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The Epstein-Barr virus (EBV) DNA polymerase (Pol)
holoenzyme is an essential enzyme required for ori-Lyt
dependent EBV DNA replication. Using singly primed
M13ssDNA circles as template, the EBV DNA Pol holo-
enzyme synthesized DNA chains greater than the unit
length of M13 ssDNA in addition to full length products
even at a low ratio of polymerase molecule per tem-
plates. The long replication products consisted of cir-
cular double-stranded DNA with single-stranded tails
that were sensitive to mung bean nuclease. Reconsti-
tution of the EBV Pol holoenzyme by preincubation of
BALF5 Pol catalytic subunit and BMRF1 Pol accessory
subunit in vitro resulted in reproduction of the strand
displcement DNA synthesis. Thus, the EBV DNA Pol
holoenzyme by itself is able to produce strand dis-
placement coupled to the polymerization process in
a highly processive way in the absence of any other
protein. © 1997 Academic Press

Epstein-Barr virus (EBV) is a human herpesvirus
with a linear double stranded DNA, 172 kbp in length
(1). The EBV has both a latent state and a lytic replica-
tive cycle in the infected lymphoblastoid cells. After
induction of the viral productive cycle, the EBV replica-
tion proteins are induced and the EBV genome is am-
plified 100 to 1000-fold. Intermediates of viral DNA
replication are found as large head to tail concatemeric
molecules which could result from rolling-circle DNA
replication initiated from the lytic phase replication
origin, ori-Lyt (2). The viral replication proteins that
are essential for the ori-Lyt dependent EBV DNA repli-
cation are determined (3): the DNA Pol catalytic sub-
unit (BALF5), the DNA Pol accessory subunit
(BMRF1), the single-stranded DNA binding protein
(BALF2), helicase and primase (BBLF4 and BSLF1),
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helicase-primase associated protein (BBLF2/3) and
Ilytic transactivator and ori-Lyt-binding protein
(BZLF1). These viral replication proteins except BZLF1
protein are conceivable to work together at replication
fork to synthesize leading and lagging strands of the
concatemeric EBV genome.

The BALFS5 Pol catalytic polypeptide copurifies with
the BMRF1 Pol accessory subunit from EBV-producing
lymphoblastoid cells (4, 5, 6). The BALF5 protein ap-
pears to form a tight complex with the BMRF1 protein
to function as Pol holoenzyme. The EBV Pol holoen-
zyme exhibits both 5’-to-3’ DNA polymerase and 3’-
to-5’ exonuclease activities (6). Besides these activities,
the EBV DNA Pol holoenzyme is characterized by its
strikingly high polymerase processivity (7, 8). The ori-
Lyt dependent DNA replication would be best served
by a highly processive DNA polymerase which could
synthesize long DNA chains without dissociating from
the template. Although the BALF5 Pol catalytic sub-
unit by itself is a quasi-processive enzyme (9, 10), the
BMRF1 Pol accessory subunit has been presumed to
form a complex with the BALF5 Pol catalytic subunit
to stabilize the interaction of the holoenzyme complex
with the 3'-OH end of the primer on the template DNA
during polymerization and exonucleolysis (9, 11).

In a study of the EBV Pol holoenzyme by using singly
primed M13 ssDNA circles as template we have ob-
served that the EBV Pol holoenzyme synthesizes DNA
chains greater than unit length of M13 ssDNA in addi-
tion to full length products. Here we reports that the
EBV DNA Pol holoenzyme by itself is able to carry
out strand displacement DNA replication in a highly
processive way under some limited condition.

MATERIALS AND METHODS

Materials. ATPy-S, adenosin 5’-O-(3-thiotriphosphate), was pur-
chased from Boehringer Mannheim Inc. [«-**P]dCTP (3000Ci/mmol)
and [@-**P]dGTP (3000Ci/mmol) were from Amersham Corp.. E.coli
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Pol 111 holoenzyme was purchased from Toyobo Inc. Japan. Primer
1, an oligodeoxynucleotide CACAATTCCACACAAC, complementary
to nucleotides 6170 to 6185 of M13mp18 single-stranded DNA was
purchased from New England Biolabs, Inc.. Circular single-stranded
M13 mp18 DNA was from Pharmacia LKB Biotechnology Inc..

Preparation of the EBV DNA Pol holoenzyme, the BALF5 Pol cata-
lytic subunit, and the BMRF1 Pol accessory subunit. The EBV DNA
Pol holoenzyme was purified to homogeneity from nuclear extract of
B95-8 cells treated by 100 ng/ml TPA and 5 mM sodium n-butyrate
as described previously (6). The purified EBV DNA Pol holoenzyme
contained 110 k and 52~48 k polypeptides which were identified as
the BALFS5 gene product and the BMRF1 gene products, respectively,
by westernblot analysis (data not shown). The specific activity of the
purified EBV Pol holoenzyme was 1,400,000 U/mg. One unit of en-
zyme activity was defined as the amount required for incorporation
of 1 pmol of deoxynucleoside monophosphates into acid-insoluble ma-
terial in 60 min at 35 °C in the presence of 80 mM ammonium sulfate
by using 80 pg/ml of activated DNA as template (6). The enzyme
was devoid of DNA dependent ATPase, AdATPase, primase, and
DNA ligase activities which were done as described (12). Further-
more, in order to exclude the possibility of the contamination of DNA
helicases, DNA helicase assay was performed using the enzyme prep-
aration and M13 ssDNA circles hybridized *2P-labelled oligonucleo-
tide (20 mer) as substrate in the presence of 1 mM ATP or dATP
essentially as described (13). However, no labelled oligonucleotide
was displaced even when large amount of the enzyme was contained
in the reaction (data not shown).

The overexpression and purification systems of the individual com-
ponents of the EBV Pol holoenzyme have been developed by using a
baculovirus expression system (10, 14). The EBV DNA Pol catalytic
subunit (BALF5 protein) was purified to homogeneity from cytosolic
extracts of recombinant baculovirus AcBALF5-infected Sf9 cells as
described previously (10). The specific activity of the BALF5 Pol cata-
lytic subunit was 5,900,000 U/mg. One unit of enzyme activity was
defined as the amount required for incorporation of 1 pmol of deoxy-
nucleoside monophosphates into acid-insoluble material in 60 min
at 35 °C in the absence of ammonium sulfate by using 80 pg/ml of
activated DNA as template (10). The purified BALF5 protein (110
k) was devoid of DNA dependent ATPase, dATPase, DNA helicase
and primase activities. Incidentally, the Pol assay condition for deter-
mination of the specific activity for the EBV Pol holoenzyme and
that for the BALF5 Pol catalytic subunit are different in salt concen-
tration. The polymerase activity associated with the EBV Pol holoen-
zyme is stimulated by ammonium sulfate when activated DNA is
used as template-primer, whereas that of the BALF5 Pol catalytic
subunit is inhibited drastically by 80 mM ammonium sulfate (9, 10).

The EBV DNA Pol accessory subunit (BMRF1 protein) was purified
to homogeneity from nuclear extracts of recombinant baculovirus
AcBMRF1-infected Sf9 cells as described previously (14). The puri-
fied BMRF1 protein (48~50 k) was devoid of detectable DNA poly-
merase, DNase, DNA dependent ATPase, dATPase, DNA helicase
and primase activities (12).

Replication assay with singly primed circular M13: Strand dis-
placement assay. Measurements of the strand displacement activ-
ity of the EBV DNA polymerase were usually performed in Buffer
C (30 ul) (20 mM Hepes-Na [pH 7.4], 2 mM MgCl,, 1 mM DTT, 5 %
glycerol, 50 mM NacCl, 100 ng of BSA per ml) containing 40 uM each
of dTTP and dATP, and 50 ng of primer 1-hybridized M13 single-
stranded DNA circle along with the EBV DNA Pol complex (0.8 ng),
or the BALF5 Pol catalytic subunit (0.5 ng), or the reconstituted Pol
complex composed of the BALF5 protein and the BMRF1 Pol acces-
sory subunit (0.5 ng each of) at the concentration and amounts indi-
cated in each case. Reactions were initiated by the addition of 40 uM
dGTP, 4 uM [a-**P] dCTP (5 uCi). The samples were removed at the
times indicated and quenched by addition of 5 ul of 200 mM EDTA.
Six ul of aliquotes were analysed for DNA synthesis by measurement
of the radioactivity incorporated into acid-insoluble material as de-
scribed (6). When the replication products were analyzed by alkaline
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agarose gel electrophoresis (15), the remaining replication products
were precipitated with ethanol to remove unincorporated nucleo-
tides. The precipitates were resuspended in gel loading buffer con-
sisting of 50 mM NaOH, 1 mM EDTA, 20 % glycerol, and 0.1 %
bromophenol blue. The DNA size markers (High molecular weight
DNA markers from BRL and A DNA/Hind 111 fragments) were 3’-
end labeled by T4 DNA polymerase. The alkaline agarose vertical
gel electrophoresis was run at 80 mA for 15 h. After electrophoresis,
the gels were washed in 7.5 % trichloroacetic acid and then dried on
DE81 paper under vacuum. The dried gels were exposed to Fuji
imaging plate and analysed by Fuji Image Analyser BAS 2000.

When the products were treated with mung bean nuclease, the
reactions were stopped by addition of an equal volume of 0.6 % SDS,
16 mM EDTA, and 0.16 mg of proteinase K per ml, followed by
further incubation for 15 min at 37 °C. The DNA was extracted
with equal volume of phenol and chroloform-isoamylalcohol (24:1),
precipitated with ethanol and suspended in mung bean nuclease
buffer (30 mM Sodium Acetate, pH 5.0, 100 mM NaCl, 1 mM Zinc
Acetate, and 5 % glycerol). The replication products were treated
with indicated amounts of mung bean nuclease for 3 h at 35°C, fol-
lowed by addition of 0.1 % SDS and 50 mM EDTA to inactivate the
nuclease. The DNA was precipitated with ethanol and resuspended
in the gel loading buffer. The samples were heated to 100 °C for 3
min and then loaded onto the 0.7 % alkaline agarose gels containing
50 mM NaOH and 1 mM EDTA alongside DNA size markers.

RESULTS

Strand Displacement-Associated Replication of Singly
Primed ssDNA Circle by the EBV DNA Pol
Holoenzyme

The ability of the enzyme to carry out strand dis-
placement was analysed by performing primer-ex-
tention experiments at a molar ratio of enzyme/primer
1 hybridized M13 ssDNA circles of 1 : 4. The replication
products were denatured and the newly synthesized
strands were analysed in alkaline 0.7 % agarose gels
(Fig. 1). Alkaline agarose gels are used to analyse the
size of the single stranded DNA.

For comparison, the E.coli Pol 11l holoenzyme was
used. Although E.coli Pol 111 holoenzyme is capable of
very rapid (> 500 nucleotides/sec) and highly pro-
cessive primer elongation (> 5000 nucleotides), it is
easily dissociated by encountering the 5’ ends of prim-
ers (16, 17). Total nucleotide incorporation and the al-
kaline analyses of the in vitro labeled replication prod-
ucts shows that the Pol 111 holoenzyme stopped synthe-
sis within 5 min when the M13 DNA circle was
completed. The Pol 111 holoenzyme synthesized full
length M13 DNA in addition to a band of pausing site at
3.5 kb. However, DNA species greater than unit length
M13 ssDNA were not generated even after 40 min incu-
bation.

In contrast, the EBV Pol holoenzyme incorporated
nucleotides with time and produced DNA molecules of
approximately 7200 nucleotides, corresponding to the
entire length of M13mp18 DNA in an 10 min incuba-
tion, in addition to a specific band of pausing site (3
Kb). The regions that block DNA Pol from passing
through is known to form particular stable duplex hair-
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DNA replication of singly primed M13 ssDNA by the EBV DNA Pol holoenzyme and E.coli Pol 111 holoenzyme. The replication

assay was carried out as described under Materials and Methods. The incubation mixture contained 20 uM concentration each of dATP,
dGTP, dTTP, and 4 uM [a-**P]dCTP (5 uCi), 50 ng of singly primed M13 ssDNA, and 0.8 ng of the EBV Pol holoenzyme purified from B95-
8 cells or 5 units of the E.coli Pol 111 holoenzyme (Toyobo, Inc.). After incubation at 35 °C for the time indicated, the reactions were stopped.
Six ul of the reactions of the EBV DNA Pol holoenzyme (M) or of E.coli Pol Il holoenzyme (CJ) were measured dCMP incorporation into
acid-insoluble material (A). The remaining reactions were processed as described and the replication products were analysed by alkaline
0.7% agarose gel electrophoresis (B). The positions of nucleotides length markers were indicated at the left of the panel B as well as unit-
size of M13 ssDNA. Major bands of pausing sites were represented by arrows. E.coli Pol 111 holoenzyme had a different pausing site on

M13 ssDNA circle from that of EBV DNA Pol holoenzyme.

pin structures (8, 18). But it is unclear why the sites
of pausing are distinct between the EBV DNA Pol and
E.coli. Pol 111 holoenzymes. After longer incubation pe-
riods, single stranded DNA molecules over 7200 nucleo-
tides were detected. Thus, it is conceivable that the
EBV DNA Pol holoenzyme fully replicated a primed
M13 ssDNA in 10 min, proceeding further through
strand displacement associated DNA replication. Some
of DNA chains produced after 20 min reached approxi-
mately 15 Kb, more than twice the length of M13
ssDNA. Maximum strand displacement activity was
obtained at 20 mM Hepes-Na, pH 7.4 and 50mM Nacl,
and 2 mM MgCI, (data not shown).

Processive DNA Synthesis by the EBV DNA Pol
Holoenzyme during Strand Displacement

To test the processivity of the EBV DNA Pol holoen-
zyme during the strand displacement DNA replication,
the synthesis of DNA chains with M13 ssDNA circles
hybridized with primer 1 was studied using increasing
dilutions of the enzyme. The replication products syn-
thesized in vitro were denatured and analysed by alka-
line 0.7% agarose gel electrophoresis (Fig.2). A nonpro-
cessive pattern of elongation should give rise to a de-
crease in the DNA size concomitant with the
polymerase dilution. A 32-fold decrease in DNA poly-
merase/primer terminus molar ratio decreased about

35

30 fold the amount of nucleotide incorporation (data not
shown). However, high molecular weight DNA chains
longer than unit length of M13ssDNA was still synthe-
sized, indicating that the EBV Pol holoenzyme elon-
gates the DNA chains without dissociation even during
the strand displacement DNA replication.

Susceptibility of the Replication Products to Mung
Bean Nuclease

We examined the effect of mung bean nuclease on
the high molecular weight DNA synthesized by the
EBV Pol holoenzyme to verify that the products were
generated by strand displacement associated DNA rep-
lication (Fig.3 lanes 1~3). After 30 min incubation, the
reactions were removed and treated with proteinase K,
followed by phenol/chroloform. The replication prod-
ucts were precipitated by ethanol and then treated with
mung bean nuclease. Mung bean nuclease is a single
stranded DNA specific endonuclease and does not di-
gest double stranded DNA (15). The nuclease treated
samples were denatured and applied to alkaline 0.7 %
agarose gel electrophoresis. Mung bean nuclease treat-
ment did not affect the alkaline agarose gel pattern of
the replication products synthesized by E.coli Pol 111
holoenzyme at all even in longer incubation (data not
shown). On the other hand, single stranded DNA bands
greater than 7.2 kb which were synthesized by the EBV
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FIG. 2. Processive strand-displacement DNA synthesis by the
EBV DNA Pol holoenzyme. The replication assay was carried out as
described under Materials and Methods using 50 ng of singly primed
M13 ssDNA, 20 uM concentration each of dATP, dCTP, dTTP, [a-
$2pP]dGTP (5 uCi), and the indicated dilutions of the EBV DNA Pol
holoenzyme; dilution 1 corresponds to 3.2 ng of the EBV Pol holoen-
zyme (primer/enzyme ratio = 1). After incubation for 20 min at 35°C,
the reactions were stopped. Six ul of the reactions were measured
dCMP incorporation into acid-insoluble material (data not shown).
The remaining samples were processed as described and the replica-
tion products were analysed by alkaline 0.7% agarose gel electropho-
resis. The positions of nucleotides length markers were indicated at
the left of the panel B as well as unit-size of M13 ssDNA. The position
of pausing site was marked by closed triangle.

DNA Pol holoenzyme were disappeared by mung bean
nuclease treatment (Fig.3. lanes 2 and 3). Also, the
products of extended synthesis after alkaline denatur-
ation and neutralization are fully sensitive to digestion
with mung bean nuclease, ruling out the possibility
of snap back DNA synthesis (data not shown). These
observations mean that single stranded DNA region of
the high molecular-weight replication products synthe-
sized by the EBV DNA Pol holoenzyme was susceptible
to cleavage by mung bean nuclease and DNA chains
equal to the unit length of M13 DNA and downward
remained intact, demonstrating that the displaced tail
was single stranded.
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ATP Hydrolysis Is Not Required for Strand
Displacement DNA Replication by the EBV DNA
Pol Holoenzyme

ATP hydrolysis is involved in primer recognition by,
and increases in the processivities of some prokaryotic,
bacteriophage, and eukaryotic DNA polymerase holo-
enzymes (19). ATP requirement for strand displace-
ment by the EBV DNA Pol holoenzyme was examined
(Fig. 3. lanes 4~6). Neither the nucleotide polymeriz-
ing activity nor the strand displacement activity of the
EBV DNA Pol holoenzyme was dependent on the pres-
ence of ATP. Further, ATPy-S, a nhonhydrolyzable ana-
log of ATP and an inhibitor of ATPase, did not affect
these activities. These results shows that strand dis-
placement DNA synthesis catalyzed by the EBV DNA
Pol holoenzyme does not require ATP hydrolysis and,
furthermore, confirmed that there is no contamination
of DNA helicases, which couple the energy liberated in
the hydrolysis of ATP to strand displacement, in the
preparation of the EBV DNA Pol holoenzyme. These
results clearly indicate that the EBV DNA Pol holoen-
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FIG. 3. ATP-independent strand displacement DNA replication
by the EBV DNA Pol holoenzyme and susceptibility of the replication
products to mung bean nuclease. Reaction mixtures containing
primed M13ssDNA were incubated for 40 min with 0.5 mM ATP
(lane 4); without ATP (lane 5); or with 1 mM ATP+-S (lane 6). Reac-
tion mixtures were incubated for 40 min at 35 °C and the reactions
were sampled, processed, and analysed by alkaline 0.7 % agarose
gel electrophoresis (lane 4~6). Reaction mixtures for susceptibility
to mung bean nuclease (lane 1~3) were also incubated for 30 min
at 35 °C and stopped by an equal volume of 0.5 % sodium dodecyl
sulfate, 40 mM EDTA and 0.1 mg of proteinase K per ml, followed
by further incubation for 15 min at 35 °C. The DNA was extracted
with phenol/chloroform, precipitated with ethanol, and suspended in
mung bean nuclease buffer. Mung bean nuclease was purchased from
Takara Shuzo, Ltd.. The isolated product (lane 1) was digested with
10 units (lane 2) and 20 units (lane 3) of mung bean nuclease for 3
h at 37 °C. The reaction products were processed and analysed by
alkaline 0.7 % agarose gel electrophoresis. The positions of marker
fragments of the sizes (bases) were indicated at the left of the panel,
as well as unit-size of M13 ssDNA.



Vol. 238, No. 1, 1997

zyme by itself is able to produce strand displacement
coupled to polymerization process without aid of any
other protein and that strand-displacement must be
concomitant with the replication process.

Reproduction of the Strand Displacement DNA
Synthesis by the Reconstituted EBV Pol
Holoenzyme Consisting of the BALF5 Pol Catalytic
Subunit and the BMRF1 Pol Accessory Subunit

To determine whether the strand displacement DNA
synthesis is reproduced by the reconstitution of the
EBV DNA Pol holoenzyme, the BALF5 protein and the
BMRF1 protein which were purified from recombinant
baculovirus infected insect cells were preincubated and
then the Pol reaction was performed for 20 min. The
replication products were analysed by alkaline 0.7%
agarose gel electrophoresis (Fig.4).

As was previously reported (9), low levels of DNA
synthesis were detected with the BALF5 Pol catalytic
subunit alone (data not shown). Since the EBV Pol cat-
alytic subunit alone extends primer slightly (~ 50 nu-
cleotides) (9), we could not detect bands of the replica-
tion products on the gel (lane 3). Most of the replication
products were passed through the gel.

The strand displacement DNA synthesis was repro-
duced by the reconstituted EBV Pol holoenzyme which
was formed by preincubation of the BALF5 Pol cata-
lytic subunit and the BMRF1 Pol accessory subunit in
vitro. This observation confirmed that the EBV DNA
Pol holoenzyme by itself is able to carry out strand
displacement DNA synthesis without aid of any other
protein factor.

DISCUSSION

The EBV DNA Pol holoenzyme is a highly processive
enzyme and had been thought to produce DNA chains
equal to unit length of M13 DNA when singly primed
M13 ssDNA circle was used as template-primer (8, 9).
The replication products had been analyzed by neutral
agarose gel or alkaline 1.2 % agarose gel electrophore-
sis (120 mA, 4.5 h), which is not suitable for resolution
of the high molecular weight DNAs. In this report we
have employed low concentration of alkaline agarose
gel (0.6 ~ 0.7 %) electrophoresis (80 mA, 15 ~ 20 hrs)
using vertical type electrophoresis apparatus to deter-
mine the molecular size of the high molecular weight
replication products synthesized by the EBV DNA Pol
holoenzyme. As a result, it turned out that DNA chains
greater than unit length of M13 DNA in addition to
full length products were produced.

Evidently the ability to catalyze strand displacement
DNA synthesis without any other protein factor has
been a common intrinsic property of several protein-
primed DNA polymerases, as was described for the Ba-
cillus phage f29 DNA polymerase (20) or PRD1 DNA
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FIG. 4. Strand displacement DNA synthesis catalyzed by the
reconstituted EBV Pol holoenzyme. The BALF5 Pol catalytic subunit
and the BMRF1 Pol accessory subunit (0.5 ng of each) were preincu-
bated at 0 °C for 10 min. The same amount of the BALF5 protein
alone or 0.8 ng of the EBV Pol holoenzyme was also preincubated.
Series of reaction mixture (30 ul) contained the EBV Pol holoenzyme
(lane 1), the reconstituted Pol complex (lane 2), or the BALF5 Pol
catalytic subunit (lane 3) and 24 ng of singly primed M13 single-
stranded DNA (10 fmol as circle). Replication assays were performed
under the conditions described in Materials and Methods. Reactions
were incubated at 35 °C for 30 min. After quenching by addition of
5 ul of 200 mM EDTA, the samples were used for analysis of the
replication products by electrophoresis in an alkaline 0.7 % agarose
gel. The positions of the DNA size standards (bases) are indicated
at the left of panel.

polymerase (21). $29 SSB enhances the strand dis-
placement DNA synthesis catalyzed by the ¢$29 DNA
polymerase (22). Other DNA polymerases which are
known to be able to catalyze strand displacement DNA
synthesis without the aid of other proteins on nicked,
duplex DNA templates are E.coli Pol I (23) and T5 DNA
polymerase (24). E.coli Pol | catalyzes strand displace-
ment DNA synthesis at nicks, but only after its 5’-to-
3’ exonuclease activity has removed 20 to 50 nucleo-
tides. The 5’-to-3’ hydrolytic activity is not, however,
a prerequisite for strand displacement since elimina-
tion of the exonuclease activity does not prevent this
reaction. In eukaryotic DNA polymerases, Pol 6 holoen-
zyme, in contrast to Pols « and ¢, has been shown to



Vol. 238, No. 1, 1997

carry out strand displacement DNA synthesis on dou-
ble-stranded gapped circular DNA (25). However,
strand displacement DNA synthesis catalyzed by Pol §
holoenzyme was slow and limited. No products longer
190 nucleotides were observed even after 30 min of
incubation. However, some prokaryotic DNA polymer-
ases are known to catalyze strand displacement DNA
synthesis only in the presence of the cognate SSB.
Strand displacement DNA polymerization can also be
carried out to a limited extent by T7 DNA polymerase
in the presence of T7 gene 2.5 protein or E.coli SSB
(26), or by T4 DNA Pol holoenzyme in the presence
of T4 gp32 protein (27). It remains to be determined
whether specific protein-protein interaction between
the EBV Pol holoenzyme and the EBV SSB facilitates
strand displacement DNA synthesis. The EBV SSB and
the EBV helicase-primase would help EBV DNA Pol
holoenzyme at replication fork to synthesize more effi-
ciently both leading and lagging strands of the EBV
genome.
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