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INTRODUCTION

This is an update of an earlier compilation and alignment ofDNA
polymerase sequences (Ito and Braithwaite, 1991). As in the
previous compilation, we attempted to compile complete
sequences, to facilitate the identification of conserved and viable
regions of the DNA polymerases (1). This update includes, for
the first time, three DNA polymerase sequences from Archaea
(2); two new members of the Family A DNA polymerases; and
19 new members of the Family B DNA polymerases. In addition,
we included nucleases that have related amino acid sequences
to E. coli DNA polymerase I, and the sequence of E. coli DNA
polymerase III (e-subunit) was aligned to Family C due to its
homology to Bacillus subtilis DNA polymerase III.
As in the previous compilation (1), Family A DNA

polymerases are named for their homology to the product of the
polA gene specifying E. coli DNA polymerase I; Family B DNA
polymerases are named for their homology to the product of the
polB gene encoding E. coli DNA polymerase II; and Family C
DNA polymerases are named for their homology to the product
of the polC encoding E. coli DNA polymerase III alpha subunit.
Table 1 summarizes the molecular weights and isoelectric

points of each DNA polymerase and nuclease. Table 1 also serves
as a reference guide to the sequences shown in Figures IA, 1B,
and 1C. Since no new sequences were published for the Family
X DNA polymerases (,B-like), we have excluded them from this
compilation.

SEQUENCE ALIGNMENT

The multiple alignments of the amino acid sequences for this
update were performed in most cases by merely adding on to
our original alignments (1) where possible. Due to the large
number of sequences added to the alignment for Family B we
have changed the original alignment in some areas between
obvious blocks of conserved sequences. The newer sequences
were added by aligning each to the closest related sequence
already aligned, or in many cases to the closest related group
of sequences already aligned. A more recent addition to the
UWGCG (University of Wisconsin Genetic Computer Group)
program package, PILEUP, a multiple alignment program, was
used extensively to try and locate significant homology in groups

of closely related sequences. These newly formed groups of
highly related sequences were then regapped to conform with
the entire alignment based upon the previous alignment of those
sequences in the new group from the original alignment. As in
the previous paper, all the final adjustments had to be made by
eye and, as stated above, in Family B the added sequences led
to some improvements to the original alignment that became
evident to the eye when they were being combined with the entire
alignment by hand.

GENERATION OF PHYLOGENETIC TREES FOR THE
DNA POLYMERASE DOMAINS

Using Felsenstein's PHYLIP program package (71), specifically
the programs named in the outline below, we generated
phylogenetic trees for the 9 Family A DNA polymerases (Figures
2A and 2B) and for the 47 Family B DNA polymerases (Figures
3A and 3B). The trees for Family A were created from the
alignment in Figure 1A using the most conserved regions found
at the following positions: 798 to 814, 877 to 998, 1047 to 1090,
1104 to 1123, 1131 to 1158, 1175 to 1206, 1236 to 1251, 1284
to 1305, 1322 to 1340, and 1365 to 1379. These conserved
regions were recombined and 100 bootstrap samples were
generated using SEQBOOT program. Using the DNADIST
program, we turned the samples into distance matrices using the
Kimura-2 parameter method. The resulting matrices were then
input to the NEIGHBOR program using the UPGMA method
to produce approximately 100 trees. Finally those trees were
reduced to a single tree using the CONSENSE program. This
final tree was then plotted for publication using two different
methods. The trees in Figures 2A and 3A were created by the
DRAWGRAM program setup to produce a phenogram type tree
and the trees in Figures 2B and 3B were created by the
DRAWTREE program. The trees for Family B were created
from the alignment in Figure 1B, according to the same
procedure, using the most conserved regions found at the
following positions: 1407 to 1760, 1885 to 1901, 1956 to 1990,
2081 to 2100, 2181 to 2210, and 2280 to 2320. The Family B
DNA polymerases can be subdivided into two subfamilies, the
protein-primed DNA polymerase subfamily and the RNA-primed
DNA polymerase subfamily.
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Figure 2A. Phylogenetic phenogram tree produced from the alignment of Family A DNA polymerases in Figure lA using only the following conserved sequence
blocks of the DNA polymerase domain: 798-814, 877-998, 1047-1090, 1104-1123, 1131-1158, 1175-1206, 1236-1251, 1284-1305, 1322-1340, and
1365-1379. B. Unrooted phylogenetic tree of the Family A DNA polymerases produced as in Figure 2A plotted by a different method.
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Figure 3A. Phylogenetic phenogram tree produced from the alignment of Family B DNA polymerases in Figure lB using only the following conserved sequence
blocks of the DNA polymerase domain: 1407-1760, 1885-1901, 1956-1990, 2081 -2100, 2181-2210, and 2280-2320. B. Unrooted phylogenetic tree of the
Family B DNA polymerases produced as in Figure 3A plotted by a different method.
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Table 1. The main fanmilies and subclassitications of DNA polyrmerases. The numibcr- of'amiiino acids, m0oleulaIr wegight aind isoelectrnc poIint o eacih l)NA polvwiiera
or nuclease were computed using the Proteinsort prograni trom the UWGCG Thosc Fa'il!B DNA polymerases imiarkedl ith u star are proteini-pi-imiedt I)N
polymerases. The sequence marked with (-) pEM (62) is not a comlplete sequence miissing some unknoWn llnumbcr of amiinlo acitls on the N-terinuILs anMd so t
numhers in the table only represent this short sequence.

Am11in1o acids Mo), Wt, Is lctricc . k 1eferenc
(No.

A. Family A DNA polymerases
1. Bacterial DNA polymerases

a) E.coli DNA polymerase I 928 103.17 . (3)
h) Streptococcus pieiuioiotoiiae DNA polynmerase I 87 (9 .()78 4. (4
e) T7hermnios aqutitncus DNA polynmerasc I 832 93 .91(9 f3(
d) 7Therinu.s /7m.s DNA polyrmerase 1 831 3783 (o 6

2. Bacteriophage DNA polymerases
a) T5 DNA polymnerase 829 9441(1 I. '1J
6) T7 DNA polvmnerase 764 7'39.691 .4 81
e) Spol DNA polymnerase 924 1066.88 >34 1W
d) Spo2 DNA polymerase 648 72.561 8. (1 10)

3. Nlitochondrial DNA polymerase
Yeast mitochondrial DNA polymerasc (MIP1) 124 143.43 .3 12.1'31

4. 5' to 3' Exonucleases with homologous sequences to Ecoli l)NA polyrnerase I
a) T4 RNase H (gp 33.2) 365 35.8 '1.9)0 14 lo
h) T5 Exonuclease (gp D15) 291 33.448 5.I 716,
c) T7 Exonuclease (gp 6) 348 40.126 i m- (4.81

B. Family B DNA polymerases

1. Bacterial DNA polymerase
L. co1i DNA polyrnerase II 7 91(1(2) 0.8' 71

2. Bacteriophage DNA polymera-ses
a) PRD1 DNA polvmerase* 6f.336 0.6818.16
b) ¢29 DNA polyrmerase* 6675 .714 8.83 (20)
c) M2 DNA polymerase* 572 60.423 (26' 1)
d) T4 DNA polymnerase 898 163.669 '>2 2)

3. Archaebacterial DNA polymerases
a) T77ernococcu.s ltorhlis DNA polynmerase(VenU '4 89.91t .' .'.9
b) Prococcus fiiosus DNA polyrmerase 7 96. I112I7 24,
c) Sulfolobus solfataricus DNA polymerase 882 1(11 .332'172 (2

4. Eukaryotic Cell DNA polymerases
(1) DNA polymerase alpha

a) Human DNA polymerase (alpha) 1,462 165859 S7 (2())
h) S.erevs'i.siae DNA polvmerase I (.alpha) 1.468 166.776 h. 1 (-
c) S.poonbe DNA polymerase (alpha) 1.4(15 159.348 1>85 28
d) Drmsophila tnelaioga.ster DNA polyrnerase (alphal) 1.5(0 -I(16.2
c) Trano(o.soonzo briwcei DNA polynmerbase (alpha) 1.339 15 1 .611 (>3') 30)3

(2) DNA polvncrase delta
a) Human DNA polynerasc (delta 1.1()7 12.634 3. 4 ( .2'
b) Bovine DNA polymerase(delta) 1166 123.77757 (33)
c) S.xcereisia(' DNA polymerase III(delta) I.69 124.618 6'34
d) S.ponibe DNA polymerase Ill (delta) 1.1)84 123.2)17(3 - .>
e) Plasoiiolil.'i7lifIil(ipdlrw?ntl DNA polynvmerasc (delta) 1,.694 2l6.883 s301 (1 I

(3) DNA polvrnerase epsilon
S.cerevisiae DNA polyrmeraseII (epsilon) 2.22 255669 (.07 '-
(4) Other eukaryotic DNA polynmerases
S.cerevisiae DNA polymerase Rev3 1.51)4 172.956 .8.8 (38)

5. Viral DNA polymerases
a) Herpes Siniplex virus type I DNA polyrmerase 1.235 136.57 3-(3)
6) Equine herpes virus typc I DNA polymcrasc 1.2(1 135.95-5 1 f 4()
c) Varicella-Zoster virus DNA polyrmerasc 1.194 134.1(47 .8)) (4
d) Epstein-Barr virus DNA polvilmerLase I115 113.4 1 7 (3 42
e) Her-pes'liri.s salinlri DNA poltncrasc 1.6(09 11 3 .934 '43I43
t) Human cvtomegalovirus DNA polniecrasc 1.242 13711(1 775 (44)
g) Murine cytomegalovirus DNA polvnmerase 1,:97 123 573 6.68 (45)
h) Human herpes virus type 6 DNA polymerase 1.12 1 15.819 - 11 (46)
I Channel Catfish virus DNA polvnierasc 98 1 13.46840 (471

Chlorella virus DNA polvmerIasc 913 1((4.9S 5 (>60) (48)
k) Fowlpox virus DNA poINmereasc 988 1 16.658 S. 14W)
I) Vaccinia virus DNA polymerase 937 1(18.56405(04
nl) Choristoneura hiennis DNA polvnmerase. 964 11 4.81 I8(51
n) Autographa californica nuclear polyhedrosis

virus (AcMNPV) DNA polymerase 9841c14.37 8.35 (52)
o) Lymantria dispar nuclear polyhedrosis viruLs
DNA polymerase I.1(13 (()
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p) Adenovirus-2 DNA polymerase*
q) Adenovirus-7 DNA polymerase*
r) Adenovirus-12 DNA polymerase*

6. Eukaryotic linear DNA plasmid encoded DNA polymerases
a) S-1 maize DNA polymerase*
b) kcalilo nieurospora inztermedia DNA polymerase*
c) pAI2 Ascobolus immersus DNA polymerase*
d) pCLKI Claviceps purpurea DNA polymerase*
e) inaranihar neurospora crassa DNA polymerase*
f) pEM Agariclus bitoorquis DNA polymerase*
g) pGKL I Kluvveronivces lactis DNA polymerase*
h) pGKL2 Klu'vverornvces lactis DNA polymerase*
i) pSKL Saccharomvces kluYveri DNA polymerase*

C. Family C DNA polymerases
1. Bacterial replicative DNA polymerases

a) E.coli DNA polymerase III ce subunit
b) S. typhimnurium DNA polymerase III ce subunit
c) Bacillus subtilis DNA polymerase III

2. E.coli dnaQ (MutD)
E.coli DNA polymerase III E subunit

4. Lopez, P., Martinez, S., Diaz, A., Espinosa, M. and Lacks, S. A. (1989)
J. Biol. Chem. 264, 4255-4263.

5. Lawyer, F. C., Stoffel, S., Saiki, R. K., Myambo, K., Drummond, R. and
Gelfand, D. H. (1989) J. Biol. Chem. 264, 6427-6437.

6. Akhmetzjanov, A.A. and Vakhitov, V.A. (1992) Nucl. Acids Res. 20, 5839.
7. Leavitt, M. C. and Ito, J. (1989) Proc. Natl. Acad. Sci. U.S.A. 86,

4465 -4469.
8. Dunn, J. J. and Studier, F. W. (1983) J. Mol. Biol. 166, 477-535.
9. Scarlato, V. and Gargano, S. (1992) Gene 118, 109-113.

10. Raden, B. and Rutberg, L. (1984) J. Virol. 52, 9- 15.
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Sci. U.S.A. 84, 8287-8291.
19. Savilahti, H. and Bamford D. H. (1987) Gene 57, 121 - 130.
20. Yoshikawa, H. and Ito, J. (1982) Gene 17, 323-335.
21. Matsumoto, K., Takano, H., Kim, C. I. and Hirokawa, H. (1989) Gene

84, 247-255.
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