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Abstract

The principal component analysis based on the physicochemical properties of amino acid residues is applied to DNA and
RNA polymerases to assign the sequence motifs for the polymerization activities of these proteins. After the reconfirmation
of the sequence motifs of families 4 and B of DNA polymerases indicated previously, it elucidates the sequence motifs for the
polymerization activity of DNA polymerase III (family C) by the similarity to the polymerization center of multimeric DNA
dependent RNA polymerases. This identification proceeds to clarify the sequence motifs for polymerization activities of
primases; eukaryotic and archaebacterial primases carry motifs similar to those of family C, while the motifs of eubacterial
primase fall into the category of the motifs in family B DNA polymerases such as o, 9, € and II. This finding means that
DNA dependent RNA polymerases are also divided into groups corresponding to three families, A, B and C, because the
monomeric DNA dependent RNA polymerases in phages are reconfirmed to carry sequence motifs similar to those of family
A DNA polymerases. Furthermore, the three families of polymerization motifs are found to fall within the variation range of
polymerization motifs displayed by many RNA dependent RNA polymerases, suggesting a close evolutionary relation
between them. The sequence motifs for polymerization activities of reverse transcriptase and telomerase seem to be the
intermediate between family 4 DNA polymerase and some RNA dependent RNA polymerases, e.g., from Leviviridae. On
the contrary, the sequence fragments similar to the nucleotidyltransferase superfamily including DNA polymerase 3 are not
found in any RNA dependent RNA polymerase, suggesting their other lineage of polymerization motifs. © 1999 Elsevier
Science B.V. All rights reserved.

Keywords: DNA polymerase; RNA polymerase; Primase; Reverse transcriptase; Nucleotidyltransferase; Principal component analysis;
Sequence motif

1. Introduction

Since the three-dimensional structure of the Kle-
now fragment of Escherichia coli DNA polymerase I
has been determined by X-ray diffraction analysis [1],
much attention has been paid to reveal the sequence

* Corresponding author. Fax: +81 (471) 239767,
E-mail: jotsuka@rs.noda.sut.ac.jp

characteristics responsible for polymerization activity
as well as those for exonuclease activity. The simplest
way for this purpose is to find conserved amino acid
residues in the structure by the homologous align-
ment of polypeptide chains exhibiting a similar func-
tion. In the early trials along this line, sequence mo-
tifs similar to those in the Klenow fragment were
found in the DNA dependent DNA polymerases
from bacteriophages T7 [2,3] and T5 [4], as well as
in DNA polymerases I from Thermus aquaticus [5]
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and Streptococcus pneumoniae [6], leading to the pro-
posal of the sequence motifs for polymerization ac-
tivity of the first family of polymerases. As the sec-
ond family, human DNA polymerase o has been
indicated to carry sequence fragments similar to
those in viral DNA dependent DNA polymerases
[7]. The sequence similarity between DNA polymer-
ase B and terminal transferase has also been pro-
posed to constitute another family [8,9]. Unification
of the sequence fragments responsible for polymer-
ization activities of these families of DNA polymer-
ases and some RNA dependent RNA polymerases
was also attempted [10], but this attempt only fo-
cused on the presence of aspartic acid residues in
the two motifs 4 and C. In parallel, the sequence
motifs for 3’-5" exonuclease activity of E. coli
DNA polymerase I have also been characterized by
comparison with other amino acid sequences exhibit-
ing similar exonuclease activity [11], and the con-
served regions for 5'-3’ exonuclease activity of
E. coli DNA polymerase 1 are suggested from com-
parison with the amino acid sequences of DNA pol-
ymerases I from other species of eubacteria [12].
Besides the above experimental approach, it has
been proposed to classify the DNA polymerases
into at least four classes or families, 4, B, C and X,
according to the similarities in amino acid sequences
[13,14]; families A, B and C are named for their
similarities to the products of pold, polB and polC
in E. coli, respectively, and the remaining family X
(=D, E, ..) is also set to accommodate the other
DNA polymerases such as eukaryotic DNA poly-
merase 3 and new polymerases to be discovered in
the future. However, this classification is mainly
based on the sequence similarity scores evaluated
with the use of the FASTA program developed by
Pearson and Lipman [15,16]. Recently, the determi-
nation of tertiary structures is extended to T7 bacter-
iophage DNA dependent RNA polymerase [17] and
HIV-1 reverse transcriptase [18], suggesting their
structural similarity to the polymerization domain
of DNA polymerase I, although a considerable sim-
ilarity score is not counted between them by the
FASTA program. In practice, the FASTA program
is not sensitive to detect conserved sequence frag-
ments such as the sequence motifs for polymerization
activity, which are distributed with different intervals

in the primary structures of different types of poly-
merases.

In the present paper, the more elaborate method
of similarity search on the basis of the principal com-
ponent analysis [19,20] is applied to detect similar
regions between different types of polymerases. The
numerical representation of sequence pattern by the
principal component makes it easy to assign similar
regions between different types of proteins, even if
these regions are located with different intervals be-
tween the compared proteins. The application of this
method not only reconfirms the previously indicated
sequence motifs for polymerization activities of fam-
ilies A and B of DNA polymerases but also assigns
the sequence motifs for polymerization activity of
DNA polymerase III by the similarity to the poly-
merization center of multimeric DNA dependent
RNA polymerases. This assignment resolves the
problem of an apparent difference between eukary-
otic and eubacterial primases; the sequence frag-
ments similar to polymerization motifs of family C
are found in the smallest subunit of eukaryotic pri-
mase while the eubacterial primase carries the se-
quence fragments similar to family B polymerization
motifs. The similarity of sequence motifs for poly-
merization activities of DNA and RNA polymerases
is also reconfirmed between family 4 DNA polymer-
ase and monomeric DNA dependent RNA polymer-
ase in bacteriophage.

2. Method

The present investigation is carried out for the
amino acid sequence data of polymerases stored in
the databases Swiss Prot release 35 and GenBank
release 101.0.

2.1. Homologous alignment of the same type of
polymerases

The homologous alignment of the amino acid se-
quences of polymerases of the same name is carried
out using the multiple alignment program developed
by Thompson et al. [21]. The polymerases from dif-
ferent organisms, but called by the same name in
biochemical studies, mostly carry similar amino
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acid sequences, and their polypeptide chains are
easily aligned homologously in the whole region.

2.2. Construction of z\!) diagram: numerical
representation of homologous amino acid
sequences by the first principal component

The principal component analysis of polypeptide
fragments on the basis of the physicochemical prop-
erties of constituent amino acid residues and its ap-
plication to the numerical representation of amino
acid sequences aligned homologously are already de-
scribed in detail [19,20]. Thus, we will denote only
the numerical data used in the present principal com-
ponent analysis and the first principal component
obtained from these data.

In the analysis of polypeptide fragments, four var-
iables, (1) polarity, (2) hydrophobicity, (3) volume
and (4) pK,, are used to represent the physicochem-
ical properties of each amino acid. The values of
these properties are listed for every kind of amino
acid in Table 1. The samples, for which the principal

Table 1
Numerical values of physicochemical properties for each amino
acid residue used in the principal component analysis

Amino acid  Polarity® Hydro- Volume*  pK;
phobicity®

D 13.0 0.0 54 3.65
N 11.6 0.0 56 0.00
E 12.3 0.0 83 4.25
Q 10.5 0.0 85 0.00
K 11.3 0.0 119 10.53
R 10.5 0.0 124 12.48
H 10.4 0.5 96 6.00
S 9.2 0.0 32 0.00
T 8.6 0.4 61 0.00
P 8.0 0.0 325 0.00
A 8.1 0.5 31 0.00
G 9.0 0.0 3 0.00
Y 6.2 2.3 136 10.07
w 5.4 34 170 0.00
C 5.5 0.0 55 10.28
\% 5.9 1.5 84 0.00
L 4.9 1.8 111 0.00
I 52 1.8 111 0.00
F 5.2 2.5 132 0.00
M 5.7 1.3 105 0.00

4Cited from Grantham [22].
bCited from Nozaki and Tanford [23].
¢Cited from Barker [24].

Table 2
Correlation matrix of four variables used in the principal com-
ponent analysis

Polarity Hydro- Volume  pK,
phobicity
Polarity 1.0000
Hydrophobicity —0.8001 1.0000
Volume —0.2115 0.5585 1.0000
pKa 0.3833  —0.2199 0.4943 1.0000

component analysis is carried out, are chosen to be
polypeptide fragments, each consisting of five amino
acid residues. Although 20° kinds of polypeptide
fragments are generally considerable in this size of
polypeptide fragments, it is sufficient for the present
purpose to choose a data set of 36205 polypeptide
fragments that are collected from the amino acid
sequences of 45 representative polymerases including
four families 4, B, C and X of DNA polymerases,
multimeric and monomeric DNA dependent RNA
polymerases, RNA dependent RNA polymerases
and reverse transcriptases. Each of the polypeptide
fragments thus obtained is numerically characterized
by the four kinds of physicochemical properties, each
property being taken as an average value over the
five constituent amino acid residues. The correlation
matrix of the four variables calculated for this data
set, {x;} (i=1, 2, 3,4;j=1, 2, 3, 4), is shown in
Table 2. An eigenvalue problem is then solved for
this matrix, and the eigenvalues and percentages of
inertia thus obtained are listed in Table 3. Because
the percentage of inertia corresponding to the first
principal component is 52.7%, a main feature of var-
iation in the samples of used polypeptide fragments
may be approximately represented by the first prin-
cipal component. By this procedure, the coefficients,
with which the first principal component is expressed
by a linear combination of standardized variables,
are calculated to be a)=0.6193, &' =—0.6680,
a{!=-3.6148 and 4" =0.1989. With the use of
these values of coefficients, the first principal compo-
nent z,i” of a polypeptide fragment k is represented
as

1 1) XK1 —X1 1) X2 — X2 1), Xk3—X3
():a(l)( ) ()( ) ()(

z
k VO11 v 022 3 v/ 033
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Table 3
Eigenvalues and percentages of inertia corresponding to the
four principal components

First Second Third Fourth
Eigenvalue 2.109 1.531 0.274 0.087
Inertia (%) 52.700 38.300 6.840 2.160

when the average polarity, hydrophobicity, volume
and pK, values of the five amino acid residues con-
stituting the fragment are inserted into the four var-
iables xx1, Xk, Xx3 and x4, respectively, in this equa-
tion. Here, the mean value and variance of each
variable in the data set are: X7 = 8.41, o1 =1.18,
X =0.75, 02 =0.14, X3 =81.88, ©33=283.53,
Xz = 2.66 and o44 = 3.69. Approximately, this repre-
sentation gives a higher positive value of z(!) for the
sequence fragment of hydrophilic amino acid resi-
dues and a negative value for hydrophobic residues.
However, the most important advantage of this rep-
resentation should be that it reflects different physi-
cochemical properties and thus can predict active
centers on the basis of more detailed structural prop-
erties than the hydropathy analysis. Such evaluation
is made progressively for the successive polypeptide
fragments of five sites overlapping by four from the
N to the C terminus along a polypeptide chain. For
homologously aligned sequences, z(!) values are each
evaluated for each of the polypeptide fragments
aligned homologously, and the standard deviation
width around the average value of them is plotted
against the middle sites of the respective fragments
along the polypeptide chain. The narrower width of
standard deviation means a higher degree of conser-
vation of amino acid residues.

2.3. Comparison of z\") diagrams between different
types of polymerases

In most cases, the finding of similar regions be-
tween different types of polymerases is possible by
the visual comparison of diagrams but the more
quantitative method using Kendall’s rank correlation
coefficient [25] is also applied, especially in the case
where two or more candidates for homologous re-
gions are found between different types of polymer-
ases. For the assignment of functionally important
regions such as those for polymerization and exonu-

clease activities, we must find the regions showing a
relatively narrow width of standard deviation as well
as a similar sequence pattern.

2.4. Assignment of sequence motifs in similar regions
between different types of polymerases

Each candidate for similar regions is then exam-
ined by enumerating identical, and/or the similar
properties of, amino acid residues between the com-
pared regions. For this purpose, the amino acids are
classified into the following six categories according
to their biochemical properties: (1) ambivalent: Gly,
Ala, Ser, Thr, Cys and Pro; (2) hydrophobic but not
aromatic: Val, Leu, Ile and Met; (3) hydrophobic
and carrying an aromatic ring: Phe, Trp and Tyr;
(4) hydrophilic and basic: Lys, Arg and His; (5)
ambivalent but carrying an amidocarboxyl group as
the side chain: Asn and Gln; and (6) hydrophilic and
acidic: Asp and Glu. Although such a classification
of amino acids is already proposed to identify the
homologous sites among cytochromes [26], some
modifications are made in the above categories;
Gly is incorporated into category 1 together with
the other amino acids carrying small hydrophobic
or polar side chains, and Asn and Gln are clustered
into category 5 separately from other ambivalent
amino acids. This is because Asn and Gln carry a
side chain stereochemically similar to the carboxyl
group of Asp which is known to play an important
role in suspending magnesium, zinc and/or manga-
nese ions in the active centers of polymerases and
exonucleases.

3. Results

3.1. DNA polymerase III (family C) and multimeric
DNA dependent RNA polymerase

Although DNA polymerase III is considered to
play the central role in replicating DNAs in eubac-
teria [27], the sequence motifs for polymerization ac-
tivity of this type of DNA polymerase are not well
clarified yet, probably because of the difficulty from
the approach by determining the crystal structure. In
practice, this type of DNA polymerase consists of
many subunits. For example, the DNA polymerase
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Fig. 1 (continued).

spectively, while both activities are attributed to the

ts of ten kinds of subunits, o, 3, J,

i consis

IIl in E. col

o subunit of DNA polymerase III in Bacillus subtilis

0, €, 0,1, 7 x and y. In this form of DNA polymer-

ase III, the polymerase activity and 3’-5" exonuclease

[27]. As far as the available sequence data of DNA
polymerases III are concerned, the DNA polymer-

activity are attributed to the o and &€ subunits, re-
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Fig. 1. Homologous alignment of amino acid sequences of € (DP3E) and o (DP3A) subunits of E. coli-type DNA polymerases III to
the sequences of o subunits of B. subtilis-type DNA polymerases III. (a) Comparison by z(!) diagrams. (b) Comparison by individual
amino acid residues. Amino acid residues conserved in both the € subunit of the E. coli type and the o subunit of the B. subtilis type
correspond to the sequence motifs similar to those for 3’-5’ exonuclease activity identified in families 4 and B of DNA polymerases
[11,28-30]. The other five regions, each of which contains the amino acid residues highly conserved in the o subunits of both types of
DNA polymerases 111, are denoted «, b, ¢, d and e, respectively. Identical and similar amino acid residues between the two types of
DNA polymerases III are boxed and denoted by the category numbers, respectively. (c) Proposal of the sequence motifs for polymer-
ization activity of DNA polymerase III by the similarity to the conserved regions among the largest subunits of multimeric DNA de-
pendent RNA polymerases; ' subunit (RPOC) of E. coli RNA polymerase, ¥ (RPOG) and & (RPOD) subunits of Synechocystis
RNA polymerase, largest subunits (RPA1, RPB1 and RPCI1) of eukaryotic RNA polymerases I, II and III, A’ (RPA’) and A"
(RPA”) subunits of archaebacterial RNA polymerase. As for the homologous alignment of these RNA polymerases, see Fig. 2. The
proposed motifs for the polymerization activities of these polymerases are denoted as A¢, B¢c and C¢, according to the family name
of DNA polymerase III. The organisms from which the compared amino acid sequences are derived are indicated by the following ab-
breviations: ECO, E. coli; HIN, H. influenzae; STY, S. typhimurium; BSU, B. subtilis; MGE, M. genitalium; MPN, M. pneumoniae;
MPU, M. pulmonis; VCH, Vibrio cholerae; SYN, Synechocystis sp.; SCE, S. cerevisiae; MVA, Methanococcus vannielii. The accession
number of each amino acid sequence in the GenBank database is denoted in parentheses after the abbreviation of the organism. The

amino acid residue number in the N-terminal of each sequence fragment is denoted on the left side of each fragment.

«—

ases 111 from Haemophilus influenzae and Salmonella
typhimurium belong to the E. coli type while the
DNA polymerases 11l from Mycoplasma genitalium,
Mycoplasma pneumoniae and Mycoplasma pulmonis
belong to the B. subtilis type. Recently, a third type
of DNA polymerase III is found in cyanobacteria,
but its available amino acid sequence of the o sub-
unit from Synechocystis is highly similar to that of
the o subunit of E. coli-type DNA polymerase III in
sequence length as well as in individual amino acid
residues. Thus, this sequence is also treated as E. coli
type in the present study. The amino acid sequences
of each type of subunit are aligned homologously,
and the z() diagram is constructed. The comparison
of the z(l) diagrams and of amino acid sequences
ascertains the amino acid sequence fragments to be
similar to those of Exo I, Exo II and Exo III iden-
tified in families 4 and B of DNA polymerases
[11,28-30] in the € subunit of E. coli-type DNA pol-
ymerase III and in the region of the o subunit of B.
subtilis-type DNA polymerase III, which follows the
phosphoesterase domain in the N-terminal region of
the o subunit indicated previously [31]. These amino
acid sequence fragments are D-ETTG in Exo I,
HN---FD in Exo II and R---D in Exo III, and
they are comparable with the amino acid residues
conserved in family 4 DNA polymerases (I and 7)
and family B DNA polymerases (II, d, € and arch-
aebacterial DNA polymerase); D-E in Exo I of both
family 4 and B DNA polymerases, N---D in Exo II
of family 4, N---FD in Exo II of family B, and Y-A-

D in Exo III of family 4 and Y---D in Exo III of
family B. Furthermore, at least five regions are found
to carry amino acid residues highly conserved be-
tween E. coli and B. subtilis types of o subunits,
and they are tentatively denoted by «, b, ¢, d and
e. This is shown in Fig. la by the comparison of
z()" diagrams and in Fig. 1b by the homologous
alignment of amino acid sequences.

Although the amino acid sequence fragments iden-
tical to those in motifs 4, B and C of families 4 and
B of DNA polymerases cannot be found in any of
the regions a, b, ¢, d and e, the amino acid sequence
fragments responsible for polymerase activity must
be contained in these conserved regions. In practice,
our systematic similarity search finds that these re-
gions contain the amino acid sequence fragments
conserved in the largest subunits of multimeric
DNA dependent RNA polymerases. Thus, we will
describe the amino acid sequence fragments con-
served in the DNA dependent RNA polymerases be-
fore going into the assignment of the sequence frag-
ments responsible for the polymerization activity of
DNA polymerase III.

The three types of multimeric DNA dependent
RNA polymerases, I, II and III, known in eukar-
yotes are similar to each other at least with respect
to their largest subunit 1 and secondarily largest sub-
unit 2. Moreover, the largest subunit 1 shows con-
siderable similarity to the A’ plus A” subunits of
DNA dependent RNA polymerase in archaebacteria
and the B’ subunit of DNA dependent RNA poly-
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merase in eubacteria such as B. subtilis, M. genita-
lium, Mycobacterium leprae, E. coli and Pseudomonas
putida. In the DNA dependent RNA polymerases
from cyanobacteria (e.g., Symechocystis sp.), the
two subunits, y and 9, correspond to the B’ subunit,
and such splitting of the largest subunit into two
pieces is also seen in the DNA dependent RNA pol-
ymerase encoded in the chloroplast genome. These
similarities to the largest subunits 1 are shown in
Fig. 2a by comparing the z(!) diagrams of the respec-
tive types of polypeptide chains. As seen in this fig-
ure, at least five regions are found to show high
similarities between subunit 1, A’ plus A’ subunits,
B’ subunit, and y plus & subunits, and these regions
will be tentatively denoted as a’, b’, ¢’, d’ and e’. The
homologous alignment of amino acid sequences in
each of these five regions is shown in Fig. 2b. Among
the five regions, region b’ contains the amino acid
sequence fragment NADFDGDQ/EM that is sug-
gested to be the polymerization active center of E.
coli DNA dependent RNA polymerase [32]. Such an
Asp-rich sequence fragment is also present in region
b of the o subunit of DNA polymerase III, as seen in
Fig. 1b. Moreover, considerable similarities of amino
acid sequences are also found between regions ¢ and
d of the o subunit of DNA polymerase III and re-
gions ¢’ and d' of RNA polymerases, although no
marked similarity is found either between regions «
and &’ or between regions e and e¢’. The direct com-
parison of the amino acid sequences in these regions
is given in Fig. 1c, where the amino acid sequences of
regions b, ¢ and d of E. coli- and B. subtilis-type
DNA polymerases 111 are aligned vertically relative
to those of regions b’, ¢’ and d' of RNA polymer-
ases, respectively. In this comparison of amino acid

sequences, it is found that the amino acid sequence
fragments DFD-D are conserved in regions b and b’,
G---G in regions ¢ and ¢’, and L---D in regions d
and d'. Although the third aspartic acid residue in
region b of B. subtilis-type DNA polymerase III is
replaced by an asparagine residue with a similar size
of side chain, the presence of three aspartic acid res-
idues in the first and third regions may be sufficient
for forming the polymerization center suspending
two metal ions, by analogy with the motifs indicated
in families 4 and B of DNA polymerases. Thus, the
amino acid sequence fragments in regions b, ¢ and d
will be proposed as the sequence motifs for the poly-
merization activity of the family C of DNA polymer-
ases, being named as A¢, B¢ and Cc. In fact, the two
aspartic acid residues, Asp-401 and Asp-403, in motif
Ac are also inspected to be the key residues in the
active site for polymerization by the recent approach
to the o subunit of DNA polymerase III from E. coli
[33], and more recently these aspartic acid residues
and Asp-555 in motif C¢ are indicated to chelate
magnesium ions by site-directed mutagenesis [34].
Furthermore, the amino acid residues R/K--G-H-
GG conserved in motif B¢ of two types of DNA
polymerase III seem to be comparable to the residues
K------ (-1)YG in motif B of families 4 and B of
DNA polymerases. The sequence motifs for polymer-
ization activity of DNA dependent RNA polymer-
ases may also reside in regions ', ¢’ and d' which
are vertically aligned with motifs 4¢, B¢ and C¢
proposed for the polymerization activity of DNA
polymerase III, although the residues conserved in
the region corresponding to B¢ of DNA polymerase
III are reduced to G-R/KG with the deletion of one
site in DNA dependent RNA polymerases.

-

Fig. 2. Similarity between the largest subunits of DNA dependent RNA polymerases; eubacterial RNA polymerases (RPOC,
RPOG+RPOD), eukaryotic RNA polymerases I (RPA1), II (RPB1) and III (RPC1), and archaebacterial RNA polymerase (RPA’+R-
PA”"). (a) Vertical alignment of z(!) diagrams by similar sequence patterns. Because of the high sequence similarity of RPOG and
RPOD with RPOC, their amino acid sequences are represented by one z(!) diagram. At least five regions, a', b', ¢’, d’ and ¢’, are
identified to be similar between the five types of RNA polymerases. (b) Homologous alignment of amino acid sequences in the five re-
gions. These regions contain a considerable number of amino acid residues conserved in all RNA polymerases, as denoted by boxes.
Abbreviations for the organisms: MLE, M. leprae; PPU, P. putida; SYN, Synechocystis sp. (strain PCC 6803); SPO, Schizosaccharo-
myces pombe; TBB, Trypanosoma brucei; HSP, Homo sapiens; DME, Drosophila melanogaster; CEL, Caenorhabditis elegans; ATH,
Arabidopsis thaliana; PFA, Plasmodium falciparum; GLA, Giardia lamblia; MTH, M. thermoautotrophicum; HHA, Halobacterium hal-
obium; TCE, Thermococcus celer; SAC, Sulfolobus acidocaldarius; TAC, Thermoplasma acidophilum. The abbreviations for the other
organisms are described in the legend to Fig. 1.
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Fig. 3. Similarity of the smallest subunit of eukaryotic primase (PRI1) and an archaebacterial polypeptide chain (PRI) to the polymer-
ization center of the largest subunit of DNA dependent RNA polymerase II (RPB1). (a) Comparison by z(!) diagrams. (b) Homolo-

gous alignment of amino acid sequences. The identical and similar amino acid residues between PRI1, PRI and RPBI are concen-

trated in the regions corresponding to motifs A¢, B¢ and Cg, respectively, which are proposed for the polymerization activity of
RNA polymerase II in Fig. 1. Abbreviations for the organisms: MMU, Mus musculus; AFC, A. fulgidus; MJA, M. jannaschii; PHO,

P. horikoshii OT3. The abbreviations for the other organisms are already described in the legends to Figs. 1 and 2.
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LPN, Legionella pneumophila; CAL, C. albicans. The abbreviations for the other organisms are already described in the

Fig. 4. Similarity of eubacterial primase (PRIM) to the polymerization domains of DNA polymerases 8 (DPOD) and o (DPOA). (a)
legends to Figs. 1-3.

Comparison by z(!) diagrams. (b) Homologous alignment of amino acid sequences. The amino acid residues conserved in PRIM,
are characteristic of the sequence motifs for the polymerization activity of family B DNA polymerases [40-43]. Abbreviations for the

DPOA and DPOD are boxed. These conserved residues contain D in motif A, K------YG in motif Bg and D-D in motif Cg, which

sources:
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3.2. Primases in free living organisms

The assignment of the sequence motifs for the pol-
ymerization activity of family C DNA polymerase
and multimeric DNA dependent RNA polymerase
serves to resolve the problem why the eukaryotic
primase is not similar to eubacterial primase in its
amino acid sequence as well as in the formation of
acting complexes.

According to the biochemical studies of primases
[27], E. coli primase seldom acts alone; most com-
monly it teams up with the multifunctional dnaB
protein in the synthesis of primers to start the
DNA chain, and assembling the dnaB protein-pri-
mase complex on a template, whether it is ssDNA
coated with SSB or duplex DNA, requires additional
‘prepriming’ proteins, while the primase in eukaryote
is extracted as two small subunits (approx. 50 and
approx. 60 kDa) of Pol a, together with a large
DNA polymerase subunit (approx. 180 kDa, or
DNA polymerase o) and an approx. 70 kDa poly-
peptide chain with no catalytic activity. Recently, the
polymerization activity of eukaryotic primase is as-
cribed to the smallest subunit (approx. 50 kDa) by
an experiment on conditional and lethal mutations
[35].

The amino acid sequences of the smallest subunits
of eukaryotic primases now available from eight spe-
cies are similar to each other, and the z(!) diagram
constructed on the basis of their homologous align-
ment is compared with the z(!) diagrams of other
polymerases. This similarity search found that the
smallest subunit of eukaryotic primase contains re-
gions similar to the sequence motifs for the polymer-
ization activities of multimeric DNA dependent
RNA polymerases as well as of family C DNA poly-
merases. The sequence patterns represented by z(!)
diagrams are compared in Fig. 3a between the small-
est subunits of eukaryotic primases and the largest
subunits of DNA dependent RNA polymerase II,
and the comparison of amino acid sequences in the
similar regions is shown in Fig. 3b, indicating the
same category of amino acid residues. As seen in
Fig. 3b, the smallest subunit of eukaryotic primase
not only contains the cluster of three aspartic acid
residues characteristic of motif 4. but also shows
considerable similarities to motifs B and C¢ in
multimeric DNA dependent RNA polymerase II,

and thus to those of RNA polymerases 1 and
111

Although the primase is not yet identified in arch-
aebacteria, our preliminary similarity search by FAS-
TA program for the genome databases of Archaeo-
globus fulgidus [36], Methanococcus jannaschii [37],
Methanobacterium thermoautotrophicum [38] and Py-
rococcus horikoshii OT3 [39] found a polypeptide
chain in each of these four archaebacteria that is
similar to the smallest subunit of primase in eukar-
yote with an optimal score of 144-211. The amino
acid sequences of the polypeptide chains from these
archaebacteria are mutually similar, and are easily
aligned homologously. The z(!) diagram constructed
on the basis of this homologous alignment and the
amino acid sequence of the region, which seems to be
responsible for polymerization activity, are also
shown in Fig. 3a and b, respectively. As seen in these
figures, the polypeptide chains from archaebacteria
also carry amino acid sequence fragments similar to
those in motifs 4¢, B¢ and C¢, although the amino
acid residues conserved in motif B¢ are further re-
duced to G-RG.

The amino acid sequences of eubacterial primases
are available from four species including E. coli, and
they are so similar that they can be easily aligned
homologously. The z(!) diagram of the first principal
component constructed on the basis of the homolo-
gous alignment of eubacterial primases is then com-
pared with the z(!) diagrams of other polymerases.
This comparison found that the eubacterial primases
carry sequence fragments similar to the sequence mo-
tifs for polymerization activity of family B DNA
polymerases. To illustrate this, the sequence pattern
and amino acid sequences of eubacterial primases are
compared with those of the polymerization domains
of DNA polymerases & and o in Fig. 4a and b,
respectively, where the three sequence motifs for pol-
ymerization activity identified already in family B
DNA polymerases are denoted by A, Bg and Cs.
Among family B DNA polymerases, DNA polymer-
ase o, has been investigated experimentally with re-
spect to the amino acid residues responsible for pol-
ymerization and its associated functions [40-43], and
these residues are contained in the following set of
amino acid residues conserved in DNA polymerase
IT and archaebacterial DNA polymerases including
DP1 and DP2 identified in Pyrodictium occultum as
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well as in DNA polymerases o and 6: D--SLYPS in
motif Ap, K------ YG in motif By and DTD in motif
Cp, although SLYPS in motif Ap is replaced by S/
AMYPN in DNA polymerase € and YG in motif Bp
is replaced by GY in DNA polymerase {. The three
regions of eubacterial primase, which are assigned to
motifs A, Bp and Cp in the present study, also
contain D, K----YG and D-D, respectively, although
two sites between K and Y are vacant in the middle
region of the primase in comparison with family B
DNA polymerases.

3.3. Monomeric DNA dependent RNA polymerases

The DNA dependent RNA polymerases in viruses
are of multiple subunits, and each of them contains
the two subunits that are considerably similar to the
largest and secondarily largest subunits of eukaryotic
DNA dependent RNA polymerase. On the other
hand, the DNA dependent RNA polymerases in bac-
teriophages are monomeric, and the tertiary structure
of T7 bacteriophage RNA polymerase is indicated to
be similar to that of the Klenow fragment by X-ray
diffraction analysis [17], although no considerable
similarity score is counted between T7 bacteriophage
RNA polymerase and DNA polymerase 1 by the
FASTA program. This type of bacteriophage RNA
polymerase also shows high similarity to the mono-
meric DNA dependent RNA polymerase for tran-
scribing the genes encoded in the mitochondrial
DNA (e.g., an optimal score of 708 between bacter-
iophage T3 RNA polymerase and yeast mitochon-
drial RNA polymerase). In practice, the homologous
alignment of phage RNA polymerase and mitochon-
drial RNA polymerase is already carried out with the
indication of 11 conserved domains, I-XI [44]. For
the reconfirmation of these previous indications, z(!)
diagrams are constructed for four species of bacter-

iophages RNA polymerases, two species of mito-
chondrial RNA polymerases and seven species of
DNA polymerase I. These diagrams are compared
in Fig. 5a, and the homologous alignment of their
amino acid sequences in the region which seems to be
responsible for the polymerization activity is shown
in Fig. 5b. In these figures, the sequence motifs pro-
posed for the polymerization activity of DNA poly-
merase [ [2-6,10] are denoted by A4, B4 and Cy.
Among the amino acid sequence fragments in the
three motifs, D----E in motif 4,, K------- YG in
motif B4 and HDE in motif C4 are also conserved
in DNA polymerase y. As seen in Fig. 5b, the mono-
meric DNA dependent RNA polymerases share the
residue characteristic of the motifs for polymeriza-
tion activity, i.e., the D in motif 4,, K------- YG
in motif B, and HD in motif C4, with family A4
DNA polymerases, although residue E in motif 4,4
1s not conserved and residues HDE in motif C are
replaced by HDS in monomeric RNA polymerase.

3.4. RNA dependent RNA polymerases

Most of the RNA dependent RNA polymerases in
viruses and bacteriophages function in the form of
multisubunits, but the polymerase activity is attrib-
uted to a single polypeptide chain in most cases.
Such polypeptide chains are collected from databases
(Swiss Prot release 35 and GenBank release 101.0)
and then classified into several groups by the crite-
rion of the optimal similarity scores of more than
200 evaluated with the FASTA program. The poly-
peptide chains clustered into the same group are
mostly those from the sources in the same taxonomic
category, corresponding to a ‘family’ defined by the
international committee on the taxonomy of viruses
[45], and their amino acid sequences are relatively
easily aligned homologously except for those in var-

-

Fig. 5. Homology of bacteriophage RNA polymerase (RPOL) and mitochondrial RNA polymerase (RPOM), and their similarity to
the polymerization domain of family 4 of DNA polymerase I (DPOI). (a) Comparison by z(!) diagrams. (b) Homologous alignment
of amino acid sequences. The amino acid residues conserved in RPOL and RPOM are boxed, and some of them are also conserved
in DPOI, consistent with the sequence fragments D, K------- YG and HD in the motifs 44, B, and C,, respectively, identified for
the polymerization activity of family 4 of DNA dependent DNA polymerases [2-6,10]. Abbreviations for the organisms: Bl1, bacter-
iophage K11; SP6, bacteriophage SP6; BT3, bacteriophage T3; BT7, bacteriophage T7; NCR, Neurospora crassa; BCA, Bacillus cal-
dotenax; DRA, Deinococcus radiodurans; MTU, Mycobacterium tuberculosis; SPN, S. pneumoniae; TAQ, T. aquaticus. Abbreviations

for the other organisms are already described in the legend to Fig. 1.
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Flav1v111dae Flavivirus
DE1 (M87512) 526 GGNMYADDTAGW[ RITEDDHB DIM- 583 AKNG--TVMDVISRRI) VERLKRMAI SGDDCVVKP IDDRFATAL
YFV(X03700) 528 GGGFYADDTAGWDITRITEAD DEQEILNYM— 585 APGGK-AYMDVISRRD) CDRLKRMAVS VVRP IDDRFGLAL
KUN(D00246) 529 GGRIYADDTAGWDTRITRADLENEAKVLELL- 586 AADGR-TVMDVISRED) EERLSRMAVS VVKPLDDRFATSL
JEV(M55506) 529 GGKMYADIDTAGWDITRITRTDLENEAKVLELL- 586 AAEGK-TVMDVISREI} EERVTRMAL S VVKPLDDRFATAL
LAN(M73835) 528 GGLFYADDTAGWDTRITNADLUDDEEQILRYM- 585 SREGG-CVMDIITRRI) EERLSRMLVY VVRPVDDRFSKAL
TBE (M27157) 528 GGLFYADDTAGWDTKVINADLEDEEQILRYM- 585 SRDGG-CIMDVITRRD EERLGRMLVS VVRPLDDRFGKAL
TBP (L06436) 528 GGKLYADDTAGWDTRITN. EDEEQILRYM— 585 SPQGG-CVMDVITRRI) VERLGRMLVS VVKP IDDRFGKAL
WNV(M12294) 529 GGKVY. AGWDITRIT! LELL- 586 AADGK-TVMDVISRED} EERLSRMAVS VVKPLDDRFATSL
MCF (M91671) 515 GKYLIA ?G KISEE! EDEEALLTALT 575 SKYGSGTVMDVVGRRD EEALGNMVIA 2VSTDNRDFSSAL

Bromoviridae and Cucumovlrldae
REILLALG 505 SYLSDPHAKVGMSVSH
FQREILLSLG 516 SMLSDPHAGVNMPVSF
IQEHILNGLG 557 SYIRDRRAGVGMPISH
IQEHILNDLG 554 SYIKDKRAGVGMPISH
IQEEILNLLG 544 SYIKDKRAGVSMPISH
IQEGI%NRLG 561 SYIKDKRAGVSMPISH

LSDCDCAIF SGDDSL I 1SKVKPVLDTD

MNTVDCAIF LLICKSKPHLDAN

TDQFEKLLFS LGFSLLPPVGDPS

TDQFDRLLF LAFSKLPPVGDPS

TDQFDRMLF LAFSLNP IEGKSD

TSQFDKLIF 4 LGFSIKAPVGDPS
1

BMV(X01678) 458 NRYFLEA
CCM (M28817) 469 NKWFLEA
CMF (D00355) 510 NKHCL
CMQ (X00985) 507 NKHCLE]
PSV(D11127) 497 NKHCLE
TAS (D10663) 514 NKFCLE

)
r=

Toroviridae and Coronaviridae
TFPLSFRALT-AALLYEL 586 MLDTMLCDGMLLNKPGGTS. A FQTNYFLNFLSDDSF IFSKPEALKIFT
AMPNILRIVSSLVLARKH 670 LSEIVMCGGCYYVKPGGTS AFA 6 LNKHF SMMILSPDGVVCYNSEFASKGY
AMPNILRIVSSLVLARKH 670 LGEIVMCGGCYYVKPGGTS. AFA LNKHFSMI ILSPDGVVCYNSEFASKGY
?MPNLLRIA?SLVLARKH 622 LSETVLATGGIYVKP??T? LCKNFSLMILl GVVCYNNTLAKQGL

Leviviridae

BFR (X15031) 251 DGSLATIDLSSASDSISDRLVWSFLPPELYSY 290 YG-YVNGKMIRWELFS TFELESMIFWAIVR 331 RN-TGTIGIYGDDYI ICPTEIAPRVLEA

BGA(D10027) 253 DGSLATIDLSSASDSISDRLVWDLLPPHVYSY 292 FT-MIDGRLHKWGLFS TFELESMIFWALSK 333 GV-TGSLGIYGDDYI IVPVECRPTLLKV

BMS (V00642) 250 DGSLATIDLSSASDSISDRLVWSFLPPELYSY 289 YG-IVDGETIRWELFS TFELESMIFWAIVK 330 GN-AGTIGIYGDDN ICPSEIAPRVLEA

BQB(X14764) 267 TNNLAT uLSAASDSISLALCELLLPPGWFEV 306 KGRLPDGSVVTYEKIS: TFELESLIFASLAR 348 DLDSSEVTVYGDDI ILPSCAVPALREV

BSP (X07489) 267 LNHLATI»LSAASDSISLKLVELLMPPEWYDL 306 EGILPDGRVVTYEKIS1 TFELESL%FAAIAR 348 EluuslvsvaBBIIIDTRAAAPLMDV
1

BER (X52374) 538 GFDVF
MCA(X51939) 618 SPVLM
MCJ (M55148) 618 SPVLM
AIB (M94356) 570 DPI%M

LA

Orthomyxoviridae
DHV (M65866) 295 VTGELSGDQE PDAMRLMWTVFLEDY ~ 382 DKEGKIVG--—IRCTL! FNLSSTLLALIAAD 416 SEITGDHVESSDDF IHFFKAKSYDDMF
TAA(M23972) 298 LSFTITGON PRMFLAMITYITRNQ 391 KIRPLLID-GTVSLSP! FNMUSTVLGVSILN - 434 TTYWWDGLQSSDDFAL IVNAPNHEGIQ
TAK (M38376) 298 LSFTITGDN RMFLAMITYITKNQ 391 KIRPLLID-GTASLSP FNMUSTVLGVSILN 434 TTYWWDGLQSSDDFALIVNAPNHEGIQ
IKO (M25935) 298 LSFTITGDNT] PRVFLAMITYITRNQ 391 KIRPLLID-GTVSLSP! FNMUSTVLGVSILN 434 TTYWWDGLQSSDDFALIVNAPNHEGIQ
1AM (M25926) 298 LSFTITGDN PRMFLAMITYITRNQ 391 KIRPLLID-GTASLSP! FNMUSTVLGVSILN 434 TTYWWDGL ALIVNAPNHEGIQ
IBL (M14880) 298 ISMTVIGDN IFLAMTERITRDS 391 KLKPFFNEEGTASLSP! FNMLUSTVLGVAALG 433 KEYLWDGL ALEVNAKDEETCM
1CJ (428060) 300 FAVNITGDNS PEAYLALLAYITKDS 392 PLEKYIQK-DVCFLPG ?ZFNM VL?;STLC 434 KGCFWTGL S VLFAVASNWSNIH
1 .
i Arenaviridae

TAV(J04340) 1181 GDLSCSLIDIHS| LQFLELRT 1273 FMPVQGEIPSHIMSVLDMGQGI LHNMSDLYGLITEQ 1318 YDVIPTSYTSSPDRVTLIKLPCASDDN
LYC(J04331) 1175 GFLNY? S

LQNLKLGD 1266 YFEMG-IVPSHISSLI Q?ILHN FY?LLSER 1310 FGERPEAYT

—les

_SITLFDRRLSDLVV
Filoviridae and Paramyxoviridae
NLAFRYEFTRHHIDYCNRCY 693 NRNNPPDCANAYHYHLGGIEGLQQKLWTCISCAQIT 734 TKLKLKSSVMGDNQCITTLSLFPIDAP
NLAFRYEFTRHHIDYCNRCY 693 NRNNPPDCANAYHYHLGGIEGLQQKLWTCISCAQIT 734 TKLKLKSSVMGDNQCITTLSLFPIDAP
CLNWRFESTAUHGQRCNEIF 721 QLQDHADSGIFIHNPRGGIEGYCQKLWTLISMSAIH 762 VGVRVSAMVQGDNQAIAVTSRVPVAQT
CLNWRFESTALHGQRCNEIF 541 QLQDHADSGIFIHNPRGGIEGYCQKLWTLISISAIH 582 VGVRVSAMVQGDNQAIAVTSRVPVAQT
CLNWRFESTALHGQRCNEIF 721 QLQDHADSGIFIHNPRGGIEGYCQKLWTLISISAIH 762 VGVRVSAMVQGDNQAIAVTSRVPVAQT
DILKKYCLNWRFESTALHGQRCNEIF 721 QLQDHADSGIFIHNPRGGIEGYCQKLWTLISISAIH 762 VGVRVSAMVQGDNQAIAVISRVPVAQT

Motif A’ Motif B’ Motif C

Fig. 6. Seven groups of RNA dependent RNA polymerases from viruses and bacteriophages, and the sequence motifs A’, B" and C’
proposed for their polymerization activities. (a) Comparison of z(!) diagrams among seven groups of RNA dependent RNA polymer-
ases. (b) Homologous alignment of amino acid sequences in the region showing similar sequence patterns. Identical and similar amino
acid residues between different groups are boxed and denoted by the category numbers, respectively. Although all the groups contain
the aspartic acid residues in motifs 4" and C’, and one glycine residue in motif B’, these groups represent the variation encompassing
the polymerization motifs seen in families 4, B and C of DNA dependent polymerases; the number of aspartic acid residues varies
from three to one in motif 4’, two to one in motif C’, and lysine or the same category of amino acid residues as well as the con-
served glycine appear in motif B’ of some groups of RNA dependent RNA polymerases. The sources from which these RNA depend-
ent RNA polymerases are derived are denoted by the following abbreviations: DEI, dengue virus type 1; YFV, yellow fever virus;
KUN, Kunjin virus; JEV, Japanese encephalitis virus; LAN, Langat virus; TBE, tick-borne encephalitis virus; TBP, tick-borne po-
wassan virus; WNV; West Nile virus; MCF, mosquito cell fusing agent (CFA flavivirus); BMV, Brome mosaic virus; CCM, cowpea
chlorotic mottle virus, CMF; cucumber mosaic virus (strain FNY); CMQ, cucumber mosaic virus (strain Q); PSV, peanut stunt vi-
rus; TAS, tomato aspermy virus; BER, Berne virus; MCA, murine coronavirus MHV (strain A59); MCJ, murine coronavirus MHV
(strain JHM); AIB, avian infectious bronchitis virus; BFR, bacteriophage FR; BGA, bacteriophage GA; BMS, bacteriophage MS2;
BQB, bacteriophage Q; BSP, bacteriophage SP; DHV, Dhori virus; IAA, influenza A virus (strain A/Ann Arbor/6/60); IAK, influ-
enza A virus (strain A/Kiev/59/79); IKO, influenza A virus (strain A/Korea/426/68); IAM, influenza A virus (strain A/Mallard/New
York/6750/78); IBL, influenza B virus (strain B/LEE/40); ICJ, influenza C virus (strain C/JJ/50); TAV, Tacaribe virus; LYC, lympho-
cytic choriomeningitis virus; MAM, Marburg virus (strain Musoke); MAP, Marburg virus (strain Popp); SES, Sendai virus (strain Z/
host mutants); SEE, Sendai virus (strain Enders); SEF, Sendai virus (strain Fushimi); SEZ, Sendai virus (strain Z).

I
i
D
i
I

MAM(Z12132) 630 AS-FV
MAP (X68494) 630 AS-FV
SE5 (M30204) 656 LSCFL
SEE (M14887) 476 LSCFL
SEF (X58886) 656 LSCFL
SEZ (X03614) 656 LSCFL

=S

iable regions. Thus, the z(!) diagram is constructed by the respective diagrams in Fig. 6a. This compar-
on the basis of the homologous alignment of each ison found at least three regions, each of which
group of amino acid sequences, and different groups shows a similar sequence pattern among the groups,

of RNA dependent RNA polymerases are compared and the amino acid sequence fragments underlying
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the similar sequence patterns are compared in Fig.
6b.

Although the amino acid residues conserved in all
these groups of RNA dependent RNA polymerases
are only D in the first region, G in the second region
and D in the third region, much more residues are
conserved in each group. Among them, the amino
acid residues similar to those in the polymerization
motifs of families 4, B and C are found in some
groups of RNA dependent RNA polymerases. As
seen in Fig. 6b, the three types of sequence frag-
ments, DD----D, R---RGSG and GDD, are con-
served in the group of polypeptide chains from Fla-
vivirus of Flaviviridae. These three sequence
fragments are also observed in the polypeptide chains
exhibiting the polymerization activities from Potyvir-
idae, Luteoviridae, Picornaviridae and Tobamoviri-
dae, although they are omitted from the figure be-
cause of their resemblance to those from Flaviviridae
Flavivirus. Similar but somewhat changed sequence
motifs can be found in the RNA dependent RNA
polymerases from other groups of viruses and bac-
teriophages. In the polypeptide chains from Bromo-
viridae and Cucumoviridae, the first and third motifs
remain D----D and GDD, respectively, but the sec-
ond motif is replaced by TG. Toroviridae and Coro-
naviridae carry the first and second motifs of D----D
and K------ SG, but SDD in the third motif. In the
polypeptide chains from bacteriophage Leviviridae,
the third motif GDD is found, but the first motif is
D----- D and the second motif is changed into M--G
instead of SG. In the polypeptide chains from Ortho-
myxoviridae, the first motif is replaced by D----- E,
although the second and third motifs are M--G and
SDD, respectively. In the polypeptide chains from
Arenaviridae, the first motif is D-KW, the second
motif M--G and the third motif is SDD. In the poly-
peptide chains from Filoviridaec and Paramyxoviri-
dae, the number of aspartic acid residues is reduced
to one in both the first and third motifs, and only
one glycine residue in the second motif is common to
other groups of RNA dependent RNA polymerases,
although several other amino acid residues such as
H---GG-G seem to be specifically conserved in the
second region.

Thus, the center of polymerization activity in most
RNA dependent RNA polymerases seems to be char-
acterized by the three sequence motifs in the same

way as the sequence motifs 4, B and C in DNA
dependent DNA polymerases. These sequence motifs
will be denoted as 4’, B’ and C’, respectively, here-
after. Although only two aspartic acid residues, one
in motif 4’ and another in motif C’, were noted in
the previous alignment of RNA dependent RNA
polymerases from a few species to family 4 DNA
polymerases [10], our systematic comparison of
much more sequence data reveals that RNA depend-
ent RNA polymerases are full of variety encompass-
ing the sequence motifs of three families 4, B and C
of polymerases; the number of aspartic acid residues
varies from one to three in motif 4’, one to two in
motif C’, and categories 1 and 4 of amino acid res-
idues, in addition to the conserved glycine, tend to
appear in motif B’. However, it should be noted that
these sequence motifs, especially motifs 4’ and C’,
are located at more hydrophilic regions than the pol-
ymerization motifs of DNA dependent DNA poly-
merases.

3.5. RNA dependent DNA polymerases (reverse
transcriptases) and telomerases

The sequence motifs for polymerization activities
of reverse transcriptases as well as RNA dependent
RNA polymerases have been investigated on the
analogy of the polymerization motifs of family A4
DNA polymerases [18,44,46-48]. However, the vari-
ety of RNA dependent RNA polymerases indicated
in Section 3.4 requires more careful examination of
reverse transcriptase sequences. The amino acid se-
quences of now available RNA dependent DNA pol-
ymerases from viruses are classified into three groups
by the criterion of similarity scores of more than 200
evaluated with the FASTA program. These groups
correspond to those from Caulimoviridae, Lentiviri-
nae and Oncovirinae, respectively. The amino acid
sequences of the polymerases in the same group are
easily aligned homologously, and the z(!) diagram is
constructed on the basis of their homologous align-
ment in each group. Although the z(!) diagrams of
the three groups are considerably different from each
other, a careful comparison of these diagrams detects
three regions, each of which shows a similar sequence
pattern among the three groups. These regions are
also found in telomerase, which is considered to be a
specialized form of a reverse transcriptase that syn-
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thesizes a DNA sequence using its own RNA tem-
plate to seal the ends of a linear DNA.

The sequence patterns of these three regions are
compared between telomerase and the three groups
of reverse transcriptases in Fig. 7a, and their amino
acid sequence fragments are compared in Fig. 7b. As
seen in Fig. 7b, the first, second and third regions
contain conserved sequence fragments D, P-G and
DD, respectively, in all groups of reverse transcrip-
tases and telomerases. From the tertiary structure of
reverse transcriptase from human immunodeficiency
virus HIV-1 (Lentivirinae), the N-terminal aspartic
acid residue in the first region and two aspartic
acid residues in the third region are suggested to be
stereochemically arranged to highlight the relative
position of the ‘catalytic triad’ accepting a divalent
cation in a similar way to the polymerase active cen-
ter of the Klenow fragment [48]. Moreover, Asp-530
in the first region of telomerase from Saccharomyces
cerevisiae is suggested to play an essential role in
telomerase activity by mutational study [49]. How-
ever, it should be noted that the amino acid residues
conserved in the third region are DD just like those
in motif C’ of RNA dependent RNA polymerases
from most viruses, in contrast to HDE conserved
in motif C, of family 4 DNA polymerases. The
amino acid residues conserved in the second region
are also different from those conserved in motif By,
of family 4 DNA polymerases. Thus, the amino acid
sequence fragments in the three regions of these re-
verse transcriptases will be denoted as motifs 4", B”
and ", respectively, in Fig. 7a and b, being distin-
guished from those of family 4 DNA polymerases.
Motifs A”, B” and C” all locate on the border from
hydrophilic to hydrophobic parts, and, in this sense,
the environmental structure of these motifs may be
similar to that of DNA dependent DNA polymerases
rather than that of RNA dependent RNA polymer-
ases. Thus, reverse transcriptase may be an inter-
mediate between RNA dependent RNA polymerase
and family 4 of DNA dependent DNA polymerase.

3.6. Poly(A) polymerase, tRNA
nucleotidyltransferase, DNA polymerase B and
deoxynucleotidyltransferase

The similarity of sequence motifs for polymeriza-
tion of nucleotides and deoxynucleotides has also

been suggested for poly(A) polymerase, tRNA nucle-
otidyltransferase, DNA polymerase  and deoxynu-
cleotidyltransferase [50]. In order to ascertain this
suggestion, we constructed z(!) diagrams separately
for eukaryotic poly(A) polymerases, eubacterial
poly(A) polymerases, eubacterial and eukaryotic
tRNA nucleotidyltransferases, archaebacterial tRNA
nucleotidyltransferases, DNA polymerase B and de-
oxynucleotidyltransferase. These z(!) diagrams are
compared in Fig. 8a, and the six types of amino
acid sequences in the regions showing a similar se-
quence pattern are vertically aligned in Fig. 8b. Cu-
riously, the largest number of identical and/or similar
properties of amino acid residues are shared between
eubacterial poly(A) polymerase and eubacterial
tRNA nucleotidyltransferase. In fact, a high similar-
ity score of 280 is counted between E. coli tRNA
nucleotidyltransferase and B. subtilis poly(A) poly-
merase by the FASTA program, while the similarity
of eubacterial poly(A) polymerase to eukaryotic pol-
y(A) polymerase is not as high as the similarity be-
tween eubacterial and eukaryotic tRNA nucleotidyl-
transferases, e.g., the optimal score calculated
between E. coli poly(A) polymerase and Candida al-
bicans poly(A) polymerase is only 42. At any rate,
several amino acid residues are found to be con-
served in all available amino acid sequences of pol-
y(A) polymerases and tRNA nucleotidyltransferases.
Among them, we can find the three aspartic acid
residues that are also conserved in DNA polymerase
B and terminal deoxynucleotidyltransferase. These
three aspartic acid residues correspond to those in-
dicated to be essential for the catalysis of mammalian
poly(A) polymerase by mutational analysis [50]. In
rat DNA polymerase B, Asp-190, Asp-192 and
Asp-256 are indicated to suspend magnesium ions
in site A and site B [51]. Thus, the two regions con-
taining the two and one aspartic acid residues are
denoted as motifs Ay and Cy, respectively, in Fig.
8a and b, according to the family name of DNA
polymerase 3.

In the description of the nucleotidyl transfer reac-
tion inferred from the structures of ternary com-
plexes of rat DNA polymerase B, DNA template
primer and ddCTP [51], Gly-274 and Ser-275 are
considered to facilitate the release of the enzyme
from the template primer by a conformational
change of cis- to trans-peptide at these residues and
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some of the amino acid residues (Asn-279, Asp-276
and Tyr-271) in the C-terminal side of the metal
suspending residues are considered to play a role in
positioning an incoming nucleotide into the active
site of the two metal ions. Certainly, these glycine
and serine residues are conserved in terminal deoxy-
nucleotidyltransferases as well as DNA polymerases
B from different species. However, the residues cor-
responding to Tyr-271 and Asp-276 are not found in
DNA polymerases B from human and S. cerevisiae
while Arg as well as Asn are conserved. In particular,
it should be noted that Arg belongs to the same
category as Lys. Thus, the sequence fragment
TGS---N---R conserved in DNA polymerase § and
deoxynucleotidyltransferase is denoted as motif By
in Fig. 8b. Although the arrangements of these three
motifs Ay, By and Cy as well as of the amino acid
residues in motif By are different from those in other
families of DNA polymerases, the tertiary structure
of the polymerization domain of DNA polymerase 3
is known to be quite different from the structures of
families 4 and B of DNA polymerases, as will be
discussed in Section 4.

3.7. The sequence motifs for 5-3" exonuclease activity

Lastly, we will briefly describe the sequence motifs
for 5’-3" exonuclease activity. The 5’-3" exonuclease
activity is known in the N-terminal fragments of eu-
bacterial polymerases I [12], 5'-3" exonucleases from

T-phages and flap endonuclease [52]. Furthermore,
the N-terminal fragment of DNA polymerase I
shows considerable similarity to exonuclease, DNA
repair proteins, RAD2, RADI3, RAD27 and XP-G,
and DNA damage inducible protein DIN7 as well as
flap endonuclease, all of which are called the XP-G/
RAD?2 family [53]. The comparison of z!) diagrams
and the homologous alignment of these polypeptide
chains show that the amino acid residues conserved
in the six regions A—F of DNA polymerase I indi-
cated previously [12] are also found in the XP-G/
RAD?2 family. However, the conservation of amino
acid residues is hardly observed in regions B and C,
when the sequence comparison is advanced to the 5'-
3" exonucleases of T-phages. Although regions C and
F are suggested to be required for 5'-3' exonuclease
activity from the mutations of DNA polymerase I
defective in this activity [52,54], the present compar-
ison of three groups of proteins strongly suggests
that regions A, D, E and F are essential for 5'-3’
exonuclease activity. In practice, the recent results
of X-ray diffraction analyses on DNA polymerase I
from T. aquaticus [55] and on 5'-3" exodeoxyribonu-
clease from bacteriophage T5 [56] indicate that the
aspartic acid and glutamic acid residues in these four
regions are associated with the suspension of manga-
nese and zinc ions, although the number of sus-
pended metal ions is reported to be three in DNA
polymerase I in contrast to two in exodeoxyribonu-
clease.

-

Fig. 7. Sequence motifs proposed for the polymerization activities of reverse transcriptases (RT) and telomerases (TE). For conven-
ience of homologous alignment, available amino acid sequences of reverse transcriptases are divided into three groups corresponding
to those from Caulimoviridae, Lentivirinae and Oncovirinae, respectively. (a) Comparison of sequence patterns, each represented by
z( diagram. (b) Vertical alignment of amino acid sequences in the region showing similar sequence patterns. The amino acid residues
conserved in the three groups of reverse transcriptases and telomerases are boxed, and the similar amino acid residues between these
polypeptide chains are denoted by the category numbers. The sequence motifs proposed for the polymerization activities of reverse
transcriptases including telomerases are denoted as A”, B”, and C". The sources from which the compared sequences are derived are
indicated by the following abbreviations: CMYV, cauliflower mosaic virus; CER, carnation etched ring virus; CYM, Commelina yellow
mottle virus; FMV, figwort mosaic virus; RTB, rice tungro bacilliform virus; SCM, soybean chlorotic mottle virus; CAE, caprine ar-
thritis encephalitis virus; EIA, equine infectious anemia virus; FIV, feline immunodeficiency virus; HIV, human immunodeficiency vi-
rus; JSR, Jaagsiekte sheep retrovirus; SIV, simian immunodeficiency virus; VIL, Visna lentivirus; BIV, bovine immunodeficiency vi-
rus; BLV, bovine leukemia virus; GAL, gibbon ape leukemia virus; HTL, human T-cell leukemia virus type 1; AML, AKV murine
leukemia virus; MMT, mouse mammary tumor virus; SMP, simian mason-pfizer virus; RSV, Rous sarcoma virus; SFV, simian
foamy virus; SMR, squirrel monkey retrovirus; SRV, simian retrovirus SRV-1; BEN, baboon endogenous virus; TTH, Tetrahymena
thermophila; EAE, Euplotes aediculatus; OTR, Oxytricha trifallax. The abbreviations for the names of the other eukaryotes are al-
ready described in the legends to Figs. 1-3.
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Caulimoviridae
CMV(V00140) 327 LTLIRGKKIFSSHICKSGFWQVLLDQESRPL 358 TAFTCP------- QGHYEWNVVBFGLKQAPS IFQR——-—
CER(X04658) 309 LTLVRGKKIYSSHICKSGLWQVLLDKESQLL 340 -QGHYQWNVVPFGLKQAPS IFPKT----
RT  CYM(X52938) 1490 ISKVGRSKIYSKROLKSGFWQVAMEEESVPW 1521 ~NKLYEWLVMPFGLKNAPAIFQR-----
FMV(X06166) 320 LTLLRGKSIFSSROCKSGFWQVVLDEESQKL 351 -QGHFQWKVVPHGLKQAPS IFQR---~-
RTB(X57924) 1266 INLIQKANIFSKROLKAGFHHMKLKDDFKDW 1297 TTFTCS-------EGLYTWNVPFGIANAPCAFQR---—-
SCM(X15828) 283 SEKéKGSLWFSS AKS?YYQ%R%HENTKPL 314 T?gscp ------ PQKHgEgNV : fLKQ?{CIYQR ~~~~~
Retroviridae Lentivirinae
CAE (M33677) 243 PGGLQKKKHVTILLIGDAYFTIPLYEPYREY 274 TCFTLLSPNNLGPCKRYYWKVLPQIGWKL SPSVYQFTMQEI
EIA(M16575) 282 PGGLIKCKHMIVIIIGDAYFTIPLDPEFRPY 313 TAFTIPSINHQEPDKRYVWNCLPGGFVLSPYIYQKTLQEI
FIV(M25381) 252 PAGLQIKKQVTVLLIGDAYFTIPLDPDYAPY 283 TAFTLPRKNNAGPGRRFVWCSL ILSPLIYQSTLDNI
RT  HIV(M26727) 252 PAGLKKKKSVTVLIOVGDAYFSVPLDKDFRKY 283 TAFTIPSINNETPGIRYQYNVIQGWKGSPAIFQSSMTKI
JSR(M80216) 107 PSAIPDKSYIIVILKDCFYTIPLAPQDCKR 138 FAFSLPSVNFKEPMQRYQWRVLPQGMTNSPTLCQKFVATA
SIV(M29975) 288 PAGLKKMKQITI[OVGDAYYSIPLDPEFRKY 319 TAFTIPTVNNEGPGIRYQFNCLIPQGWKGSPTIFQNTASKI
VIL(M10608) 238 PGGLQRKKHVTILIJIGDAYFTIPLYEPYRQY 269 TCFTMLSPNNLGPCVRYYWKVLPQIGWKL SPAVYQFTMQKI
BIV(M32691) 253 PPGIKECEHLTALLIKDAYFTIPLHEDFRPF 284 TAFSVVPVNREGP IERFQWNVLMQIGWVCSPAIYQTTTQKI
o o 42 6133 2 13 3 i 112
Retroviridae Oncovirinae
BLV(K02120) 75 TAIPTHPPHIICLOLKDAFFQIPVEDRFRFY 106 LSFTLPSPGGLQPHRRFAWRVLIPQGFINSPALFERALQEP
GAL (M26927) 254 SSLPPSYTWYSVLILKDAFFCLRLHPNSQPL 285 FAFEWKDPE-KGNTGQLTWTRLPQGFKNSPTLFDEALHRD
HTL(J02029) 101 SSLPTTLAHLQTINLRDAFFQIPLPKQFQPY 101 FAFTVPQQCNYGPGTRYAWKVLPQGFKNSPTLFEMQLAH!
AML (J01998) 257 SGLPPSHRWYTVLIDLKDAFFCLRLHPTSQPL 288 FAFEWRDPG-MGISGQLTWTRLIPQGFKNSPTLFDEALHRD
MMT (K01707) 102 VAVPKGW-EIIIIDLQDCFFNIKLHPEDCKR 132 FAFSVPSPNFKRPYQRFQWKVLIPQGMKNSPTLCQKFVDKA
RT  SMP(M12349) 108 VAIPQGY-LKIINNLKDCFFSIPLHPSDQKR 138 FAFSLPSTNFKEPMQRFQWKVIAGGMANSPTLCQKYVATA
RSV(VO1197) 95 SALPRGW-PLMVLIJLKDCFFSIPLAEQDREA 125 FAFTLPSVNNQAPARREQWKVIAQGMTCSPT ICQLVVGQV
SFV(X58484) 252 SSIYRGK-YKTTLLLTNGFWAHPITPESYWL 282 TAFTWQ----- K--QYCWTRI|PQGFLNSPALFTADVVDL
SMR(K01706) 105 VAIPLNY-HKIVIOLKDCFFTIPLHPEDRPY 135 FAFSVPQINFQSPMPRYQWKVLPQGMANSPTLCQKFVAAA
SRV(MI1841) 108 VAIPQGY-LKIIIOLKDCFFSIPLHPSDQKR 138 FAFSLPSTNFKEPMQRFQWKV ANSPTLCQKYVATA
BEN(M16550) 255 STLKPDYSWYTV %KD??FCLPLAPQSQEL 286 FAFEWKDPE-RGISGQLTWTR j nN?rlgFDEALHRD
Eukaryotes
HSP (AF015950) 699 AQDPPPELYFVKVIVIGAYDTIPQDRLTEVI 810 LREMCHHAVRIRGKSYVQCQGIPQGSILSTLLCSLCYGDM
MMU (AF051911) 689 ALDQTPRMYFVKATIVTGAYDAIPQGKLVEVV 803 LHFLRHSVVKIGDRCYTQCQGIPQGSSLSTLLCSLCFGDM
TTH(AF061284) 606 NKGR-PQLYYVTLI)IKKCYDSIDQMKLLNFF 750 KHISQYNVISFNKVKFRQKRGIPQGLNISGVLCSFYFGKL
TE  BAE(U95964) 591 QVGQ-PKLFFATMIIEKCYDSVNREKLSTFL 714 INICQYNYINFNGKFYKQTKGIPQGLCVSSILSSFYYATL
OTR (AF060230) 696 QINS-PKLYFVAMIIEKCYDNVDCERVVNFL 819 LKICQNNYVTFNKKQYKQMKGIPQGLCVSYILSSFYYANL
SPO(AF015783) 580 MFGR--KKYFVRILIKSCYDRIKQDLMFRIV 684 KEHLSGHIVKIGNSQYLQKVGIH S ILSSFLCHFYMEDL
SCE(U20618) 518 NNVL-PELYFMKHOVKSCYDSIPRMECMRIL 609 EMEIFKTALWVEDKCY IREDGLFQGSSLSAPIVDLVYDDL
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Fig. 8. Homology between poly(A) polymerase (PAP) and tRNA nucleotidyltransferase (TNT), and their similarity to terminal deoxy-
nucleotidyltransferase (TDT) and DNA polymerase B (DPOB). (a) Comparison by z!) diagrams. (b) Homologous alignment of amino
acid sequences. The identical and same categories of amino acid residues between eukaryotic PAP, eubacterial PAP, eukaryotic and
eubacterial TNT and archaebacterial TNT are boxed and denoted by the category numbers, respectively. These conservation patterns
of amino acid residues are compared to those of TDT and DPOB shown in the lower rows, where the three aspartic acid residues
identified to suspend two magnesium ions in rat DPOB [51] are denoted. The sequence motifs proposed for polymerization activities
of TDT and DPOB are denoted as Ay, By and Cy, according to the family name of these polymerases. Abbreviations for the organ-
isms: BTA, Bos taurus; MDO, Monodelphis domestica; GGA, Gallus gallus; XLA, Xenopus laevis; RAT, Rattus norvegicus. The ab-
breviations for the other organisms are already described in the legends to Figs. 1-3.

4. Conclusions and discussion

Although some other motifs for polymerization
probably correlated with template or substrate spe-
cificity have been proposed, e.g., T/R--GR only
found in the N-terminal side of motif 4 of DNA
dependent polymerase, G--h---K in the C-terminal

side of motif C' or " in RNA dependent polymerase
and LG in the further C-terminal side of RNA de-
pendent RNA polymerase [57], we thoroughly com-
pare the amino acid sequences of many types of pol-
ymerases in the present paper, mainly focusing on
the minimal set of motifs that are most widely dis-
tributed in polymerases. This investigation identifies



J. Otsuka et al. | Biochimica et Biophysica Acta 1434 (1999) 221-247

243

tRNA nucleotidyltransferases and poly(A) polymerases

BTA(X61585) 94 GKIFTHQSYJALG-VHTKGANID-ALCVAPRHVDRSDFFTSFYDKL 153 VPVIKLCFDGIE ITJILFARLALQT IPEDLDLRIDSLLKNITIR--CIRSLNG--CRVIDE ILHLVPNIDNFRLTLRAI

PAP  CAL(AB009394) 81 GKVFTRGSY-HLG-VYGPGSID:-TLVVVPKHVTRDDFFSVFADII 140 VPIIKLEFDGISIIDLIMARLNIPRVPLDL TLDLKNLLKNLIEK-~DIRSLNG-~TRVTDE ILQLVPKPTVFKHALRCI
SCE(X60307) 82 GKIFT I?Y LG—;'H(;PG FW H;mwrnvrusLL 141 VPIIKIKFSGISILICARLDQPQVPLSLTIQKNLLRN IEK--DIRALNG--TRVTDE ILELVPKPNVERIALRAI

_ i 2 66 2 22 2

BSU(Z99115) 20 HQAYFV{ SYMKRTT ATDAAPDQVERLFQ-RTVDVGK 99  QFISSLEH I11DQKV IRTVGKPEDRFQ SQLGFTL

PAP ECO(AE000123) 67 YEAWLVAGGROLLLGKKPKDFDVTTNATPEQVRKLFR-NCRLVGR 156 NIFGSI DLKDGVIRL IGNPETRYR AAKLGMR
HIN(U32691) 48 FEAYI ?Ic Luicm ATNARPEQIQNIFQRQCRLVGR 137 NVYGTIG [KILKAGKLRL 1 GDPVTRY(Q) AKLDMFL

2 1

SCE(M59870) 61 LTLRIT KLTGQGSHDLIIAINVMSGEQFATGLNEYLQQHY 164 TR LKDGVLRTPLPAKQTFLI ASRFN--—-

TNT  ECO(MI2788) 1 MKIYLY( ALLGLPVKDRD-—-¥VVVGSTPQEMLDAGYQQVG 79 VTLED) IILQNRLLRHVSPAF G---] AARYAHLG
HIN(U32834) IMKVYL(IJ onzmv --WIVVGADPATLLSLGYQQVG 79 SPTITLEQ DLENR ILRHISPAFS---] AARYHSLG

; 2 1

AFC(AF2156) 40 VEYVFV(SYARNTWUK-GSLE{IDIVFLLFPEEFSKEELRERGLEIG- 97 HRYVHGVVKGVEVDVVPCYKLKEPKNIKSAV-DRTPFHHKWLE-GRIKGKE-----—- ; GFLKANGIYGAR

INT MJAMJI111) 50 LEVLLVASSARNTNLK-DDYDIINIFVLFDKSVSEDELEEIGLKIGT 111 VNGEVDGYEVDI VPCYKIDFGEK] ISAV RTPLHHKFLI SRLNERL- AFLKSLGLYGSD
MTHNT0584) 44 AEAVLVGSVAKGTWLIS-GAADIDNIF [HFPLTTPEDELKESGLRLGY 105 HPYVIGYDGYEVDFVPCYRIDDASMLRSAV-DRT ILHTRY [Q-ENLRDEQ- QFMKSTGTYGSE
PHOCPHOI01) 78 AKPYF '1?| Azmr [JA-GD! n LF%AFPLDTSLEELREKGLELG— 138 HBYVRAEYKGIRVIVPCYNVKNWKDVRTAV-DIRS I LHTHWVL-EN IKGKN-----—- RFLKGINAYGSE

2 2
family X of DNA polymerase

HSP(K01919) 326 AFVIMIG ITSPGSTEDEEQ-LLQKVMNL 408 ~—-DQSSWQEGKTWKA YWIEHERKMI
BTA(X04122) 337 AFVIMI ITSPGSAEDEEQ-LLPKVINL 419 ~SKSNQQEGKTWKA ATHERKMM

DT MMU(X04123) 326 ALVIMIG ITSPEATEDEEQQLLHKVIDF 409 —~-EKSGQQEGKGHKA ATHERKMM
MDO(U91571) 328 ALVTIT ITSPGAEKEQEDQLLQKVINL 411 KRKWEMPTGSNE SEAKSWKA ATHEKKMM
GGA(U06938) 326 ALVTITG ITSPGQREDDE-~—~—- LLHK 399  KLYQPRVDNSSYNMSKKCDMAEVKDWKA THERKMM
XLA(U07803) 322 AlVTléT(l} [TCARKGKEKN--ILHNTMSV 403 KLPKRQMDIGN---11DPHECERKNWKAVRLDILVIT-PYEQYPYALL GHTGS----- THEKRMM

1| 4

HSP(D29013) 173 YIATVOGSFRRGAESS-—-GDMDVLILTHPSFTSE——--------—— 231 GETKFMGVCQLP SKNDEKEYPHRR I -DIIRL I-PKDQYYCGVL YRTGS----- L-EKGFT
DPOB SCE(X59720) 350 CQVELQQ FKPFCNDTTELAKIMETLCI 477 EETKLNP IDQYMSLNAKDGNY CRRL-DIFFCC-KWDELGAGR I HY{TGY----- ~QKGFK
RAT(J02776) 173 YIATVOQSFRRGAESS——-GIMDVLL THPNFTSE-—-—------—~ 231 GETKFMGVCQLPSENDENEYPHRR I -DIIRL I-PKDQYYCGVL YRTGS----- ~EKGFT

Motif B,

Fig. 8 (continued).

the sequence motifs for polymerization activity of
family C DNA polymerase, giving an open view
for many RNA polymerases as well as DNA poly-
merase III itself. The similarity relations of DNA
and RNA polymerases, mainly focused on the se-
quence motifs for polymerization, are summarized
in Fig. 9. One of the most noticeable points is that
the sequence motifs for the polymerization activities
of DNA dependent RNA polymerases are also div-
ided into three types in accordance with those of
families 4, B and C of DNA dependent DNA poly-
merases. This result not only clarifies the lineages of
sequence motifs for polymerization activities of
DNA dependent RNA polymerases including pri-
mases but also serves to fill the gap between DNA
dependent DNA polymerases and RNA dependent
RNA polymerases.

In the early comparison of families 4 and B of
DNA polymerases and some RNA dependent RNA
polymerases [10], motif B was speculated to associate
with DNA template strand, because the sequence
fragment K------ (-)YG conserved in family 4 and
B DNA polymerases were not found in compared
RNA dependent RNA polymerases. However, the
amino acid residues R/K--G-H-GG conserved in
motif Bc of DNA polymerase III are somewhat dif-
ferent from K------ (-)YG and they are changed into

G-K/RG in multimeric DNA dependent RNA poly-
merases and in eukaryotic and archaebacterial pri-
mases. With such variation in mind, we can also
find a region fairly well conserving G and some other
residues such as Y, S and M between motifs 4’ and
C’ in RNA dependent RNA polymerases from many
sources, although category 4 amino acid residues
such as K, R and H are not found in this region
of all RNA dependent RNA polymerases. Thus,
the residues in this region may also play a role in
releasing the enzyme from the RNA template,
although they are not so strongly conserved as in
DNA dependent DNA polymerases.

The structural similarity of polymerization do-
mains between DNA dependent DNA polymerase,
DNA dependent RNA polymerase and reverse tran-
scriptase is already indicated for DNA polymerase I,
T7 bacteriophage monomeric DNA dependent RNA
polymerase and HIV-1 reverse transcriptase; motifs
A (44 and A" in our notation) and C (C4 and C7)
form three strands of a B sheet and a short segment
of o-helix within the core of the palm subdomain
and motif B (B4 and B") is located in the fingers
domain [18,48,57]. As ascertained in the present in-
vestigation, the polymerases showing a similar terti-
ary structure also carry similar sequence motifs for
polymerization, although a considerable similarity
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I RNA dependent RNA polymerases

monomeric DNA dependent
RNA polymerases

RNA polymerase [phages]

reverse transcriptase
RNA polymerase - . i
‘A polyme primase [eubacteria] primase [eukaryotes].
[mitochondria] primase [archaebacteria]

family A of DNA polymerases family B of DNA polymerases multimeric DNA dependent

I poly(A) polymerase [eukaryotes] l
T

poly(A) polymerase [eubacteria]
tRNA nucleotidyltransferase
[eukaryotes and eubacteria]

Q—DNA polymerase I DNA polymerase II RNA polymerases .1
DNA polymerase 7 DNA polymerase @ RNA polymerase [E. coli etc.] B ’subunit tRNA nucleot'ldyltransferase
DNA polymerase 0 RNA polymerase [Synechocystis sp.] [archaebacteria]
DNA polymerase & and 0 subunits I
DNA polymerase { RNA polymerase [chloroplast] 8’and 87 .
archaebacterial subunits family X of DNA polymerases
DNA polymerase RNA polymerase I largest subunit terminal deoxynucleotidyltransferase
(DP1, DP2) RNA polymerase II largest subunit DNA polymerase
RNA polymerase III largest subunit
RNA polymerase [archaebacteria] A’ and
A” subunits

3’-5’exonuclease ]

domain family C of DNA polymerases

~DNA polymerase III [B. subtilis type] @& subunit
DNA polymerase III [E. coli type] @ subunit

DNA polymerase III [E. coli type] € subunit

XPG/RAD?2 family

E-Z&’exonuclcase [phages]

Fig. 9. Similarity relationships of DNA and RNA polymerases, mainly based on the similar amino acid sequences in the polymerase
domains. The polymerases within the same box show the optimal score of more than 200 by the FASTA program, and carry almost
the same sequence motifs for polymerization. Furthermore, DNA dependent RNA polymerases are also divided into four types ac-
cording to their similarities to sequence motifs for polymerization activities of families 4, B, C and X of DNA dependent DNA poly-
merases, i.e., monomeric DNA dependent RNA polymerases to family 4, eubacterial primases to family B, eukaryotic and archaebac-
terial primases and multimeric RNA polymerases to family C, and poly(A) polymerases and tRNA nucleotidyltransferases to family
X, although the FASTA program does not count a considerable similarity score between these DNA and RNA polymerases. The vari-
ety of sequence motifs for polymerization activities of RNA dependent RNA polymerases encompasses the polymerization motifs
characteristics of family A4, B and C polymerases as well as the sequence motifs for polymerization activities of reverse transcriptase
including telomerase, while the sequence fragment similar to the family X polymerization motif is not found in any RNA dependent
RNA polymerase. In contrast to the variation in sequence motifs for polymerization activities, the sequence motifs for 3’-5 exonu-
clease activity are mostly common to families 4, B and C of DNA dependent DNA polymerases, and the sequence motifs for 5’-3’
exonuclease activity present in DNA polymerase I are highly similar to those in the XPG/RAD?2 family of proteins and those in 5’-3’
exonucleases from bacteriophages. These similarity relations of sequence motifs for polymerization and/or exonuclease activities are
represented by the connection with a straight line. Proteins surrounded by two dotted lines are those encoded in the genomes of free
living organisms.

score is not necessarily counted between them by the
current method such as the FASTA program.
Although T7 phage DNA dependent RNA polymer-
ase carries extra 1 and 2 regions in comparison with
DNA polymerase I, this may be reasonable because
the DNA dependent RNA polymerase should be ca-
pable of sequence specific (promoter) DNA binding
and template unwinding. The recently determined
structure of bacteriophage RB69 DNA polymerase,
which is considered to be homologous to DNA pol-

ymerase o, also shows a similar palm subdomain
containing motifs 4 (4g) and C (Cp), but its thumb
subdomain is topologically different from that of
family A polymerases and its fingers subdomain is
simpler [58]. In practice, the number of sites between
motifs Bg and Cp is smaller in DNA polymerase o
than in DNA polymerase I, and this is also the case
in eubacterial primase. With this difference of terti-
ary structures, the similar sequence motifs for poly-
merization activities of families 4 and B of DNA
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polymerases have been proposed as an example of
convergence [58]. However, this proposal seems too
narrow to consider the evolution of polymerases.
Although the study of crystal structure does not
reach DNA polymerase III and multimeric DNA
dependent RNA polymerase yet, it is true that the
relative position of the three motifs is the same in the
three families 4, B and C of polymerases, reverse
transcriptases including HVI-1 transcriptase show a
similar sequence pattern to RNA dependent RNA
polymerases and some of the RNA dependent
RNA polymerases carry sequence motifs similar to
those of family C polymerases. These facts seem to
support the possibility that the polymerization do-
mains of these three families of polymerases are ho-
mologous, because they could have diverged by in-
sertion and/or deletion of some amino acid sequence
fragments and some degree of substitutions. In this
sense, the RNA dependent RNA polymerases as well
as families 4, B and C of DNA dependent DNA and
RNA polymerases may be clustered as a superfamily
of nucleic acid polymerase.

On the other hand, the polymerization motifs sim-
ilar to those of DNA polymerase § and terminal
deoxynucleotidyltransferase are not found in any
RNA dependent RNA polymerase. In fact, the ter-
tiary structure of DNA polymerase B solved recently
[51,59,60] shows the catalytic domain containing a
single helix packing against a five-stranded B sheet
with an unusual topology of the mixture of antipar-
allel and parallel sheets, which is quite different from
the families 4 and B of DNA polymerases. A similar
structure of a single helix packing against a four-
stranded P sheet is also seen in kanamycin nucleoti-
dyltransferase solved at a low resolution [61]. On the
basis of the structural similarity between these two
proteins and a scan of the SWISS-PROT database
using the sequence pattern in and around motif Ay,
the nucleotidyltransferase superfamily is proposed to
encompass polymerase family X, poly(A) polymer-
ase, kanamycin nucleotidyltransferase, protein-Py;
uridyltransferase, streptomycin 3’-adenyltransferase,
(2'-5") oligoadenylate synthetase, and glutamine syn-
thase adenyltransferase [62]. Thus, the lineage of
these polymerases may be different from RNA de-
pendent RNA polymerases and families 4, B and C
of polymerases.

In contrast to the variation in the amino acid se-

quence fragments responsible for polymerization ac-
tivities, the sequence motifs for 3’-5’" exonuclease ac-
tivity are almost the same in all DNA dependent
DNA polymerases of families 4, B and C, although
this activity is lost in DNA polymerase oo and DNA
polymerases I from many species of eubacteria ex-
cept for E. coli and H. influenzae. The sequence mo-
tifs for 5’-3" exonuclease activity carried by DNA
polymerase I are essentially the same as those in
the 5’-3" exonucleases of bacteriophages and in the
eukaryotic proteins clustered in the XP-G/RAD2
family. Thus, most processive DNA dependent
DNA polymerases would have been generated by
the fusion of 3’-5’ and/or 5’-3" exonuclease domains
to the polymerization domains after their differentia-
tion into the three types. In practice, the editing 3'-5’
exonuclease domain of T7 bacteriophage RB69 is
homologous to that of E. coli DNA polymerase I
but lies on the opposite side of the polymerization
active site [58]. The presence of phosphoesterase in
both the o subunit of DNA polymerase III and
DNA polymerase 3 [31] may also be due to the result
of domain fusion.
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