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The Bacillus subtilis phage $29 DNA polymerase, involved
in protein-primed viral DNA replication, was inhibited by
phosphonoacetic acid (PAA), a known inhibitor of a-like DNA
polymerases, by decreasing the rate of elongation. Three
highly conserved regions of amino acid homology, found in
several viral a-like DNA polymerases and in the 29 DNA
polymerase, one of them proposed to be the PAA binding site,
were also found in the T4 DNA polymerase. This prokaryotic
enzyme was highly sensitive to the drugs aphidicolin and the
nucleotide analogues butylanilino dATP (BuAdATP) and
butylphenyl dGTP (BuPdGTP), known to be specific inhibi-
tors of eukaryotic a-like DNA polymerases. Two potential
DNA polymerases from the linear plasmid pGKL1 from yeast
and the S1 mitochondrial DNA from maize have been ident-
ified, based on the fact that they contain the three conserved
regions of amino acid homelogy. Comparison of DNA pol-
ymerases from prokaryotic and eukaryotic origin showed
extensive amino acid homology in addition to highly con-
served domains. These findings reflect evolutionary relation-
ships between hypothetically unrelated DNA polymerases.
Key words: a-like DNA polymerases/amino acid homology/
bacteriophage $29/bacteriophage T4/linear plasmids

Introduction

Prokaryotic and eukaryotic DNA polymerases of viral and cellu-
lar origin differ in many properties such as their size, ability to
interact with accessory proteins and biological role (Kornberg,
1980). However, the template-directed copying of DNA is ident-
ical in all cases, and it is therefore likely that functional and even
structural similarities can be found in apparently unrelated DNA
polymerases.

The linear DNA of the Bacillus subtilis phage $29 replicates
by a protein-priming mechanism in which a unique virally coded
DNA polymerase, protein p2, catalyses both the formation of
the initiation complex between the terminal protein p3 and dAAMP
and its further elongation to produce unit-length $29 DNA (Blan-
co and Salas, 1985a). In addition, the $29 DNA polymerase has
a 3'—5' exonuclease activity on single-stranded DNA (Blanco
and Salas, 1985b). Adenovirus DNA replicates by a similar
protein-priming mechanism which also requires a virally coded
DNA polymerase (Nagata et al., 1983).

The $29 DNA polymerase is inhibited by aphidicolin and the
nucleotide analogues butylanilino JATP (BuAdATP) and butyl-
phenyl dGTP (BuPdGTP) (Blanco and Salas, 1986) which, in
addition to phosphonoacetic acid (PAA), are known inhibitors
of the eukaryotic DNA polymerase a (reviewed by Huberman,
1981; Khan et al., 1984, 1985) and other a-like DNA polymer-
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ases of viral origin such as those of herpes simplex (HSV) and
human cytomegalovirus (HCMV) (Knopf, 1979; Nishiyama et
al., 1983), African swine fever (ASFV) (Moreno et al., 1978),
vaccinia (Moss and Cooper, 1982; Sridhar and Condit, 1983)
and Epstein—Barr (EBV) (Kallin et al., 1985). Three conserved
amino acid domains have been recently reported to be present
in the C-terminal portion of several viral a-like DNA polymerases
and in the $29 DNA polymerase (Larder et al., 1987; Knopf,
1987). Mutations conferring altered sensitivity to antiviral pyro-
phosphate (PP) analogues or aphidicolin were precisely located
in or near these conserved regions (Gibbs et al., 1985; Earl et
al., 1986; Larder et al., 1987; Knopf, 1987) which were pro-
posed to form part of the catalytic domains of the enzyme (Gibbs
et al., 1985).

In this paper we report the inhibition of ¢$29 DNA —protein
p3 replication by PAA. The drug inhibited the rate of elongation
but not the initiation step in replication. We have also found that
the prokaryotic phage T4 DNA polymerase is strongly inhibited
by nucleotide analogues and aphidicolin and, in agreement with
this finding, it contains the three conserved amino acid domains
recently described. In addition two potential DNA polymerases
of the terminal protein-containing linear plasmid pGKL1 from
yeast (Gunge et al., 1981) and S1 mitochondrial DNA from maize
(Pring et al., 1977) were identified based on the presence of the
DNA polymerase conserved domains. Amino acid comparisons
between several prokaryotic and eukaryotic DNA polymerases
showed that, in addition to highly conserved domains, there is
extensive amino acid sequence conservation, and therefore it is
likely that this family of polymerases evolved from a common
ancestor.

Results and discussion

Inhibition of $29 DNA—protein p3 replication in vitro by PAA
Figure 1A shows that PAA strongly inhibited ¢29 DNA —protein
p3 replication in vitro using purified DNA polymerase p2 and
terminal protein p3, the inhibition being 50% at a drug concen-
tration of 70 uM. Figure 1A also shows that a concentration of
PP 10-fold higher than in the case of the PAA was needed to
produce 50% inhibition. Taking into account that protein p2 is
involved both in initiation and elongation events, the effect of
PAA on each of these two steps was studied. No effect of PAA
(Figure 1B) or PP (not shown) on the amount of p3—dAMP
initiation complex formed was observed. Taking into account
these results, as well as the fact that PAA did not inhibit the
transition from the p3—dAMP initiation complex to the first
elongation product, p3 —(dAMP),, determined as described by
Blanco et al. (1986), nor the binding of protein p2 to either
double- or single-stranded DNA (not shown), determined by a
gel retardation assay as described by Carthew et al. (1985), the
effect of the drug on the rate of elongation was determined. Figure
2A shows that, when the DNA synthesized in vitro in the presence
of increasing amounts of PAA was run on an alkaline agarose
gel, a decrease in the length of the DNA was observed. PP also
decreased the length of the DNA synthesized, although as ex-
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Fig. 1. Effect of PAA on ¢29 DNA —protein p3 replication and on the 3’'—5' exonuclease activity of protein p2. A. The replication assay was carried out as
described in Materials and methods in the absence or presence of the indicated amounts of PAA (® —®) or PP (O—O). After incubation for 4 min at 30°C
the samples were processed as described in Materials and methods. 100% $29 DNA —p3 replication corresponds to 39 pmol of dAMP incorporated. B. As in
A, except that, after 7.5 min at 30°c, the samples were treated with micrococcal nuclease to degrade the elongation product and analyze the p3—dAMP
initiation complex formed. The amount of PAA used was: a, none; b, 21 uM; ¢, 71 uM; d, 142 uM; e, 284 puM; f, 714 uM. 100% of p3—dAMP complex
formation corresponds to 160 fmol. C. Protein p2 was incubated with heat-denatured [3’->2P]DNA in the absence or presence of the indicated amounts of
PAA as described in Materials and methods, and the ethanol-soluble material was counted by Cerenkov radiation. 100% activity corresponds to 1400 c.p.m.

of [32P]DNA hydrolyzed.
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Fig. 2. Effect of PAA on the rate of elongation of ¢$29 DNA —protein p3. A. The replication assay was carried out as described in Materials and methods in
the absence or presence of the indicated amounts of PAA. After incubation for the indicated times at 30°C the samples were subjected to alkaline agarose gel
electrophoresis as described in Materials and methods. B. The size of the DNA synthesized as determined by alkaline agarose gel electrophoresis in the
absence (® —®) or presence of 100 uM PAA (O--O) or 1000 uM PP (A--A) is represented as a function of the incubation time.

pected from the results shown in Figure 1A, a concentration about
10-fold higher than in the case of PAA was needed to produce
a similar effect (Figure 2A). As shown in Figure 2B, addition
of 0.1 mM PAA or 1 mM PP produced a 2-fold decrease in the
rate of elongation.

Neither PAA (Figure 1C) nor PP (not shown) inhibited to a
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high extent the activity of the 3'—5’ exonuclease on single-
stranded DNA of the ¢29 DNA polymerase. A concentration
of 1.5 mM PAA was needed to produce 40% inhibition (not
shown). This is in contrast to the polymerase and 3'—5' exo-
nuclease activities of the HSV type I DNA polymerase which
are both inhibited to a similar extent by PAA (Knopf, 1987).



Table 1. Location of the consensus motifs in several DNA polymerases

DNA polymerase Size (aa) Location (%)*
SLYP NS-YG-F Y-DTDS

S1 mit® 917 53.4 68.0 78.2
pGKL1® 995 65.7 79.5 87.9
Adeno 1056 51.8 66.5 82.4
29 575 44.1 67.8 79.4
PRD1 553 40.6 62.7 71.5
T4 896 46.0 63.0 69.0
Vaccinia 938 56.3 68.5 71.5
HSV 2 1240 58.6 66.4 72.0
VZV 1194 57.5 65.5 713
EBV 1015 58.0 67.7 74.4
HCMV 1242 58.0 65.9 73.3

#Location is expressed as % from the N termini.
PIndicates predicted DNA polymerases.
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Fig. 3. Effect of aphidicolin and BuAdATP on the replication of activated
DNA by the ¢$29 and T4 DNA polymerases and the Klenow enzyme. The
replication assay was as described in Materials and methods using activated
DNA as template and the $29 DNA polymerase, the phage T4 DNA
polymerase or the Klenow fragment of E.coli DNA polymerase I in the
absence or presence of the indicated amounts of aphidicolin (A) or
BuAdATP (B). After incubation for 4 min at 30°C the reaction was stopped
and the samples were filtered through Sephadex G-50 spun columns as
described in Materials and methods.

Search for related structural domains in other prokaryotic
DNA polymerases

The inhibition of ¢$29 DNA —protein p3 replication by PAA at
the elongation step, as well as previous results demonstrating the
inhibition of the 29 DNA polymerase by aphidicolin and nucleo-
tide analogues (Blanco and Salas, 1986), indicate a functional
relationship of the $29 DNA polymerase with the eukaryotic a-
like DNA polymerases. This relationship is supported by the
finding in the ¢29 polymerase of three conserved amino acid
regions present in the a-like DNA polymerases, one of them
proposed to be the PAA binding site (Larder et al., 1987; Knopf,
1987). These homologous regions are also present in the phage
PRDI1 DNA polymerase (Savilahti and Bamford, 1987) which
also replicates by a protein-priming mechanism (Bamford and
Mindich, 1984). A search for these homologous sequences was
carried out in other prokaryotic DNA polymerases that do not

Prokaryotic and eukaryotic DNA polymerases

use a protein as primer. Whereas the Escherichia coli DNA
polymerase I and the T7 DNA polymerase show homology with
each other (Argos et al., 1986; Ollis et al., 1985), they do not
contain the homologous regions found in the ¢29 or PRD1 DNA
polymerases. However, we found that the T4 DNA polymerase
has the three consensus motifs: SLYP/NS-YG-F/Y-DTDS, in
the same linear arrangement as was described for ¢29 and several
viral a-like DNA polymerases (Larder et al., 1987). Furthermore,
the relative location of the consensus motifs (46, 63 and 69%)
is similar to that of other related DNA polymerases (see Table
I). The amino acid homology of the T4 DNA polymerase with
other prokaryotic and eukaryotic DNA polymerases will be
described later.

Inhibition of the T4 DNA polymerase by aphidicolin and
nucleotide analogues

Inhibition by PAA of the $29 and T4 DNA polymerases was
similar to that of the E.coli DNA polymerase I, known to be
rather insensitive (Helgstrand ez al., 1978) when either activated
DNA or the template-primer poly dT-(dA),,-3 were used (re-
sults not shown). In view of the behaviour of PAA with the above
DNAs, the effect of aphidicolin and the nucleotide analogues
BuAdATP and BuPdGTP, also inhibitors of a-like DNA pol-
ymerases and of the $29 DNA polymerase, was tested on the
T4 DNA polymerase activity. Figure 3A shows that aphidicolin
strongly inhibited the replication of activated DNA by the T4
DNA polymerase (K; = 30 uM), whereas the Klenow enzyme
was insensitive. A control using the $29 DNA polymerase (Blan-
co and Salas, 1986) is also shown. Similar results were obtained
when the drugs BuAdATP and BuPdGTP were used, the T4
DNA polymerase being very strongly inhibited whereas the
Klenow enzyme was not affected (Figure 3B). The K| values
obtained were 0.5 uM and 0.3 uM for BUAJATP and BuPdGTP
respectively, very close to those obtained for the a-like DNA
polymerases from EBV, vaccinia and HSV (Khan et al., 1984).

Characterization of DNA polymerases from linear
plasmid-like DNAs containing terminal proteins

Linear DNA killer plasmids from yeast. The linear DNA killer
plasmids, pGKL1 and pGKL2 found in Kluyveromyces lactis,
have terminal proteins at both 5’ termini (Kikuchi et al., 1984).
The characterization of deletion mutants (Niwa et al., 1981;
Kikuchi et al., 1985) indicated that the left region of pGKL1,
containing two (Kikuchi et al., 1985) or one (Stark et al., 1984)
open reading frames (ORF) is required for autonomous repli-
cation. The specific replication enzymology of the terminal
protein-containing linear genomes (reviewed in Salas, 1983)
raised the possibility that the left region of pGKL1 plasmid and
its derivatives also codes for a specific DNA polymerase, as in
the case of adenovirus (Lichy et al., 1982; Stillman et al., 1982)
and bacteriophages ¢29 (Blanco and Salas, 1984; Watabe et al.,
1984) and PRD1 (Savilahti and Bamford, 1987). A search for
the consensus amino acid regions found in viral a-like DNA
polymerases through the predicted ORF corresponding to the left
region of plasmid pGKL1 (Stark er al., 1984; Kikuchi ez al.,
1985) showed the presence of the consensus motifs, SLYP/NS-
YG-F/Y-DTDS in the same linear arrangement described for
other DNA polymerases. Assuming that the ORF 1 predicted
by Stark et al. (1984) corresponds to the structural gene for the
pGKL1 DNA polymerase, the size of the polymerase (995 amino
acids) and the relative location of the consensus region (~ 66,
79.5 and 88%) are similar to other related DNA polymerases
(see Table I). The amino acid homology of this potential DNA
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polymerase with other viral DNA polymerases will be described
below. The fact that the linear plasmid pGKL2 does not require
the presence of pGKL1 for is maintenance suggests that pGKL2
also codes for its own DNA polymerase. If so, it would be
interesting to compare these two DNA polymerases when the
sequence of plasmid pGKL2 becomes available.

S1 mitochondrial DNA from maize. Mitochondria from S-male-
sterile cytoplasm of maize contain DNA —protein complexes
designated S1 and S2 (Pring et al., 1977). These complexes
consist of double-stranded linear DNA with proteins covalently
attached to the 5’ termini (Kemble and Thompson, 1982). Based
on their structural organization and their viral-like characteristics,
Paillard ez al. (1985) proposed that S1 and S2 code for functions
involved in their maintenance and replication. A computer search
for the consensus amino acid regions found in viral a-like DNA
polymerases through the potential ORF of S1 and S2 DNA
(Paillard ez al., 1985; Levins and Pring, 1979) indicated that the
OREF 3 from S1 DNA contains the three consensus regions SLYP/
NS-YG-F/Y-DTDS described before; as shown in Table I, these
regions are located about 53, 68 and 78% from the amino ter-
minus, in good agreement with their location in other related viral
DNA polymerases. These results strongly suggest that S1 DNA
encodes its own DNA polymerase. The amino acid homology
of this new DNA polymerase with other viral DNA polymerases
will be described below.

In addition to bacteriophages ¢29, PRD1 and related phages,
adenovirus and plasmids pGKL1, pGKL2 and pSKL (Kitada and
Hishinuma, 1987) from yeast and S1 and S2 from Zea mays,
other protein-containing linear DNA molecules have been found
in several organisms including Cp-1 and related phages of Strepto-
coccus pneumoniae (Garcia et al., 1983; Escarmis et al., 1985),
plasmids pSLA1 and pSLA2 of Streptomyces rochei (Hirochika
and Sakaguchi, 1982), mitochondrial plasmid from Brassica
(Palmer et al., 1983) and the linear DNA from the fungus Asco-
bolus immersus (Francou, 1981). In some cases the terminal
protein was shown to be required for the initiation of replication.
It is likely that a specific DNA polymerase, containing the con-
sensus amino acid regions found in many viral DNA polymerases,
is also required in each case.

Amino acid homologies between DNA polymerases reflect
evolutionary relationships

The amino acid sequences of the different DNA polymerases
indicated in Materials and methods were aligned to generate
maximum cross-homology. The three segments shown in Figure
4 represent the most conserved regions of the polymerases; out-
side these segments, the sequences show less homology, and a
higher number of insertions and deletions are necessary for align-
ment. The addition of the S1 mitochondrial DNA, pGKL1, T4,
Varicela zoster virus (VZV) and HCMV DNA polymerase se-
quences to the list of homologous polymerases described pre-
viously (Larder et al., 1987; Kouzarides et al., 1987; Savilahti
and Bamford, 1987), defines more precisely the boundaries of

Prokaryotic and eukaryotic DNA polymerases

the consensus regions and the extent of conservation, and makes
it possible to distinguish consensus sequences accounting for
replication strategies (see legend to Figure 4 for details). Figure
4 also shows that these three segments of amino acid homology
are located in the same linear arrangement in each protein. As
already indicated, it is interesting to note that the main motif of
the consensus sequences of each segment is located at a similar
relative position, taking into account the size of the different DNA
polymerases considered (Table I).

Although we can define segments of conserved sequences,
considerable variation remains among the DNA polymerases con-
sidered in Figure 4. The amino-terminal half of the different DNA
polymerases described here shows less cross-homology than the
C-terminal region. These non-homologous regions could either
represent alternative primary sequences capable of attaining
similar three-dimensional structures, or they could have specific
functions in the DNA polymerases, such as interaction with other
replication proteins. It is possible that, in the case of genomes
that replicate by a protein-priming mechanism, the insertion
present in the neighbourhood of a hypothetically catalytic domain
in segment II (see Figure 4) might be designed for proper inter-
action with the terminal protein allowing its deoxynucleo-
tidilylation.

An overall view of the consensus sequences shown in Figure
4 indicates that, although the amino acid homology in each seg-
ment is more extensive in the group of Herpes virus (HSV, VZV,
EBV and HCMYV), in keeping with their phylogenetic distances,
and between the DNA polymerases of terminal protein containing
genomes (consensus 1), probably due to mechanistic similarities
in their replication strategies, there is, in addition to the highly
conserved regions (consensus 2), extensive amino acid homology
between the different DNA polymerases.

Due to the fact that the length of the polypeptides of segments
II and III differs considerably in each DNA polymerase, and
therefore the degree of homology cannot be easily quantified,
we considered the homologies in segment I as an index of evol-
utionary relationships between these DNA polymerases. Table
II shows the percentage of identical residues in segment I between
each pair of DNA polymerases, the maximal value being indi-
cated in each case. The values obtained show that the DNA
polymerases of the Herpes virus group, with an average value
of about 45%, are very proximal in evolution; among them, the
DNA polymerases of HSV 2 and VZV (60% homology) would
be the most closely related. Unexpectedly the DNA polymerases
most related to the prokaryotic T4 DNA polymerase are eukary-
otic viral a-like polymerases, in particular that of vaccinia virus
(32% homology). Furthermore the percentage of homology be-
tween the vaccinia DNA polymerase and those of the Herpes
virus group is also similar in the case of the T4 DNA polymerase
and, in both cases, higher than the values obtained when com-
pared with the other DNA polymerases. The detailed comparison
of segment I of vaccinia and T4 DNA polymerases (see Figure
4) strongly suggests that they derived from a common ancestor.

Fig. 4. Homology segments among several DNA polymerases of prokaryotic and eukaryotic origin. Alignment was carried out as described in Materials and
methods. The residues that were identical in at least two polypeptides were boxed in colour. Green boxes indicate residues that are homologous only between
DNA polymerases of the terminal protein containing genomes (S1 mit, pGKL1, Adeno, $29 and PRDI1). Yellow boxes indicate residues that are homologous
only between the rest of DNA polymerases (T4, vaccinia, HSV 2, VZV, EBV and HCMV). Red boxes indicate residues that are homologous between these
two types of DNA polymerases. Numbers at the left indicate the first residue in each sequence. A residue was considered consensus if it was present in more
than half of the polypeptides considered. Consensus 1 indicates the consensus residues between DNA polymerases of terminal protein containing genomes.
Consensus 3 indicates the consensus residues between the remaining DNA polymerases. Consensus 2 indicates the consensus residues between all DNA
polymerases. The consensus amino acids which are identical in the three kinds of consensus considered are boxed. (a) and (b) in segment III indicate
insertions of 78 and 13 amino acid residues respectively. The spatial relationship between segments I—III (black bars) of each DNA polymerase are shown at
the bottom. The tyrosine residue in the consensus motif NS-YG-F of segment Il was taken as residue O in each case. Boxes indicate the main consensus motif

in each segment.
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Table II. Amino acid homology between prokaryotic and eukaryotic DNA
polymerases

St mit pGKL1 Adeno ¢29 PRD1 T4  Vaccinia HSV 2 VZV EBV HCMV

Sl mit 100 256 179 256 205 14.1 16.7 20.5 167 154 14.1
pGKL1 26.2 100 225 212 262 125 162 150 162 18.7 175
Adeno 17.1 21.9 100 232 183 85 73 171 17.1 134 17.1

$29 24.1 205 229 100 277 157 18.1 205 193 18.1 205
PRDI1 225 262 200 28.7 100 150 15.0 23.7 200 187 150
T4 11.9 1.9 83 155 143 100 32.1 179 202 19.0 22.6
Vaccinia  15.1 15.1 7.0 17.4 139 31.4 100 267 209 233 19.8
HSV 2 19.0 14.3 179 202 238 19.0 286 100 59.5 46.4 423
vzv 15.7 16.9 18.1 193 193 21.7 217 60.2 100 482 446
EBV 13.8 14.9 126 17.2 149 195 23.0 448 448 100 46.0

HCMV 13.2 16.9 169 21.7 157 229 205 434 446 48.2 100

Numbers indicate the percent relationship homologies in segment I (Figure
4) between each pair of DNA polymerases; reciprocal values are also
indicated due to the different length of the sequence considered as 100% in
each comparison. Figures printed in bold represent the maximal value
obtained for each DNA polymerase.

The predicted DNA polymerases of the linear plasmids pGKL1
and S1 mitochondrial DNA, both containing terminal proteins,
have the maximal homology between them, and with the DNA
polymerases of the bacteriophages PRD1 and ¢29 respectively,
in agreement with a possible protein-priming mechanism of
replication. The results presented in this paper provide genetic
evidence suggesting a phylogenetic relationship between viruses
and plasmid-like DNAs. The homology between the DNA poly-
merase of adenovirus and that of phages $29 and PRDI1, that are
known to replicate by a protein-priming mechanism, is about 20—
23%, not much higher than the homology with other DNA pol-
ymerases which do not use proteins as primers. The low values
indicate that they are not very closely related, probably due to
a strong divergence based on different host specificity. However,
as shown in Figure 4, it is possible to distinguish particular
consensus sequences (consensus 1 versus 3) in the three segments
considered. This fact and the insertion present in segment II
indicate the relationship of this group of DNA polymerases from
terminal protein containing genomes. On the other hand, the
relative evolutionary distances inferred from the DNA polymerase
sequences of segment I (Table II) are in good agreement with
the qualitative comparisons in segments IT and III (see Figure
4), and with the data shown in Table I, when comparing the size
of the closely related DNA polymerases.

The results presented indicate that the DNA polymerases com-
pared in this paper are evolutionarily related. Different evolution-
ary pathways may have been responsible for the relationships
detected, such as common ancestry, convergent evolution or
transduction of host genes. Both the second and third possibilities
seem unlikely since they do not explain the colinearities along
the consensus regions of the different DNA polymerases con-
sidered. Therefore we favour the hypothesis that the relation-
ships observed are all based on common ancestry, i.e. divergent
evolution.

At present there is no evidence that any of these conserved
amino acid regions corresponds to functional parts of the DNA
polymerases. However, conservation among the distantly related
DNA polymerases described here suggests that these regions are
parts of functional domains of the enzyme. Recently the C-
terminal domain of the HSV DNA polymerase has been proposed
to fold, forming the catalytic site of the enzyme that would contain
the dNTP, PP and aphidicolin binding sites (Gibbs ez al., 1985).
The existence of highly conserved domains in this C-terminal
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region and the similarities in its spatial arrangement suggest a
similar three-dimensional structure forming the catalytic domain
of the related DNA polymerases described in this paper. It seems
reasonable to correlate the similarities in drug sensitivity of the
¢29 and T4 enzymes with their structural similarities to the viral
a-like DNA polymerases. In particular the high sensitivities to
aphidicolin and nucleotide analogues of the T4 DNA polymerase,
very similar to those described for viral o-like DNA polymerases,
correlate well with the structural homology detected with the
polymerases of vaccinia and Herpes viruses. All these analogies
provide strong evidence that T4 and animal viruses are somehow
evolutionarily related. Interestingly it has recently been reported
that the thymidylate synthase gene of phage T4 is distinguished
among prokaryotic genes by its expression through an RNA-
splicing mechanism analogous to the eukaryotic group I splicing
pathway (Ehrenman ez al., 1986). In the case of ¢29 the fact
that the DNA polymerase activity is inhibited by aphidicolin
(Blanco and Salas, 1986) and PAA (this paper), whereas the
initiation reaction is insensitive, suggests that in addition to the
polymerization domain, probably similar in the DNA polymerases
compared in this paper, there is a specific initiation domain in
the 29 DNA polymerase.

The structural and functional homologies revealed in these
studies suggest that the DNA polymerase may be one of the most
phylogenetically stable genes during evolution. As suggested by
Ahlquist et al. (1985), the adaptation to new hosts or exposure
to animal immune systems would be expected to exert more selec-
tive pressure on virus structural proteins than on replicases. In
this sense the fact that the highly conserved regions described
here, although contained in the T4 DNA polymerase, are not
present in the sequence of the phage T7 DNA polymerase, sug-
gests the need for caution in thinking about many evolutionary
relationships established only by morphological or even host-
specificity criteria.

Materials and methods

Replication and initiation assays with phage ¢$29 DNA—protein p3 as
template

The incubation mixture contained, in 25 ul, 50 mM Tris—HCI, pH 7.5, 10 mM
MgCl,, 20 mM (NH,),SO,4, 1 mM dithiothreitol, 1 mM spermidine, 5% gly-
cerol, dGTP, dCTP, dTTP and [a->2P]dATP as indicated, 0.5 pg of $29 DNA—
protein p3 (Pefialva and Salas, 1982), 20 ng of purified protein p3 (Prieto ef al.,
1984) and 80 ng of purified protein p2 (Blanco and Salas, 1984). When indicated,
PAA (ICN) was added. After incubation at 30°C, the reaction was stopped by
adding 10 mM EDTA —0.1% SDS and heating for 10 min at 68°C; the samples
were filtered through Sephadex G-50 spun columns (Maniatis et al., 1982) in
the presence of 0.1% SDS, and the excluded volume was counted by Cerenkov
radiation. When indicated the DNA labeled as described above was denatured
by treatment with 0.5 M NaOH and subjected to electrophoresis in alkaline 0.7 %
agarose gels as described (McDonell et al., 1977) alongside DNA length markers
(1 kb ladder from Bethesda Research Labs). After electrophoresis, the length
markers were detected with ethidium bromide, and then the gels were dried and
autoradiographed with intensifying screens at —70°C. For the initiation assay,
the samples were further treated with micrococcal nuclease (Worthington) and
subjected to SDS —polyacrylamide gel electrophoresis as described (Pefialva and
Salas, 1982). Quantitation was done by excising from the gel the radioactive band
corresponding to the p3 —dAMP complex and counting the Cerenkov radiation.
DNA polymerase assay with activated DNA as template

The incubation mixture, in 25 pl, was as described above except that 6 ng of
activated calf thymus DNA (Cooper Biomedical) was used as template, 5 uM
each dGTP, dCTP, dTTP and [->2P]dATP (1 uCi) were used, and protein p3
was not added. When indicated 0. 15 units of the Klenow fragment of E.coli DNA
polymerase I (Boehringer Mannheim) or 0.08 units of the T4 DNA polymerase
(New England BioLabs) were used instead of the ¢$29 DNA polymerase. Dif-
ferent drugs were added as indicated. After incubation at 30°C, the reaction was
stopped, and the samples were filtered through Sephadex G-50 spun columns
as described above and the excluded volume was counted by Cerenkov radiation.



Exonuclease assay

The incubation mixture contained, in 25 ul, 50 mM Tris—HCI, pH 7.5, 10 mM
MgCl,, 5 mM 2-mercaptoethanol, 9 ng of purified protein p2, and heat-
denatured [3'-32P]DNA (10 000 c.p.m.), as described (Blanco and Salas, 1985b).
After incubation for 1 min at 37°C, the Cerenkov radiation of the ethanol-soluble
material was counted.

Comparison of amino acid sequences of DNA polymerases

The DNA polymerase sequences compared were the following: S1 mitochondrial
DNA (Paillard et al., 1985), pGKL1 (Stark et al., 1984), adenovirus type 2
(Alestrom et al., 1982), phage $29 (Yoshikawa and Ito, 1982), phage pRD1
(Savilahti and Bamford, 1987), phage T4 (E.K.Spicer, unpublished results,
GenBank, 1986), vaccinia virus (Earl ez al., 1986), HSV 2 (Tsurumi et al., 1987),
VZV (Davison and Scott, 1986), EBV (Bacr et al., 1984) and HCMV (Kouzarides
et al., 1987).

Due to the difficulty of obtaining computer-derived multiple alignments, these
were obtained by a series of binary (pairwise) alignments followed by shifting
to achieve maximal homology (conservative changes were not considered). Binary
alignments were carried out by computer analysis using the programs WORD-
SEARCH and GAP from the UWGCG (University of Wisconsin Genetics Com-
puter Group), NAR 12 (1) 1984: 387—-395.
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Note added in proof

After our paper had been accepted for publication we learned that E.K.Spicer,
J.Rush, C.Fung, L.J.Reha-Krantz, J.D.Karam and W.H.Konigsberg are sub-
mitting for publication a paper entitled ‘Primary structure of T4 DNA polymerase:
evolutionary relatedness of prokaryotic and eukaryotic DNA polymerases’.
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