNA polymerase from
human cytomegalovirus (30), human herpesvirus 6 (31), Epstein-
Barr virus (32), varicella-zoster virus (33), herpes simplex virus
type 1 (34), herpes simplex virus type 2 (35), Trypanosoma brucei
(36), Drosophila melanogaster DNA polymerase « (37), human
DNA polymerase « (38), S.cerevisiae DNA polymerase I (39),
S. pombe DNA polymerase a (40), E.coli DNA polymerase II
(41), DNA polymerase from E.coli phage T4 (42), adenovirus
type 12 (43), adenovirus type 5 (44), adenovirus type 2 (45),
adenovirus type 7 (46), pCIK1, a linear plasmid of the fungus
Claviceps purpurea (47), pGKL1, a linear plasmid of the yeast
Kluyveromyces lactis (48), pGKL2 (49), bacteriophage PRD1
(50), ¢29 (51), M2 (52), S1 mitochondrial DNA of maize (53),
and Ascobolus immersus mitochondrion plasmid pAI2 (54).

RESULTS AND DISCUSSION

Isolation of the pol gene from P.furiosus DNA

Based on the amino-terminal sequence of the purified polymerase
protein, the mixed oligonucleotide S1, ATGAT(T/C/A)T/C)-
T(T/C/A/G)GA(T/C)GT(T/C/A/G)GA(T/C)TA, and S2,
GA(T/C)TA(T/C)AT(T/C/A)AT(T/C/A/G)GA(A/G)GA (Fig.
1), were synthesized. PCR was performed with primer S1
coupled with one of the cassettes primer C1 (55) from a cassete-
ligation-mediated library of P.furiosus DNA as the template.
Specific fragments 970 and 600 bp long were amplified from
the EcoRI and the BamHI cassette libraries, respectively. With
the 970-bp fragment as the probe, a P.furiosus genomic library
consisting of a cosmid vector (Triple helix cosmid vector,
Stratagene Cloning Systems, La Jolla, CA) that had fragments
with the mean size of 40 kbp from Sau3Al (Asada et al.,
unpublished) was screened by colony hybridization, and a positive
clone that contained a 40-kbp fragment of P.furiosus was
obtained. To locate of the pol structural gene, the positive cosmid
DNA was digested with EcoRI, BamHI, Hindlll, and Ps: and
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ﬂgure.l. Physical map of a DNA fragment containing the Pfi« pol gene, and DNA sequencing strategy. Arrows indicate the extent of the nucleotide sequences
determined. The thick arrow indicates the coding region and orientation of the pol gene. Abbreviations: B, BamHI; E, EcoRl; H, HindIll; Ns, Nsp7524V; P, Pstl;

Sp, Sphl; St, Stul; X, Xbal.



analyzed by Southern hybridization. A positive PstI fragment of
7.0 kbp, was isolated and inserted into the Pst site of the plasmid
pTV118N. The isolated plasmid, designated pPF100, was used
as a template to confirm that specific fragments could be amplified
by PCR with the primer S1 and the universal primer M4 from
the vector plasmid. PCR was also helpful in prediction of the
region of the pol structural gene in the inserted fragment of 7.0
kbp. The extract from E. coli strains carrying the plasmid pPF100
had DNA polymerase activity at 75°C, and therefore we
concluded that pPF100 contained the pol gene of P.furiosus.
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Nucleotide sequence of the pol gene

Because restriction enzyme cutting sites were scattered in the
7.0-kbp fragment (Fig. 1), the restriction fragments BamHI-
BamHI, BamHI-EcoR1, BamHI-HindIll, EcoRI-EcoRI, EcoRI-
HindIll, EcoRI-Sphl, HindII-Sphl, Ncol-Ncol, Nspl-Stul, Sphl-
Xbal, and Xbal-Xbal were excised and subcloned into pUC118
and 119. Dideoxy sequencing was performed with universal
primers M4, and RV for the plasmid vectors. To check the
sequence, specific primers were synthesized on the basis of the
sequences that were already read, and finally both strands were

-

TTCTAACCAATGCCCCTGGTCCTGGGTCCACATATATGTTCTTACTCGCCTTTATGAAGAATCCCCCAGTCGCTCTAACCTGGGTTATAGTGACAAATCTTCCTC

106 CACCACCGCCCAAGAAGGWATI‘NTA‘K:MCTC‘PACACCTCCCCTA’N’I’PC’N'I‘CTTA'IGAGA'I'I'I‘PTMGTATAG'!‘TATAGA%GGTCCAAACT
E
GAGTTAGTAGATATGTGGGGAGCATAATGATTTTAGATGTGGATTACATAACTGAAGAAGGAAAACCTGTTATTAGGCTATTC AAAAAAGAGAACGGAAAATTTA
ng M I L DV DY TITETESGEKTPVTIRTLTFTZEKTEKTETNS GTEKTF 26
316 AGATAGAGCATGATAGAACTTTTAGACCATACATTTACGCTCTTCTCAGGGATGATTCAAAGATTGAAGAAGTTAAGAAAATAACGGGGGAAAGGCATGGAAAGA
K I EHDRTTFRPJYTITYALTLTERTDTDSTZ KTEITETEVTE KT KTITGTETRTHTGZK 61
421 TTGTGAGAATTGTTGATGTAGAGAAGGTTGAGAAAAAGTTTCTCGGCAAGCCTATTACCGTGTGGAAACTTTATTTGGAACATCCCCAAGATGTTCCCACTATTA
I VRIVDYEKVYVET KE KTFETLGE KTPTITVWEKTLYTLETEHETPOQDVTEPTTI 9
526 GAGAAAAAGTTAGAGAACATCCAGCAGTTGTGGACATCTTCGAATACGATATTCCATTTGCAAAGAGATACCTCATCGACAAAGGCCTAATACCAATGGAGGGGG
REKVRETHTPAVVDTIFET Y DTITPTFA AEKTRSYTLTIDTE KT GTLTITPHMESG 131
631 AAGAAGAGCTAAAGATTCTTGCCTTCGATATAGAAACCCTCTATCACGAAGGAGAAGAGTTTGGAAAAGGCCCAATTATAATGATTAGTTATGCAGATGAAAATG
EEETLIKTITLA ATFTDTIETTLTYHETGTETETFGE G GTPTITIMTISTYATDTEN 166
736 AAGCAAAGGTGATTACTTGGAAAAACATAGATCTTCCATACGTTGAGGTTGTATCAAGCGAGAGAGAGATGATAAAGAGATTTCTCAGGATTATCAGGGAGAAGG
EAKV ITWE KNTIDTLTPYVEVVSSTETRTEUMTIEIEKTETFTLTE RTITITRE K 201
841 ATCCTGACATTATAGTTACTTATAATGGAGACTCATTCGACTTCCCATATTTAGCGAARAGGGCAGAAAAACTTGGGATTAAATTAACCATTGGAAGAGATGGAA
DPDITIVTZYNGDSTFTDTFTPTYTLA AEKTERAET KTLTGTITZKTLTTIGTRTDG 236
946 GOGAGCCCAAGATGCAGAGAATAGGCGATATGACGGCTGTAGAAGTCAAGGGAAGAATACATTTCGACTTGTATCATGTAATAACAAGGACAATAAATCTCCCAA
S EPKMOQRTIGDMTAVYVEVI KGR RTITBHTFODTLYUHVYVTITRTTINTLTP 271
1051 CATACACACTAGAGGCTGTATATGAAGCAATTTTTGGAAAGCCAAAGGAGAAGGTATACGCCGACGAGATAGCAAAAGCCTGGGAAAGTGGAGAGAACCTTGAGA
TYTLEAVYEA ATILTFGIKTPEKTETKVYTYADETIA AT KTA AW®WESTSTGENTLE 306
1156 GAGTTGCCAAATACTCGATGGAAGATGCAAAGGCAACTTATGAACTCGGGAAAGAATTCCTTCCAATGGAAATTCAGCTTTCAAGATTAGTTGGACAACCTTTAT
RV AKYSMETDA AT KA ATYTETLGE KTETFTLTPMETIG QLSTZ RTLVGSG QP L 341
1261 GGGATGTTTCAAGGTCAAGCACAGGGAACCTTGTAGAGTGGTTCTTACTTAGGAAAGCCTACGAAAGAAACGAAGTAGCTCCAAACAAGCCAAGTGAAGAGGAGT
WDVSRSSTGNTLYVETMWTFTLTLTRTEKAYTETRNETVYA ATPNTEKTPSTETEE 376
1366 ATCAAAGAAGGCTCAGGGAGAGCTACACAGGTGGATTCGTTAAAGAGCCAGAAAAGGGGTTGTGGGAAAACATAGTATACCTAGATTTTAGAGCCCTATATCCCT
YQRRLRETGSTYTGGTFVE KETPETZKTGTLTUWETSNTIVZYTLTDTFTERA ALY P 411
1471 CGATTATAATTACCCACAATGTTTCTCCCGATACTCTAAATCTTGAGGGATGCAAGAACTATGATATCGCTCCTCAAGTAGGCCACAAGTTCTGCAAGGACATCC
$ I I I THNVSTPDTTLINTLTETGTC CTE KINTYODTIA AP QVGTHTEKTFTCTE KD I 446
1576 CTGGTTTTATACCAAGTCTCTTGGGACATTTGTTAGAGGAAAGACAAAAGATTAAGACAAAAATGAAGGAAACTCAAGATCCTATAGAAAAAATACTCCTTGACT
PGF I PSLLGEHTLTLTETETRTQ QEKTITEKTTE KMEKTET QDTPTIET KTITLTLD 48
1681 ATAGACAAAAAGCGATAAAACTCTTAGCAAATTCTTTCTACGGATATTATGGCTATGCAAAAGCAAGATGGTACTGTAAGGAGTGTGCTGAGAGCGTTACTGCCT
Y RQKATIKTLTLA ANTSTFTYGYJTYGYA ATE KA ARTEWYGCTEKTETCA ATETSTVTA 516
1786 GGGGAAGAAAGTACATCGAGTTAGTATGGAAGGAGCTCGAAGAAAAGTTTGGATTTAAAGTCCTCTACATTGACACTGATGGTCTCTATGCAACTATCCCAGGAG
WGREKYTIETLVTWEXKTETLTETETZ KTFGTFT KV VTLYTIDTDGTLTYATTITPG 551
1891 GAGAAAGTGAGGAAATAAAGAAAAAGGCTCTAGAATTTGTAAAATACATAAATTCAAAGCTCCCTGGACTGCTAGAGCTTGAATATGAAGGGTTTTATAAGAGGG
GESETETIT KT KT KA ALTETFVZ KYTINSTZ KTLTPGTLTLTETLTETYTETGTF]VYKTR 58
1996 GATTCTTCGTTACGAAGAAGAGGTATGCAGTAATAGATGAAGAAGGAAAAGTCATTACTCGGGTTTAGAGATAGTTAGGAGAGATTGGAGTGAAATTGCAAAAG
GFFVTEKZ KR RYAVTIDETEGE KV VTITR RGLTETIVR RTERDWSTETIAK 621
2101 AAACTCAAGCTAGAGTTTTGGAGACAATACTAAAACACGGAGATGTTGAAGAAGCTGTGAGAATAGTAAAAGAAGTAATACAAAAGCTTGCCAATTATGAAATTC
ETQARVTLETTITLEKTGEHGTDVTETEA AVRTIVIE KETVTIGOQEKTLA ANTYETI 656
2206 CACCAGAGAAGCTCGCAATATATGAGCAGATAACAAGACCATTACATGAGTATAAGGCGATAGGTCCTCACGTAGCTGTTGCAAAGAAACTAGCTGCTAAAGGAG
PPEKTLATITYET G QTITTRTPLTEHTETYTZKATIGTPHTYVA AV AZKTKTLA AA AT KG 691
2311 TTAAAATAAAGCCAGGAATGGTAATTGGATACATAGTACTTAGAGGCGATGGTCCAATTAGCAATAGGGCAATTCTAGCTGAGGAATACGATCCCAARAAGCACA
VKIKPGMVTIGYTIVLRGDGTPTISNTE RATITLATETETYTDFPZKKH 726
2416 AGTATGACGCAGAATATTACATTGAGAACCAGGTTCTTCCAGCGGTACTTAGGATATTGGAGGGATTTGGATACAGAAAGGAAGACCTCAGATACCAAAAGACAA
K Y DA EY Y I ENAG QUVULUPAUVLIRTITULETGT FSGYU RI KTET DTLIZ RY QKT 761
2521 GACAAGTCGGCCTAACTTCCTGGCTTAACATTAAAAAATCCTAGAAAAGCGATAGATATCAACTTTTATTCTTTCTAACCTTITICTATGARAGAAGAACTGAGC
RQVGLTSWLNTITEKKS
2626 AGGAATTACCAGTTCTTCCGTTATTTTATGGGTAATTAAAAACCCATGCTCTTGGGAGAATCTTCGAATAAAATCCCTAACTTCAGGCTTTGCTAAGTGAATAGA

21

[

2731 ATAAACAACATCACTCACTTCAAACGCCTTCGTTAGAAATGGTCTATCTGCATGC

Figure 2. Nucleotide sequence of the pol gene and the deduced amino acid sequence of the DNA polymerase. The transcriptional initiation sites in P. furiosus gnd
E. coli are indicated by arrowheads labelled P and E, respectively. The sequences corresponding to the promoter (box A) are boxed and the sequence corresponding
to the terminator is doubly underlined. The amino-terminal amino acid sequences identified are underlined.
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read entirely and 2825 bases were determined (Fig. 2). Possible
translational regions were searched for and one large open reading
frame, the deduced amino-terminal sequence of which exactly
matched that obtained by protein analysis, was found within the
sequenced region. Therefore, ATG at 237 —239 was determined
to be the initiation codon. The encoded protein consists of 775
amino acids and the calculated molecular weight of that was
90,109, which agreed with the apparent molecular weight
estimated by SDS-polyacrylamide gel electrophoresis (PAGE).
The GC contents of the entire sequenced region and the pol
structural gene were 40.0 and 38.5 mol %, respectively, compared
with 37.1 mol% for genomic P.furiosus Vcl (10). One feature
of interest was that the coding strand contained many adenine
residues (37.4 mol%), which caused some unbalanced codon
usage, for example, codons for arginine with C as the first letter
were very rare. AGA and AGG were abundant as in other
archaeal genes (56).

Identification of the transcription initiation site

The transcription initiation site of the pol gene was determined
by primer extension to identify the promoter of the gene.
Synthetic oligonucleotides with a sequence coresponding to that
of the N-terminal coding region of the pol gene were labeled
with 32P and hybridized with the total RNA extracted from
P.furiosus and E.coli carrying pPF100. The size of the DNA
after extention with reverse transcriptase was estimated by
comparison with the dideoxy sequence ladders of the
corresponding region analyzed with the same labeled primers.
Adenine at 223 and guanine at 190 were the transcription initiation
sites of the pol gene in P.furiosus and E. coli, respectively (Fig.
3). From these results, promoter sequences of the pol gene were
assigned. The typical sequence of the archaeal promoter,
TTTATA (box A) (57,58), was 26 bases upstream of the
transcription initiation site in P.furiosus, and a box-B-like
sequence was also found around the initiation site. However, in
E.coli, TTCTCT (155—160) and TATAGT (178—183) were
preferentially used as the —35 and — 10 regions of the bacterial
promoter. Downstream of the termination codon, TTTTTCT
(2601 —7), a perfect match of a proposed terminator sequence
in archaea (59), was found.

Phylogenetic relationship of P.furiosus DNA polymerase with
the o-like (family B) DNA polymerase

We found that E. coli DNA polymerase II belongs to the family
of a-like DNA polymerases, by a computer-assisted homology
search (41). From its amino acid sequence and the aphidicolin
sensitivity of its polymerizing activity, Pfi polymerase seems to
be included in this family. Therefore, the amino acid sequences
of all of the a-like DNA polymerases that are available so far

CTAG E

Figure 3. Analysis of the transcription initiation site of the pol gene by the primer
extension method. Lanes G, A, T, and C show ladders of the dideoxy sequencing
reaction. The products of primer extension on the mRNA extracted from P. furiosus
cells (lane P) and from E.coli (lane E) were analyzed by electrophoresis on a
polyacrylamide gel.

were aligned by the method described earlier (41), and regions
C, E, F, and I were found to be conserved, as they are in all
a-like DNA polymerases so far reported (Fig. 4). On the basis
of this alignment, we again drew an unrooted phylogenetic tree
of a-like DNA polymerases (Fig. 5). All three archaeal DNA
polymerases including pfi« polymerase, constituted a group with
some animal viruses and this group was different from groups
of eukaryotic Pols « and 8. Pyrococcus and Thermococcus are
extreme thermophiles and their DNA polymerases were 74.5%
identical when a continuous gap was calculated as one substitution
at one site (data not shown), although there were large differences
in the genes. P.furiosus does not have any intervening sequences
(IVS) in the pol gene, in contrast to the gene of T.litoralis (9).
The pol gene of T.litoralis carries two IVS, which appears to
be transcribed and translated but then removed by protein
splicing. Pyrococcus and Themococcus have similar morphology,
however their optimum temperatures and the extent of their
tolerance to ionic strength while growing are different, as is the
GC content of their genomic DNA (10). Sulfolobus is also a

Figure 4. Regions with high similarity in Pfix polymerase and with other a-like DNA polymerases (family B). Amino acids with similar properties are grouped
as follows: LIMV, SPTAG, YWF, DEQN, and KRH. Amino acid positions that are occupied more than 70% with similar amino acids among the top 27 sequences
are shadowed. Abbreviations: P. fu, Pfic polymerase; T. li, T. litoraris, S. c, S.cerevisiae Pol I; S. so, S.solfataricus; NPV, Autographa califorica nuclear polyhedrosis
virus; PFV, fowlpox virus; VcV, vaccinia virus; ChV, chlorella virus; REV3, putative DNA polymerase required for inducible mutagenesis of S.cerevisiae; P.
fa. 8, Plasmodium falciparum Pol §; bovine &, calf thymus Pol &; human &, human Pol §; S. p 3, Schizosaccharomyces pombe Pol 8; S. ¢ I, S.cerevisiae Pol
III; CMV, human cytomegalovirus; HHV6, human herpes virus 6; EBV, Epstein-Barr virus; VZV, varicella-zoster virus; HSV1, herpes simplex virus type 1; HSV2,
herpes simplex virus type 2; T. br, Trypanosoma brucei; D. me, Drosophila melanogaster Pol o; human o, human Pol «; S. ¢ I, S.cerevisiae Pol I; S. p 1, S.
pombe Pol 1; E. co II, E.coli Pol II; T4, E.coli phage T4; Ad, adenovirus (types 12, 5, 2, and 7); CKL1, a linear plasmid of the fungus Claviceps purpurea;
GKL, a linear plasmid of the yeast Kluyveromyces lactis (1 and 2); PRD1, bacteriophage PRD1; ¢29, bacteriophage $29; M2, bacteriophage M2; S1, S1 mitochondrial

DNA of maize; PAI2, Ascobolus immersus mitochondrion plasmid pAI2.
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vV 719 RFRSVWGOTDSVFTEIDSQOVDK vev m vev 798 R

v 632 GSEVIVGHTDSVMIRMKLPDOKI av 694 v m

Rev3 1135 NAKWYGDYDSLFVYLPGKTAIE Revi 1192 Revd 1210

P.fad 745 NSTVIIGUTDSVMVKFGTNN-IE P.fad 8Q2 p.fad 819

Bovined 747 SAKVVYGDTDSVMCRPGVSS-VA Bovine & 804 Bovined 822

Humand 748 SAKWYGDTDSVMCRPGVSS-VA Humand 805 Humand 823

S.p3 734 DAVVIY-DTDEVMVKPGVKTLPE s.p3 1789 S.p3 806 )

s.cIII 752 DAVVWYGDTDEVMVKFGTTDLKE s.cIII 809 s.cIII 826 }

oV 903 EARVIVGDTUSVFVRFRGLTFPOA awv 961 o 973

HHV-6 733 EVEVIYGDTDSIFMSVRNMVNGS V-6 791 HHV-6 803

BV 748 QLRVIYGDTDSLFIBCRGFSESE B 806 BV 818

vzv 844 EVKVIYGOTDSVFIRFKGVSVEG vav 902 vav 914

HSV-1 879 SRITWDIDSIFVLCRGLTAAG HSV-1 937 HSV-1 949

HSV-2 864 SRITYGOTDBIFVLCRGLTGEA HSV-2 942 HSV-2 954

T.br 891 SIRVIYGOTDEVMIQTGIKDDIV T.br 948 T.br 968 1

D.me 1007 NYDVWYGOTHSLMINTNITD-YD D.me 1060 D.me 1079

Human e« 995 NLEVIWGDYDSIMININSTNLEE Human « 1051 Human e 1071

S.cI 989 NLLWYGDTDSVMIDTGCONYAD S.cI 1045 S.cI 1065 vw.vmmycpx,
S.p1 975 GLOVIVGRTDSVMLNTNVITKNH s.pl 1031 S.p1 1047 NLD-VNGLOMKRREFCTL
E.coll 537 GYDVIYGUTDSTFVMLKGAHSEE E.coll 612 E.coll 627 RMV-FKGUETVRTOWTPL
™ 612 DF- IAAGDTDSVYVCVDK--VIE ™ 201 T 721 H-LXIMGMET-QQSSTPK
Ad-2 861 PLKSVYGHTDSLFVTEXGRRLME Ad-2 932 Ad-2 953 K-IRAKGHAT-EALSYDL
M-S 863 PLKSVYGRITOSLFVTERGHRLME Ad-5  9M M-S 955 K-LRAKGHAA-BGLDYDT
M-12 863 PLKSYYGOTRSLFVTERGHRLME Ad-12 93 Ad-12 955 K-LRAKGHAA-EGLDYDT
A-7 929 PIKSVYGDTDSLFVIQRGHELME AM-7 1656 Ad-7 1021 K-LRAKGHAA-EALNYEL ~
CLKI 911 NGTLYVPDIDSIVIDLKLPEEMV CLKL 954 CLKI 968 I-KRANGWKS-SKLTLED
GXL1 268 AB-CIVEDTOSIFV-HKE-HF-- e L1 342 K-KRPRAIPS-NYITPEL
QL2 871 ID-TIYBDIDSIFV-KOK-SV-- &2 93 GKL2 941 K-LHCKGVP--NYMLSLN-
PRD1 421 AERPLYCDTDEI-IC-RDLKNV- PRDL 463 PRDI 477 K-IASKGASL-VPRDIGF
©29 449 YORIIYCDIDSIHLTGTEIPDV- ®29 490 @29 512 KEVDGK-LVEGSPIDYTD
0 446 YDRI-YCOTOSTHLTGTEVPEI - w .87 w 504 KEVD-K-LKECSPDEATT
s1 722 RODCYYTDIDSV-VVERELPE-E s1 753 s1 780 I-IKFNGAGKDEADEBWF
PAI2 1037 ADNLYAVOIUGI-KVDTEIDK-K AR 1075 PALZ 1098 I-VKVRGE-K-EPIQY-S
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Figure 5. Unrooted phylogenetic tree of a-like DNA polymerase. Calculations for the construction of the phylogenetic tree were as described in Materials and Methods.

Abbreviations are the same as those in Fig. 4.

thermophilic archaeon, with a slightly lower temperature of
optimal growth (80°C) than the other two archaeon. The pol gene
of that organism also lacks an IVS although the deduced amino
acid sequence is less similar to that of Pfix gene than that of the
Tli. It would be interesting to study the structure of the genomic
DNA of these bacteria by pulsed field gel electrophoresis. It is
not known why S.cerevisiae Pol II is so similar to archaeal
polymerases. The a-like DNA polymerases (family B) can be
divided into two subfamilies, one of polymerases that are protein-
primed and the other of polymerases that are RNA-primed (41);
we identified four groups, archeon and viruses, Pol 8, Herpes,
and Pol «, in the RNA primed subfamily in this study.
Sequence alignment of all of the members of the a-like DNA
polymerases that we studied did not make possible the

identification of the essential region for the 3’ —5' exonuclease
activity, because some of the polymerases do not have that activity
in the same polypeptide. Morrison et al. (60) proposed a motif,
Phe-Asp-Tle-Glu-Thr, as a part of the 3’ —5' exonuclease active
site of a-like DNA polymerases, and proved that the Asp and
Glu were critical residues for the exonuclease activity in
S. cerevisiae Pol II by site-directed mutagenesis. Simon et al. also
found the same results for S.cerevisiae Pol III (61). We found
this motif in the sequence of E.coli Pol II and confirmed that
the Asp and Glu in the motif were essential for the exonuclease
activity by site-directed mutagenesis (Ishino et al., unpublished).
This motif was also found in the Pfu polymerase at 140 to 144.
The pfu polymerase has associated 3'—5' exonuclease activity
(6), so this region must be part of the exonuclease active site.



The o-like DNA polymerases have not been studied by
crystallography. In this study, we succeeded to overproduce Pfit
polymerase in E.coli, which may be helpful for structural
analysis. It would be of use for the understanding of its
thermophilisity to analyze the structure of this protein.
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