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The Epstein-Barr virus (EBV) DNA polymerase catalytic subunit (BALF5 protein) and its accessory subunit
(BMREF1 protein) have been independently overexpressed and purified (T. Tsurumi, A. Kobayashi, K. Tamai,
T. Daikoku, R. Kurachi, and Y. Nishiyama, J. Virol. 67:4651-4658, 1993; T. Tsurumi, J. Virol. 67:1681-1687,
1993). In an investigation of the molecular basis of protein-protein interactions between the subunits of the
EBYV DNA polymerase holoenzyme, we compared the DNA polymerase activity catalyzed by the BALFS protein
in the presence or absence of the BMRF1 polymerase accessory subunit in vitro. The DNA polymerase activity
of the BALFS polymerase catalytic subunit alone was sensitive to high ionic strength on an activated DNA
template (80% inhibition at 100 mM ammonium sulfate). Addition of the polymerase accessory subunit to the
reaction greatly enhanced DNA polymerase activity in the presence of high concentrations of ammonium
sulfate (10-fold stimulation at 100 mM ammonium sulfate). Optimal stimulation was obtained when the molar
ratio of BMRF1 protein to BALFS protein was 2 or more. The DNA polymerase activity of the BALFS protein
along with the BMRF1 protein was neutralized by a monoclonal antibody to the BMRF1 protein, whereas that
of the BALFS protein alone was not, suggesting a specific interaction between the BALF5 protein and the
BMRF1 protein in the reaction. The processivity of nucleotide polymerization of the BALFS polymerase
catalytic subunit on singly primed M13 single-stranded DNA circles was low (~50 nucleotides). Addition of the
BMRF1 polymerase accessory subunit resulted in a strikingly high processive mode of deoxynucleotide
polymerization (>7,200 nucleotides). These findings strongly suggest that the BMRF1 polymerase accessory
subunit stabilizes interaction between the EBV DNA polymerase and primer template and functions as a
sliding clamp at the growing 3’-OH end of the primer terminus to increase the processivity of polymerization.

Epstein-Barr virus (EBV) is a human herpesvirus with a
linear double-stranded DNA 172 kb long (1). EBV has both a
latent state and a lytic replicative cycle in the nuclei of
EBV-infected lymphoblastoid cells. During the latent phase of
the EBYV life cycle, the EBV genome is maintained as a circular
plasmid molecule synthesized by host DNA polymerases. OriP,
one replication origin of EBV, mediates this type of replication
(31). However, after induction of the lytic phase of viral
replication, EBV replication proteins are induced and the
EBV genome is amplified 100- to 1,000-fold. The replication
product is a head-to-tail concatemer, which is synthesized by
the EBV DNA polymerase (Pol) via a rolling-circle mechanism
initiated from the other replication origin, ori-Lyt (8). A
number of features of EBV DNA replication make it an
attractive model system for the study of eukaryotic DNA
replication. Our goal is to understand the enzymatic processes
that occur during the lytic phase of EBV DNA replication.

Of the approximately 84 genes that have been identified in
the genome, EBV encodes at least 7 viral genes that are
essential for ori-Lyt-dependent DNA replication (6). These
genes and their functions, which are known or have been
predicted on the basis of sequence comparison with herpes
simplex virus type 1, are BALF5, the DNA Pol catalytic
subunit; BMRF1, the DNA Pol accessory subunit; BALF2, the
single-stranded DNA-binding protein; BBLF4 and BSLF1, the
helicase and primase; BBLF2/3, a potential homolog of the
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third component of the helicase-primase complex; and genes
encoded by the EBV Sall F fragment, which has an unknown
function.

We have focused our efforts on the study of EBV DNA Pol.
The 110 kDa of the EBV DNA Pol catalytic polypeptide
copurifies with the BMRF1 gene product (11, 15, 24). The
neutralization of EBV DNA Pol activity by a monoclonal
antibody to the BMRF1 protein (2) and the low level of activity
in the DNA Pol fraction lacking the BMRF1 protein (12)
strongly suggest that the EBV DNA Pol catalytic subunit forms
a tight complex with the BMRF1 protein in EBV-producing
cells to function as the Pol holoenzyme. The EBV DNA Pol
holoenzyme possesses both DNA Pol and 3'-to-5' exonuclease
activities (24, 26). Furthermore, the EBV DNA Pol holoen-
zyme exhibits strikingly high processivity, which is a desirable
feature in the synthesis of multiple copies of the EBV genome
in rolling-circle DNA replication (25).

In investigations of protein-protein interactions between the
subunits of the EBV DNA Pol holoenzyme, the overexpression
and purification systems of the individual components have
been developed by using the baculovirus expression system (27,
29). The BMRF1 gene products expressed in insect cells are
made up of two phosphoproteins of 52 and 50 kDa and one
unphosphorylated protein of 48 kDa. The BMRF1 DNA Pol
accessory subunits exhibit higher binding affinity for double-
stranded DNA but have neither DNA Pol nor exonuclease
activity (27). The BALFS gene product is a protein of 110 kDa.
The BALFS5 DNA Pol catalytic subunit has been demonstrated
to catalyze both DNA Pol and 3'-to-5’ exonuclease activities
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(29). However, the catalytic properties of the EBV Pol catalytic
subunit are different from those of the EBV DNA Pol holoen-
zyme from EBV-infected cells in several respects (29), suggest-
ing that the BMRF1 Pol accessory protein does influence the
enzymatic properties of the BALFS Pol catalytic subunit. In
this study, we compared the Pol activity catalyzed by the EBV
DNA Pol catalytic subunit in the presence or absence of the
Pol accessory protein on a short or long single-stranded DNA
template to assess the contribution of the BMRF1 Pol acces-
sory protein to the catalytic efficiency of the EBV DNA Pol
holoenzyme.

The EBV DNA Pol catalytic subunit was purified from
cytosolic extracts of recombinant baculovirus AcBALF5-in-
fected Sf9 cells essentially as previously described (29). The
EBV DNA Pol accessory subunit was prepared from nuclear
extracts of recombinant baculovirus AcBMRFI-infected Sf9
cells as previously described (27), through the heparin agarose
column step. It was purified further as follows. The heparin
agarose column fraction of the BMRF1 protein was loaded
onto a single-stranded DNA agarose column equilibrated with
buffer A containing 20 mM Tris-HCI (pH 7.6), | mM EDTA,
25% glycerol, 1 mM dithiothreitol, 4 pg of leupeptin per ml, 4
png of pepstatin A, and 1 mM phenylmethylsuifonyl fluoride.
The single-stranded DNA agarose column was eluted with a
16-ml linear gradient from 0 to 0.6 M NaCl in buffer A. The
BMREF1 protein eluted at 0.2 M NaCl was pooled and stored at
—80°C. This preparation was nearly homogeneous and had no
detectable DNA Pol or nuclease activity.

DNA Pol activity was routinely assayed in a reaction mixture
(25 pl) that contained 50 mM Tris-HCl (pH 8.0); 10% glycerol;
6 mM MgCl,; 100 pg of bovine serum albumin per ml; 80 g
of activated calf thymus DNA per ml; 1 mM dithiothreitol;
dATP, dCTP, and TTP at 25 uM each, and [*H]dGTP at 10
uM (900 cpm/pmol). The reaction was started by addition of
the enzyme fraction, and incubation was for 20 min at 35°C.
Reactions were stopped by addition of 30 wl of 2 mg of
sonicated salmon sperm DNA per ml containing 0.1 M sodium
PPi and quenched with 0.6 ml of cold 10% trichloroacetic acid
containing 0.1 M sodium PPi. Incorporation of labeled nucle-
otides into acid-insoluble material was measured in an Aloka
liquid scintillation counter.

BMRF1 Pol accessory protein drastically changes the salt
sensitivity of the DNA Pol activity of the BALFS protein on an
activated DNA template. The DNA Pol activity of the EBV
DNA Pol holoenzyme purified from EBV-producing lympho-
blastoid cells was stimulated by ammonium sulfate when
activated DNA was used as the template primer (11, 25). This
feature is common to DNA Pols in the herpesvirus family (11,
13, 25). In sharp contrast, the Pol activity of the EBV Pol
catalytic subunit purified from AcBALF5-infected Sf9 cells was
inhibited by the salt in a dose-dependent manner (29). To
determine whether complex formation between the BALFS5
and BMRF1 proteins results in aquisition of the salt-stimula-
tory property, the salt concentration dependency of DNA Pol
activity was determined after preincubation with the purified
BALF5 and BMRF1 proteins at 0°C for 20 min (Fig. 1). The
BMRF1 Pol accessory protein alone did not exhibit DNA Pol
activity at any concentration of ammonium sulfate. As re-
ported previously (29), the activity of the Pol catalytic subunit
alone was sensitive to the salt (50% inhibition at 50 mM
ammonium sulfate). However, addition of the BMRF1 Pol
accessory protein to the reaction resulted in a drastic change in
salt sensitivity. In the absence of ammonium sulfate, the
BMRF1 Pol accessory protein inhibited Pol activity 13-fold.
However, with increasing concentrations of ammonium sul-
fate, the Pol activity catalyzed by the BALFS Pol catalytic
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FIG. 1. Effect of ammonium sulfate on the Pol activity catalyzed by
the BALFS5 Pol catalytic subunit in the absence (O) and presence (@)
of the BMRF1 Pol accessory subunit. DNA Pol activity was assayed by
using an activated DNA template as described in Materials and
Methods, except that ammonium sulfate concentrations were varied as
indicated. Prior to the start of the reaction, the BALFS Pol catalytic
subunit (50 ng) and the BMRF1 protein (50 ng) were mixed and
preincubated at 0°C for 20 min. The same amount of the BALF5
protein alone (O) or the BMRF!1 protein alone (B) was also preincu-
bated as described above. Datum points represent averages of dupli-
cate assays.
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subunit along with the BMRF1 protein was stimulated gradu-
ally and maximum stimulation was observed at around 100 to
125 mM ammonium sulfate. At 100 mM ammonium sulfate,
the BMRF1 protein enhanced Pol activity more than 10-fold
compared with that of the Pol catalytic subunit alone. Thus, the
salt-stimulatory property of EBV DNA Pol was recovered by
preincubation of both subunits in vitro.

Stoichiometric levels of BMRF1 protein with respect to
BALFS protein can stimulate DNA Pol activity. To determine
the molar ratio of BMRF1 protein to BALFS protein which
can enhance EBV DNA Pol activity maximally, Pol assays were
performed with an activated calf thymus DNA template in the
presence of 100 mM ammonium sulfate (Fig. 2). Rate deter-
mination was based on 20 min of incubation under reaction
conditions in which Pol activity was linear with time for at least
40 min (data not shown). A constant amount of BALFS
protein and the amounts of BMRF1 Pol accessory protein
indicated in Fig. 2 were preincubated for 20 min at 0°C, and
then the Pol assays were performed. Substoichiometric levels
of BMRF1 protein with respect to BALF5 protein caused a
dose-dependent increase in DNA synthesis. Maximal stimula-
tion occurred at molar BMRF1/BALFS5 protein ratios of 2 or
more. Further addition of the BMRF1 protein did not change
the maximum activity. Thus, the interaction of the Pol acces-
sory protein with the Pol catalytic subunit was apparently
stoichiometric.

Anti-BMRF1 protein MAb neutralizes the Pol activity cat-
alyzed by the EBV DNA Pol holoenzyme reconstituted in vitro.
Monoclonal antibody (MAb) 9240 (Dupont, NEN) is an
anti-BMRF1 protein-specific MAb (19, 21) and is known to
neutralize the DNA Pol activity of EBV DNA Pol purified
from EBV-producing lymphoblastoid cells (2). The EBV DNA
Pol catalytic subunit and the same amount of the BMRF1 Pol
accessory subunit were mixed and preincubated at 0°C for 10
min. The amounts of MAb 9240 indicated in Fig. 3 were added
to the mixture and further incubated at 0°C for 20 min. The
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FIG. 2. Stimulation of the DNA Pol activity of the BALF5 Pol
catalytic subunit by the BMRF1 Pol accessory subunit. Pol assays were
performed on an activated DNA template in the presence of 100 mM
ammonium sulfate. The BALF5 protein (50 ng) and the indicated
amounts of the BMRF1 protein were mixed and preincubated at 0°C
for 20 min, and then the reactions were carried out for 20 min at 35°C
as described in Materials and Methods. Acid-insoluble dGMP incor-
poration was determined. Symbols: @, reactions performed in the
presence of the BALFS5 protein; O, reactions performed in the absence
of the BALFS5 protein. Datum points represent averages of duplicate
assays.
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DNA Pol reactions were carried out in the presence of 100 mM
ammonium sulfate at 35°C for 20 min. The DNA Pol assays for
the EBV DNA Pol catalytic subunit alone were performed in
the absence of salt. The results are depicted in Fig. 3. MAb
9240 neutralized the DNA synthesis catalyzed by the BALFS5
Pol catalytic subunit in the presence of the BMRF1 protein but
had no effect on that of the EBV Pol catalytic subunit alone.
The effect of an anti-BBLF4 protein-specific antibody (29) on
EBV DNA Pol activity was also examined as a control. The
anti-BBLF4 protein antibody did not affect the Pol activity
catalyzed by the BALFS protein in the presence or absence of
the BMRF]1 Pol accessory protein.

Specific interaction between the Pol catalytic subunit and its
accessory subunit. To determine whether the effect of the
EBV BMRF1 protein on DNA Pol activity is specific for the
EBV BALFS5 Pol catalytic subunit or not, the ability of the
BMREF1 protein to influence the activities of other DNA Pols
was examined. With activated calf thymus DNA as the tem-
plate, we tested the effect of the BMRF1 protein on two other
DNA Pols: the Escherichia coli Poll Klenow fragment and T4
DNA Pol (data not shown). The Pol assays were performed in
the presence or absence of 100 mM ammonium sulfate under
the reaction condition in which Pol activity was linear with time
and dose. Neither stimulation nor inhibition of the Pol activity
of the E. coli Poll Klenow fragment and T4 DNA Pol by the
BMRF]1 protein was observed in the presence or absence of
ammonium sulfate. These findings indicate that the BMRF1
protein specifically interacts with the EBV DNA Pol catalytic
subunit and rule out the possibility of a nonspecific stimulatory
or inhibitory effect on the template or other components of the
reaction mixture.

EBV DNA Pol accessory protein increases the polymeriza-
tion rate and processivity of the Pol catalytic subunit. An
oligodeoxynucleotide with the sequence CACAATTCCACA
CAAC, complementary to nucleotides 6170 to 6185 of
M13mp18 single-stranded DNA (30) was purchased from New
England BioLabs, Inc. To form singly primed M13 single-
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FIG. 3. Effect of anti-BMRF1 protein-specific MAb on the DNA
Pol activity catalyzed by the BALFS5 protein in the presence or absence
of the BMRF1 protein. We mixed the BALFS5 protein (50 ng) and the
BMRF1 protein (50 ng), preincubated them at 0°C for 10 min, and
then added MAb 9240 (R3 mouse immunoglobulin G1 MAb to EBV
EA-D [19, 21]; Dupont, NEN) at 100 pg/ml (circles) or anti-BBLF4
protein-specific rabbit immunoglobulin at 1 mg/ml (squares) and
further incubated the mixture for 20 min at 0°C. Pol assays were
performed on an activated DNA template in the presence of 100 mM
ammonium sulfate for 20 min at 35°C. The 100% value of the EBV
DNA Pol activity in the presence of the BMRF1 protein was 20 pmol
of dGMP incorporated per 20 min. Pol assays done in the absence of
the BMRF1 protein were done without ammonium sulfate. The 100%
value of EBV DNA Pol activity in the absence of the BMRF1 protein
was 27 pmol of dGMP incorporated per 20 min. Datum points
represent averages of duplicate assays. Closed symbols represent
reactions performed in the presence of the BMRF1 protein. Open
symbols are reactions performed in the absence of the BMRF1
protein.

o

stranded DNA, the synthetic 16-mer DNA was annealed at a
molar ratio of 20:1 to M13mp18 single-stranded DNA in a
buffer (20 mM Tris-HCI [pH 8.0], 5 mM MgCl,, 0.3 M NaCl).
The hybridization mixture was incubated at 90°C for 5 min,
allowed to cool to room temperature for 1 h, and incubated for
a further 1 h at 30°C. The primed M13 single-stranded DNA
was separated from excess primer by centrifugation through a
spun column of Chroma Spin-100 (Clontech Laboratory, Inc.).

To determine the function of the BMRF1 Pol accessory
protein in determining the catalytic efficiency of the EBV DNA
Pol holoenzyme on the long single-stranded DNA template,
the holoenzyme was reconstituted onto singly primed
M13mp18 single-stranded DNA circles by using stoichiometric
levels of BALFS protein along with BMRF1 protein. DNA
synthetic processivity was measured by using the singly primed
M13 template in an excess molar ratio of primer-template to
Pol, so that each Pol molecule was bound to a primer terminus.
In this assay, each Pol molecule catalyzes multiple rounds of
synthesis, but the probability that a particular primer will be
extended more than once is very low because of the low
Pol-to-primer ratio that is maintained throughout the experi-
ment. dATP and dGTP are needed to prevent removal of the
DNA primer by the 3'-to-5' exonuclease activity of the BALFS
protein. Synchronous DNA synthesis by the reconstituted
forms of the holoenzyme was initiated upon addition of the
remaining deoxynucleoside triphosphates, the reaction was
sampled at various times, DNA synthesis was quantitated (Fig.
4A), and DNA products were analyzed in a native agarose gel
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FIG. 4. Time course of DNA replication on singly primed M13
single-stranded DNA by the BALFS5 Pol catalytic subunit in the
presence (@) or absence (O) of the BMRF1 Pol accessory subunit.
The BALFS and BMRF1 proteins (115 ng of each) were preincubated
at 0°C for 20 min and then added to a reaction mixture (175 wl)
containing 50 mM Tris-HCI (pH 8.0), 3 mM MgCl,, 1 mM dithioth-
reitol, 100 g of bovine serum albumin per ml, 10% glycerol, 20 pg of
singly primed M13 single-stranded DNA (8.3 pmol as a circle), 80 mM
NaCl, 0.5 mM ATP, and 50 uM each dATP and dGTP and further
incubated at 0°C for 5 min. To start the reaction, 50 uM dTTP and 4
uM [a-*?P]dCTP (3,000 Ci/mmol) were added, and the replication
reaction was incubated at 35°C. Samples (25 pl) were removed at the
times indicated and quenched by addition to an equal volume of 1%
sodium dodecyl sulfate-50 mM EDTA. After quenching, the samples
were divided into three parts. One was analyzed for DNA synthesis by
measurement of the radioactivity incorporated into acid-insoluble
material (A). The second was used for analysis of the replication
products by electrophoresis in neutral 0.7% agarose gels (B). The third
was used for analysis of the replication products by electrophoresis in
an alkaline 1.2% agarose gel as previously described (20) (C). The
arrows mark the positions of replicative form II DNA (RF II; circular
duplex DNA with a small gap or nick in one strand) and singly primed
single-stranded DNA (ssDNA) standards. Heat-denatured 5'-termi-
nally labeled HindIll DNA fragments of A DNA and Haelll DNA
fragments of $X174 DNA were run as size markers. The positions of
the nucleotide length standards are indicated at the right of panel C.
Removal of ATP from the reactions had no effect on DNA synthesis.
The BMRFT1 protein alone exhibited no DNA Pol activity.
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(Fig. 4B) or in an alkaline agarose gel (Fig. 4C). The reaction
without added Pol verified the lack of Pol contamination in the
BMREF]1 Pol accessory protein (data not shown).

With substoichiometric levels of the EBV Pol catalytic
subunit alone, low levels of DNA synthesis were detected (Fig.
4A). The EBV Pol catalytic subunit cxtended the primer
slightly (~50 nucleotides), and no full-length product was
observed (Fig. 4B and C). Analyses of the replication products
in an alkaline agarose gel showed no increase in product size
throughout the time course, indicating the distributive action
of the Pol catalytic subunit in the absence of the BMRF1 Pol
accessory protein. Addition of the BMRF1 protein, however,
resulted in accumulation of full-length replicative form II.
Some part of the products consisted of specific bands of pause
sites on the template. We presume that these pause sites

represent sites of a substantial helical region on t* * single-
stranded DNA template. In the presence of th  3MRFI
protein, the BALFS Pol catalytic protein moved th. .gh these

barriers and completed synthesis of some of the 7.2-kb
M13mp18 template within 20 min. Most of the primed single-
stranded DNA remained unchanged, as detected by UV-
induced ethidium bromide fluorescence during the time in
which full-length products (replicative form ) were formed
(data not shown). These findings support the highly processive
mode of nucleotide polymerization (>7,200 nucleotides) by
the EBV DNA Pol holoenzyme reconstituted in vitro, consis-
tent with previous findings on the EBV DNA Pol holoenzyme
purified from EBV-producing lymphoblastoid cells (25). The
20 min required for complete replication of an MI13 single-
stranded DNA circle (7.2 kb) yields an average nucleotide
turnover of six nucleotides per s per Pol molecule. In the
absence of the accessory protein, the template was replicated
at a rate of about 1.5 nucleotides per s (quantified by measur-
ing the kinetics of deoxyribonucleotide incorporation). Thus,
addition of the BMRF1 protein resulted in a highly processive
mode of polymerization and thereby at least fourfold stimula-
tion of the rate of incorporation to six nucleotides per s.

Discussion and Conclusions. Several lines of evidence sup-
port the view that EBV DNA Pol is a holoenzyme consisting of
the BALF5 and BMRFI1 proteins (11, 15, 24). Despite exten-
sive efforts, it has been difficult to isolate the BALF5 Pol
catalytic subunit free from the BMRF1 Pol accessory subunit
(28). Only by cloning the genes for BALF5 and BMRF1 and
overproducing these products did it become possible to specify
their functions. Therefore, we separately overexpressed these
proteins in a baculovirus expression system and purified them
to homogeneity. In this study, we compared the enzymatic
properties of the DNA Pol activity catalyzed by the BALFS5 Pol
catalytic subunit in the presence or absence of the BMRF1 Pol
accessory protein by using a short or long single-stranded DNA
template to facilitate the study of the role of each of these two
components in the EBV DNA Pol reaction.

Under conditions of an excess of a long single-stranded
DNA template over BALFS protein molecules, the BALFS
protein initiates DNA synthesis from the same number of
primers in the absence as in the presence of the BMRFI
protein. In the absence of the BMRF1 protein, the extensions
are short, around 50 nucleotides long. Even when given
sufficient time for DNA synthesis, the product size was un-
changed although nucleotide incorporation increased with
time. The BALFS protein dissociates from the primer after
incorporation of around 50 nucleotides. Thus, the BALF5 Pol
catalytic subunit by itself is a quasiprocessive enzyme and acts
distributively. Furthermore, in the gap-filling reaction on an
activated calf thymus DNA template, increasing concentra-
tions of ammonium sulfate progressively reduced the DNA Pol
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activity catalyzed by the EBV DNA Pol catalytic subunit. On
the basis of these findings, we speculate that the binding affinity
of the Pol catalytic subunit for the primer terminus is weak and
that high ionic strength destabilizes the catalytic protein-
primer terminus interaction. With the BMRF1 Pol accessory
protein present in the reaction, the salt dependency of EBV
DNA Pol activity changed drastically. Although there is no
direct evidence that the BALFS and BMRF1 proteins form a
complex in vitro, the BMRF1 Pol accessory protein appears to
interact with the BALFS Pol catalytic subunit and stabilize the
binding of the BALF5 Pol catalytic subunit to the primer
terminus. The complex formation appears to be specific and
tight, because maximal stimulation of EBV DNA Pol activity
was obtained with stoichiometric levels of BMRF1 protein with
respect to the BALFS5 protein present. In the presence of the
BMREF1 protein, the BALFS protein polymerizes thousands of
nucleotides on the same primer template without dissociation,
while the Pol catalytic subunit alone normally falls off the
growing 3’ end of the DNA chain. The double-stranded
DNA-binding activity of the BMRF1 protein may play a
significant role in the affinity between the holoenzyme and the
growing 3’-OH end of the primer template. To clarify these
speculations, an in vitro study of the interaction between the
BALFS5 and BMRF1 proteins with regard to binding affinity for
the primer terminus is in progress.

Unexpectedly, in the absence of ammonium sulfate, the
BMREF1 protein greatly inhibited the DNA Pol activity of the
BALFS protein on an activated DNA template. However, the
BMREF1 protein did not inhibit the DNA Pol activity catalyzed
by the E. coli Poll large fragment or bacteriophage T4 DNA
Pol on an activated DNA template (data not shown). Although
the mechanism for Pol inhibition by the BMRF1 protein at low
ionic strength is not clear, the above-described results indicate
that the inhibition is also due to a specific interaction between
the BALF5 and BMRF1 proteins.

Kiehl and Dorsky (12) have reported that the EBV Pol
catalytic subunit alone exhibited no DNA Pol activity in an in
vitro translation system. However, expression of both the EBV
BALFS and BMRF1 proteins generated DNA Pol activity in
the reticulocyte lysate. On the other hand, Lin et al. (16) have
found that the BALFS protein exhibited DNA Pol activity in
an in vitro translation system. However, addition of the
BMREF1 protein resulted in a decrease in Pol activity. Our
study has solved the discrepancy between them; the salt
concentration assayed affects EBV DNA Pol activity strongly.
That is to say, at low salt concentrations the BALFS5 protein
exhibits DNA Pol activity but addition of the BMRF1 protein
decreases Pol activity. At high salt concentrations the BALF5
protein exhibits little Pol activity but addition of the BMRF1
protein increases Pol activity greatly.

The BMRF1 Pol accessory protein increased the processivity
and thereby the polymerization rate of the BALF5 protein to
six nucleotides per s. The value obtained with the EBV DNA
Pol holoenzyme reconstituted in vitro is close to 12 nucleotides
per s, the value obtained with the EBV DNA Pol holoenzyme
purified from EBV-producing lymphoblastoid cells (25). Ad-
dition of the EBV single-stranded DNA-binding protein
(BALF2 protein) to the reaction mixture may increase the
polymerization rate more. Further study is needed.

The herpes simplex virus type 1 ULA42 protein is a herpes
simplex virus DNA Pol accessory protein that increases the
processivity of polymerization (4, 7, 9). The UL42 protein also
has double-stranded DNA-binding activity and specifically
interacts with the UL30 Pol catalytic protein. Gottlieb et al. (7)
have reported that the UL42 protein had no effect on the DNA
Pol activity of the UL30 Pol catalytic subunit when activated
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DNA was used as a primer template, in contrast to the results
obtained here with EBV DNA Pol. The UL30 Pol catalytic
subunit by itself is relatively resistant to high salt concentra-
tions (17). Thus, binding of the herpes simplex virus UL30
protein to the primer terminus may be tighter than that of the
EBV BALFS protein.

We view the BMRF1 protein as an auxiliary protein to the
EBV DNA Pol catalytic subunit (BALFS protein). The role of
the BMRF1 protein with respect to the BALF5 protein is
analogous to that of the accessory subunits of phage T4 DNA
Pol, DNA Pol3, and the E. coli DNA PolllI holoenzyme, i.e.,
to increase the processivity and thereby the macroscopic rate
of DNA synthesis of the enzymatically active core Pol. In
phage T4, the gene 43 protein by itself is a DNA Pol and a
3'-to-5' exonuclease (14). The three accessory proteins en-
coded by genes 44/62 and 45 of phage T4 increase the
processivity and hence the rate of Pol activity (10, 32). The T4
gene 44/62 complex has both DNA-dependent ATPase and
primer terminus-binding activities that are stimulated by the
gene 45-encoded protein. The ATPase activity is thought to
reflect an energy requirement to maintain a stable Pol-acces-
sory protein complex at the primer terminus. The gene 45-
encoded protein, by itself, has little DNA-binding activity but
functions to increase processivity. As a second example, pro-
cessive DNA synthesis by DNA Pold requires eukaryotic
replication factors RF-C and PCNA (14, 23). RF-C exhibits
DNA-dependent ATPase activity and primer terminus-binding
activity, as does the T4 gene 44/62 complex (22). PCNA
cooperates with RF-C to stimulate processive DNA synthesis
by DNA Pold like the T4 gene 45-encoded protein. PCNA,
by itself, has little DNA-binding activity. The DNA Pollll
holoenzyme of E. coli shows the same functional homology
(14). E. coli Pollll accessory subunits /8, and B cooperate to
increase processivity (5). The /5 complex has DNA-depen-
dent ATPase. ATP hydrolysis is required for these subunits to
form a preinitiation complex on a primed DNA template. The
B subunit of E. coli PollIl has no intrinsic affinity for DNA but
dimerizes to form a torus that is sterically retained on the
nucleic acid strand (18). A large excess of the B subunit is
required, probably because of the weak interaction of the B
subunit with DNA PollII* (3). In all three systems, the action
of the accessory proteins can be visualized as clamping of the
core Pol to the primer template, enabling processive DNA
synthesis to occur. In contrast to these complex cases, the
BMREF1 protein appears to be simple and bifunctional. Al-
though the BMRF1 protein does not exhibit DNA-dependent
ATPase activity (27), it possesses double-stranded DNA-bind-
ing activity for primer recognition and acts as a sliding clamp to
increase processivity. The DNA-binding property of the EBV
BMREF1 protein is different from that of the accessory proteins
of the three systems. For example, the BMRF1 protein binds
double-stranded DNA without ATP hydrolysis and does not
necessarily require a primer terminus, whereas RF-C binds
specifically to the primer terminus junction but not to single- or
double-stranded DNA (22). Thus, the BMRF1 protein effi-
ciently stabilizes the BALFS protein at the primer terminus
without an energy requirement and slides on the single-
stranded DNA template. However, it remains to be clarified
how the BMRF1 Pol accessory protein can slide to follow the
elongating primer without acting as a brake.

We thank K. Maeno and I. R. Lehman for encouragement.

This work was supported by a grant-in-aid from the Ministry of
Education, Science, and Culture of Japan, by the Uehara Memorial
Research Foundation, by the Ishida Foundation, and by the Nitto
Foundation.



VoL. 67, 1993

10.

11.

13.

14.

15.

16.

REFERENCES

. Baer, R., A. T. Bankier, M. D. Biggin, P. L. Deininger, P. J. Farrell,

T. J. Gibson, G. Hatfull, G. S. Hudson, S. C. Satchwell, C. Seguin,
P. S. Tuffnell, and B. G. Barrell. 1984. DNA sequence and
expression of the B95-8 Epstein-Barr virus genome. Nature (Lon-
don) 310:207-211.

. Chiou, J. F., J. K. K. Li, and Y.-C. Cheng. 1985. Demonstration of

a stimulatory protein for virus-specifitd DNA polymerase in
phorbol-ester treated Epstein-Barr virus carrying cells. Proc. Natl.
Acad. Sci. USA 82:5728-5731.

. Crute, J. J., R. J. LaDuca, K. O. Johanson, C. S. McHenry, and

R. A. Bambara. 1983. Excess B subunit can bypass the ATP
requirement for highly processive synthesis by the Escherichia coli
DNA polymerase III holoenzyme. J. Biol. Chem. 258:11344—
11349.

. Crute, J. J., and 1. R. Lehman. 1989. Herpes simplex-1 DNA

polymerase. Identification of an intrinsic 5’ to 3’ exonuclease with
ribonuclease H activity. J. Biol. Chem. 264:19266-19270.

. Fay, P. J., K. O. Johanson, C. S. McHenry, and R. A. Bambara.

1982. Size classes of products synthesized processively by two
subassemblies of Escherichia coli DNA polymerase III holoen-
zyme. J. Biol. Chem. 257:5692-5699.

. Fixman, E. D., G. S. Hayward, and S. D. Hayward. 1992. trans-

acting requirements for replication of Epstein-Barr virus ori-Lyt.
J. Virol. 66:5030-5039.

. Gottlieb, J., A. I. Marcy, D. M. Coen, and M. D. Challberg. 1990.

The herpes simplex virus type 1 UL42 gene product: a subunit of
DNA polymerase that functions to increase processivity. J. Virol.
64:5976-5987.

. Hammerschmidt, W., and B. Sugden. 1988. Identification and

characterization of oriLyt, a lytic origin of DNA replication of
Epstein-Barr virus. Cell 55:427-433.

. Hernandez, T. R., and 1. R. Lehman. 1990. Functional interaction

between the herpes simplex-1 DNA polymerase and UL42 pro-
tein. J. Biol. Chem. 265:11227-11232.

Javis, T. C., L. S. Paul, J. W. Hockensmith, and P. H. von Hippel.
1989. Structure and enzymatic studies of the T4 DNA replication
system. II. ATPase properties of the polymerase accessory protein
complex. J. Biol. Chem. 264:12717-12729.

Kallin, B., L. Sternas, A. K. Saemundssen, J. Luka, H. Jornvall, B.
Eriksson, P.-Z. Tao, M. T. Nilsson, and G. Klein. 1985. Purifica-
tion of Epstein-Barr virus DNA polymerase from P3HR-1 cells. J.
Virol. 54:561-568.

. Kiehl, A,, and D. 1. Dorsky. 1991. Cooperation of EBV DNA

polymerase and EA-D (BMRF1) in vitro and colocalization in
nuclei of infected cells. Virology 184:330-340.

Knopf, K.-W. 1979. Properties of herpes simplex DNA polymerase
and characterization of its associated exonuclease activity. Eur. J.
Biochem. 98:231-244.

Kornberg, A., and T. Baker. 1992. DNA replication, 2nd ed. W. H.
Freeman & Co., New York.

Li, J.-S., B.-S. Zhou, G. E. Dutschman, S. P. Grill, R.-S. Tan, and
Y.-C. Cheng. 1987. Association of Epstein-Barr virus early antigen
diffuse component and virus-specified DNA polymerase activity. J.
Virol. 61:2947-2949.

Lin, J.-C., N. D. Sista, F. Besencon, J. Kamine, and J. S. Pagano.
1991. Identification and functional characterization of Epstein-

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31

32.

NOTES 7653

Barr virus DNA polymerase by in vitro transcription-translation of
a cloned gene. J. Virol. 65:2728-2731.

. Marcy, A. 1., P. D. Olivo, M. D. Challberg, and D. M. Coen. 1990.

Enzymatic activities of overexpressed herpes simplex virus DNA
polymerase purified from recombinant baculovirus-infected insect
cells. Nucleic Acids Res. 18:1207-1215.

. O’Donnell, M., and P. S. Studwell. 1990. Total reconstitution of

DNA polymerase I1I holoenzyme reveals dual accessory protein
clamps. J. Biol. Chem. 265:1179-1187.

. Pearson, G. R., B. Vroman, B. Chase, T. Sculley, M. Hummel, and

E. Kieff. 1983. Identification of polypeptide components of the
Epstein-Barr virus early antigen complex with monoclonal anti-
bodies. J. Virol. 47:193-201.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.

Takagi, S., K. Takada, and T. Sairenji. 1991. Formation of
intranuclear replication compartments of Epstein-Barr virus with
redistribution of BZLF1 and BMRF1 gene products. Virology
185:309-315.

Tsurimoto, T., and B. Stillman. 1990. Functions of replication
factor C and proliferating cell nuclear antigen: functional similar-
ity of DNA polymerase accessory proteins from human cells and
bacteriophage T4. Proc. Natl. Acad. Sci. USA 87:1023-1027.
Tsurimoto, T., and B. Stillman. 1991. Replication factors required
for SV40 DNA replication in vitro. 1. DNA structure-specific
recognition of a primer-template junction by eukaryotic DNA
polymerase and their accessory proteins. J. Biol. Chem. 266:1950—
1960.

Tsurumi, T. 1991. Characterization of 3'-to-5’ exonuclease activity
associated with Epstein-Barr virus DNA polymerase. Virology
182:376-381.

Tsurumi, T. 1991. Primer terminus recognition and highly proces-
sive replication by Epstein-Barr virus DNA polymerase. Biochem.
J. 280:708-713.

Tsurumi, T. 1992. Selective inhibition of the 3'-to-5' exonuclease
activity associated with Epstein-Barr virus DNA polymerase by
ribonucleoside monophosphates. Virology 189:803-807.
Tsurumi, T. 1993. Purification and characterization of the DNA-
binding activity of the Epstein-Barr virus DNA polymerase acces-
sory protein BMRF1 gene products, as expressed in insect cells by
using the baculovirus system. J. Virol. 67:1681-1687.

Tsurumi, T. Unpublished result.

Tsurumi, T., A. Kobayashi, K. Tamai, T. Daikoku, R. Kurachi, and
Y. Nishiyama. 1993. Functional expression and characterization of
the Epstein-Barr virus DNA polymerase catalytic subunit. J. Virol.
67:4651-4658.

Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide sequences
of the M13mp18 and pUC19 vectors. Gene 33:103-119.

Yates, J. L., N. Warren, D. Reisman, and B. Sugden. 1984. A
cis-acting element from the Epstein-Barr viral genome that per-
mits stable replication of recombinant plasmids in latently infected
cells. Proc. Natl. Acad. Sci. USA 81:3806-3810.

Young, M. C., M. K. Reddy, and P. H. von Hippel. 1992. Structure
and function of the bacteriophage T4 DNA polymerase holoen-
zyme. Biochemistry 31:8675-8690.



