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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 a-like DNA polymerases
(family B) represented by human DNA polymerase ca
and Escherichia coil DNA polymerase I. An unrooted
phylogenetic tree of the a-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 a family. A classification ofDNA
polymerases into families A, B, and C according to the homology
of the amino acid sequence with E. coli Pol I, II, and IH,
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 ax 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
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site in both P.furiosus and E. coli, and located the promoter of
the gene.

MATERIALS AND METHODS
Bacterial strain
Pyrococcusfuriosus 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
conpoment 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 MgSO4, 1.0 g of NaCl, 0.1 g
of FeSO4 7H20, 0.1 g of CoS04, 0.1 g of CaCl2 2H20, 0.1 g

of ZnSO4, 10 mg of CuSO4 5H20, 10 mg of KAI(SO4)2, 10 mg
of H3BO3, 10 mg of Na2MoO4 2H20, and 25 mg of NiCl2
6H20. 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 pTVl 18N, the universal primers for
pUC and pTV vectors, cassettes and cassette primers for EcoRI,
HindIl, Sau3AI and XbaI, and the specific primers for the
P.furiosus pol gene were products of Takara Shuzo (Kyoto,
Japan). [a32P]dCTP and [methyl-3H]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 1l of reaction solution, then 1 ,ul of the reaction
mix was used as the template for amplification by the PCR. S 1
(100 pmol) and cassette primers (25 pmol) were added and 30
cycles were performed with a temperature profile of 30 sec at
940C, 2 min at 450C, and 2 min at 720C 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 dGCCTAATAACAGGTTTTCCT, 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 ca-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 ax-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),
Saccharomtyces cerevisiae DNA polymerase 1 (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 6 (25), bovine
DNA polymerase 6 (26), human DNA polymerase a (27),
Schizosaccharomyces pombe DNA polymerase 6 (28),
S. cerevisiae DNA polymerase HI (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 ca (37), human
DNA polymerase ai (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), pClKl, a linear plasmid of the fungus
Claviceps purpurea (47), pGKL1, a linear plasmid of the yeast
Kluyveromzyces lactis (48), pGKL2 (49), bacteriophage PRD1
(50), 029 (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 Si, 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 St
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 Sau3AI (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, HindIH, and PstI and
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Figure 1. Physical map of a DNA fragment containing the Pfu 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, EcoRI; H, HindI; Ns, Nsp7524V; P, PstI;
Sp, SphI; St, Stu; X, XbaI.



Nucleic Acids Research, 1993, Vol. 21, No. 2 261

analyzed by Southern hybridization. A positive PstI fragment of Nucleotide sequence of the pol gene
7.0 kbp, was isolated and inserted into the PstI site of the plasmid Because restriction enzyme cutting sites were scattered in the
pTVl 18N. The isolated plasmid, designated pPF100, was used 7.0-kbp fragment (Fig. 1), the restriction fragments BamHI-
as a template to confirm that specific fragments could be amplified BamHI, BamHI-EcoRI, BamHI-Hindl, EcoRI-EcoRI, EcoRI-
by PCR with the primer SI and the universal primer M4 from HinduI, EcoRI-SphI, HindT-SphI, NcoI-NcoI, NspI-StuI, SphI-
the vector plasmid. PCR was also helpful in prediction of the XbaI, and XbaI-XbaI were excised and subcloned into pUCl 18
region of the pol structural gene in the inserted fragment of 7.0 and 119. Dideoxy sequencing was performed with universal
kbp. The extract from E.coli strains carrying the plasmid pPF100 primers M4, and RV for the plasmid vectors. To check the
had DNA polymerase activity at 75°C, and therefore we sequence, specific primers were synthesized on the basis of the
concluded that pPF100 contained the pol gene of P.furiosus. sequences that were already read, and finally both strands were

1 TTCTAACCAATGCCCCTGGTCCTGGGTCCACATATATGTTCTTACTCGCCTTTATGAAGAATCCCCCAGTCGCTCTAACCTGGGTTrATAGTGACAAATCTTCCTC

10 6 CACCACCGCCCAAGAAGGTTATTTCTATCAACTCTACACCTCCCCTATTTTCTCTCTTATGAGATTTTTAAGTATAGTTATAGAGAA TGTCCAAACT

E
2 11 GAGTTAGTAGAT_TGGGGAGCATAATGATTTTAGATTGGATTACATMCTGMGAAGGAAAACCTGTTATTAGGCTATTCAAAAAAGAGAACGGAAAATTTA

p M I L D V D Y I T E E G K P V I R L F K K E N G K F 26
316 AGATAGAGCATGATAGAACTTTTAGACCATACATACGCTCTTCTCAGGGATGATTCAAAGATTGAAGAAGTTAAGAAAATAACGGGGGAAAGGCATGGAAAGA

K I E H D R T F R P Y I Y A L L R D D S K I E E V K K I T G E R H G K 61
421 TTGTGAGAATTGTTGATTAGAGAAGGTTGAGAAAAAGTTTCTCGGCAAGCCTATTACCCTGTCGAAACTTTAATT%AACATCCCCAAGATClwrCCCAC'l'A'Il'A

I V R I V D V E K V E K K F L G K P I T V W K L Y L E H P Q D V P T I 96
526 GAGAAAAAGTTAGAGAACATCCAGCAGTTGTGGACATCTTCGAATACGATATTCCATTTGCAAAGAGATACCTCATCGACAAAGGCCTAATACCAATGGAGGGGG

R E K V R E H P A V V D I F E Y D I P F A K R Y L I D K G L I P M E G 131
631 AAGAAGAGCTAAAGATTICTTGCCTTCGATATAGAAACCCTCTATCACGAAGGAGAAGAGTTIGGCCCAATTATAATATTAGTTATGCAGATGAAAATG

E E E L K I L A F D I E T L Y H E G E E F G K G P I I M I S Y A D E N 166
7366AAGCAAAGGTIGATTACTGGAAAAACATAGATCTTCCATACGTTGAGGTTGTATCAAGCGAGAGAGAGATGATAAAGAGATTTCTCAGGATTATCAGGGAGAAGG

E A K V I T W K N I D L P Y V E V V S S E R E M I K R F L R I I R E K 201
841 ATCCTIGACATTATAGTTACTTATAATGGAGACTCATTCGACTTCCCATATTTAGCGAAAAGGGCAGAAAAACTTGGGATTAAATTAACCATTGGAAGAGATGGAA

D P D I I V T Y N G D S F D F P Y L A K R A E K L G I K L T I G R D G 236
946 GCGAGCCCAAGATGCAGAGAATAGGCGATATGACGGCTGTAGAAGTCAAGGGAAGAATACATTTCGACTTGTATCATGTAATAACAAGGACAATAAATCTCCCAA

S E P K M 0 R I G D M T A V E V K G R I H F D L Y H V I T R T I N L P 271
1051 CATACACACTAGAGGCTGTATATGAAGCAA-IITAAAGCCAAAGGAGAAGGTATACGCCGACGAGATAGCAAAAGCCTGGGAAAGTGGAGAGAACCTTGAGA

T Y T L E A V Y E A I F G K P K E K V Y A D E I A K A W E S G E N L E 306
1156 GAGTTCCAAATACTCGATGGAAGATGCAAAGGCAACTTATGAACTCGGGAAAGAATTCCTTCCAATGGAAATTCAGCTTTCAAGATTAGTTGGACAACCTTTAT

R V A K Y S M E D A K A T Y E L G K E F L P M E I Q L S R L V G Q P L 341
1261 GGGATGTTTCAAGGTCAAGCACAGGGAACCTTGTAGAGTGGTTCTTACTTAGGAAAGCCTACGAAAGAAACGAAGTAGCTCCAAACAAGCCAAGTGAAGAGGAGT

W D V S R S S T G N L V E W F L L R K A Y E R N E V A P N K P S E E E 376
1366ATCAAAGAAGGCTCAGGGAGAGCTACACAGGT6GGATTCGTTAAAGAGCCAGAAAGGGGTTGTGGGAAAACATAGTATACCTAGATTTTAGAGCCCTATATCCCT

Y Q R R L R E S Y T G G F V K E P E K G L W E N I V Y L D F R A L Y P 411
1471 CGATTATAATTACCCACAATGTTTCTCCCGATACTCTAAATCTTGAGG GACTATGATATCGCTCCTCAAGTAGGCCACAAGTTCTGCAAGGACATCC

S I I I T H N V S P D T L N L E G C K N Y D I A P Q V G H K F C K D I 446
1576 CTGGTTTTATACCAAGTCTCInGG CATTTGTTAGAGGAAAGACAAAAGATTAAGACAAAAATGAAGGAAACTCAAGATCCTATAGAAAAAATACTCCTTGACT

P G F I P S L L G H L L E E R Q K I K T K M K E T Q D P I E K I L L D 481
1681 ATAGACAAAAAGCGATAAAACTCTTAGCAAATTCTTCTACGGATATTATGGCTATGCAAAAGCAAGATGGTACTGTAAGGAGTGTGCTGAGAGCGTTACTGCCT

Y R Q K A I K L L A N S F Y G Y Y G Y A K A R W Y C K E C A E S V T A 516

1786 GGGGAAGAAAGTACATCGAGTTAGTATGGAAGGAGCTCGAAGAAAAGTTTGGATTTAAAGTCCTCTACATTGACACTGATGGTCTCTATGCAACTATCCCAGGAG
W G R K Y I E L V W K E L E E K F G F K V L Y I D T D G L Y A T I P G 551

1891 GAGAAAGTGAGGAAATAAAGAAAAAGGCTCTAGAATTTGTAAAATACATAMTTCAAAGCTCCCTGGACTGCTAGAGCTTGAATATGAAGGGTTTTATAAGAGGG
G E S E E I K K K A L E F V K Y I N S K L P G L L E L E Y E G F Y K R 586

1996 GATTCTTCGTTACGMGAAGAGGTATGCAGTAATAGATGAAGMGGAAAAGTCATTACTCGTGGTTTAGAGATAGTTAGGAGAGATTGGAGTGAAATTGCAAAAG
G F F V T K K R Y A V I D E E G K V I T R G L E I V R R D W S E I A K 621

2101 AAACTCAAGCTAGAGTTTTGGAGACAATACTAAAACACGGAGATGTTGAAGAAGCTGTGAGAATAGTAAAAGAAGTAATACAAAAGCTGCAATTATGAAATTC
E T Q A R V L E T I L K H G D V E E A V R I V K E V I Q K L A N Y E I 656

2206 CACCAGAGAAGCTCGCAATATATGAGCAGATAACAAGACCATTACATGAGTATAAGGCGATAGGTCCTCACGTAGCTGTTGCAAAGAAACTAGCTGCTAAAGGAG
P P E K L A I Y E Q I T R P L H E Y K A I G P H V A V A K K L A A K G 691

2311 TTAAAATAAAGCCAGGAATGGTAATTGGATACATAGTACTTAGAGGCGATGGTCCAATTAGCAATAGGGCAATTCTAGCTGAGGAATACGATCCCAAAAAGCACA
V K I K P G M V I G Y I V L R G D G P I S N R A I L A E E Y D P K K H 726

2416 AGTATGACGCAGAATATTACATTGAGAACCAGGTTCTTCCAGCGGTACTTAGGATATTGAGGGATTGATACAGAAAGGAAGACCTCAGATACCAAAAGACAA
K Y D A E Y Y I E N Q V L P A V L R I L E G F G Y R K E D L R Y Q K T 761

2521 GACAAGTCGGCCTAACTTCCTGGCTTAACATTAAAAAATCCTAGAAAAGCGATAGATATCAACTTATTCTTTCTAACCmTTCATGAAAGAAGAACTGAGC
R Q V G L T S W L N I K K S

2626AGGAATTACCAGTTCTTCCGTTATTTTATGGGTAATTAAAAACCCATGCTC26GGGAGAATCTTCGAATAAAATCCCTAACTTCAGGCTTTGCTAAGTGAATAGA

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 and
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.firiosus 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 ca-like (family B) DNA polymerase
We found that E. coli DNA polymerase II belongs to the family
of ca-like DNA polymerases, by a computer-assisted homology
search (41). From its amino acid sequence and the aphidicolin
sensitivity of its polymerizing activity, Pfu 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
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Figure 3. Analysis of the transcription initiation site of thepol 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 extacted from P.fiiosuts
cells Oane 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 ca-like DNA polymerases (Fig. 5). All three archaeal DNA
polymerases including p.fu polymerase, constituted a group with
some animal viruses and this group was different from groups
of eukaryotic Pols at and b. 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 Pfu 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, Pfu polymerase; T. li, T. litoraris, S. c, S.cerevisiae Pol II; S. so, S.solfataricus; NPV, Autographa califonuca 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. 6, Plasmodium falciparum Pol 5; bovine 6, calf thymus Pol 6; human 6, human Pol 6; S. p 3, Schizosaccharomyces pombe Pol 6; S. c Im, S.cerevisiae Pol
HI; 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 a; human a, human Pol a; S. c 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; 429, bacteriophage 029; M2, bacteriophage M2; S1, S1 mitochondrial
DNA of maize; PAI2, Ascobolus immersus mitochondrion plasmid pAI2.
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R * a i o n C

385 -Tr-OGWPE----KQLNM-IV-YLWMYPSI Ir1WSPDT-L

..
387 YL¢- I%lIY¢ilNfS
618 TQ-KLLEKEI ---IM4-ELPLIYH(fVfWA9MNi1D3tQDSI-I
494 YK -3VIWPP---AGIPN-fT-VLMSLRPSIW15WVLSYE1-
510 K- .-A0aFS--L ...j..)4IAIA -

514 of-dVFKLFSD--XTFENN-VM-IFDIXlLNVCIYGNLSPEK3-L
503 YE-CCCFAM--K-XWS-.VL-IFDS9IX IFVKSPET- L

464 YE-GATYLW- ----IYTSIA-AL06ABLYPSI SWA E- L

953 LE VPLP.WE---SWFXSPI-VLWMY9WMGYYCYST-4
576 (E-Ck I--W.IP---SK-YfY IS A T-L

580 0T-OWVIiXL---KCY89/PtA-TLWSLP(I3CYT1'- L

581 YT-GA1VIJZL---KG5NP/A-T LAPFSIW4A3IC-L
566 -E-O1IEPI----KtVlYPA SYA-llCST-L
585 MEXY e?- R ; >[ - Ll

563 '..Q-GAFW--XEW--A-VFAIESEVWALYPSX*AIWOCyS-L
551 ik- LfK---IAPIV-VPSII4SA&3YST-L
563 il-0(1VigPL---s(F34SPVL-WDPRSYMIQA6CYST-N
661 VK-aNRVF1*J-T-OFDMp -VLM%V"Xy6iA8ICFTr-L
694 1-WR_LWT--SW(M0VV-VFME I=SAILCFST- L

701 VD-~ARvL1---SOFHPVVF-VFWA%V8AWM(ICFS7-L
729 W.LGCK---Sd ;L..IL -LLII%IIE II
859 A-QAL-N--- RiWLt-LN LYImrQEYNIIFN!P-V
839 VA-G3i*X---Vr;FlL L-LL9IZ7iPSEWlCNZTT-V
843 YO-07WE--- KGLJNYVL-VIIWSI9WUQE7ICTFT-V
825 I-EYNCT-V
398 5P-WM---(P;8LYR-SVL-VLUS(IYPW1LI1PWV-L
388 VPK----PIARYVSFIOLT%iiM
520 IR-C0WYPTY---IGVLKEPIY-VYDICClffAML-THPfW;L
522 IR----LILYPtRY---14IP,Y-VY2IC -ThCL
552 IR-(CYPrY---L4ILREPLY-VYVICQ4W3 -THPWiG
589 IR-OGWY?PY---IOILEEE'Y-VYDICWVffSL-ThPHCIPL
648 yY-(£RVE-VRNPIIIDSKSYYYYDINSLY3FAS-DMIP-L-K
30 LI-(2CRI-SN--- -1IL-YCLPAL(Wl4JQSGS-P

616 IY-ORI-f0---4-I-YEENIIVYhpAWM(WWLXHY-P
109 VF-GSlC-QAE-KGI-I4XVYJN DIW
226 'R- F6W-KEXKEIGE4-VF(I8*C Y1sL3PYGPI
223 Y-R-0WFWNY-KEKEIGB34-VF( N9SE I
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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 (800C) than tie 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 Pfiu gene than that of the
7i. 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 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 6, Herpes,
and Pol a, 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-Ile-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 11 (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 Pfiu polymerase at 140 to 144.
The p.fu polymerase has associated 3'-5' exonuclease activity
(6), so this region must be part of the exonuclease active site.

o'
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The a-like DNA polymerases have not been studied by
crystallography. In this study, we succeeded to overproduce Pfu
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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