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ABSTRACT A monoclonal antibody (mAb) designated
55H3 was produced by using chemically induced Epstein-Barr
virus genome-positive B95-8 cells. mAb 55H3, which reacted
with an 85- to 80-kDa polypeptide, neutralized Epstein-Barr
virus-encoded DNA polymerase activity in crude extracts of
chemically induced M-ABA, HR-1, and B95-8 cells, as well as
the partially purified Epstein-Barr virus DNA polymerase in a
dose-dependent manner. The mAb also neutralized the virus-
encoded DNA polymerase activity from cells infected with
human cytomegalovirus, human herpesvirus 6, and the puri-
fied bacteriophage T4 DNA polymerases. However, mAb 55H3
did not neutralize the DNA polymerase activities encoded for by
herpes simplex virus types 1 and 2, the reverse transcriptase of
avian myeloblastosis virus, or Escherichia coli DNA polymer-
ase 1 (Klenow fragment). These results suggest that mAb 55H3
recognizes an epitope common to some herpesviruses and T4
DNA polymerases and further supports the hypothesis that
these organisms are evolutionarily related.

Members ofthe poxviruses, adenoviruses, and herpesviruses
encode specific DNA polymerases (1-6). These DNA poly-
merases are not only required for replication ofthese viruses,
but they can also be used as a target site for development of
antiviral agents. While there have been advances in our
understanding of the conformation of various DNA poly-
merases and their interaction with various substrates and
with template DNA, little is known about the interaction of
viral DNA polymerase with other proteins involved in the
DNA replication complex.

Epstein-Barr virus (EBV), a human herpesvirus, is the
etiological agent of infectious mononucleosis and is associ-
ated with African Burkitt lymphoma and nasopharyngeal
carcinoma (7-11). EBV is similar to other herpesviruses in
that it encodes a DNA polymerase essential for virus repli-
cation (12, 13). The EBV-encoded DNA polymerase activity
has been purified from several EBV genome-positive cells,
and at least four polypeptides with molecular masses of 110,
100, 55, and 49 kDa have been associated with this activity
(14, 15). Although the 110-kDa polypeptide may be the DNA
polymerase (14), studies have demonstrated that the 55- and
49-kDa proteins (15), as well as a 45-kDa stimulatory protein
(16), are required for EBV DNA polymerase activity in vitro.
Elucidation of these protein interactions is important not only
for understanding how EBV replicates but also in determin-
ing the role of these polypeptides in diseases caused by EBV.
While sera from patients with nasopharyngeal carcinoma

contain antibodies that neutralize EBV DNA polymerase, the
sera also contain antibodies against the EBV DNA polymer-
ase stimulatory protein (16-19). Similarly, although a rabbit
polyclonal antibody has been developed that can inhibit EBV

DNA polymerase activity (20), it is not known whether this
polyclonal antibody neutralizes theDNA polymerase activity
by binding to the enzyme or due to its binding to one of the
associated polypeptides. Thus, further studies on the inter-
actions of these polypeptides have been hampered, in part,
from the lack of specific antibodies against the EBV-encoded
DNA polymerase.

Recently, we reported the isolation of an EBV-specific
monoclonal antibody (mAb), designated 55H3, that neutral-
izes the activity of EBV-encoded DNA polymerase (21). In
a preliminary study, it was possible to demonstrate that mAb
55H3 could also neutralize a DNA polymerase activity in-
duced in cells infected with human herpesvirus 6 (HHV6)
(22). In this report, we show that this mAb neutralizes
activity of the partially purified EBV DNA polymerase, the
bacteriophage T4 and HHV6DNA polymerase, and the DNA
polymerase activity induced by human cytomegalovirus
(HCMV). mAb 55H3 did not inhibit the DNA polymerase
activity in cells infected with herpes simplex virus (HSV)
types 1 or 2, purified Escherichia coli DNA polymerase 1, or
avian myeloblastosis virus (AMV) reverse transcriptase.

MATERIALS AND METHODS
Cell Lines. HR-1, B95-8, and M-ABA cells were grown in

RPMI 1640 medium/10% fetal bovine serum/2 mM glutamine
containing gentamicin at 25 ,ug/ml. Cell lines were main-
tained at 35°C.
EBV DNA Polymerase Neutralization Assay. The neutral-

ization assay was done as described (21, 22). Cells (5 x 107)
were treated with phorbol 12-myristate 13-acetate at 40 ng/ml
and 3 mM sodium butyrate for 48 hr at 37°C to induce EBV
reactivation as described (22). After low-speed centrifuga-
tion, cell pellets were resuspended in extraction buffer (1 ml
of 50 mM Tris HC1, pH 7.2/2 mM ATP/3 mM dithiothreitol/
0.2M KCl) and sonicated on a Branson Sonifier model 350 (15
pulses, microtip, output setting 4). The resulting homogenate
was centrifuged in a Fisher model 235A microcentrifuge for
3 min; supernatants were used for the enzyme assays. Cell
extracts containing DNA polymerase activity (10 ul) were
incubated for 30 min at room temperature in an equivalent
amount of water containing variable amounts of bovine
serum albumin (BSA), normal mouse serum, mouse myeloma
ascites fluid, or mAb 55H3. After the initial incubation, the
volume of the reaction mixture was increased to 0.1 ml by
adding (final concentration) 70 mM Tris HCI, pH 8.0/0.2 M
KCI/4 mM MgCl2/70 ,ug of BSA/0.7 mM dithiothreitol/2%
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(vol/vol) glycerol/100 p.M (each) dATP, dGTP, and dCTP/
1.6 puM [3H]dTTP (500 p.Ci/nmol; 1 Ci = 37 GBq)/13 pug of
activated calf thymus DNA, and the mixture was allowed to
incubate an additional 30 min at 370C. Reactions were ter-
minated as described (21, 22). Values represent the average
of triplicate assays. A unit ofDNA polymerase activity was
defined as the amount of enzyme required to incorporate 1
pmol ofdTTP into acid-insoluble material per hr per ml under
our assay conditions. The difference of enzyme activity with
and without ascites fluid or purified IgG was determined by
using the above assay and reported as units of DNA poly-
merase activity neutralized per ml of test sample.

Purification of EBV-Encoded DNA Polymerase from Chem-
ically Induced B95-8 Cells. DNA polymerase activity was
purified as described (14, 15). All purification procedures
were performed at 40C, and all buffers contained 0.2 mM
phenylmethylsulfonyl fluoride and pepstatin A at 0.1 pug/ml
to prevent proteolytic digestion of the enzyme. The amount
of protein was determined using the Bio-Rad Coomassie blue
dye-binding reagent with BSA as standard. Briefly, =109
cells were chemically induced as described. At harvesting,
cells were 45-50% early antigen (EA)/virus capsid antigen
positive, as determined by immunofluorescence. Cell pellets
were resuspended in 400 mM TrisHCl, pH 7.2/150 mM
KCI/1 mM EDTA/10 mM 2-mercaptoethanol (buffer A) and
were sonicated as described. Crude homogenates were cen-
trifuged (60 min, 10,000 rpm in a Beckman model J2-21 in a
JA20 rotor at 4°C), and the resulting supernatants were
applied to a DEAE-Sephacel column (1 x 10 cm) equilibrated
in buffer A. Under these conditions the DNA polymerase
activity did not bind to the matrix and was eluted with buffer
A. Fractions (3 ml) were collected and assayed for DNA
polymerase activity by using the standard assay described.
Fractions containing the enzyme activity were pooled and
dialyzed overnight against buffer B [20 mM potassium phos-
phate, pH 7.2/100 mM KCI/1 mM EDTA/20% (vol/vol)
glycerol]. The dialysate was applied to a double-stranded
DNA cellulose column (1 x 8 cm) equilibrated in buffer C
(buffer B contained a final KCI concentration of 150 mM).
The DNA polymerase was bound to the matrix and eluted by
increasing the ionic strength using a linear gradient buffer C
and buffer D (buffer B contained a final KCl concentration of
800 mM). Fractions (3 ml) were collected and assayed for
DNA polymerase activity. Fractions containing the EBV
DNA polymerase activity were pooled and dialyzed over-
night against buffer B. The dialysates were applied to a
phosphocellulose column (1 x 8 cm) equilibrated in buffer C.

Viral DNA polymerase was bound to the matrix and eluted
by increasing the ionic strength using a linear gradient of
buffers C and D. Fractions (1.5 ml) were collected, and those
fractions containing viral DNA polymerase activity were
pooled. KCI was added to a final concentration of 400 mM,
and the sample was applied to a Blue Sepharose column (1 x
2 cm) equilibrated in buffer C. Under these conditions EBV
DNA polymerase does not bind to the matrix. Fractions (3
ml) were collected and used for subsequent experiments.
Immunodepletion of EBV DNA Polymerase by mAb 55H3.

The procedure used for immunoprecipitation of EBV-
encoded DNA polymerase by the various antibodies has been
described (23). Partially purified (phosphocellulose fraction)
EBV DNA polymerase was used in these studies. Briefly,
DNA polymerase (6.0 units, in 15 ,ul) was treated with various
dilutions of the test reagents (12-15 mg of protein per ml) for
1 hr at 4°C. After initial incubation, a protein A-Sepharose
suspension (25 p.l) was added to the DNA polymerase-
antibody mixture, and the mixture was then incubated with
rotation at 4°C for 90 min. The mixture was centrifuged at 4°C
(10 min, Fisher Microcentrifuge model 235A), and the super-
natants were tested for residual DNA polymerase activity by
using the standard assay. Values represent the average of
triplicate assays.

Neutralization of Various DNA Polymerases by mAb 55H3.
T4 DNA polymerase (cloned), E. coli (Klenow fragment)
DNA polymerase 1 (cloned), and AMV reverse transcriptase
were purchased from United States Biochemical. Virus-
infected KB cells were the source of the HSV-1 (strain KOS)
and HSV-2 (strain HG-52)-encoded DNA polymerases.
HCMV (strain VHLE)-infected epithelial cells (HUVE) (24)
were from Jim Waldman (Ohio State University) and HHV6-
infected HSB2 cells were from Dharam Ablashi (National
Cancer Institute). HCMV-, HHV6-, and HSV-infected cells
were extracted as described. Crude cell extracts were used as
a source of DNA polymerase. Neutralization assays were
performed, as described, except that different reaction mix-
tures were used to access the activities of the various DNA
polymerases. The activities of HCMV, HHV6, and HSV
DNA polymerases were determined by using the reaction
mixtures described for EBV. For T4 DNA polymerase ac-
tivity, the reaction mixture was (in a total volume of 0.1 ml)
59 mM Tris-HCl, pH 8.0/5.9 mM MgCl2/8.9 mM 2-mercap-
toethanol/70 ,ug of BSA/13 ,ug of activated calf thymus
DNA/29.4 ,pM (each) of dGTP, dCTP, and dATP/[3H]dTTP
(0.17 ,uCi/nmol)/3 units of polymerase, as defined by the
manufacturer/various amounts of mAb. For E. coli DNA
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FIG. 1. Effect ofmAb 55H3 (MAb) on DNA polymerase activity induced by different EBV strains. (Left) M-ABA cells, 25-30o EA-positive,
153 units per assay. (Middle) HR-1 cells, 40-45% EA-positive, 249 units per assay. (Right) B95-8 cells, 35-40% EA-positive, 133 units per assay.
A, BSA; o, mouse serum; o, mouse ascites; and *, 55H3 mAb. The difference of enzyme activity with and without ascites fluid or purified IgG
was determined by using the above assay and reported as units of DNA polymerase activity neutralized per ml of test sample.
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Table 1. Purification of EBV DNA polymerase from activated B95-8 cells
Total Total Specific

protein, activity, activity, Recovery, Purification,
mg units units/mg % -fold

Cell extract 70.17 15,209 215.08 100 1
DEAE-Sephacel 64.35 14,638 227.47 96.25 1.06
DNA cellulose 3.948 12,600 3,191.49 82.85 14.84
Phosphocellulose 0.252 2,407 9,551.69 15.84 44.41
Blue Sepharose 0.02625 1,575 60,000.01 10.36 278.97

polymerase, the reaction mixture was (in a total volume of0.1
ml) 70 mM Tris-HCI, pH 7.5/4 mM MgCl2/1 mM dithiothrei-
tol/2% (vol/vol) glycerol/70 pug BSA/13 ,gg of activated calf
thymus DNA/100 gM (each) dCTP, dGTP, and dATP/1 puM
[3H]dTTP (2.7 uCi/nmol)/0.1 unit of polymerase as defined
by the manufacturer/various amounts of mAb. For AMV
reverse transcriptase, the reaction mixture was (in a total
volume of 0.05 ml) 50 mM Tris-HCI, pH 8.0/10 mM dithio-
threitol/0.05% (vol/vol) Triton X-100/5 gg of BSA/6 mM
KCI/0.0256 unit of poly(A)-dT15/25 ,uM [3H]dTTP (6.15
,uCi/nmol), 5 units of enzyme, as defined by the manufac-
turer/various amounts of mAb.

RESULTS
EBV DNA Polymerase Neutralization Assay. Fig. 1 shows

that BSA, normal mouse serum, and mouse myeloma ascites
fluid had no effect on activities of the EBV-encoded DNA
polymerases expressed in the various cell lines. However,
mAb 55H3 significantly inhibited DNA polymerase activities
in a dose-dependent manner. These data suggest that inhibi-
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FIG. 2. SDS/PAGE of EBV-encoded DNA polymerase and T4
DNA polymerase; SDS/PAGE was performed as described (26).
Stacking gel was 5% acrylamide/0.13% bisacrylamide/125 mM
Tris HCI, pH 6.8/0.1% SDS/3.3 mM N,N,N',N'-tetramethylethyl-
enediamine/0.1% ammonium persulfate. Separating gel was 10%
acrylamide/0.13% bisacrylamide/375 mM Tris HCI, pH 8.8/0.1%
SDS/2.2 mM N,N,N',N'-tetramethylethylenediamine/0.03% am-
monium persulfate. Running buffer was 192 mM glycine/25 mM
Tris-base/0.1% SDS. Samples were electrophoresed at 100 V until
samples entered stacking gel and then at 200 V for 3-4 hr. After
electrophoresis, gel proteins were silver stained by using the proce-
dure described by Tunon and Johansson (26). Molecular mass
standards were as follows: myosin, 200 kDa; phosphorylase b, 92.5
kDa; bovine serum albumin, 69 kDa; ovalbumin, 46 kDa; carbonic
anhydrase, 30 kDa; and trypsin inhibitor, 21.5 kDa. Silver stainings
of T4 cloned DNA polymerase (lane A), EBV DNA polymerase
(Blue Sepharose preparation) (lane B), and crude cell extract (lane C)
are shown.

tion of EBV DNA polymerase activity resulted from a
specific interaction between the mAb and a polypeptide
required for DNA polymerase activity under the in vitro
conditions used in these experiments. mAb 55H3 was puri-
fied by using a protein A-Sepharose column and identified as
IgG1 (21).

Purification of EBV-Encoded DNA Polymerase from Chem-
ically Induced B95-8 Cells. To determine whether inhibition of
EBV DNA polymerase activity by mAb 55H3 was from the
interaction between the mAb and DNA polymerase or an-
other polypeptide required for DNA polymerase activity,
EBV DNA polymerase was purified from chemically induced
B95-8 cells by using conventional chromatography tech-
niques (Table 1).
SDS/PAGE of the EBV DNA polymerase activity after

Blue Sepharose chromatography, as described by Laemmli
(25), demonstrated four polypeptides with molecular masses
of =45, 50, 52, and 85 kDa by silver staining (26) (Fig. 2).
Western (immuno-) blotting showed that mAb 55H3 reacted
with an 85-kDa polypeptide in crude extracts of chemically
induced B95-8 cells, but no reactivity was seen with any
polypeptide when the partially purified DNA polymerase was
used; this result was probably due to the small amounts of
protein in this preparation. However, neutralization studies
using the partially purified EBV-encoded DNA polymerase
demonstrated that mAb 55H3 neutralized EBV DNA poly-
merase activity in a dose-dependent manner (Fig. 3). Con-
versely, BSA, mouse serum, and mouse myeloma ascites,
used as controls, had no effect on the enzyme activity.
Immunodepletion of EBV DNA Polymerase by mAb 55H3.

Immunodepletion studies further showed the ability of mAb
55H3 to inhibit DNA polymerase activity in the in vitro assay.
The partially purified EBV DNA polymerase preparation was
pretreated with BSA, mouse serum, mouse myeloma ascites,
or mAb 55H3. Immune complexes were removed with pro-
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FIG. 3. Dose-dependent neutralization of purified EBV-encoded
DNA polymerase by mAb 55H3 (MAb). Neutralization assays were
done as described by using purified DNA polymerase (4.4 units per
assay). Amount of protein in each test serum and BSA were adjusted
so that equivalent amounts of protein were used in each assay (12-15
mg/ml). A, BSA; o, mouse serum; o, mouse ascites; and A, mAb
55H3.
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tein A-Sepharose. The preparations were then assayed for
residual DNA polymerase activity. At equivalent protein
concentrations, mAb 55H3 significantly reduced DNA poly-
merase activity, and the reduction was dose-dependent (Ta-
ble 2).

Neutralization of Various DNA Polymerases by mAb 55H3.
Recent studies demonstrated that various DNA polymerases
from both prokaryotic and eukaryotic organisms exhibit
extensive amino acid homology and have highly conserved
functional domains (27-33). To determine whether mAb
55H3 could neutralize DNA polymerases from various orga-
nisms, neutralization studies were done with purified T4
DNA polymerase (Fig. 2), E. coli DNA polymerase 1 (Kle-
now fragment), AMV reverse transcriptase, and the DNA
polymerases from crude cell extracts of cells infected with
HSV-1 and HSV-2, HCMV, and HHV6 (Table 3). mAb 55H3
inhibited the DNA polymerase activity in cell extracts from
cells infected with HCMV and HHV6; similarly, mAb 55H3
inhibited T4 DNA polymerase activity. The inhibition of
these DNA polymerase activities by mAb 55H3 depended on
the amount of antibody used. mAb 55H3 did not neutralize
activities of AMV reverse transcriptase or E. coli DNA
polymerase, and it did not inhibit'the DNA polymerase
activities in cells infected with HSV types 1 or 2. The lack of
neutralizing activity to HSV-1 and HSV-2 DNA polymerases
was not from hydrolysis of the antibody in the crude cell
extracts because similar results were seen with partially
purified enzymes (data not shown).

DISCUSSION
Studies have demonstrated that strain differences exist
among isolates ofEBV (34, 35). However, the importance of
these strain differences in virus replication and in the ability
ofEBV to cause disease is unknown. Because mAb 55H3 was
produced using phorbol 12-myristate 13-acetate-induced
B95-8 cells (21), our initial approach was to determine (i)
whether mAb 55H3 could neutralize activity of the EBV-
encoded DNA polymerase induced in various EBV genome-
positive producer cell lines and (ii) whether the neutralization
activity was due to immunoglobulin (IgG) rather than to some
nonspecific inhibitor present in ascites fluid; these were
established positively in an earlier study (21).
The data presented here suggest that mAb 55H3 specifi-

cally neutralizes DNA polymerase activity induced by sev-
eral herpesviruses and by T4 by its ability to recognize a
common epitope on these polypeptides. This premise is
supported by the data showing that mAb 55H3 neutralized
the purified T4 DNA polymerase. Although we have not
identified this epitope, analysis of sequence'data of the five
functional domains common to the herpesviruses and T4
indicate that EBV, HCMV, and T4, but not HSV, contain an
arginine residue at the 3' end of domain IV, the domain
proposed to be involved with DNA primase interaction. If
this is the epitope recognized by mAb 55H3, it could explain

Table 2. Dose-dependent immunodepletion of purified EBV
DNA polymerase

Protein DNA polymerase activity, units*
added, Protein A Mouse Mouse mAb

,ug BSA + BSA sera ascites 55H3

15 593 1 486 16 534 ± 17 419 ± 1 310 ± 1
30 546 18 447 2 545± 1 712 ± 1 201 ± 1
60 554 1 457 1 399 ± 1 560 ± 29 58 ± 1
120 757 1 518 6 279 34 493 ± 12 10 ± 1

Table 3. Neutralization of DNA polymerases and reverse
transcriptase activity by mAb 55H3

Enzyme Polymerase activity* Activity
source BSA 55H3 remaining, %

HSV-1 2.65 ± 0.72 2.05 ± 0.54 77.4t
HSV-2 4.05 ± 0.46 3.43 ± 0.72 84.7t
HCMV 4.25 ± 0.53 1.04 ± 0.24 24.5
HHV6 0.17 ± 0.03 0.03 ± 0.01 17.6
T4 31.35 ± 2.31 10.04 ± 1.64 32.0
E. coli 4.21 ± 0.14 4.20 ± 0.12 99.8
AMV 74.49 ± 6.58 63.78 ± 4.81 85.6t
*nmol of dTTP incorporated per hr per ml. Values represent the
average of at least two determinations ± SD.
tThe level of neutralization did not significantly differ from that seen
by using mouse IgG or myeloma ascites (data not shown).

how this mAb neutralizes DNA polymerase activity of
HCMV, EBV, HHV6, and T4, but not of HSV. However,
regardless of the epitope recognized by mAb 55H3, these
data support the hypothesis that T4 and certain animal virus
DNA polymerases are evolutionarily related (27-33).

Several antigen complexes have been identified in EBV-
infected cells. The EA complex, which is induced in cells
undergoing abortive or permissive replication of EBV, is
composed of a diffuse component and a restrictive compo-
nent (36). The EA complex has been of interest because
elevated antibody titers to this complex are found in patients
with EBV-associated diseases (7-11), and recent studies have
demonstrated that EBV DNA polymerase activity is associ-
ated with part of the diffuse component ofEA (15). Attempts
to purify EBV DNA polymerase from chemically induced
HR-1 and Raji cells have shown that at least four polypep-
tides with molecular masses of 110, 100, 55, and 49 kDa are
associated with this activity (14, 15). The 110-kDa polypep-
tide is thought to represent the catalytic portion of the DNA
polymerase (14), based upon sequence data of the B95-8
virus, although recent studies have shown that the 55- and
49-kDa polypeptides are also required for activity (15, 37).
Our results demonstrate that the predominant polypeptide in
our partially purified DNA polymerase preparation has a
molecular mass of -85 kDa, and a polypeptide of this
molecular mass reacted with mAb 55H3 in crude extracts.
This fact suggests that this 85-kDa polypeptide may be EBV
DNA polymerase. At present, however, we do not know
whether the apparent discrepancy in the molecular mass of
the polymerase is related to a host modification (reflecting
differences in expression in cotton-top tamarin and human
cells) or from the breakdown of the DNA polymerase poly-
peptide during our purification procedures. We view the
latter possibility unlikely because protease inhibitors were in
all the buffers used in the purification protocol and because
the preparation retains DNA polymerase activity. However,
results of this study suggest that mAb 55H3 could be useful
for examining evolutionary relationships between the herpes-
viruses and other eukaryotic and prokaryotic viruses, for
determining how other polypeptides necessary for EBV
replication interact with the EBV DNA polymerase, and in
determining the role(s) of these polypeptides in diseases
associated with EBV.
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