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Epstein-Barr virus (EBV) nuclear antigen 1 (EBNA-1) is required in frans to support replication of the EBV
genome once per cell cycle via the latent origin of replication, oriP. EBNA-1 can also activate transcription on
binding to the family of repeats of oriP to enhance some heterologous as well as native EBV promoters. We have
made and screened derivatives of EBNA-1 for the ability to act as inhibitors of wild-type EBNA-1. These
derivatives lack the linking or the retention functions of EBNA-1 and were analyzed for the residual ability to
activate transcription and replication. We have identified derivatives of EBNA-1 that can inhibit up to 98% of
wild-type EBNA-1’s activities. We have also identified one derivative of EBNA-1 with only two of EBNA-1’s
three linking domains which can support transcription and replication inefficiently.

Epstein-Barr virus (EBV) usually maintains its genome as a
plasmid in cells that it infects. It contributes only one protein,
EBV nuclear antigen 1 (EBNA-1), to its plasmid replication
(26, 36, 48); the host cell provides all other replication machin-
ery. EBNA-1 is a site-specific DNA-binding protein which
binds to clusters of sites in EBV that together constitute the
viral plasmid origin of replication, oriP. Purified EBNA-1 lacks
detectable enzymatic functions such as a DNA-dependent
ATPase or a helicase (13, 29) which are intrinsic to other viral
origin-binding, replication proteins such as E1 of bovine pap-
illomavirus type 1 or T antigen of simian virus 40. It is there-
fore not clear what EBNA-1 does to support replication of
oriP-containing DNAs. EBNA-1 has additional functions; it
can activate transcription from some heterologous and native
EBYV promoters when multiple EBNA-1 binding sites are po-
sitioned within 10 kbp of these promoters (15, 37, 45). EBNA-1
also retains DNAs to which it binds specifically in cells, as
assayed by prolongation of detection of those DNAs within the
proliferating cells (23, 30). However, EBNA-1’s DNA binding
domain (in the presence of the EBNA-1 nuclear localization
signal [NLS]) is insufficient for this activity (30). EBNA-1 re-
tains both replicating and nonreplicating DNAs in cells as
measured in these assays.

EBNA-1 associates multiple DNAs in vitro, to which it binds
specifically, apparently through protein-protein binding (12,
16, 27, 29, 43). When the sites bound are intramolecular, this
function is termed DNA looping; when they are intermolecular
or unspecified, this function is termed DNA linking. What this
additional function of EBNA-1 might contribute to its support
of plasmid replication is unknown. EBNA-1’s ability to link
DNAs to which it specifically binds (16, 27, 43) has been
mapped to three regions (amino acids [aa] 54 to 89, 331 to 361,
and 372 to 391) in addition to its DNA binding domain. These
three regions, when fused to the DNA binding domain of
Gal4, can each independently mediate linking of DNAs con-
taining Gal4 binding sites (27).

Previous mutational studies of EBNA-1 have identified sev-
eral regions of the protein that contribute to replication and
activation of transcription (1, 32, 33, 47). Deletion of all but 15
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amino acids of the Gly-Gly-Ala repeats, which comprise resi-
dues 90 to 328 of EBNA-1, does not affect EBNA-1’s ability to
activate transcription or replication (47, 48). However, dele-
tions within the DNA binding domain of EBNA-1 that abro-
gate EBNA-1’s ability to bind to DNA inactivate the protein,
indicating that EBNA-1 must bind to DNA to activate tran-
scription and replication. Small deletions are often tolerated
throughout much of the rest of the protein, but larger deletions
or combinations of small deletions generally serve to inactivate
the protein (1, 32, 33, 47). We have generated derivatives of
EBNA-1 (Fig. 1A) which lack one or more large domains of
the protein shown to contribute to transcription, DNA reten-
tion, and DNA linking and have tested them for their functions
as dominant-negative mutants. These derivatives have also
been tested for the residual ability to support plasmid replica-
tion and activate transcription.

We identified derivatives of EBNA-1 that function as effi-
cient dominant-negative mutants of EBNA-1; those that are
the most efficient inhibitors of transcription and replication
bind to DNA but lack the retention and linking functions of
EBNA-1. We have also identified one derivative of EBNA-1
that retains two of its three linking domains, NA330-641, that
activates transcription and replication 4 to 23% as efficiently as
does wild-type EBNA-1. These findings correlate EBNA-1’s
replicational with its transcriptional activities.

MATERIALS AND METHODS

Plasmids. The plasmids used in these experiments (Fig. 1) include the follow-
ing: vector DNA encoding the hygromycin B phosphotransferase gene; effector
DNA encoding the hygromycin B phosphotransferase gene and wild-type
EBNA-1 (aa 1 to 641 of EBNA-1 of the B95-8 strain of EBV [28]) expressed
from the cytomegalovirus (CMV) immediate-early promoter; effector DNA en-
coding the hygromycin B phosphotransferase gene and a derivative of EBNA-1
expressed from the CMV immediate-early promoter containing the untranslated
region of exon 1 of the CMV immediate-early gene, i.c., NA450-641 (aa 379 to
386 and 451 to 641 of EBNA-1 [30]), NA330-641 (aa 331 to 641 of EBNA-1),
NA450-618, (aa 379 to 386 and 451 to 618 of EBNA-1), or NA450-458,483-641
(aa 379 to 386 and 451 to 458 fused in frame to aa 483 to 641 of EBNA-1);
reporter plasmids FR-TK-Luc (29), oriP-BamHI C-Luc (wild-type aminoglyco-
side phosphotransferase II gene, derived from oriP-BamHI C-CAT [45]), and
DS-BamHI C-Luc (wild-type aminoglycoside phosphotransferase II gene, gen-
erated by substituting yeast DNA for the family of repeats [FR] between Sphl
and Mlul in oriP-BamHI C-Luc); and control plasmids for replication assays
(competitor [no oriP, 220-bp deletion between the BsaAl and Mscl sites within
the aminoglycoside phosphotransferase II gene] and oriP-minus [no oriP, 232-bp
insertion of $X DNA at the MscI site within the aminoglycoside phosphotrans-
ferase II gene]).

Cell lines. The cell lines used for the transient transcription assays include
DG75, an EBV-negative Burkitt’s lymphoma cell line (4), and 143B, an EBV-
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FIG. 1. Derivatives of EBNA-1 and reporter constructs. (A) Schematic representation of wild-type EBNA-1 and derivatives of EBNA-1. The Gly-Gly-Ala repeats,
the EBNA-1 NLS, the linking domains (16, 27), and the DNA binding and dimerization domain of wild-type EBNA-1 (5) are indicated. The three helices (H1, H2,
and H3) and the proline-rich loop (P) within the flanking and core region of the DNA binding and dimerization domain are noted (3, 5). Derivatives of EBNA-1,
NA330-641, NA450-641 (30), NA450-618, and NA450-458,483-641, contain the EBNA-1 NLS (aa 379 to 386) at the amino terminus. The nomenclature indicates that
the N terminus of EBNA-1 has been deleted through the amino acids noted in these derivatives, and the amino acids of EBNA-1 present in addition to the NLS are
indicated. For example, NA450-641 contains the NLS of EBNA-1 and aa 451 to 641 of EBNA-1. (B) Maps of reporter constructs for transcription and replication assays
and control constructs used for the quantitative PCR assay. FR-TK-Luc contains the FR immediately upstream of the HSV type 1 TK promoter driving luciferase (29).
oriP-BamHI C-Luc contains oriP in its natural context in EBV DNA relative to the BarnHI C promoter driving luciferase and contains the wild-type aminoglycoside
phosphotransferase II gene (10) encoding drug resistance to G418. DS-BamHI C-Luc is equivalent to oriP-BamHI C-Luc except that it lacks the FR of oriP. oriP-minus
lacks oriP and contains a 232-bp insertion at the MscI site within the G418 resistance gene. Competitor lacks oriP and contains a 220-bp deletion between the BsaAl
and MscI sites within the G418 resistance gene. Arrows above the derivatives of the G418 resistance genes within each construct indicate the primer binding sites used
for the quantitative PCR assay. The sizes of amplified fragments generated for each construct are noted at the right.

negative human osteosarcoma cell line (2). DG75 cells were grown in RPMI 1640 143B, 143/EBNA-1 (28), 143/NA450-641 (30), 143/NA330-641, and 143/NA450-

containing 10% calf serum, streptomycin sulfate (0.2 mg/ml), and penicillin G 618. These 143-derived cell lines that stably express a derivative of EBNA-1 and
potassium (200 U/ml), and 143B cells were grown in Dulbecco’s modified Eagle’s hygromycin B phosphotransferase (17, 44) conferring resistance to hygromycin
medium-high glucose (DMEM-HG) containing 10% calf serum, streptomycin were grown in DMEM-HG containing 10% calf serum, streptomycin sulfate (0.2
sulfate (0.2 mg/ml), and penicillin G potassium (200 U/ml). mg/ml), penicillin G potassium (200 U/ml), and hygromycin (150 wg/ml).

The cell lines used and generated for the short-term replication assays include The cell lines generated in this study for use in the long-term replication assays
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include several clones of 143/EBNA-1/oriP-BamHI C-Luc and one clone of
143/NA330-641/oriP-BamHI C-Luc. The 143/EBNA-1-derived cell lines that also
maintain oriP-BamHI C-Luc plasmids were grown as described above except for
drug selection. G418 (600 p.g/ml) was used instead of hygromycin for selection of
clonal cell lines after the introduction of plasmids that confer resistance to G418
via the aminoglycoside phosphotransferase II gene (10) (see below).

Luciferase assays. For transient transcription assays where activation of tran-
scription from the FR-TK-Luc reporter was measured in DG75 cells, 0.5 pg of
FR-TK-Luc reporter, 2.5 ng effector, and 2.5 pg of vector (5 pg for vector alone)
were electroporated per 5 X 10° cells per 0.5 ml of RPMI-10% calf serum-0.05
M HEPES (pH 7.4). Electroporation was performed by using previously estab-
lished conditions (using a rise time of 800 ns, a voltage peak of 820 V, and a fall
time of 31 ms) (22). When inhibition of activation of transcription was measured,
0.5 pg of FR-TK-Luc reporter and 2.5 pg of each effector (5 pg for vector alone)
were electroporated per 5 X 10° cells as described above. When activation of
transcription from the oriP-BamHI C-Luc reporter was measured in DG75 cells,
0.5 wg of oriP-BamHI C-Luc reporter, 2.5 pg of effector, and 2.5 pg of vector (5
g for vector alone) were electroporated into 5 X 10° cells as described above.
When inhibition of transcription from the oriP-BamHI C-Luc reporter was
measured in DG75 cells, 0.5 g of reporter and 2.5 ug of each effector (5 pg for
vector alone) were electroporated into 5 X 10° cells as described above.

For transient transcription assays where either activation or inhibition of
activation of transcription from the FR-TK-Luc reporter was measured in 143B
cells, either 0.5 pg of FR-TK-Luc reporter and 2.5 pg of effector or 0.5 pg of
FR-TK-Luc reporter and 2.5 pg of effector (5 pg for vector alone) were elec-
troporated into 5 X 10° cells per 0.5 ml of DMEM-HG-10% calf serum-0.05 M
HEPES (pH 7.4). Electroporation was performed by using previously established
conditions (using a rise time of 800 ns, a voltage peak of 1,020 V, and a fall time
of 25 ms) (22). When activation of transcription from the oriP-BamHI C-Luc
reporter was measured in 143B cells, 10 wg of oriP-BamHI C-Luc reporter and
10 pg of effector were electroporated into 5 X 10° cells as described above. When
inhibition of transcription from the oriP-BamHI C-Luc reporter was measured in
143B cells, 5 pg of reporter and 10 pg of effector (15 wg for vector alone) were
electroporated into 5 X 10° cells as described above.

After the introduction of DNA, cells were plated in either RPMI-10% calf
serum (DG75 cells) or DMEM-HG-10% calf serum (143B cells). Cells were
harvested at 48 h, counted, and lysed at a concentration of 10° cells/ul in reporter
lysis buffer, and luciferase assays (6) were performed as instructed by the man-
ufacturer of the luciferase assay system (Promega), using a luminometer (Mono-
light 2010; Analytical Luminescence Laboratory). The data from the luciferase
assays were analyzed by the Wilcoxon rank sum test (19).

Protein expression. Expression of each derivative of EBNA-1 was confirmed
for the transient transcription and replication assays. The protein expression
levels of the cell lines that stably express either wild-type EBNA-1 or various
derivatives of EBNA-1 (143/EBNA-1, 143/NA330-641, 143/NA450-641, and 143/
NA450-618) used in the short-term replication assays were quantified by a mod-
ified quantitative Western blot assay (7). On each gel, 0.3, 1.2, 3, 12, and 30 ng
of an affinity-purified, bacterially expressed derivative of EBNA-1, NA407-641
(previously referred to as NA407) (27), and two dilutions of each cell line (2 X
10* to 4 X 10° cell equivalents) were loaded. (The concentration of NA407-641
was measured by comparison with known standards on Coomassie blue-stained
gels.) Samples were run on a 10% polyacrylamide gel and transferred to nitro-
cellulose. The primary antibody used in this analysis was a 1:500 dilution of an
affinity-purified polyclonal rabbit, anti-cro-EBNA-1-Bgal, which includes resi-
dues 7 to 37 and 420 to 617 of EBNA-1 (42). The secondary antibody, 3*S-donkey
anti-rabbit immunoglobulin G from Amersham, was used at a concentration of
0.1 pCi/ml in BLOTTO (1X phosphate-buffered saline, 1% nonfat dry milk,
0.05% Tween 20). Blots were quantified with a PhosphorImager (Molecular
Dynamics), and protein expression levels were calculated by interpolating results
from a graph plotting PhosphorImager units versus nanograms of NA407-641.

Long-term replication assays. For each cell line tested, 143/EBNA-1 and
143/NA330-641, 10 pg of oriP-BamHI C-Luc DNA was electroporated into an
aliquot of 107 cells as described above. After 48 h, cells were plated at 107, 103,
10%, 10, and 10° cells per 150- by 25-mm plate, and selection with 600 g of G418
per ml was introduced. One to eight drug-resistant clones of each cell type were
picked from the plates after 14 to 21 days and expanded for further analysis (20).
The average number of copies of oriP-BamHI C-Luc DNA maintained in these
clones was determined by the quantitative PCR assay (see below) or by Southern
blotting (21, 40). The remaining colonies on the plates were fixed with 3.7%
formaldehyde for 10 min, stained for 5 min with 0.14% methylene blue in
ethanol, and counted to determine the efficiency of colony formation (21).

Quantitative PCR assay. (i) Introduction of DNA into 143 cells. A total of 2 X
107 143B cells, or derived cell lines, were resuspended in 1 ml of DMEM-HG-
10% calf serum-50 mM HEPES (pH 7.4 to 7.6). Ten micrograms of each DNA
(oriP-BamHI C-Luc or DS-BamHI C-Luc, oriP-minus, and a derivative of
EBNA-1 or vector) was electroporated into 107 143 cells/0.5 ml of DMEM-HG-
10% calf serum-0.05 M HEPES (pH 7.4) as described above. One electropo-
rated sample was plated per 150- by 25-mm plate in 20 ml of DMEM-HG-10%
calf serum for 94 to 98 h. Samples were then harvested by the Hirt extraction
procedure (18). The supernatant was transferred to a fresh tube and incubated
for 2 h at 50°C with RNase A (100 wg/ml, final concentration) and subsequently
incubated for 2 h at 45°C with proteinase K (200 pg/ml, final concentration).
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Samples were extracted with phenol, chloroform, and ether. DNA was ethanol
precipitated, and samples were resuspended in 1X TE (10 mM Tris-HCI, 1 mM
EDTA [pH 7.4]) and subsequently digested with BarnHI to linearize the plasmid
DNA and with Dpnl to digest any nonmethylated, or unreplicated, DNA. Sam-
ples were extracted with phenol-chloroform and chloroform. DNA was ethanol
precipitated, and samples were resuspended in 1X TE to 10° cell equivalents/ul.

(ii) Generation of competitor DNA. Twenty micrograms of competitor DNA
was linearized with BamHI. Samples were extracted once each with an equal
volume of phenol-chloroform and an equal volume of chloroform. Five molar
ammonium acetate was added to give a final concentration of 0.3 M, and DNA
was precipitated with the addition of 2.5 volumes of 100% ethanol. Competitor
DNA was resuspended in 1X TE, and its concentration was determined with a
Hoescht dye assay (24).

(iii) PCR assay. The following assay is a modification of the quantitative PCR
assays described by Piatak et al. (31) and Casella (7). Five PCRs were performed
per sample, using increasing amounts of competitor DNA per reaction (five of
the six following amounts per sample: 0.025 pg [corresponding to approximately
4.9 X 10° molecules of competitor DNA], 0.10 pg [2.0 X 10* molecules], 0.40 pg
[7.9 % 10* molecules], 1.6 pg [3.2 X 10° molecules], 6.4 pg [1.3 X 10° molecules],
and 26 pg [5.0 X 10° molecules]); 1 pl of sample DNA (10° cell equivalents) and
89 pl of reaction mix were added to each tube and mixed (giving a final amount
of 0.2 mM each deoxynucleoside triphosphate, 0.2 pM each primer, 0.05 to 0.1
uCi of [**P]dCTP, and 2.5 U of Taq polymerase [Boehringer] per PCR). The
100-pl total reaction volume was overlaid with 70 pl of mineral oil in 500-pl
GeneAmp tubes (Perkin-Elmer). DNA was amplified by using a Thermocycler
480 (Perkin-Elmer) under the following conditions: 94°C for 5 min; 94°C for 30's,
55°C for 30 s, and 72°C for 1 or 2 min, 25 to 30 cycles; 72°C for 10 min; and 4°C
hold. Upon completion of the PCR, the mineral oil was removed by extraction
with 2 volumes of chloroform. Amplified products were then transferred to a
screw-cap tube, ethanol precipitated as described above to remove the majority
of the unincorporated [*?P]JdCTP, and resuspended in 100 pl of TE. Then 15 pl
of the PCR mix from each sample was loaded on a 1.5% agarose gel, and the gel
was electrophoresed in 1X TBE (0.9 M Tris-borate, 1 mM EDTA) overnight at
40 V. The gel was then fixed in 10% ethanol-10% acetic acid for 30 min and
dried, and data were analyzed with a PhosphorImager (Molecular Dynamics).

The primers used in the PCRs included 5’CGCTTAACAGCGTCAACAGC
GTGCC3’, which lies in the herpes simplex virus (HSV) thymidine kinase (TK)
promoter region, and 5’ACGATTCCGAAGCCCAACCTTTCA3’, which lies in
the 3’ nontranscribed region of the G418 resistance gene. The sizes of the
amplified products generated by using these primers are 742 bp for competitor
DNA, 964 bp for oriP-BamHI C-Luc DNA or DS-BamHI C-Luc DNA, and 1,197
bp for oriP-minus DNA.

(iv) Data analysis. The primers used in the quantitative PCR assay allow the
simultaneous amplification of the competitor DNA, the sample DNA, and the
oriP-minus DNA. When the number of templates of competitor DNA is equal to
the number of templates of sample DNA, the two are amplified with equal
efficiency.

For data analysis, log (molecules of competitor) versus log [PhosphorImager
units of competitor/(PhosphorImager units of oriP-BamHI C-Luc X 1/1.31)] was
plotted, and the number of Dpnl-resistant molecules per 10° cell equivalents of
sample was determined from the inverse log of the intercept. That is, when the
counts of competitor equals counts of oriP-BamHI C-Luc corrected for the
number of dCTPs in the amplified template, the log of 1/1 equals 0. {The ratios
of dCTPs per double-stranded template used to correct for signal by incorpora-
tion of [*>P]dCTP is 435/435, or 1, for competitor DNA [435 dCTPs per double-
stranded template], 569/435, or 1.31, for sample DNA [oriP-BamHI C-Luc or
DS-BamHI C-Luc, 569 dCTPs per double-stranded template], and 677/435, or
1.56, for oriP-minus DNA [677 dCTPs per double-stranded template]. To ensure
that the Dpnl digestions had gone to completion, the graph log (molecules
competitor) versus log [counts of competitor/(counts of oriP-minus X 1/1.56)]
was also plotted and analyzed accordingly.} Therefore, the inverse log of the
intercept equals the number of Dpnl-resistant molecules in the sample per 10°
cell equivalents, assuming 100% transfection efficiency. The data presented in
this report were corrected for the actual transfection efficiency of each cell line
used (see below). The data from the replication experiments were analyzed by
the Wilcoxon rank sum test (19).

(v) Validation of the quantitative PCR assay. The ability of the quantitative
PCR assay to measure accurately the level of Dpnl-resistant DNA in the samples
tested was validated by independent measurements of identical samples of Dpnl-
resistant DNA by Southern analysis. The level of replication measured by the
quantitative PCR assay was within approximately twofold of the level measured
by Southern analysis for both EBNA-1-positive cell lines that stably maintained
plasmids containing oriP and 143B cells that transiently expressed NA330-641
and replicated oriP-BamHI C-Luc (data not shown). The quantitative PCR assay
was also validated by comparing known amounts of CsCl-purified oriP-BamHI
C-Luc DNA or oriP-minus DNA against known amounts of CsCl-purified com-
petitor DNA in the presence of 10° cell equivalents of Hirt extracts from 143B
cells. The amount of DNAs present as measured by quantitative PCR was
consistent with the concentration of DNA present in the original stocks as
measured by Hoescht dye assay. This measurement indicates that all templates
used in the assay are amplified with similar efficiencies under the conditions
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tested (data not shown). The data conformed to theoretical requirements for
linearity (34).

Transfection efficiency of 143-derived cell lines. To determine the transfection
efficiency of each cell line used in the short-term replication analysis, 20 pg of
plasmid CMV-Bgal (formerly known as EQ176; contains the B-galactosidase
[B-Gal] gene driven by the CMV promoter [39]) was electroporated into 107
143B cells or derivative cell lines per 0.5 ml of DMEM-HG-10% calf serum-0.05
M HEPES (pH 7.4) under the electroporation conditions described above. Cells
were plated in DMEM-HG-10% calf serum for 24 h. At that time, cells were
counted and replated at 10° and 5 X 10° cells per 60-mm-diameter gridded dish.
At 48 h, cells were fixed with 2 ml of 1% glutaraldehyde-100 mM NaPO, (pH
7.0)-1 mM MgCl, for 15 min. Cells were rinsed with phosphate-buffered saline
and incubated in 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal)
cleavage buffer [10 mM NaPO, (pH 7.0), 150 mM MgCl,, 3.3 mM
K, Fe(CN)3H,0, 3.3 mM K;Fe(CN),, 0.2% X-Gal] for 24 h to detect B-Gal
expression (25). All blue and white cells were counted in each of 10 squares for
each replicate of each sample, and the results for the B-Gal assay (percent blue
cells) are reported as the transfection efficiency of each cell line.

The transfection efficiencies (means = standard deviations) for the cell lines
used in the replication studies using quantitative PCR are as follows: 143B cells,
15 = 5.6%, n = 3; 143/EBNA-1 cells, 39 = 9.0%, n = 3; 143/NA330-641 cells,
9.6 £ 1.9%, n = 3; 143/NA450-641 cells, 20 = 5.2%, n = 4; 143/NA450-618 cells,
7.6 £ 1.4%,n = 4; and DG75 cells, 7.1 = 5.7%, n = 8. Transfection efficiencies
were also remeasured and reconfirmed throughout the course of the replication
experiments.

RESULTS

Experimental approach. We screened derivatives of
EBNA-1 for the ability to inhibit functions of wild-type
EBNA-1. Because these derivatives obviously might retain
some of wild-type EBNA-1’s functions, they were first tested
for the intrinsic ability to support transcription and replication.
The derivatives of EBNA-1 were tested in short-term assays in
which vectors expressing the derivatives (effectors) were intro-
duced into cells along with reporter DNAs and the resulting
transcription or replication was measured 48 or 96 h later.
They were also tested in short- or long-term replication exper-
iments in which the derivatives of EBNA-1 were expressed
constitutively in the recipient cells such that the level of the
expression of the derivative was known. Appropriate reporter
DNAs were introduced into these recipient cells, and the re-
sulting replication was measured both at 96 h and 4 or more
weeks later. The derivatives were assayed for their inhibition of
wild-type functions in parallel assays.

Activation of transcription of heterologous and native EBV
promoters by derivatives of EBNA-1. Derivatives of EBNA-1
(Fig. 1A) were tested for the ability to activate transcription
from either a heterologous promoter, the HSV TK promoter,
or a native EBV promoter, the BamHI C promoter (Fig. 1B),
by measuring luciferase activity at 48 h following transfection
of both DG75 cells and 143B cells (Table 1). NA450-641 and
NA450-618, which lacked all three linking domains of EBNA-1
but maintained the ability to bind to DNA, did not activate
transcription relative to vector alone (P = 0.24). These deriv-
atives activated neither the HSV TK promoter juxtaposed to
the FR nor the BamHI C promoter in its natural context
downstream of oriP in either DG75 or 143B cells (Table 1). A
related derivative of EBNA-1 with a different NLS and an
epitope tag was previously reported to activate transcription
from FR-TK-CAT in a third cell line (1). Our findings indicate
that the activation domain identified within this derivative is
not sufficient to mediate activation of transcription of nearby
promoters under the conditions tested. A third mutant that we
analyzed, NA330-641, which can link DNAs with specific bind-
ing sites for EBNA-1 in vitro (27) and contains two of the three
linking domains of EBNA-1, activates transcription ineffi-
ciently from the BamHI C promoter via oriP in both DG75 and
143B cells (P = 0.018) relative to vector alone (Table 1). This
weak ability of NA330-641 to activate transcription from the
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TABLE 1. Activation of transcription by EBNA-1 and
three of its derivatives

Relative fold transactivation®

Eff DG75 cells 143B cells
ector

oriP-BamHI oriP-BamHI

FR-TK-Luc C-Luc FR-TK-Luc C-Luc

Vector 1 1% 1 1
EBNA-1 28 = 9.9¢ 17 = 18° 1124 56 = 13
NA330-641 2.6 = 0.87 4.7 2.7 1.4 +0.35 51x27
NA450-641 25+ 1.7 25*20 21*1.6 25*+24
NA450-618 3.6 42 18+14 1.3 +0.34 2117

“ Four electroporations were pooled in pairs and plated in either RPMI-10%
calf serum or DMEM-HG-10% calf serum for 48 h for DG75 or 143B cells,
respectively, prior to performance of luciferase assays. The average of the pairs
of these samples represents one experiment. Data, measured as relative light
units of luciferase activity, are expressed as fold transactivation relative to that of
vector alone, which has been set to 1 (= 10,143 = 8,254, 3,555 + 1,279, 1,931 =
895, and 5,351 = 199 relative light units for FR-TK-Luc and oriP-BamHI C-Luc
in DG75 cells and FR-TK-Luc and oriP-BamHI C-Luc in 143B cells, respective-
ly). Data presented represent averages of three experiments * standard devia-
tions unless otherwise indicated.

b Data from part of the experiment included in Table 2 for oriP-BamHI C-Luc
in DG75 cells. See Materials and Methods.

¢ Average * standard deviation of two experiments.

less complex FR-TK promoter was not observed (see Discus-
sion).

Derivatives of EBNA-1 inhibit transcription by EBNA-1. To
determine whether derivatives of EBNA-1 could inhibit tran-
scription activated by wild-type EBNA-1, we introduced to-
gether plasmids expressing wild-type EBNA-1, a derivative of
EBNA-1, and either oriP-BamHI C-Luc or FR-TK-Luc into
143B or DG75 cells (Table 2). Two derivatives of EBNA-1,
NA450-641 and NA450-618, that could not activate transcrip-
tion (Table 1) were efficient inhibitors of transcription by wild-
type EBNA-1. NA450-641 could inhibit wild-type EBNA-1’s
ability to activate transcription from the oriP-BamHI C-Luc
reporter by approximately 81 and 84% in DG75 and 143B cells,
respectively, and the FR-TK-Luc reporter by approximately 97
and 86% in DG75 and 143B cells, respectively. NA450-618 was
also able to inhibit transcription from the oriP-BamHI C-Luc

TABLE 2. Derivatives of EBNA-1 function as dominant-negative
inhibitors of transcription by EBNA-1

Relative fold transactivation®

Effector DG75 cells 143B cells
oriP-BamHI oriP-BamHI
FR-TK-Luc C-Luc FR-TK-Luc CoLuc

Vector 1 1v 1 1
EBNA-1, Vector 41 =25 17 + 18 16 + 8.3 31 +20
EBNA-1, NA330-641 29 +1.2 17+ 12 34x1.6 18 =12
EBNA-1, NA450-641 1.1 +0.60 32=*=13 23067 49=*15
EBNA-1, NA450-618 0.94 =0.17 24 +=0.65 11*x046 2912

“ Four electroporations were pooled in pairs and plated in either RPMI-10%
calf serum or DMEM-HG-10% calf serum for 48 h for DG75 or 143B cells,
respectively, prior to performance of luciferase assays. The average of the pairs
of these samples represents one experiment. Data, measured as relative light
units of luciferase activity, are expressed as fold transactivation relative to vector
alone, which has been set to 1 (= 10,748 = 7,571, 3,555 * 1,279, 1,892 * 791, and
1,268 =+ 803 relative light units for FR-TK-Luc and oriP-BamHI C-Luc in DG75
cells and FR-TK-Luc and oriP-BamHI C-Luc in 143B cells, respectively). Data
presented represent averages of three experiments = standard deviations.

® Data from part of the experiment included in Table 1 for oriP-BamHI C-Luc
in DGT75 cells. See Materials and Methods.
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reporter by approximately 96 and 91% in DG75 and 143B cells,
respectively, and from the FR-TK-Luc reporter by approxi-
mately 98 and 93% in DG75 and 143B cells, respectively.
NA330-641, which did not activate FR-TK-Luc but did activate
oriP-BamHI C-Luc inefficiently, did inhibit wild-type EBNA-
1’s activation of FR-TK-Luc but not that of oriP-BamHI C-Luc
(Table 2). This promoter-dependent, dominant-negative phe-
notype of NA330-641 may reflect its residual transcriptional
activation functions. The BamHI C promoter is more complex
than the FR-TK promoter and is enhanced by oriP (14), which
can be linked by EBNA-1 (43). NA330-641, which contains two
of the three linking domains of EBNA-1 (unlike NA450-641
and NA450-618), may associate with wild-type EBNA-1 and
with cellular factors that bind to the BammHI C promoter but
not the FR-TK promoter, thereby allowing transcriptional ac-
tivation to occur.

To gauge the level of transient expression of the inhibitors of
EBNA-1 relative to that of wild-type EBNA-1, quantitative
Western blot assays were performed. Lysates of DG75 cells
transfected with 10 pg of effector DNA encoding either wild-
type EBNA-1 or one of the derivatives of EBNA-1, NA330-
641, NA450-641, or NA450-618, were analyzed for levels of
protein expression at 48 h postelectroporation. The levels of
expression of the derivatives were determined by interpolating
from a standard curve of purified, bacterially expressed
NA407-641 (27) included on each blot. The level of protein
expressed for each derivative is given as an average *+ standard
deviation relative to the value for wild-type EBNA-1, which is
set to 1. The levels of expression are as follows: for NA330-641,
0.84 = 0.083, n = 4; for NA450-641, 9.5 £ 7.8, n = 4; and for
NA450-618, 0.36 * 0.13, n = 2. Thus, derivatives of EBNA-1
that are transiently expressed between approximately 40% as
efficiently as wild-type EBNA-1 to approximately 10-fold more
efficiently than wild-type EBNA-1 can function as dominant-
negative inhibitors. Importantly, their levels of inhibition do
not merely reflect their level of expression.

Short-term replication of plasmids containing oriP by de-
rivatives of EBNA-1. Assays for replication were performed in
cell lines engineered to express EBNA-1 and its derivatives.
Quantitative Western blot assays were performed in triplicate
for clonal derivatives of 143B cells that stably express either
wild-type EBNA-1 or one of the derivatives of EBNA-1,
NA330-641, NA450-641, or NA450-618, to analyze levels of
protein expression (Fig. 2 and data not shown). The level of
protein expressed for each cell line is given as an average of
three experiments * standard deviation relative to the value
for wild-type EBNA-1 in 143/EBNA-1 cells, which is set to 1.
The levels of expression are as follows: for 143/NA330-641,
1.4 = 0.65; for 143/NA450-641, 21 * 0.53; and for 143/NA450-
618, 1.5 = 0.51. Thus, derivatives of EBNA-1 are expressed as
efficiently as or more efficiently than wild-type EBNA-1 in each
cell line.

The abilities of derivatives of EBNA-1 to support replication
of an oriP-containing plasmid were then tested in 143B cells
and the 143 cell lines that stably express derivatives of
EBNA-1. At 96 h posttransfection, oriP-BamHI C-Luc was
efficiently replicated in 143/wild-type EBNA-1 cells, whereas
replicated oriP-BamHI C-Luc was not detected in 143B cells
that lacked EBNA-1 (Fig. 3; Tables 3 and 4). The oriP-positive
plasmid replicated in 143/NA330-641 cells to approximately
4% of the level to which it replicated in 143/EBNA-1 cells that
stably express similar levels of wild-type EBNA-1 (Table 3). In
contrast, the internal control plasmid that lacked oriP, oriP-
minus, did not replicate detectably. Neither the oriP-positive
plasmid nor the oriP-negative control plasmid replicated in
143/NA450-641 and 143/NA450-618 cells (Table 3). Although a
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FIG. 2. Stable expression of derivatives of EBNA-1 in 143B cells. (A) Quan-
titative Western blot of 143/NA330-641 and 143/NA450-618 cells. (B) Quantita-
tive Western blot of 143/EBNA-1 and 143/NA450-641 cells. Clonal cell lines were
generated as described in Materials and Methods, and quantitative Western blot
assays were performed in triplicate for each cell line to determine protein
expression levels. A 1:500 dilution of affinity-purified rabbit anti-EBNA-1 which
recognizes primarily the carboxy-terminal third of EBNA-1 was used as the
primary antibody. The secondary antibody was a 0.1-uCi/ml dilution of 3°S-
labeled donkey anti-rabbit immunoglobulin G. Blots were analyzed with a
PhosphorImager (Molecular Dynamics), and protein expression levels were de-
termined by interpolating from a standard curve of purified, bacterially expressed
NA407-641 (27) included on each blot. Positions of molecular weight standards
are noted at the right, migration of proteins is shown at the left, and the amount
of NA407-641 or the number of cell equivalents of lysate is noted above each
lane.

low level of Dpnl-resistant signal from oriP-BamHI C-Luc was
occasionally detected in 143/NA450-641 cells, this signal was
less than the lowest concentration of competitor DNA used, or
less than 1% of the Dpnl-resistant signal from oriP-BamHI
C-Luc detected in 143/EBNA-1 cells.

A transfection assay was used to provide an independent
approach to study replication mediated by derivatives of
EBNA-1. Vectors that express each derivative were introduced
along with oriP-BamHI C-Luc and oriP-minus, and replication
was measured in both 143B cells and DG75 cells. By 96 h
postelectroporation, the oriP-containing plasmid had repli-
cated efficiently in the presence of wild-type EBNA-1, whereas
replication was not detected in 143B cells that lacked EBNA-1
(Fig. 3A; Table 4). The derivatives of EBNA-1, NA450-641 and
NA450-618, which lack all three linking domains but can bind
to DNA, could not support replication of either oriP-BamHI
C-Luc or oriP-minus detectably when expressed transiently in
143B cells (P = 0.5, relative to vector). The derivative NA330-
641 which contains two of the three linking domains of
EBNA-1 did support replication of the oriP-containing plasmid
with approximately 11% of the efficiency of wild-type EBNA-1
in 143B cells (P = 0.05, relative to vector) and approximately
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FIG. 3. Short-term replication of plasmids containing oriP as determined by quantitative PCR. (A) Short-term replication in 143B cells that transiently express
derivatives of EBNA-1. Ten micrograms each of oriP-BamHI C-Luc, oriP-minus DNA, and the indicated vector or effector DNA was introduced by electroporation
into 107 143B cells that transiently express the indicated derivatives of EBNA-1. (B) Inhibition of short-term replication of plasmids containing oriP by derivatives of
EBNA-1 in 143 cells that stably express wild-type EBNA-1. Ten micrograms each of oriP-BamHI C-Luc, oriP-minus DNA, and the indicated vector or effector DNA
was introduced by electroporation into 107 143 cells that stably express wild-type EBNA-1. Low-molecular-weight DNA was isolated at 94 to 98 h; plasmid DNA was
purified by Hirt extraction (18), digested with BamHI and Dpnl, and analyzed by quantitative PCR. Reaction mixtures were separated by electrophoresis on 1.5%
agarose gels, data were collected with a PhosphorImager (Molecular Dynamics), and the amount of replicated DNA was determined as described in Materials and
Methods. The amount of competitor DNA introduced into the PCR is indicated below each lane. No sample was loaded in the lanes labeled with dashes. Standards
for DNA molecular weights are noted at the left, and locations of oriP-minus, oriP-BamHI C-Luc, and competitor DNA are noted at the right.

23% of the efficiency of wild-type EBNA-1 in DG75 cells
(Table 4).

To test if the replication measured in the presence of
NA330-641 has the hallmarks of bona fide oriP-dependent rep-
lication, we studied replication of a replication-defective (38)
plasmid that contains the dyad symmetry element but lacks the
FR of oriP, DS-BamHI C-Luc. If the requirements for repli-
cation in cis mediated by NA330-641 were similar to those of
wild-type EBNA-1, we would predict that neither wild-type
EBNA-1 nor NA330-641 would support replication of this mu-
tant plasmid. Analysis of DS-BamHI C-Luc introduced into
143B cells confirmed that neither wild-type EBNA-1 nor
NA330-641 support replication of this plasmid detectably (un-
published data).

Limited replication of plasmids containing oriP by deriva-
tives of EBNA-1. To determine what fraction of the oriP-con-
taining plasmids that are replicated by 96 h in cells expressing
EBNA-1 are also maintained over time as plasmids, we gen-
erated G418-resistant cell lines that stably maintain oriP-
BamHI C-Luc. We compared the level of oriP-dependent rep-
lication detected at 96 h in the presence of wild-type EBNA-1
to the number of replicated oriP-BamHI C-Luc molecules
maintained in a series of clonal 143/EBNA-1/oriP-BamHI C-
Luc cell lines. In one experiment, replication was measured at
96 h postelectroporation from a single transfection of oriP-

BamHI C-Luc into 143/EBNA-1 cells. This transfection was
performed in parallel with a single transfection of oriP-BamHI
C-Luc into 143/EBNA-1 cells that was used to generate eight
clonal 143/EBNA-1/oriP-BamHI C-Luc cell lines. In this ex-
periment, approximately 17 copies of oriP-BamHI C-Luc were
detected per transfected 143/EBNA-1 cell at 96 h (n = 1), and
41% of this level of oriP-BamHI C-Luc was maintained as
plasmids in clonal 143/EBNA-1/oriP-BamHI C-Luc cell lines
(n = 8) (Table 5). When these data are combined with mea-
surements from three additional transfection experiments of
oriP-BamHI C-Luc into 143/EBNA-1 cells (Table 3) and two
other transfection experiments used to generate independent
clonal 143/EBNA-1/oriP-BamHI C-Luc cell lines, we found
similar results. Approximately 22 + 7.9 replicated copies of
oriP-BamHI C-Luc per cell were detected at 96 h (n = 4), and
50% of this level was measured on average in 13 independent
clonal 143/EBNA-1/oriP-BamHI C-Luc cell lines after 4 to 6
weeks of drug selection (Table 5). These results indicate that in
the presence of wild-type EBNA-1, the majority of the oriP-
containing plasmids that are replicated initially in cells are
maintained as plasmids in those cells that survive selection.
To determine whether NA330-641 supports the replication
of oriP-containing plasmids during prolonged propagation of
the host cells, we attempted to generate clonal cell lines of
143/NA330-641 that maintained oriP-BamHI C-Luc. The effi-
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TABLE 3. NA330-641 supports replication of plasmids containing
oriP with approximately 4% of the efficiency of wild-type EBNA-1
in 143B cells selected to express wild-type EBNA-1
or derivatives of EBNA-1

Relative efficiency of replication®

Cell Line
oriP-BamHI C-Luc oriP-minus
143B <1.4% <1.4°
143/EBNA-1 100 <2.1b
143/NA330-641 3.9+20 <2.1°
143/NA450-641 <1.0° <1.0°
143/NA450-618 <2.7° <2.7*

“ Ten micrograms of each DNA was introduced into 107 cells of each cell line
by electroporation. Low-molecular-weight DNA was isolated at 94 to 98 h, and
the relative amount of Dpnl-resistant plasmids was determined by quantitative
PCR and was corrected for the transfection efficiency of each cell line as de-
scribed in Materials and Methods. The relative efficiency of replication by each
derivative of EBNA-1 is expressed as a percentage of Dpnl-resistant DNA
relative to that replicated by wild-type EBNA-1, which is set to 100% (= 24 + 8.5
copies of Dpnl-resistant DNA per transfected cell). Data represent averages of
three experiments *+ standard deviation (o).

b The level of Dpnl-resistant DNA was less than the lowest amount used for
the competitor DNA and is therefore reported as less than an average of the
lowest amount per transfected cell that could be determined by interpolation
from the competitor DNA curve.

ciency of generating G418-resistant colonies in 143/NA330-641
cells was less than 0.4% of the efficiency of generating G418-
resistant colonies in 143/EBNA-1 cells, after correction for the
difference in transfection efficiencies of the two cell lines (data
not shown; see Materials and Methods). One G418-resistant
143/NA330-641/oriP-BamHI C-Luc cell line was generated and
was found to contain approximately one integrated copy of
oriP-BamHI C-Luc, as measured by quantitative PCR and
Southern analysis (Table 5 and data not shown). Taken to-

TABLE 4. NA330-641 supports replication of plasmids containing
oriP with 11 and 23% of the efficiency of wild-type EBNA-1 in
143B and DG?75 cells, respectively, at 96 h postelectroporation”

Relative efficiency of replication in:

Eff 143B cells DG75 cells
ector

Oﬂ}éﬁzzHI oriP-minus ori]éﬁle:zHI oriP-minus
Vector <20*+10° <20=10"° 69*058 55=0.12
EBNA-1 100 <2.8 100 45+027
NA330-641 11+80 <20+1.0" 28+19 36+ 18
NA450-641 <20+ 1.0° <2.0=1.0° — —
NA450-618 <2.0+1.0° <20=1.0° — —

“ Ten micrograms of each DNA was introduced into 107 143B or DG75 cells
by electroporation. Low-molecular-weight DNA was isolated at 94 to 98 h, and
the relative amount of Dpnl-resistant plasmids was determined by quantitative
PCR and was corrected for transfection efficiency each cell line as described in
Materials and Methods. The relative efficiency of replication by each derivative
of EBNA-1 is expressed as a percentage of Dpnl-resistant DNA relative to that
replicated by wild-type EBNA-1, which is set to 100% (= 50 = 30 and 13 = 0.50
copies of Dpnl-resistant DNA per transfected cell for 143B and DG75 cells,
respectively). Data for 143B cells represent averages of three experiments *
standard deviation (o), one of which is shown in Fig. 3A. Data for DG75 cells
represent an averages of two experiments * standard deviation (o). Residual
Dpnl resistant, oriP-minus DNA was detected in Hirt extracts from DG75 cells
in some experiments. Therefore, the efficiency of replication of oriP-BamHI
C-Luc by NA330-641 is calculated as (28 — 3.6)/(100 — 4.5) = 23% relative to
wild-type EBNA-1. —, not tested.

b The level of Dpnl-resistant DNA was less than the lowest amount used for
the competitor DNA and is therefore reported as less than an average of the
lowest amount per transfected cell that could be determined by interpolation
from the competitor DNA curve.
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TABLE 5. Replication of oriP-BamHI C-Luc by wild-type EBNA-1
or NA330-641 at 94 to 98 h and at 4 to 6 weeks

No. of replicated oriP-BamHI

Expt Cells C-Luc plasmids/cell” No. of
samples
94-98 h 4-6 wk
1 143/EBNA-1 17 —< 1
143/EBNA-1 — 6.9 +3.87 8
2 143/EBNA-1 2+ 7.8 — 4
143/EBNA-1 — 11 =78 13
143/NA330-641 0.94 * 0.488 — 3
143/NA330-641 — 0" 1

“Ten micrograms of each DNA was introduced into 107 143/EBNA-1 or
143/NA330-641 cells by electroporation. Low-molecular-weight DNA was iso-
lated at 94 to 98 h for 143/EBNA-1 and 143/NA330-641 samples or at 4 to 6
weeks after the generation of G418-resistant clonal cell lines for 143/EBNA-1/
oriP-BamHI C-Luc samples. The copy number of plasmids per cell was deter-
mined by quantitative PCR or Southern blotting as described in Materials and
Methods and is expressed as an average * standard deviation (o).

b Datum represents a single transfection, corrected for transfection efficiency,
performed in parallel with two pooled transfections used to generate clonal
143/EBNA-1 cell lines stably maintaining the oriP-BamHI C-Luc plasmid de-
scribed in experiment 1.

¢ —, not tested.

4 Average of eight clones of 143/EBNA-1 cell lines stably maintaining oriP-
BamHI C-Luc.

¢ Average of the three experiments from Table 4 and the 143/EBNA-1 94- to
98-h replication sample from experiment 1, corrected for transfection efficiency
of 143/EBNA-1 cells.

f Average of 13 independent G418-resistant clonal cell lines from three assays
(n = 8 from experiment 1, n = 2 from the second assay, and n = 3 from the third
assay).

& Average of the three experiments from Table 3, corrected for transfection
efficiency of 143/NA330-641 cells.

" One million cell equivalents of total cellular extracts of one G418-resistant
clonal 143/NA330-641 cell line were analyzed by Southern blotting. oriP-BamHI
C-Luc had integrated into chromosomal DNA.

gether, these results indicate that although NA330-641 can
inefficiently replicate oriP-containing plasmids in short-term
assays, NA330-641 is not capable of maintaining oriP-contain-
ing plasmids in proliferating host cells.

Dominant-negative inhibition of replication of plasmids con-
taining oriP by derivatives of EBNA-1. To determine whether
derivatives of EBNA-1 could inhibit wild type EBNA-1-depen-
dent replication of plasmids containing oriP, we introduced the
plasmids expressing derivatives of EBNA-1, oriP-BamHI C-
Luc, and oriP-minus into 143/EBNA-1 cells (Fig. 3B; Table 6).
We found that NA450-618 and NA450-641, which could not
support plasmid replication, were able to inhibit wild-type
EBNA-1’s ability to replicate oriP-BamHI C-Luc by approxi-
mately 95 and 98%, respectively. Similar levels of inhibition
occurred in a second host cell: NA450-641 inhibited replication
of oriP supported by transiently introduced wild-type EBNA-1
by 94% in DGT75 cells (Table 6). NA330-641, which could
support plasmid replication, could also function less effectively
as an inhibitor of EBNA-1, was able to inhibit replication by
approximately 76% in 143/EBNA-1 cells. These results indi-
cate that derivatives of EBNA-1 which inhibit transcription can
also inhibit replication by wild-type EBNA-1.

Mechanism of action of dominant-negative inhibition by
derivatives of EBNA-1. We examined whether a derivative of
EBNA-1 that does not bind to DNA inhibits wild-type EBNA-
1’s functions efficiently. To this end, we designed a derivative,
NA450-458,483-641 (Fig. 1A), based on previously described
derivatives of EBNA-1 that can dimerize but cannot bind
to DNA (8). NA450-458,483-641 is predicted to form homo-
dimers as well as heterodimers with derivatives of EBNA-1
that contain a wild-type DNA binding and dimerization do-



VoL. 71, 1997

TABLE 6. Derivatives of EBNA-1 can inhibit transient replication
of plasmids containing oriP in 143B cells selected to express
wild-type EBNA-1 and in DG75 cells transiently
expressing wild-type EBNA-1

Relative efficiency of replication” in:

Effector 143/EBNA-1 cells DG75 cells
oriP-BamHI . . oriP-BamHI . S
C-Luc oriP-minus C-Luc oriP-minus
Vector 100 <1.3® 100¢ 2.4 = 0.59¢
EBNA-1 95 =28 <1.3* — —
NA330-641 24 = 16° <0.97° — —
NA450-641 1.6 £ 0.64 <0.82+0.49° 56=044 13=021°
NA450-618 4.5 =26 <0.97 + 0.46° — —

“ Ten micrograms of oriP-BamHI C-Luc, oriP-minus, and effector DNA (plus
10 pg of EBNA-1 DNA for DG75 cells) was introduced into 107 cells of 143/
EBNA-1 and DG75 cells by electroporation. Low-molecular-weight DNA was
isolated at 94 to 98 h, and the relative amount of Dpnl-resistant plasmids was
determined by quantitative PCR and was corrected for the transfection efficiency
of each cell line as described in the Materials and Methods. The relative effi-
ciency of replication by each derivative of EBNA-1 is expressed as a percentage
of Dpnl-resistant DNA relative to that replicated by wild-type EBNA-1, which is
set to 100% (= 39 = 19 and 34 *= 1.4 copies of Dpnl-resistant DNA per
transfected 143/EBNA-1 and DG75 cell, respectively). Unless indicated other-
wise, data represent averages of three experiments = standard deviations (o),
one of which is shown in Fig. 3B. —, not tested.

® The level of Dpnl-resistant DNA was less than the lowest amount used for
the competitor DNA in three experiments and is therefore reported as less than
an average of the lowest amount per transfected cell that could be determined by
interpolation from the competitor DNA curve. Low levels of Dpnl-resistant
oriP-minus DNA were detected in low-molecular-weight DNA from DG75 cells,
as indicated in column 5 of table.

¢ Average of two experiments * standard deviation (o).

main (8). However, NA450-458,483-641 is predicted to lack
the ability to bind to DNA either as a homodimer or as a
heterodimer because it lacks critical residues required for
contacting DNA (5, 8). NA450-458,483-641 inhibited tran-
scription of FR-TK-Luc by wild-type EBNA-1 in 143B cells
by approximately 50%, whereas NA450-641, which can
dimerize and bind to DNA, inhibited transcription by 96%
(Table 7). Thus, the data indicate that although het-
erodimerization may play a role in the ability of derivatives
of EBNA-1 to function as dominant-negative inhibitors,
these inhibitors of EBNA-1 must bind to DNA to function
efficiently.

DISCUSSION

We have identified dominant-negative mutants of EBNA-1.
These derivatives have been assayed both for their residual
levels of wild-type functions and for the ability to inhibit the
functions of wild-type EBNA-1. Two derivatives of EBNA-1
tested, NA450-641 and NA450-618, did not activate transcrip-
tion detectably under the conditions tested. The carboxy-ter-
minal acidic domain present in NA450-641 does not activate
transcription from either the FR-TK-Luc or the oriP-BamHI
C-Luc reporters in either 143B or DG75 cells. One derivative
of EBNA-1, NA330-641, activates transcription from a native
EBV promoter with approximately 9% of the efficiency of
wild-type EBNA-1 in 143B cells (P = 0.018) and approximately
28% of the efficiency of wild-type EBNA-1 in DG75 cells (P =
0.018). NA330-641 does not activate the FR-TK-Luc reporter
construct in either 143B cells or DG75 cells, probably because
the FR-TK promoter lacks elements found in the EBV BamHI
C promoter critical for NA330-641’s residual activity.

The derivatives of EBNA-1 that fail to activate transcription
also fail to support detectable replication in short-term assays
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(Tables 3 and 4). NA330-641, which activates limited transcrip-
tion from the BamHI C promoter, also supports replication of
oriP inefficiently in short-term but not long-term assays (Tables
3to 5). These findings underscore the parallel between EBNA-
1’s contribution to transcription and replication. The deriva-
tives of EBNA-1 which lack residual levels of wild-type func-
tion but bind DNA site specifically can act as efficient
inhibitors of wild-type EBNA-1 (Tables 2 and 6). NA330-641
inefficiently inhibits wild-type EBNA-1 in these assays, in
which it retains detectable levels of wild-type function probably
because it can contribute positively to these assays (Tables 2
and 6). As NA330-641 does not activate the FR-TK promoter,
it efficiently inhibits wild-type EBNA-1’s activation of this syn-
thetic promoter. NA330-641’s phenotype of both activation
and inhibition has been observed for the E2 repressor proteins
of papillomaviruses. E2TR of human papillomavirus type 18
(11) and E2TR and E8/E2TR of bovine papillomavirus type 1
(35, 41), in addition to repressing transcription, can activate
transcription weakly from both derivatives of homologous as
well as heterologous promoters, depending on the promoter
context studied.

There are several possible ways that these derivatives of
EBNA-1 could function as dominant-negative inhibitors of
EBNA-1. First, they could form homodimers, bind to DNA,
and prevent wild-type EBNA-1 from binding and activating
transcription. Second, they could form heterodimers with wild-
type EBNA-1 and inhibit homodimers of wild-type EBNA-1
from binding to DNA. Heterodimerization may also reduce
the amount of homodimers of wild-type EBNA-1 in the cell
available to bind to DNA (see below). Alternatively, these
derivatives could form heterodimers with wild-type EBNA-1,
bind to DNA as heterodimers, but prevent the wild-type
EBNA-1 moiety from functioning. It is likely that a combina-
tion of these modes of inhibition occurs within the cell.

It appears that derivatives of EBNA-1 do need to bind DNA
specifically in order to inhibit wild-type EBNA-1 efficiently.
NA450-458,483-641 lacks residues required to bind to DNA
but maintains residues required for dimerization. Similar de-
rivatives of EBNA-1 have been found previously to het-
erodimerize with derivatives of EBNA-1 that contain wild-type
DNA binding and dimerization domains and thereby prevent
binding to DNA in vitro (8). Therefore, although NA450-
458,483-641 may form either homodimers or heterodimers
with wild-type EBNA-1, these complexes may not bind to
DNA. NA450-458,483-641 inhibits transcription by wild-type
EBNA-1 by only 50%. Thus, although the ability of dominant-
negative mutants to heterodimerize may play a role in their
inhibition of transcription, their binding to DNA, either as a

TABLE 7. A derivative of EBNA-1 that does not bind to DNA is
an inefficient inhibitor of transcription by
wild-type EBNA-1 in 143B cells

Relative fold
transactivation
of FR-TK-Luc”

Effector

EBNA-1, vector .... 87 =49
EBNA-1, NA450-641.......... .37*+18
EBNA-1, NA450-458,483-6041 ....oovveiieiieirirenerenrereeeseenes 44 + 23

“ Four electroporations were pooled in pairs and plated in DMEM-HG-10%
calf serum for 48 h prior to performance of luciferase assays. The average of the
pairs of these samples represents one experiment. Data, measured as relative
light units of luciferase activity, are expressed as fold transactivation relative to
that of vector alone, which has been set to 1 (= 1,858 =+ 106 relative light units).
Data represents averages * standard deviations of three experiments.
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homodimer or as a heterodimer with wild-type EBNA-1, is
required for them to act efficiently.

Our findings also indicate that the dominant-negative mu-
tants of EBNA-1 are likely to inhibit wild-type EBNA-1 when
they occupy only a subset of the binding sites on oriP. Although
20 binding sites for EBNA-1 are present in the FR of oriP,
approximately six to seven binding sites are sufficient to func-
tion as an enhancer of transcription in the presence of
EBNA-1 (9, 46). Similarly, a minimal FR of seven binding sites
in the presence of the dyad symmetry element of oriP is suffi-
cient for replication (46). In the experiments in which vectors
for EBNA-1 and its dominant-negative mutants were intro-
duced simultaneously (Table 2), it is unlikely that the deriva-
tives were able to occupy all 20 binding sites within the FR of
oriP as either homodimers or as heterodimers with wild-type
EBNA-1, because the proteins are expressed at similar levels.
Instead, it is likely that a few inhibitors bound randomly
throughout the FR can disrupt a higher-order structure that is
formed by multiple wild-type EBNA-1 dimers bound to DNA.

NA330-641 activates replication of a plasmid that contains
oriP with approximately 4 to 23% of the efficiency of wild-type
EBNA-1 in 143B-derived and DG75 cell lines by 96 h post-
electroporation. However, NA330-641 is not capable of sup-
porting detectable replication of that plasmid in proliferating
cells after long times; wild-type EBNA-1 supports both repli-
cation and maintenance of oriP replicons in proliferating cells.
NA330-641, like wild-type EBNA-1, cannot support replication
of a plasmid that contains a mutant origin lacking the family of
repeats of oriP in 143B cells. Thus, although NA330-641 can
replicate DNA in an oriP-dependent manner, it cannot main-
tain that replicated DNA in cells over time. One simple inter-
pretation of this finding is that the two linking domains of
EBNA-1 retained in NA330-641 are sufficient to support its
residual function but the third linking domain and any other
activities in the deleted region are required for wild-type func-
tion. The defect in replication mediated by NA330-641 could
be explained by its supporting initiation of replication 50% as
frequently as does wild-type EBNA-1. The approximately four
cellular S phases that occur in the 96 h between electropora-
tion and assaying for replication would yield a signal of NA330-
641 equal to 0.5% or 6% of wild-type EBNA-1—the signal
detected.

Alternatively, NA330-641 may support initiation of replica-
tion as efficiently as wild-type EBNA-1 but be one-half as
efficient as wild-type EBNA-1 at retaining that DNA in the
nucleus after mitosis (facilitating segregation to daughter
cells), which would yield the signals detected at 96 h. A specific
DNA retention function has been attributed to wild-type
EBNA-1, which has been used to identify replication-compe-
tent human DNA sequences (23). Assays that measure the
number of oriP plasmids in a single cell and, subsequently, in
each of its progeny have not yet been developed. When they
are, they will provide an unambiguous way of examining the
mechanism of the defect in NA330-641.

We are now in a position to use these dominant-negative
inhibitors of EBNA-1 to investigate EBNA-1’s role both early
and late in infection and immortalization of primary B lym-
phocytes by EBV. As the findings in Table 6 indicate, when a
recipient cell is expressing wild-type EBNA-1 before express-
ing a newly introduced dominant-negative mutant, the mutant
still inhibits replication by wild-type EBNA-1 efficiently. It will
be particularly intriguing to determine if the continued func-
tion of EBNA-1 is required for the continued proliferation of
normal B cells and neoplastic B cells infected by EBV.
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