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Epstein-Barr nuclear antigen 1 (EBNA1) is essential for Epstein-Barr virus to immortalize naïve B cells.
EBNA1 transactivates viral promoters for genes that are necessary for immortalization when it is bound to a
cluster of 20 cognate binding sites, termed the family of repeats. A region of EBNA1 from amino acids (aa) 40
to 89, termed linking region 1 (LR1), has been identified previously as being sufficient for transactivation. LR1
contains two domains that are conserved in the EBNA1 orthologs of other gamma herpesviruses. The first of
these, termed unique region 1 (UR1), corresponds to aa 65 to 89 of EBNA1. UR1 is necessary for transacti-
vation and contains a conserved recognition site for cyclic AMP-dependent protein kinase (PKA), correspond-
ing to serine 78 of EBNA1. We have pharmacologically modulated PKA activity to determine if PKA controls
EBNA1’s ability to transactivate. Our results indicate that PKA activators and inhibitors do not affect
transactivation by EBNA1. In addition, site-directed mutagenesis demonstrates that transactivation is not
influenced by the phosphorylation status of serine 78 in the UR1 domain. The second conserved domain within
LR1 is a glycine-arginine repeat, corresponding to aa 40 to 54 of EBNA1. This domain, termed ATH1, functions
as an AT-hook, a DNA-binding motif found in architectural transcription factors such as HMGA1a. We
demonstrate that deletion of the ATH1 domain decreases EBNA1 transactivation ability, which is consistent
with a transcriptional role for ATH1. Furthermore, transactivation is restored when ATH1 is replaced by
equivalent AT-hook motifs from HMGA1a. Our data strongly indicate a role for AT-hooks in EBNA1’s ability
to transactivate, a function necessary for EBV to immortalize naïve B-cells.

Latent infection by Epstein-Barr virus (EBV) is associated
with several diseases and malignancies including infectious
mononucleosis, Burkitt’s lymphoma, nasopharyngeal carcinoma,
Hodgkin’s disease, and lymphoproliferative diseases in immu-
nocompromised hosts (36). Infection of naïve human B cells by
EBV results in their immortalization. A subset of EBV genes
is required to immortalize B cells, including the nuclear pro-
teins EBNA1, EBNA2, EBNA3A, EBNA3C, and the mem-
brane protein LMP1 (36). Upon binding to a set of 20 cognate
binding sites, termed the family of repeats (FR), EBNA1 exerts
two functions that are necessary for EBV to immortalize naïve
human B cells. First, it facilitates stable replication and partition-
ing of EBV genomes in proliferating, latently infected cells, and,
second, it activates viral promoters used to express itself and the
other genes required to immortalize naïve B cells (3).

Analyses conducted using derivatives of EBNA1 have re-
vealed a region of EBNA1 from amino acid (aa) 40 to 89,
termed linking region 1 (LR1), that is sufficient for transacti-
vation when fused to the DNA-binding domain (DBD) of
EBNA1 (23). Consistent with this observation, a derivative of
EBNA1 with two copies of LR1 (2�LR1) fused to the DBD,
activates transcription to levels higher than wild-type EBNA1
(23). Deletion of a portion of LR1, from aa 65 to 89, substan-
tially impairs the ability of EBNA1 to transactivate (23). Con-
sistent with this observation, EBV containing an EBNA1 mu-
tant in which this region, termed unique region 1 (UR1), is

deleted fails to immortalize naïve B cells although it is capable
of infecting transformed B-cell lines (3). UR1 contains a short
sequence, KRPSCIGCKG, which is conserved in the EBNA1
orthologs of other gamma herpesviruses and includes a poten-
tial phosphorylation site for cyclic AMP (cAMP)-dependent
protein kinase (PKA) at serine 78 (Ser78) of EBNA1. There is
a second region within LR1, from aa 40 to 54, that is also
conserved in the EBNA1 orthologs of other gamma herpesvi-
ruses. This domain, which contains a glycine-arginine repeat
(GR repeat), shares sequence homology and function with a
DNA-binding motif termed an AT-hook. This motif is present
in architectural transcription factors such as HMGA1a (37,
38). HMGA1a, formerly known as HMG-I(Y) (9), transacti-
vates a number of cellular and viral promoters by bending
DNA to form a transcription enhanceosome (7, 24, 45) or by
looping DNA to bring a distal enhancer proximal to promoter
sequences (5). Given the role of HMGA1a in transactivation,
it is paradoxical that a chimeric HMGA1a-DBD protein, in
which the first 450 aa of EBNA1 were replaced by HMGA1a,
supported the stable replication of EBV-derived plasmids
when bound to the FR but not transactivation (21, 37). This
paradox was clarified by the observation that a derivative of
HMGA1a-DBD containing four copies of UR1 supported
both transactivation and stable replication when bound to the
FR (3). These findings indicate either that EBNA1’s AT-hook
regions are not necessary for transactivation or that transacti-
vation requires both UR1 and AT-hook(s), assuming that the
AT-hooks of HMGA1a can substitute for those of EBNA1.

In this report we have studied the contributions of a con-
served potential PKA phosphorylation site within UR1, corre-
sponding to serine 78 (Ser78), and AT-hooks toward EBNA1’s
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ability to transactivate. Phosphorylation by PKA modulates the
activity of many transcription factors including the cAMP re-
sponse element binding protein (CREB), class II transactiva-
tor, Fos, and NF-�B (16, 28, 33, 41, 47). Because the potential
PKA recognition site in UR1 is conserved in EBNA1 or-
thologs, we sought to determine whether pharmacologic mod-
ulators of PKA activity influence the ability of EBNA1 to
activate transcription. Our results indicate that PKA activators,
agonists, inhibitors, or antagonists do not affect EBNA1’s abil-
ity to activate transcription. We have confirmed these results
by site-directed mutation of Ser78. Replacements of the serine
with alanine, aspartic acid, or threonine result in EBNA1 de-
rivatives whose activity is statistically indistinguishable from
wild-type EBNA1. The combination of these results indicates
that Ser78 is not regulated by PKA or any other cellular ki-
nases.

To evaluate the contributions of the AT-hook motif within
LR1 (ATH1) toward EBNA1’s transactivation ability, we have
examined the function of an EBNA1 derivative in which ATH1
has been deleted. The resulting protein, �ATH1, is impaired in
its ability to transactivate relative to wild-type EBNA1. The
AT-hook region within LR1 is three times as long as the
canonical AT-hooks from HMGA1a, predicting its potential
association with longer stretches of AT-rich DNA than each of
HMGA1a’s AT-hooks. Consistent with this, we demonstrate
that addition of a single AT-hook from HMGA1a to �ATH1
cannot restore transactivation to wild-type levels. In contrast,
addition of three copies of the HMGA1a AT-hook to �ATH1
does restore wild-type transactivation levels. Thus, our results
indicate that in addition to UR1, EBNA1 requires ATH1 for
optimal transactivation. We discuss the implications of this
finding in light of the mechanism by which AT-hook proteins
activate transcription.

MATERIALS AND METHODS

Effector and reporter plasmids. Plasmids 1553, 1160, 1891, and 1893 used to
express wild-type EBNA, the EBNA1 DBD, LR1-DBD, and 2�LR1 have been
described previously (1, 25, 30). Plasmid 438 expresses a derivative of EBNA1,
termed UR1-DBD, in which aa 59 to 89 of EBNA1 is fused in frame to aa 379
to 641. Plasmids 524, 525, and 531 express derivatives of EBNA1 in which Ser78
of EBNA1 has been altered to aspartic acid (S78D), alanine (S78A), and threo-
nine (S78T), respectively. Plasmid 526 expresses a derivative of EBNA1 in which
aa 65 to 89 are duplicated (2�UR1). Plasmid 254 expresses a derivative of
EBNA1 in which aa 71 to 88 are deleted (�UR1). Plasmid 533 expresses a
derivative of EBNA1 in which aa 40 to 54 are deleted (�ATH1). Plasmids 548
and 549 express derivatives of �ATH1 in which the deleted regions were re-
placed by a single AT-hook from HMGA1a [1�Hook(�ATH1)] or three AT-
hooks from HMGA1a [3�Hook(�ATH1)]. All plasmids were constructed by
site-directed mutagenesis using overlap extension PCR (2), and the desired
alteration was confirmed by automated sequencing. Plasmid 53 was used as the
FR-TKp-luciferase (where TKp is the thymidine kinase promoter) reporter (20),
and plasmid 1033 was used as the oriP-BamHI-Cp-luciferase reporter (25).
Plasmid 2145 expresses enhanced green fluorescent protein (EGFP) and was
used to normalize for transfection efficiency. All plasmids were propagated in
Escherichia coli strain DH5� and purified using isopycnic CsCl gradients.

Cell culture. Experiments were performed in C33a (herpesvirus [HPV] neg-
ative) cervical cancer cells (44), BJAB (EBV-negative) Burkitt’s lymphoma cells
(39), and BJAB/FR-TK-luciferase cells (23). Cells were propagated as described
earlier in serum and antibiotic-containing medium (20, 23). C33a cells were
transfected using calcium phosphate precipitates. A total of 5 � 106 BJAB cells
were electroporated in a volume of 0.5 ml of RPMI medium in 0.4-cm cuvettes
with 310 V, 975 �F, and no resistance.

Immunoblotting. Extracts from 5 � 105 live-transfected cells were resolved on
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels under re-
ducing conditions, electroblotted on to a polyvinylidene difluoride membrane,

and immunoblotted using rabbit polyclonal antibody K67.3 (37, 38) or rabbit
polyclonal antibody 2638 that was raised against the DBD of EBNA1. Immuno-
blots were visualized using a horseradish peroxidase-conjugated secondary anti-
body, followed by chemiluminescent detection.

Luciferase reporter assays. Reporter assays were performed as described
earlier (1, 20). Briefly, 500 ng of reporter plasmid 53 or 1033 was cotransfected
with 10 �g of the effector plasmid, and 500 ng of the cytomegalovirus-EGFP
expression plasmid. Cells were harvested 48 h posttransfection, and a fraction
(1/10) was analyzed by flow cytometry to determine the percentage of live-
transfected cells. Cytometry was performed using a Becton-Dickinson FACS-
Calibur instrument and analyzed using CellQuest software. For luciferase assays,
cells were lysed at 2 � 107 cells/ml in reporter lysis buffer and analyzed for
luminescence using a luciferase assay system (Promega, Madison, WI) and a
Zylux FB15 tube luminometer. Data were normalized using the percentage of
live-transfected (GFP-positive) cells observed in each transfection.

Indirect immunofluorescence microscopy and image deconvolution. C33a cells
transfected with wild-type EBNA1 or derivatives [S78D, S78A, S78T, 2�LR1,
2�UR1, �ATH1, 1�Hook(�ATH1), and 3�Hook(�ATH1)] were plated on
type 1 coverslips and grown to 30 to 50% confluence. Cells were washed with
phosphate-buffered saline (PBS), fixed with 3.5% formaldehyde (prepared in
PBS) for 10 min at room temperature, and then blocked and permeabilized in
PBS containing 3% bovine serum albumin and 0.5% Triton X-100 for 10 min at
room temperature. The permeabilized cells were incubated with either antibody
K67.3 or 2638 (1:1,000 dilution in PBS), followed by a secondary antibody
conjugated to Alexa Fluor 488. Cells were counterstained with Hoechst 33342
(1:5,000 dilution in PBS) for 1 min at room temperature and mounted onto glass
slides with Prolong Gold antifade mounting medium. Images were obtained
using an inverted Zeiss AxioVision AX10 microscope, with a 100� (numerical
aperture, 1.35) objective without any optical enhancement with an AxioCam
MRm camera. Z-stacks of at least 15 200-nm optical sections were obtained and
deconvolved using AxioVision software, version 4.6.3. All images were decon-
volved using the constrained iterative algorithm.

Pharmacological modulation of PKA. Forskolin (PKA activator), 6-benzoyl-
cAMP (6-bnz-cAMP; PKA agonist), H-89 (PKA inhibitor), and Rp-cAMPS
(PKA antagonist) were added 6 h posttransfection at the indicated concentra-
tions (Fig. 2). Cells were incubated with the indicated agent (Fig. 2) for an
additional 42 h, following which the fraction of live-transfected cells was mea-
sured by flow cytometry, and the expression of luciferase was measured by
luminescence.

Statistical analysis. All the statistical analysis, where indicated, was performed
using MSTAT, version 5 (N. Drinkwater, McArdle Laboratory for Cancer Re-
search, University of Wisconsin Medical School). A Wilcoxon rank sum test was
used for pairwise comparisons.

RESULTS

UR1 contains a conserved canonical PKA recognition site. A
derivative of EBNA1 containing aa 40 to 89, termed LR1,
fused to the DBD of EBNA1 activates transcription at levels
comparable to wild-type EBNA1 (23). LR1 contains two con-
served features: (i) a GR repeat that functions as an AT-hook
and (ii) UR1, corresponding to aa 65 to 89 of EBNA1 (23).
While it has been shown previously that a UR1-deleted deriv-
ative of EBNA1 is impaired in its ability to transactivate, the
mechanism by which UR1 enables EBNA1 to transactivate is
unknown (23). A portion of UR1 (aa 75 to 85) is highly con-
served in the EBNA1 orthologs of other gamma herpesviruses
(Fig. 1). This sequence closely resembles one-half of a C4 zinc
finger in several eukaryotic zinc-binding proteins (26). The
conserved region contains a dicysteine motif that is flanked at
one end by a canonical recognition site for cAMP-dependent
PKA, namely, K/R-K/R-X-S/T, corresponding to Ser78 of
EBNA1. Ser78 is also identified by the predictive algorithm
pkaPS as a strong candidate site for PKA phosphorylation
(32). Depending on the transactivator, PKA phosphorylation
either increases transactivation or down-modulates it (16, 28,
33, 41, 47). Because Ser78 lies in a domain of EBNA1 required

4228 SINGH ET AL. J. VIROL.



for transactivation, we examined whether modulating PKA
activity altered transactivation by EBNA1.

The effect of PKA on transactivation by EBNA1. PKA exists
as an inactive holoenzyme with catalytic (C) and regulatory (R)
subunits. When the R subunit binds cAMP, it dissociates from
the C subunit, which then phosphorylates target proteins (40).
H-89 is competitive inhibitor of the active site in the C subunit
(10, 29), while the antagonist Rp-cAMPS binds the R subunit
and prevents its dissociation from the C subunit (18). H-89 and
Rp-cAMPS were used to determine whether inhibiting PKA
affected EBNA1’s ability to transactivate in C33a epithelial
cells and BJAB Burkitt’s lymphoma cells. C33a cells cotrans-
fected with the EBNA1-expression plasmid and the FR-TKp-
luciferase reporter plasmid were exposed to vehicle alone or
the indicated concentrations of H-89 and Rp-cAMPS for 48 h
(Fig. 2A), followed by a luciferase assay. In the absence of any
pharmacologic modulator, EBNA1 transactivates FR-TKp-lu-
ciferase approximately 80-fold in C33a cells relative to the
DBD alone, a value set to be 100% in Fig. 2A. Neither H-89
nor Rp-cAMPS had any effect on EBNA1’s ability to transac-
tivate FR-TKp-luciferase in C33a cells (Fig. 2A). Similar re-
sults were observed with an oriP-BamHI-Cp-luciferase re-
porter in BJAB cells, indicating that this result is not altered in
a different cell type or with a different promoter (data not
shown). Treatment with lower concentrations of the antago-
nists or for shorter times (15 or 24 h) also had no effect on
transactivation (data not shown). To determine the effect of
activating PKA, transfected cells were treated with forskolin or
6-bnz-cAMP. Forskolin causes a rise in the intracellular levels
of cAMP (13), while 6-bnz-cAMP associates with the R subunit
and causes it to dissociate from the C subunit (11). As shown
in Fig. 2B, neither forskolin nor 6-bnz-cAMP had any effect on
the ability of EBNA1 to activate transcription from the FR-
TKp-luciferase reporter in C33a cells. Similar observations
were made in BJAB cells using the oriP-BamHI-Cp-luciferase
reporter plasmid (data not shown). These results indicate that
although the UR1 domain of EBNA1 contains a conserved
PKA recognition site, PKA does not affect EBNA1’s ability to
transactivate.

Ser78 is not regulated by cellular kinases or phosphatases.
Ser78 is conserved in the UR1 domain of EBNA1 orthologs,

and deletion of UR1 decreases EBNA1’s ability to transactivate.
Therefore, site-directed mutagenesis was used to determine
whether other cellular kinases or phosphatases might regulate
EBNA1 through Ser78. For this, Ser78 was altered to alanine
(S78A), aspartic acid (S78D), or threonine (S78T) (Fig. 3A).
These substitutions were chosen because alanine structurally re-
sembles an unphosphorylated serine, aspartic acid mimics a
phosphorylated serine in charge and structure, and several
serine kinases also phosphorylate threonine (15, 27, 42). Wild-
type EBNA1 and these derivatives were expressed at similar
levels in transfected C33a cells (Fig. 3B). In reporter assays,
wild-type EBNA1 and EBNA1 with the mutation S78D, S78A,
or S78T transactivated FR-TKp-luciferase to similar levels in
C33a cells (Fig. 3C) and oriP-BamHI-Cp-luciferase in BJAB
cells (data not shown). These results clearly indicate that al-
though serine 78 is conserved in EBNA1 and its orthologs, the
phosphorylation status of this residue does not regulate the
ability of EBNA1 to transactivate.

UR1 and ATH1 contribute to transactivation by EBNA1. An
EBNA1 derivative containing 2�LR1 activates transcription
better than wild-type EBNA1 (23). This derivative of EBNA1

FIG. 1. The UR1 region of EBNA1 is highly conserved in the
EBNA1 orthologs of EBV-like gammaherpesviruses. The region of aa
65 to 89 of EBNA1 from EBV strain B95-8 (accession no. YP_401677)
are aligned with the corresponding region from the EBNA1 orthologs
encoded by Cercopithecine herpesvirus 15 (accession no. YP_067973),
cynomolgus EBV (accession no. BAB03281), and Cercopithecine her-
pesvirus 12 (accession no. AAA66373). In all four EBNA1 proteins, aa
75 to 85 are highly conserved, as indicated by the box, and also share
identity with half of a C4 zinc finger found in the catalytic subunit of
DNA polymerase � from several eukaryotes (accession nos. NP_
001087694, NP_001034899, XP_001641357, and XP_002008314).

FIG. 2. Pharmacologic modulators of PKA activity do not affect trans-
activation by EBNA1. C33a cells were transfected with an EBNA1 ex-
pression plasmid and FR-TKp-luciferase reporter plasmid prior to treat-
ment with PKA inhibitors H-89 and Rp-cAMPS (A) and with PKA
activators forskolin and 6-bnz-cAMP (B) at the indicated concentrations
for 48 h prior to luciferase assay. At this time, EBNA1 transactivates
FR-TKp-luciferase approximately 80-fold over the DBD alone, and this
value was set to 100%. The luciferase values observed after treatment are
expressed as a fraction of 100% and were not altered significantly by
either set of conditions. The data represent the means � standard devi-
ations from five independent experiments. Treated samples did not vary
statistically from the untreated control (P 	 0.05).
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contains two copies of UR1 and two copies of the AT-hook
motif within LR1 (ATH1), which closely resembles the AT-
hook present in architectural transcription factors such as
HMGA1a (37, 38). The derivatives of EBNA1 shown in Fig.
4A were constructed to determine the contributions of UR1

FIG. 3. Mutation of the conserved PKA recognition site in UR1
does not affect transactivation by EBNA1. (A) The wild-type version of
EBNA1 used in these studies contains five copies of the Gly-Gly-Ala
repeat and is depicted schematically, indicating domains of EBNA1.
The sequence of the conserved portion of UR1 is shown with serine 78
indicated in bold. The sequence of the S78D, S78A, and S78T substi-
tution mutations constructed for this study are also shown with the
substituted amino acids shown in bold. (B) Immunoblot of 5 � 105

C33a cells transfected with expression plasmids for EBNA1, DBD,
S78D, S78A, and S78T. Proteins were detected using the K67.3 or 2638
antibodies against the DBD of EBNA1 and were visualized by chemi-
luminescence. The migration of prestained markers of known molec-
ular sizes are indicated by the arrowheads. (C) C33a cells were trans-
fected with an expression plasmid for EBNA1, S78D, S78A, or S78T
along with an FR-TKp-luciferase reporter. Assays for luciferase activ-
ity were performed at 48 h posttransfection. At this time, EBNA1
transactivates FR-TKp-luciferase approximately 80-fold over the DBD
alone, and this value was set to 100%. Data from three independent
transfections indicate that replacing the conserved serine in UR1 with
alanine, aspartic acid, or threonine does not significantly affect trans-
activation (P 	 0.05 for pairwise comparisons with EBNA1).

FIG. 4. Both the UR1 and ATH1 domains within LR1 contribute to
transactivation of an episomal FR-TKp-luciferase reporter in C33a cells.
(A) A schematic representation of wild-type EBNA1, the previously de-
scribed 2�LR1, �UR1 derivatives, and the 2�UR1 and �ATH1 derivatives
used in this study. 2�LR1 replaces aa 327 to 377 of EBNA1 with a second
copy of aa 40 to 89. In �UR1 aa 71 to 88 are deleted. 2�UR1 contains a
second copy of aa 65 to 89 inserted after UR1 while the GR repeat from aa
40 to 54 is deleted in �ATH1. (B) Expression of wild-type EBNA1, �UR1,
2�LR1, 2�UR1, and �ATH1 in transfected C33a cells. Proteins from 5 �
105 transfected cells were visualized as described in the Materials and Meth-
ods section, and the migration of a prestained marker is indicated by the
arrowhead. (C) C33a cells were transfected with an expression plasmid for
EBNA1, �UR1, 2�LR1, 2�UR1, or �ATH1 proteins along with an FR-
TKp-luciferase reporter and assayed for luciferase activity 48 h posttransfec-
tion. At this time, EBNA1 transactivates FR-TKp-luciferase approximately
80-fold over the DBD alone, and this value was set to 100%. In three inde-
pendent transfections 2�LR1 was observed to transactivate the reporter at
greater levels than wild-type EBNA1 while �UR1 was impaired in transac-
tivation. Transactivation by 2�UR1 could not be distinguished from wild-
type EBNA1. �ATH1 transactivated the reporter approximately 50% as well
as wild-type EBNA1. Transactivation that differs significantly from that ob-
served with wild-type EBNA1 (P 
 0.05) is indicated by the asterisk.
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and ATH1 to EBNA1’s ability to transactivate. The first two of
these, 2�LR1 and �UR1, correspond to previously described
derivatives of EBNA1 (23, 30), with the sole difference being
that this version of �UR1 has a smaller deletion (aa 71 to 88).
This change does not affect the previously described transac-
tivation properties of this mutant (Fig. 4C and data not
shown). The third derivative of EBNA1 contains a duplication
of only UR1 (2�UR1) while the last derivative contains a
deletion of ATH1 (�ATH1). All four derivatives were ex-
pressed similarly in transfected C33a cells as determined by
immunoblotting (Fig. 4B). The ability of these proteins to
activate transcription was evaluated in C33a cells and BJAB
cells using the FR-TKp-luciferase and oriP-BamHI-Cp-lucifer-
ase reporter plasmids, respectively. As observed previously
(23), 2�LR1 was more active than wild-type EBNA1 in its
ability to transactivate FR-TKp-luciferase. Similarly, �UR1
was severely impaired in its ability to activate transcription
(Fig. 4C). However, in contrast to 2�LR1, 2�UR1 did not
activate transcription at levels higher than wild-type EBNA1
(23), suggesting that both ATH1 and UR1 contribute to the
increased transactivation observed with 2�LR1. This conclu-
sion is further supported by the results obtained with the
�ATH1 mutant. �ATH1 activated transcription of FR-TKp-
luciferase approximately 50% as well as wild-type EBNA1.
Similar results were obtained with the oriP-BamHI-Cp-lucifer-
ase reporter in BJAB cells, indicating that the requirement for
ATH1 is not cell type or promoter specific (data not shown).
Because ATH1 is one of two regions used by EBNA1 to retain
FR-containing plasmids (38), such as the transcription reporter
plasmids used here, the decreased reporter activity observed
with �ATH1 could reflect either a decrease in transcription or
an inefficient retention of the reporter plasmid in transfected
cells. To distinguish between these possibilities, �ATH1 was
tested for its ability to activate transcription from an integrated
FR-dependent luciferase reporter constructed in BJAB cells
(23).

Optimal transactivation by EBNA1 requires an AT-hook
motif in LR1. The reporter cell line BJAB/FR-TK-luciferase
that contains an integrated FR-TKp-luciferase reporter has
been used to discriminate between EBNA1’s ability to trans-
activate and its ability to retain transcription reporter plasmids
in transfected cells (23). To elucidate whether ATH1 facilitates
EBNA1’s ability to transactivate, BJAB/FR-TK-luciferase cells
were electroporated with expression plasmids for EBNA1 and
the following derivatives: DBD, HMGA1a-DBD, �UR1, or
�ATH1 (Fig. 5A). In these cells, as has been observed previ-
ously, wild-type EBNA1 activated transcription approximately
15-fold more than the DBD alone (3, 37). This value was set as
100%, and the transactivation by each EBNA1 derivative is
expressed as a fraction of that value. As observed previously,
HMGA1a-DBD and �UR1 were significantly impaired in their
ability to activate transcription from this integrated reporter
(Fig. 5B) (23, 37). �ATH1 transactivated the integrated re-
porter approximately 45% as well as wild-type EBNA1, a de-
crease that is similar to that observed with episomal reporter
plasmids in C33a and BJAB cells. This result confirms that in
addition to UR1, the AT-hook motif within LR1 also contrib-
utes to EBNA1’s ability to transactivate. However, as indicated
by the result with HMGA1a-DBD, AT-hooks are not sufficient
for EBNA1 to transactivate.

ATH1 is conserved in EBNA1 orthologs (Fig. 5C) and is
approximately three times longer than any one of the proto-
typic AT-hooks in HMGA1a. ATH1 is predicted to bind longer
stretches of AT-rich DNA than a single AT-hook of HMGA1a,
based on the structure of an AT-hook bound to DNA (22). To
determine whether the removal of ATH1 could be compensated
by the addition of an AT-hook from HMGA1a, two additional
derivatives of EBNA1 were constructed, 1�Hook(�ATH1) and
3 �Hook(�ATH1) (Fig. 5A). For 1 � Hook(�ATH1), a single
AT-hook motif from HMGA1a was inserted in lieu of the
ATH1 deletion, whereas for 3�Hook(�ATH1), the sequences
deleted in �ATH1 were replaced by three copies of the
HMGA1a AT-hook motif juxtaposed to each other (Fig. 5C).
As shown in Fig. 5B, although 1�Hook(�ATH1) transacti-
vated the integrated FR-TK-luciferase reporter at slightly
higher levels than �ATH1, it still displayed impaired function
relative to wild-type EBNA1. In contrast, 3�Hook(�ATH1)
activated transcription in a manner that was statistically indis-
tinguishable from wild-type EBNA1 (Fig. 5B). In addition to
ATH1, EBNA1 contains a second AT-hook, termed ATH2,
between aa 327 to 377. All the EBNA1 derivatives described
above contain an unmodified ATH2. It has been shown previ-
ously that an EBNA1 derivative lacking LR1 but with two
copies of ATH2 activates transcription from episomal report-
ers but not the integrated reporter employed here (23). While
this result indicates that ATH2 is insufficient to transactivate in
the absence of LR1, it remains possible that ATH2 contributes
to transactivation. Further, because all the EBNA1 derivatives
used here contain ATH2, it is also possible that the wild-type
AT-hook present in ATH2 compensates for the absence of
ATH1. To examine a role for ATH2, we studied two additional
derivatives of EBNA1, namely, LR1-DBD and UR1-DBD,
also shown schematically in Fig. 5A. Both derivatives were
impaired significantly in their ability to activate transcription
(Fig. 5B). LR1-DBD activated transcription to approximately
20% of the level of EBNA1 while UR1-DBD activated tran-
scription to approximately the same level as DBD alone (about
7% of EBNA1) (23). It should be noted that when tested with
an episomal reporter plasmid, UR1-DBD activated transcription
twice as well as DBD alone while transactivation by LR1-DBD
relative to EBNA1 was similar with integrated and episomal re-
porters (data not shown). LR1-DBD activated transcription
three times as well as UR1-DBD, a difference that was found
to be statistically significant. While this threefold increase is
greater than the difference between EBNA1 and �ATH1, it
should be interpreted with the knowledge that LR1-DBD is sig-
nificantly impaired in function relative to EBNA1. Indeed, com-
paring the results obtained with EBNA1, LR1-DBD, and 2�LR1
suggests that transactivation by EBNA1 is maximal when
there are two sets of AT-hooks in addition to UR1. The
1�Hook(�ATH1), 3�Hook(�ATH1), UR1-DBD, and LR1-
DBD proteins were expressed at levels similar to wild-type
EBNA1 and �ATH1, as demonstrated by several immunoblot
assays (Fig. 5D). Finally, indirect immunofluorescence ex-
amination of the localization of wild-type EBNA1, �ATH1,
1�Hook(�ATH1), 3�Hook(�ATH1), UR1-DBD, and LR1-
DBD in C33a cells indicated that the decrease in function
observed for �ATH1, 1�Hook(�ATH1), and LR1-DBD
could not be attributed to deficiencies in nuclear localization
(Fig. 5E). In contrast to all the other derivatives of EBNA1
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shown here, UR1-DBD stained both the nucleus and the cy-
toplasm (Fig. 5E). In addition, cell fractionation experiments
indicated that UR1-DBD is easily extracted from the nucleus in
comparison to LR1-DBD (data not shown). These results con-
firm our previous conclusion that both ATH1 and UR1 domains
are required for EBNA1 to transactivate optimally. In addition, it
is likely that for wild-type levels of transactivation, two sets of
AT-hooks are required in EBNA1.

DISCUSSION

Although the ability of FR-bound EBNA1 to activate tran-
scription from EBV and heterologous promoters is well doc-
umented (34, 35, 43), the mechanism underlying this ability is
as yet unclear. Studies with EBNA1 derivatives have revealed
that a fusion of LR1 to the DBD activates transcription com-
parably to wild-type EBNA1 (23). In this study, the importance
of LR1 in transactivation was confirmed when a portion of
LR1, termed UR1, was deleted from EBNA1. The resulting
protein, �UR1, is significantly impaired in its ability to trans-
activate without affecting other functions of EBNA1 (23). This
finding is corroborated by the observation that the addition of
four copies of UR1 to the transactivation-incompetent chimera
protein HMGA1a-DBD creates a transactivation-competent
protein (3). Only a portion of UR1 is conserved in EBNA1
orthologs from other gamma herpesviruses (Fig. 1). This por-
tion, KRPSCIGCKG, shares sequence identity with half of a
C4 zinc finger domain (26) from the catalytic subunit of DNA
polymerase � and includes a potential phosphorylation site for
PKA. Our results indicate that although this potential phos-
phorylation site in UR1 is conserved, PKA does not modulate
EBNA1’s ability to transactivate. In addition, mutagenesis
studies indicate that the phosphorylation status of this con-
served serine residue does not affect transactivation by
EBNA1.

In addition to UR1, LR1 contains a GR repeat that func-
tions as an AT-hook (37, 38) and is therefore termed ATH1.
ATH1 is similar in sequence to the prototypic AT-hook motifs

in the architectural transcription factor, HMGA1a, and also
associates specifically with AT-rich DNA (37, 38). ATH1 and a
second GR repeat from aa 327 to 377 of EBNA1, termed
ATH2, are used by EBNA1 to tether viral genomes or FR-
containing plasmids to cellular chromosomes and thereby fa-
cilitate their retention and partitioning. EBNA1 derivatives in
which either ATH1 or ATH2 is deleted (�ATH1 and LR1-
DBD) have a diminished capacity to transactivate from both
episomal reporter plasmids and a chromosomally integrated
reporter gene. The latter result indicates that decreases in
episomal reporter expression observed with �ATH1 and LR1-
DBD proteins reflect decreases in transcription and not a de-
fect in retention of reporter plasmids in transfected cells. For
ATH1, it is likely that the number of GR repeats correlates
with its function in transactivation. EBNA1 and its orthologs
contain at least five GR repeats in ATH1. A single AT-hook
motif from HMGA1a contains only two GR repeats, and when
substituted for ATH1, it does not rescue the defect in trans-
activation. In contrast, when three copies of the HMGA1a
AT-hook motif were substituted for ATH1, transactivation was
equal to that observed with wild-type EBNA1.

We conjecture three possible ways by which AT-hooks may
contribute to EBNA1’s ability to transactivate on the basis of
observations made with HMGA1a. HMGA1a displays a punc-
tate pattern on condensed mitotic chromosomes and a granu-
lated pattern in interphase nuclei (4, 14). Colocalization stud-
ies indicate that a fraction of the HMGA1a colocalizes with
RNA polymerase II and is released under the same nuclease
conditions that release RNA polymerase II (4, 17). On this
basis it is claimed that some of the HMGA1a in cells is local-
ized to actively transcribed chromatin (14, 17). Consistent with
this interpretation, microinjection of HMGA1a into single-cell
mouse embryos induces early transcription (6). The localiza-
tion of EBNA1 on mitotic chromosomes is strikingly similar to
that of HMGA1a (19, 31, 37). In addition, EBNA1 also dis-
plays a granulated pattern similar to HMGA1a in interphase
nuclei (37, 38), possibly indicating preferred sites of association
on chromosomal DNA. Derivatives of EBNA1 that contain

FIG. 5. EBNA1’s AT-hook domains significantly augment transactivation of an integrated FR-TK-luciferase reporter in BJAB cells. (A) A
schematic depiction of wild-type EBNA1 and EBNA1 derivatives expressed in BJAB/FR-TK-luciferase cells. The DBD contains a fusion to
EBNA1’s nuclear localization signal (NLS) to aa 450 to 641. In �UR1, aa 71 to 88 are deleted. HMGA1a-DBD is a fusion of the architectural
transcription factor HMGA1a to DBD. The three AT-hooks within HMGA1a are boxed and indicated by a capital H. In �ATH1, the GR repeat
in LR1 from aa 40 to 54 is deleted. The sequence deleted in �ATH1 is replaced by a single AT-hook from HMGA1a in 1�Hook(�ATH1) or three
copies of this AT-hook in 3�Hook(�ATH1). UR1-DBD contains a fusion of aa 59 to 89 of EBNA1 to aa 379 to 641. LR1-DBD contains a fusion
of aa 40 to 89 of EBNA1 to aa 379 to 641. (B) Expression plasmids for the proteins described above were electroporated into BJAB/FR-TK-
luciferase cells along with a cytomegalovirus-EGFP expression plasmid, as described in Materials and Methods. Luciferase activity in extracts was
measured 48 h posttransfection and corrected for transfection efficiency, which ranged from 20% to 40%. Wild-type EBNA1 transactivated the
reporter approximately 15-fold over the DBD alone, and this value was normalized to 100%. The relative induction observed with the EBNA1
derivatives is expressed as a fraction of 100%. Transactivation that differed significantly from that observed with wild-type EBNA1 (P 
 0.05) is
indicated by the asterisk. �ATH1 and 1�Hook(�ATH1) were similarly impaired in their transactivation of this reporter. In contrast, transacti-
vation by 3�Hook(�ATH1) could not be distinguished from wild-type EBNA1. (C) Sequence alignment of the GR repeat in LR1 aligned with
the corresponding sequence from the indicated EBNA1 orthologs. The substituted sequences in the 3�Hook(�ATH1) and 3�Hook(�ATH1) are
shown aligned to the GR repeat of the EBNA1 proteins. (D) Expression of EBNA1, �ATH1, 1�Hook(�ATH1), 3�Hook(�ATH1), UR1-DBD,
and LR1-DBD in electroporated BJAB/FR-Tk-luciferase cells. Protein from 5 � 105 electroporated cells was detected and visualized as described
in Materials and Methods. Standards of known molecular sizes are indicated adjacent to the arrowheads. (E) Expression of EBNA1, �ATH1,
1�Hook(�ATH1), 3�Hook(�ATH1), UR1-DBD, and LR1-DBD in C33a cells evaluated by indirect immunofluorescence. Transfected cells were
grown on coverslips and processed for indirect immunofluorescence as described in Materials and Methods. The anti-DBD (�DBD) antibody was
visualized with Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin G, and nuclei were counterstained with Hoechst 33342. Staining by
the anti-DBD and Hoechst stain is indicated in the merged image of the two. At least 15 z-sections of 200 nm were deconvolved for each image.
The scale bar represents a distance of 5 �m.
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only either ATH1 or ATH2 continue to display the same lo-
calization on condensed chromosomes and the granulated ap-
pearance in interphase nuclei as HMGA1a-DBD (37, 38). In
our first model, we hypothesized that, like HMGA1a (14, 17),
AT-hooks localize EBNA1 to actively transcribed chromatin in
interphase nuclei, and transcription coactivators enriched at
such sites may be recruited by another domain of EBNA1, such
as UR1, to EBV genomes tethered to the DBD of EBNA1.

Our other two hypotheses are influenced by the two different
mechanisms by which HMGA1a activates transcription. First,
at the �-globin promoter, HMGA1a binds AT-rich sequences
at promoter proximal and distal sites, loops intervening se-
quences by self-association, and thereby brings a distal en-
hancer close to the promoter (5). Second, for other promoters
like the beta interferon promoter (24, 45) or the HPV-18 early
promoter (7), HMGA1a functions as an architectural tran-
scription factor. Using its AT-hooks, HMGA1a associates with
AT-rich regions in the promoter and then bends adjacent se-
quences to form a structure, termed a transcription enhanceo-
some. Other proteins bound to DNA sequences within the
enhanceosome structure recruit coactivators such as p300/CBP
to these promoters and thereby activate transcription (8, 46). A
unique characteristic of HMGA1a within enhanceosomes is
that DNA phasing affects its function. Insertions or deletions
of 5 or 6 bp decrease transactivation by 50% or more at the
beta interferon and HPV-18 early promoters while insertions
or deletions of 10 bp have no effect on transactivation (7, 24).

It is possible that EBNA1 transactivates by either mecha-
nism. Regions upstream of some EBV promoters, such as the
BamHI-Cp, have several long AT-rich sequences. We postu-
late that the AT-hooks of FR-bound EBNA1 associates with
these sequences and forms an enhanceosome, in which context
coactivators are recruited to the promoter, perhaps through
interactions with UR1. It is of interest that, as with HMGA1a,
changes in the phase of DNA between adjacent EBNA1 bind-
ing sites affects the ability of EBNA1 to transactivate by a
magnitude similar to that observed with HMGA1a (20). It is
also possible that looping between FR and the promoter is
used to concentrate a large amount of EBNA1 at the promoter
and thereby increase the local availability of transactivation
domains. Both enhanceosome formation and looping between
FR and the promoter are dependent on EBNA1’s association
with sequences close to BamHI-Cp. A recent chromatin im-
munoprecipitation analysis of EBNA1 across the first 60 kb of
the EBV genome has revealed that in addition to its cognate
binding sites in the FR, dyad symmetry element, and Qp,
EBNA1 also associates with multiple sequences upstream of
BamHI-Cp (12). Greater association was observed in cells dis-
playing a latency III transcription profile in which BamHI-Cp
is active than in cells displaying a latency I transcription profile
in which this promoter is not used (12). We propose that
EBNA1 associates with sequences upstream of BamHI-Cp
through its AT-hooks, based on their capacity to bind AT-rich
DNA and the presence of AT-rich sequences upstream of
BamHI-Cp. Delineating the sequences bound by EBNA1 up-
stream of BamHI-Cp, along with the mechanism of associa-
tion, will greatly elucidate how EBNA1 transactivates and will
identify the contributions made to transactivation by UR1 and
EBNA1’s AT-hooks. Because transactivation by EBNA1 is
necessary for EBV to immortalize naïve B cells, identifying the

mechanism of transactivation will provide a basis to systemat-
ically devise anti-EBV therapeutics that block this essential
function.
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