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The varicella-zoster virus (VZV) IE62 protein is the major transcriptional activator. IE62 is capable of
associating with DNA both nonspecifically and in a sequence-specific manner via a consensus binding site
(5�-ATCGT-3�). However, the function of the consensus site is poorly understood, since IE62 efficiently
transactivates promoter elements lacking this sequence. In the work presented here, sequence analysis of the
VZV genome revealed the presence of 245 IE62 consensus sites throughout the genome. Some 54 sites were
found to be present within putative VZV promoters. Electrophoretic mobility shift assay (EMSA) experiments
using an IE62 fragment containing the IE62 DNA-binding domain and duplex oligonucleotides that did or did
not contain the IE62 consensus binding sequence yielded KD (equilibrium dissociation constant) values in the
nanomolar range. Further, the IE62 DNA binding domain was shown to have a 5-fold-increased affinity for its
consensus site compared to nonconsensus sequences. The effect of consensus site presence and position on
IE62-mediated activation of native VZV and model promoters was examined using site-specific mutagenesis
and transfection and superinfection reporter assays. In all promoters examined, the consensus sequence
functioned as a distance-dependent repressive element. Protein recruitment assays utilizing the VZV gI
promoter indicated that the presence of the consensus site increased the recruitment of IE62 but not Sp1.
These data suggest a model where the IE62 consensus site functions to down-modulate IE62 activation, and
interaction of IE62 with this sequence may result in loss or decrease of the ability of IE62 to recruit cellular
factors needed for full promoter activation.

Varicella-zoster virus (VZV) is a human alphaherpesvirus that
causes varicella (chicken pox) and establishes latency in cells
within dorsal root ganglia during primary infection. Upon reacti-
vation, VZV causes shingles, or zoster, which usually involves
productive infection along a single dermatome and infection of
the skin innervated by that dermatome (1). Productive VZV
infection during either primary infection or reactivation results in
the expression of the entire coding capacity of the 125-kb VZV
genome, leading to the synthesis of some 70 proteins. The imme-
diate-early 62 (IE62) protein, the major viral transcriptional ac-
tivator, is capable of transactivating the majority of if not all VZV
promoters during lytic infection. It is also capable of transactivat-
ing heterologous promoters and model promoters containing a
minimal number of cis-acting elements. IE62 is required for viral
growth in tissue culture and increases the infectivity of VZV
DNA (32, 42). The protein is 1,310 amino acids in length and
contains a potent N-terminal acidic activation domain and a cen-
trally located DNA binding domain. It is believed to be a native
homodimer, based on comparison with its putative homolog
HSV-1 ICP4 and the experimentally established dimerization of a
bacterially expressed fragment containing the DNA-binding do-

main and sequences corresponding to the ICP4 dimerization do-
main (50).

IE62 is divided into five regions (I to V) based on sequence
alignments of it and its alphaherpesvirus orthologues. In the
case of IE62, region I (amino acids [aa] 1 to 467) contains an
acidic activation domain recently shown to interact with the
human Mediator complex (7, 38, 53, 55) and other sequences
necessary for direct interaction with the cellular transcription
factors Sp1 and USF (35, 56). Region III (aa 641 to 734)
contains a nuclear localization signal and sites for phosphory-
lation by viral kinases (20, 21). The function of region IV (aa
11735 to 1147) is unknown, but mutations in this region result
in alteration of IE62 activity (3). Region V (aa 1148 to 1310) is
the site of numerous mutations in VZV vaccine strains, al-
though the significance of this remains unknown (14). The
DNA binding domain (DBD) of IE62 falls within region II of
the protein, which is the most highly conserved region among
the alphaherpesvirus major transactivators, and overlaps the
region responsible for dimerization (6). DNA binding appears
to be important for IE62 function, as mutations which dimin-
ished DNA binding caused a corresponding loss in transacti-
vation in experiments utilizing the HSV-1 gD promoter (48).

Previous studies have shown that partially purified bacterially
expressed fragments corresponding to amino acids 417 to 646,
which contains the complete DBD, were capable of binding to
DNA in a sequence-specific manner. Using DNase I footprinting,
Wu and Wilcox identified a consensus sequence (ATCGT) to
which IE62 bound within its own promoter (52). This sequence
corresponds to the first 5 bases of the bipartite consensus se-
quence of the HSV-1 homolog ICP4 (ATCGTCNNNNYCG
RC), where N is any nucleotide, Y is a pyrimidine, and R is a
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purine (8, 10, 11, 28, 30). The IE62 DBD was also shown to
interact with this sequence within the ICP4-binding sites present
in the HSV ICP4 and gD promoters. Site-specific mutation of
each nucleotide within the ICP4 consensus site showed that only
mutations within the 5� ATCGT sequence affected IE62 DBD
binding, whereas mutations in both the 5� and 3� sequences af-
fected ICP4 binding (4, 48, 49, 50). Tyler and Everett (49) showed
that the DBD fragment interacted with several sequences within
the ORF62 promoter, including three ATCGT consensus sites.
The role of these sites in expression of ORF62 was not estab-
lished, although it was concluded that IE62 likely transactivated
via a site-specific mechanism.

The function of the IE62 consensus site in transcription has
been the subject of only one previous study, and that study did
not directly test the effect of the IE62 consensus site (4). The
heterologous HSV-1 gD promoter, which contains one copy of
the HSV ICP4 consensus site, was used, and the results showed
that deletion of that consensus site (containing the ATCGT
sequence) resulted in a decrease of IE62-mediated transacti-
vation, whereas addition of tandem ICP4 consensus sites in-
creased IE62-mediated transactivation of the gD promoter.
This is in contrast to data concerning the function of the
HSV-1 ICP4 consensus binding sequence in the context of
ICP4-mediated transcriptional control. In vitro and in vivo
studies collectively suggest that the binding of ICP4 to its
consensus binding site is not required for activation (15, 45).
Rather, specifically positioned ICP4 consensus sites near the
transcription initiation sites of the HSV-1 ICP4 transcript,
latency-associated transcript (LAT), and L/ST transcript are
involved in ICP4-mediated repression of transcription (2, 5, 17,
23, 29, 41, 57). Finally, work from several laboratories has
shown that the IE62 consensus binding site is not required for
IE62-mediated transactivation, since IE62 is capable of effi-
ciently activating many promoters which do not contain this
sequence (18, 35, 56). Thus, the role of the IE62-consensus site
in IE62 function and viral replication is not well characterized
or understood.

In the work presented here, we examined the role of the
IE62 consensus site with respect to the interaction of the IE62
DNA-binding domain (DBD) with DNA and IE62-mediated
transactivation of model and native VZV promoters. Using
computer analysis, we identified a total of 245 consensus IE62
binding sites distributed throughout the VZV genome. We
expressed an IE62 fragment containing the DBD (aa 417 to
647) used in previous studies and employed a dual chromato-
graphic purification scheme to produce a highly purified pro-
tein preparation. This recombinant polypeptide was used in
electrophoretic mobility shift assay (EMSA) experiments to
analyze its association with oligonucleotides containing con-
sensus and nonconsensus sequences. Our results show that the
DBD interacts both specifically and nonspecifically with DNA
and that the difference in affinity between these interactions is
�5-fold under our experimental conditions.

Insertion of the ATCGT consensus sequence resulted in a
decrease of expression from both native and model promoters,
and this suppression is distance dependent relative to the po-
sition of TATA elements. Mutation of native consensus sites
within the VZV ORF62 and gC promoters resulted in an
increase of expression from these promoters in the context of
both ectopic IE62 expression and VZV superinfection, yield-

ing further evidence that the role of the IE62 consensus site is
to down modulate viral gene expression. In the case of the
ORF62 promoter, while all three consensus sites play a role in
down modulation of the promoter, the most influential site in
this regard abuts the enhancer core, which is the binding site
for the tripartite Oct-1/HCF-1/VZV ORF10 complex (31, 33,
34). These results have led to a model in which the IE62
consensus binding site is a cis-acting repressor that increases
occupancy of the DNA by IE62 and may interfere with the
ability of IE62 to interact with cellular factors.

MATERIALS AND METHODS

Cells and viruses. MeWo cells, a human melanoma cell line that supports the
replication of VZV, were grown in Eagle’s minimal essential medium supple-
mented with 10% fetal bovine serum as previously described (46). VZV strain
MSP was propagated in MeWo cell monolayers as described by Lynch et al. (26)
and Peng et al. (35). Neurons derived from fetal rat dorsal root ganglia were
isolated and cultured as described by Kleitman et al. (22).

Plasmids. The cloning of the pCMV62 plasmid expressing IE62 under the
control of the cytomegalovirus (CMV) immediate-early (IE) promoter was de-
scribed previously by Perera et al. (37, 39). The following plasmids were con-
structed in this study: pTA-Luc/5DS, p10US-Luc, p20US-Luc, p50US-Luc,
p100US-Luc, p2xUS-Luc, p3xUS-Luc, pgC-Luc, pgC-Luc/mcon, p62prom/m1,
p62prom/m2, p62prom/m1-2, p62prom/m3, p62prom/m1-2-3, pgI-Luc/ATCGT,
and p62DBD/WT.

The construction of the minimal model promoter plasmid pTA-Luc, which
contains a consensus TATA box with no other known binding sites, was previ-
ously described by Yang et al. (56). A set of plasmids containing a single IE62
consensus sites at positions �5, �10, �20, �50, and �100 (p5DS-Luc, p10US-
Luc, p20US-Luc, p50US-Luc, and p100US-Luc, respectively) relative to the
TATA box was generated from pTA-Luc using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Plasmids p2xUS-Luc, containing two
tandem IE62 consensus sites, and p3xUS-Luc, containing three tandem consen-
sus sites at the �10 position, were constructed by insertion of additional sites into
p10US-Luc.

A set of luciferase reporter plasmids was constructed by using the pGL-2 basic
vector (Promega, Madison, WI). A 222-bp region upstream of the ORF14 trans-
lational start site was amplified and inserted between the XhoI and HindIII sites
of the pGL-2 basic vector to produce the gC-Luc vector. The single consensus
occurring in this sequence was mutated to an ATCAT to form the gC-Luc/mcon
vector.

A luciferase reporter plasmid containing the promoter region of ORF62 was
described previously (34). This plasmid (pIE62PR) contains two of the three
consensus sites within the promoter region (referred to as p62prom/m1 in this
study); the third site was added through site-directed mutagenesis to form
p62prom/WT. The remaining two consensus sites were mutated in p62prom/m1
to generate plasmids p62prom/m1-2 and p62prom/m1-2-3. These two consensus
sites were also mutated in the p62prom/WT plasmid to form p62prom/m2 and
p62prom/m3. In each case, the consensus ATCGT was mutated to ATCAT. The
plasmid pgI-Luc was constructed by inserting the glycoprotein I (VZV ORF67)
promoter sequence obtained from the pgI3.4CAT plasmid previously described
by Peng et al. (35) into the pGL-2 basic luciferase reporter vector. This promoter
contains a partial consensus sequence which was mutated into a full consensus
site to generate pgI-Luc/ATCGT.

IE62 DNA binding domain expression and purification. The DNA sequence
corresponding to the DNA-binding domain (aa 417 to 647) of IE62 was amplified
and inserted in-frame between the HindIII and BglII sites of the pRSET bacte-
rial expression plasmid (Invitrogen, Carlsbad, CA) to produce the p62DBD/WT
plasmid. This expression plasmid adds an N-terminal polyhistidine tag containing
the Xpress epitope to the DBD fragment.

The p62DBD/WT expression plasmid was transformed into E. coli host strain
BL21 and maintained as glycerol stocks. Bacterial colonies were inoculated into
1 liter of LB broth with 100 �g/ml ampicillin and grown with shaking at 37°C until
the optical density at 600 nm (OD600) was 0.4. IPTG (isopropyl-�-D-thiogalac-
topyranoside) was then added to a final concentration of 0.1 mM, and induction
followed at 37°C for a further 4 h. Bacteria were harvested by centrifugation and
resuspended in 50 ml of nickel-Sepharose column start buffer 10 mM sodium
phosphate ([pH 7.4], 500 mM NaCl, and 40 mM imidazole). The bacteria were
disrupted by eight rounds of sonication for 15 s each time at a duty cycle of 10%
and output of 4. After sonication, lysates were clarified by filtration through a
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0.20-�m syringe filter and applied to a 1-ml nickel-Sepharose column. Following
a 10-ml wash with start buffer, protein was eluted with 300 mM imidazole and
dialyzed into heparin-Sepharose column start buffer (20 mM sodium phosphate
[pH 7.4] and 200 mM NaCl), and the partially purified DBD was applied to a
1-ml heparin-Sepharose column. Following a 10-ml wash with start buffer, elu-
tion was performed with start buffer containing 1 M NaCl and yielded a highly
purified preparation of the DBD at average concentrations of 4 mg/ml (8 mg
total). Purity of the DBD was examined by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by Coomassie staining or
Western blotting, and protein concentrations were determined through Bradford
assays. Peak fractions were pooled and dialyzed against buffer containing 50%
glycerol and stored at �20°C.

EMSAs. Various amounts of the purified DBD were incubated at room tem-
perature with 1 ng of end-labeled oligonucleotide probes in buffer (10 mM
Tris-HCl (pH 8.0), 1 mM EDTA, 100 mM NaCl, 0.1% NP-40, 1 mM dithiothre-
itol [DTT], and 50 �g/ml bovine serum albumin [BSA]). After incubation for 15
min, 0.2 volume of 10% Ficoll was added to the incubation mix. Samples were
applied to a nondenaturing 5% polyacrylamide gel with 0.25� Tris-borate-
EDTA running buffer and run at 150 V at 4°C for 3 h. Complexes and unbound
probe were detected and quantified by autoradiography using a personal FX
phosphorimager (Bio-Rad, Hercules, CA).

Transient transfections and reporter gene assays. MeWo cells were trans-
fected with specific plasmids using the Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions. Six microliters of
Lipofectamine reagent was used per microgram of transfected DNA in each
transfection. In transfections performed in 12-well plates, 6.9 � 105 MeWo cells
per well were seeded in 1 ml of complete growth medium. The cells were 80%
confluent at the time of transfection. One microgram of a given firefly luciferase
or dual-luciferase reporter vector was cotransfected with various amounts of the
pCMV62 plasmid and complementary amounts of the pCDNA3.1 plasmid to
equalize the total amount of DNA and CMV IE promoter sequences in each
transfection. In superinfection experiments, melanoma cells in 12-well plates
were transfected with reporter plasmids, and 24 h later the monolayer was
overlaid with 1.5 � 105 VZV-infected cells. Cells were collected 48 h after
transfection and were lysed by alternating freeze-thaw cycles.

Extracts of cells transfected with luciferase reporter vectors were prepared in
200 �l of lysis buffer (50 mM HEPES [pH 7.4], 250 mM NaCl, 1% NP-40, 1 mM
EDTA) followed by dual-luciferase assays. Dual-luciferase assays were per-
formed using the dual-luciferase reporter assay system (Promega, Madison, WI)
with 20 �l of cell extracts per the manufacturer’s instructions. All transfections
were performed in triplicate, and superinfections were performed with nine
samples. All results were confirmed by independent experiments, and firefly
luciferase activities were normalized to Renilla luciferase activity by using a
constant amount of pFRL plasmid in the transfections. Firefly luciferase activi-
ties were represented as fold induction of the measured activity over basal
activity, with the wild-type reporter vector in the absence of effector vector.

Magnetic bead recruitment assays. Magnetic bead recruitment assays were
performed as described by Peng et al. (35) using 128-bp biotinylated DNA
fragments containing either the wild-type gI promoter or the mutant promoter
containing the IE62 consensus sequence. The presence of IE62 and Sp1 in the
eluates from the beads was determined by immunoblotting.

RESULTS

IE62 consensus sites are distributed throughout the VZV
genome. Previous work suggested that the IE62 consensus se-
quence may act as a positive cis element in the mechanism
of IE62 transactivation. However, several well-characterized

VZV promoters lack IE62 consensus sites yet are still effi-
ciently activated by IE62 (18, 37). Further, IE62 has been
shown to activate model promoters containing only the ade-
novirus late promoter TATA element (36, 56). As a first step
in assessing the role of the consensus site in IE62-mediated
gene regulation, we wished to determine the number of con-
sensus sites occurring within the entire VZV genome. The
VZV genome (human herpesvirus 3 [strain Dumas]; GenBank
no. X04370.1) was searched for the IE62 consensus site
(ATCGT) using the NCBI Blastn program (http://blast.ncbi
.nlm.nih.gov/Blast.cgi). The total number of sites identified was
245, and these sites were distributed throughout the VZV
genome in both noncoding and coding regions (Fig. 1). This
number is in close agreement with the 260 sites predicted using
the method developed by von Hippel (51) for estimation of the
number of sites which will occur at random within a genome
based on the length and sequence of the site and the size and
G�C content of the genome being analyzed. Thus, there ap-
pears to be no obvious enrichment or dearth of IE62 binding
sites within the VZV genome based on this analysis.

The focus of the work reported here was to determine the
effect of the presence of the IE62 consensus sequence within
promoter regions on IE62-mediated transactivation. A rela-
tively small number of VZV promoter regions have been ex-
tensively characterized, with the emphasis being on identifica-
tion of the TATA elements and the roles of binding sites for
ubiquitous cellular factors such as Sp1, USF, and AP1 (35, 40,
54, 56). Therefore, in order to estimate the number of consen-
sus sites occurring in VZV promoters, we used a conservative
putative promoter size of either 200 or 300 bp upstream from
the translational start sites of the VZV ORFs. Using these
parameters, between 26 (200 bp) and 39 (300 bp) VZV pro-
moters contain 28 to 54 consensus sites, respectively. There-
fore, it is possible that over one-half of the 71 VZV promoter
regions contain at least one IE62 consensus binding site.

Purification of the IE62 DBD fragment. All previous studies
examining IE62 DNA-binding were performed using partially
purified IE62 fragments containing the IE62 DBD (48, 49, 50,
52). Attempts during the course of this work to purify full-
length baculovirus-expressed IE62 free of nucleases and minor
contaminants resulted in low yields and preparations contain-
ing numerous breakdown products. Therefore, to study the
binding of IE62 to duplex DNA oligonucleotides containing or
lacking the ATCGT consensus site, an N-terminal His-Xpress-
tagged construct expressing an IE62 fragment containing the
IE62 DBD was generated (Fig. 2). This fragment encompasses
amino acids 417 to 647 and was previously used in partially

FIG. 1. Schematic of the VZV genome indicating the positions of all IE62 consensus sites. Boxes represent regions with sparse or dense
consensus sites. Sites were determined to be potentially within promoter regions when positioned within 200 to 300 bp upstream of the translational
start site of an open reading frame.
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purified form by Tyler and Everett (49) to identify the IE62
consensus binding site.

A dual chromatographic purification procedure utilizing
nickel-Sepharose and heparin-Sepharose chromatography was
used to obtain the purest possible product. Peak fractions from
the heparin-Sepharose column were combined, dialyzed, and
stored prior to use as described in Materials and Methods. The
two columns were chosen not only for their specific properties
but also for their opposing overall charges in order to decrease
nonspecific protein contamination in the final preparation.
This procedure, yielding an average of 8 mg of DBD per liter
of bacterial culture, resulted in a highly pure product that
exhibited no contaminating bands upon SDS-PAGE analysis
and displayed no evidence of nuclease activity in EMSAs.

Interaction of the IE62 DBD with consensus and noncon-
sensus DNA sequences. To determine the effect of the pres-
ence of the consensus site on the affinity of the IE62 DBD for
DNA, three 32-nucleotide duplex probes were generated for
use as binding substrates (Fig. 2C). Two contained sequences
derived from the VZV gI promoter. This promoter is respon-
sive to IE62 and contains the sequence 5�-ATCAT-3�, which

differs from the IE62 consensus site by the substitution of A for
G in the fourth position. The first probe contained the native
VZV gI promoter sequence (gIprom). The second probe con-
sisted of the same sequence with a single nucleotide substitu-
tion of a G for an A, thus forming a full consensus sequence of
ATCGT (62con). A third probe containing random sequence
that lacked any full or partial IE62 consensus sequences was
generated using the Random DNA Oligo Generator program
(http://www-personal.umich.edu/�kning/random.html). These
probes were then employed in EMSA experiments using the
purified IE62 DBD fragments.

In these experiments, a fixed amount of the individual 32P-
labeled probes was incubated with increasing amounts of the
IE62 DBD. The percentage of DBD-DNA complex formation
at each DBD concentration was quantified using an FX phos-
phorimager (Bio-Rad, Hercules, CA) and was fitted to a sin-
gle-site ligand-binding equation using the SigmaPlot program
(Systat Software, Chicago, IL) (Fig. 2D to F). The calculated
KDs (equilibrium dissociation constants) using data from trip-
licate EMSAs show that the DBD has a 4- to 5-fold-greater
affinity for the 62con probe (KD � 2.6 	 0.4 nM) than for the

FIG. 2. Expression of the IE62 DBD and characterization of its DNA-binding Activity. (A) Schematic showing the five regions spanning the
length of the IE62 protein and the amino acid sequence of the tagged recombinant IE62-DBD. The region of homology with the helix-turn-helix
motif of the Drosophila AntP homeodomain is underlined. (B) Coomassie-stained SDS-PAGE gels of fractions from a typical elution of a
nickel-Sepharose column with 300 mM imidazole. (C) Sequence of the 62 consensus, gI promoter, and random oligonucleotide probes used in gel
shift assays. Underlining indicates the partial IE62 consensus site within the gI promoter region and the full consensus site within the 62 consensus
probe. (D, E, and F) Typical results from EMSAs for the 62 consensus, gI promoter, and random oligonucleotide probes, respectively. The data
(F) were fit to a single-site-binding model (E) using the SigmaPlot (Systat) program. DNA binding is shown as the fraction of total probe bound.
KDs for each probe were calculated using the SigmaPlot program from data obtained from three independent experiments.
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gIprom probe (KD � 10.3 	 0.8 nM). The affinity for the
random probe (KD � 10.2 	 1.9 nM) was virtually identical to
that for the gIprom probe, suggesting that a single base sub-
stitution within the consensus sequence results in binding that
is indistinguishable from that to random DNA. These results
represent important baseline parameters with respect to the
DBD and IE62 binding but do not discount the possibility that
greater differences may occur with full-length IE62, where the
presence of other domains may influence DNA-binding.

The IE62 consensus site represses IE62-mediated activation
when placed within native and model promoters. The next
series of experiments examined the effect of the IE62 consen-
sus site when it was placed within native and model promoter
systems. The gI-Luc reporter contains the VZV gI promoter,
which has been extensively characterized and has been previ-
ously shown to be transactivated by IE62 (18, 19, 35). In order
to address the question of the effect of the presence of the true
5-bp IE62 binding site on expression from a native promoter
element, a reporter plasmid, pgI-Luc/ATCGT, was generated
by mutation of the ATCAT sequence within the gI-Luc re-
porter plasmid to the ATCGT IE62 consensus sequence (Fig.
3A). No transcription factor binding sites were created or lost
upon mutation of the sequence based on an analysis with the
AliBaba2 program (http;//www.gene-regulation.com) using
80% matrix conservation. These reporter plasmids were trans-
fected into MeWo cells with increasing amounts of the
pCMV62 expression plasmid and assayed for luciferase activ-
ity. The presence of the IE62 consensus site resulted in an
approximately 50% decrease in IE62-mediated transactivation
relative to the wild-type promoter at all levels of the pCMV62

plasmid added (Fig. 3B). Since the only VZV protein present
in these experiments was IE62, a second series of experiments
was performed in which transfection of the reporter plasmid
was followed by superinfection with VZV-infected cell stocks.
Once again, the level of luciferase activity observed with the
pgI-Luc/ATCGT was approximately 50% of that observed with
the wild-type promoter (Fig. 3C).

These results suggested that the IE62 consensus site may
have a repressive function. However, the consensus site gen-
erated in the gI-Luc/ATCGT plasmid lies 6 bp downstream of
the gI promoter TATA element and 10 bp upstream of the
transcription start site (25). Thus, the consensus site-specific
repression observed in the context of the gI promoter could be
due to interference with binding of the basal transcriptional
machinery based on both the position of the site and increased
IE62 affinity. Therefore, the effect of consensus site position
within a promoter was examined using reporter constructs
based on the minimal model promoter pTA-Luc, which con-
tains only a TATA box and is responsive to IE62 (56). The
plasmids p5DS-Luc, p10US-Luc, p20US-Luc, p50US-Luc, and
p100US-Luc were generated with consensus sites placed within
the pTA-Luc plasmid at positions 5 bp downstream or 10, 20,
50, or 100 bp upstream of the TATA box, respectively (Fig.
4A). The IE62-mediated activation of each reporter was then
assessed relative to the pTA-Luc promoter. When the site was
placed 5 bp downstream, a position similar to that in the gI
promoter, we again observed a decrease in activation in the
presence of increasing amounts of pCMV62, with approxi-
mately 50% reduction in luciferase activity compared to that
seen with pTA-Luc at the highest levels of the IE62 expression

FIG. 3. Insertion of an IE62 consensus site lowers transactivation of the gI promoter in transfection and superinfection experiments. (A) Se-
quences of the native (top) and mutated (bottom) gI promoter regions. Underlining indicates the positions of the wild-type partial consensus site,
the mutated full consensus site, and the atypical gI promoter TATA sequence ATAAA. (B) Results of reporter assays in MeWo cells transfected
with 1 �g of the pgI-Luc and pgI-Luc/ATCGT reporter plasmids and 0.01 �g, 0.02 �g, or 0.04 �g of pCMV62. (C) Results of reporter assays in
MeWo cells transfected with 1 �g of the pgI-Luc and pgI-Luc/ATCGT reporter plasmids followed by superinfection with VZV-infected cells 24 h
following the initial transfection. The luciferase activity from the reporter in the absence of infection or cotransfection was normalized to 1, and
experimental activities are reported as n-fold activation over this level.
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plasmid used (Fig. 4B). Similar levels of repression were ob-
served with consensus sites at the 10US and 20US positions.
This effect was reduced at the 50US position and lost at the
100US position. In order to be certain that the observed re-
pression was not an artifact of overexpression of IE62 from the
pCMV62 plasmid, the experiments with the model promoters
were repeated in the context of VZV superinfection. Repres-
sion was observed with all consensus site-containing reporters
except for p100US-Luc (Fig. 4C). The levels of repression were
less than those obtained with IE62 alone, suggesting that the
suppression seen with a single consensus site may be blunted
by competition for IE62 by other viral promoters and viral
proteins and/or cellular factors modified by infection. How-
ever, the effects were statistically significant, again indicating
that the IE62 consensus site acted as a repressive or down-
modulatory cis element.

In the final series of experiments with model promoters, the
effects of the presence of multiple tandem copies of the con-
sensus on IE62-mediated activation were determined. In these

experiments, reporter plasmids were generated with one, two,
or three consensus sites beginning 10 bp upstream of the
TATA box in the pTA-Luc reporter plasmid (Fig. 5A). The
results of expression in the presence of increasing amounts of
the pCMV62 plasmid are presented in Fig. 5B and show in-
creasing repression with increasing numbers of consensus sites
at all levels of pCMV62 used. Very similar results were ob-
tained in superinfection experiments with multiple consensus
sites (Fig. 5C).

The three consensus sites within the ORF62 promoter have
repressive effects. All of the experiments described above in-
volved insertion of IE62 consensus sites into IE62-responsive
promoters. The next series of experiments examined the effect
of mutation of existing consensus sites. The promoter chosen
was that controlling expression of ORF62. IE62 both positively
and negatively regulates its own expression, and the ORF62
promoter contains three consensus binding sites (9, 39). These
three binding sites were first identified by Tyler and Everett
(49) and were confirmed to be present in the ORF62 promoter

FIG. 4. The IE62 consensus site has a position-dependent inhibitory effect on the activity of a minimal model promoter containing only an
IE62-responsive TATA box. (A) Consensus site positions in model promoter constructs relative to the TATA box. (B) Results from reporter assays
in MeWo cells transfected with 1 �g of the pTA-Luc, p5DS-Luc, p10US-Luc, p20US-Luc, p50US-Luc and p100US-Luc reporter plasmids and 0.01
�g, 0.02 �g or 0.04 �g of pCMV62. (C) Results of reporter assays in MeWo cells transfected with 1 �g of the reporter plasmids followed by
superinfection with VZV infected cells 24 h following the initial transfection. The luciferase activity from the reporter in the absence of infection
or cotransfection was normalized to 1 and experimental activities are reported as n-fold activation over this level.
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construct generated as described in Materials and Methods.
The ORF62 promoter region also contains binding sites for
numerous cellular transcription factors (GA-binding protein,
Sp1, CCAAT-binding proteins, and ATF/CRE factors) and the
ORF10/Oct-1/HCF-1 (enhancer core) complex (27, 33) (Fig.
6). The three consensus sites within the ORF62 promoter are
positioned as follows: two occur 267 (site 1) and 252 (site 2) bp
upstream of the previously identified TATA box. The third site
(site 3) occurs 72 bp upstream relative to the TATA box and is
adjacent to the enhancer core site. Sites 1 and 3 are oriented in
the same direction relative to the TATA box, whereas site 2 is
oriented in the opposite direction.

Site-directed mutagenesis was used to functionally remove
the sites, both individually and collectively, by altering the
ATCGT sequence to ATCAT, creating the reporters m1, m2,
m1-2, m3, and m1-2-3. The effects of these mutations were
initially evaluated in transfection/superinfection experiments,

since the VZV ORF10 protein would be present allowing
formation of the enhancer core complex. As shown in Fig. 7A,
when distal sites 1 and 2 were mutated individually, a 2-fold
increase in promoter activity was observed in each case. In the
case of both sites 1 and 2 being mutated in unison (m1-2), the
same 2-fold increase in activity was seen. This suggested that
these sites had a repressive effect on the ORF62 promoter and
that both sites are required to exert that effect. When the more
proximal site 3 was mutated, a 5-fold increase in luciferase
activity was observed, again indicating a repressive function of
this consensus site within the ORF62 promoter and suggesting
that it is the major repressive site. When all three sites were
mutated in concert, a combined effect was seen, yielding a
10-fold increase in promoter activity.

A second series of experiments examined the function of the
three IE62 consensus sites within the ORF62 promoter, using
pCMV62 transfection experiments in order to assess the effect of

FIG. 5. Tandem consensus sites exacerbate the inhibitory effect seen on IE62 transactivation of a model TATA promoter in transfection
experiments. (A) Schematic showing position of the IE62 consensus site relative to the TATA box in the model promoter constructs. (B) Results
of reporter assays. One microgram of pTA-Luc, p10US-Luc, p2xUS-Luc, or p3xUS-Luc reporter plasmid was cotransfected with 0.01 �g, 0.02 �g,
or 0.04 �g of pCMV62 into MeWo cells. The luciferase activity from the reporters in the absence of infection or cotransfection was normalized
to 1, and experimental activities are reported as n-fold activation over this level. (C) Results of reporter assays in MeWo cells transfected with 1
�g of the reporter plasmids followed by superinfection with VZV infected cells 24 h following the initial transfection. The luciferase activity from
the reporter in the absence of infection or cotransfection was normalized to 1, and experimental activities are reported as n-fold activation over
this level.
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IE62 alone. In the absence of viral infection and therefore in the
lack of the enhancer core complex, sites 1 and 3 showed the
repressive effect observed in the superinfection experiments (Fig.
7B). Mutation of site 2 no longer showed an increase in expres-
sion in these assays. Also, the m1-2 double mutation consistently
showed lower activity than the m1 promoter mutation. This would
suggest that the relief of repression seen when mutating site 1 is
somehow reduced by mutating site 2 along with it. Finally, the
increase in expression seen with mutation of site 3 in these assays
was 2-fold compared to 5-fold in superinfection assays, and the
level of increased expression from the m1-2-3 promoter element
was less than that observed with superinfection. These results
suggest that other viral proteins may be involved in the function of
the IE62 consensus site.

The IE62 consensus site represses the ORF62 promoter in
primary fetal rat DRG neurons. Currently very little is known
regarding the details of VZV gene expression in neurons of the
dorsal root ganglia (DRG), the primary target of VZV latency.
The IE62 consensus sites present in the ORF62 promoter could
play a role in establishment of VZV latency through their repres-
sive effect on the activity of the promoter during primary infection
of DRG neurons. To gain insight into the role these sites might
play, primary fetal rat DRG neuronal cultures were transfected
with the p62prom/WT and p62prom/m1-2-3 reporter plasmids
and pCMV62. The mutant promoter exhibited a 3-fold increase
in reporter activity compared to the wild type (Fig. 8), results very
similar to those obtained in MeWo cells (Fig. 7B). Thus, no
significant increase or decrease in repression associated with the
presence of these sites was observed. However, the wild-type
promoter was less responsive to IE62 in the DRG neurons. In
MeWo cells, IE62 was capable of transactivating to 10-fold over
basal levels at the highest (0.04/1) effector-to-reporter plasmid
ratio used (Fig. 7B), whereas a ratio of effector to reporter plas-
mid that was 2-fold higher (0.08/1) resulted in at best a 2-fold
increase over basal levels in the neurons. Thus, IE62-mediated
activation of its own promoter may be decreased in neurons
compared to other cell types.

The single consensus site within the gC promoter has a
repressive effect. Due to the complexity of the ORF62 pro-
moter, a much less complex native VZV promoter containing
an IE62 consensus site was also chosen for analysis. The ex-
pression of VZV gC is currently obscure. Even late in infec-
tion, few cells express gC, and this expression occurs at various
levels. The VZV ORF14 promoter, which drives the expres-
sion of VZV glycoprotein C, is responsive to IE62-mediated
activation and has previously been reported to contain an atyp-
ical TATA box near the transcriptional start site and sites for
inducible cellular Hox family factors far upstream (47). Our
computer analysis identified an IE62 consensus site 76 bp up-
stream from the putative TATA box within the gC promoter
(Fig. 9A). Mutation of this site to ATCAT resulted in a 20 to
40% increase in activation of the promoter by either VZV
superinfection or transfection with pCMV62 (Fig. 9B and C).
Therefore, it appears this site within the gC promoter has a
repressive function similar to all other sites in both model and
native VZV promoters tested in this study. While the repres-
sive effects reported here are modest, this work is the first
identification of an IE62 site possibly influencing gC expres-
sion. Since IE62 exits the nucleus late in infection (20, 21, 26),
it is possible that the decrease in nuclear concentration of IE62
could relieve the repression identified here and be one of the
factors involved in expression of VZV gC.

The presence of the IE62 consensus site increases binding of
IE62 but not Sp1 to the gI promoter. The increased binding of
the IE62 DBD to the IE62 consensus sequence suggests a
model in which the full-length IE62 protein binds more tightly
to promoters containing such sites and increases its occupancy
(Fig. 10). Since IE62 is known to recruit cellular factors such as
Sp1 (34, 35), increased IE62 binding could increase binding of
such cellular factors. This increase in binding of cellular factors
and IE62 could result in either an increase or decrease in
activation depending upon whether they enhance or occlude
binding of the general transcription apparatus (Fig. 10B). Al-
ternatively, the increased affinity of IE62 for its consensus site

FIG. 6. The ORF 62 promoter sequence. Binding sites for the following viral and cellular factors are underlined: GA-binding protein,
CCAAT-binding proteins, ATF/CRE factors, Sp1, and the VZV IE enhancer core (EC) complex composed of Oct-1/HCF-1/ORF10. The three
consensus sites are located 267 (1), 252 (2), and 72 (3) base pairs upstream of the reported TATA box. Site 2 is in the opposite orientation relative
to sites 1 and 3.
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could result in a situation where IE62 undergoes a conforma-
tional change that decreases or eliminates its ability to recruit
cellular factors (Fig. 10C). In this case, the presence of the
consensus site would be expected to have a repressive effect. In
order to test these possibilities, the binding of IE62 and Sp1 to
the native gI-Luc promoter and the gI-Luc/ATCGT promoter
was examined in magnetic bead recruitment assays. As shown
in Fig. 10D, the significant increase in IE62 binding to the
gI-Luc/ATCGT sequence (8-fold) did not result in an observ-
able increase in Sp1 recruitment, suggesting that the latter
possibility may be correct.

DISCUSSION

The IE62 protein is the major viral transactivator encoded
by VZV (18, 39, 47, 54). Despite the importance of IE62 in
VZV replication and the intense and extensive study of which

it has been the subject, the fundamental question of the func-
tion of IE62 DNA binding and role played by the IE62 con-
sensus binding site (5�-ATCGT-3�) has remained largely un-
explored. The results presented here indicate that the site is
present throughout the VZV genome and is found in both
coding and noncoding regions. In contrast to the findings of
Betz and Wydoski (4), predictions concerning the role of the
IE62 consensus site by Tyler and Everett (49) and data ob-
tained with ICP4 (15, 45), the presence of the true IE62 con-
sensus site invariably had a repressive effect on IE62-mediated
activation. This was true whether the site was incorporated into
model and native promoters or a native consensus site was
removed through mutation.

Our analysis of the total number of IE62 consensus sites
identified 254 such sequences within the VZV genome. There
does not appear to be a significant enrichment of sites within
the 200- and 300-bp regions used to designate potential pro-

FIG. 7. Consensus sites suppress transactivation of the ORF62 promoter. The native ORF62 promoter consensus binding sequences (1, 2, and
3) were mutated alone or in unison to generate the m1, m2, m1-2, m3, and m1-2-3 mutant promoters. One microgram of wild-type or mutant
reporter plasmid was transfected into MeWo cells with 0.01 �g, 0.02 �g, or 0.04 �g of the pCMV62 expression plasmid (B) or followed by
superinfection 24 h posttransfection (A). The luciferase activity from the reporters in the absence of cotransfection was normalized to 1. In
superinfection experiments, activity from the wild-type promoter in the presence of infection was set to 1, and experimental activities are reported
as n-fold activation over these levels.
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moters. The 200-bp limit for 71 open reading frames amounts
to 11.36% of the genome, and 28 (11.4%) of the consensus
sites are present in these sequences. Similarly the 300-bp limit
comprises 17% of the genome, and 54 (22%) of the consensus
sites fall within these limits. Individual promoters, however,
may contain clusters of sites, as evidenced by the ORF62 pro-
moter, which contains three, or 5.5%, of the sites found using
the 300-bp limit. Further analysis suggested a 2-fold enrich-
ment in the frequency of sites containing either the sequence
ATCGTCT or ATCGTTA. However, mutation of these se-
quences in the sixth and seventh positions had no effect on
DNA binding (data not shown), in agreement with the findings
of Tyler and Everett (49).

The EMSA experiments represent the first quantification of
the binding affinity of the IE62 DBD. The value of 2.6 nM for
the dissociation constant of the DBD with an oligomer derived
from the VZV gI promoter and mutated by a single base
substitution to contain the consensus site falls within the range
of KDs (1 to 35 nM) found by Kuddus and DeLuca (24) for
interaction of HSV-1 ICP4 with oligonucleotides of various
lengths containing the ICP4 consensus site. Essentially identi-
cal KDs of approximately 10 nM were obtained for the oligo-
nucleotide derived from the wild-type gI promoter sequence
containing a site differing from the consensus by a single base
and an oligonucleotide containing random sequence. Thus, it
appears that a single base substitution in the IE62 consensus
sequence renders its recognition indistinguishable from ran-
dom sequence by the DBD.

A second important observation is that the binding iso-
therms were best fitted with a single-binding-site model. Since
two DNA-binding sequences would be present per DBD
homodimer, this suggests that a single binding site could be
created by the interaction of the monomeric DBD polypep-

tides. Alternatively, there could be two sites present per ho-
modimer but binding of DNA to one site precludes binding to
the second site. The latter possibility may be supported by the
results of Shepard and DeLuca (43, 44), who showed that
heterodimers of HSV-1 ICP4 comprised of one monomer
which retained DNA-binding activity and a mutant which did
not resulted in complementation and restoration of function,
although the DNA-binding activity of the heterodimer was
weaker than that of the wild type.

The placement of the consensus site within the VZV gI
promoter resulted in suppression of IE62-mediated transacti-
vation. The fact that similar data were obtained with the mu-
tant versus wild-type promoters in reporter assays involving
superinfection indicates that the suppression also occurs upon
expression of the remainder of the VZV genome and suggests
that IE62 is likely responsible for this suppression via interac-
tion with the consensus site. Since the consensus site generated
within the gI promoter falls just downstream of the TATA box
and just upstream of the start site of transcription, it was
possible that this specific position was a factor in determining
suppression. The results from the placement of the consensus
site at various distances relative to the TATA box within the
minimal model pTA-Luc reporter show this was not the case.
A positional effect was seen only in the sense that suppression
decreased with distance. Insertion of tandem copies of the
consensus sequence resulted in increased suppression. This
increased suppression could be due to multiple molecules of
IE62 bound, more than one of which can interfere with tran-
scription, or an increase in the probability that a single IE62
molecule is bound. There is also no evidence for the influence
of rotational position of the site. The sites at �10 and �5
relative to the TATA box are predicted to be on opposite sides
of the DNA helix, yet both show similar levels of repression in
both the transfection and superinfection experiments. Finally,
no binding sites for other activators, such as Sp1 and USF,
were present in the model promoters used. Thus, in contrast to
ICP4 (16, 17), IE62 is capable of repression of basal as well as
activated transcription in the context of the consensus site.

ICP4 significantly downregulates its own expression through
interaction with cellular factors and a consensus site located
downstream of the ICP4 promoter TATA box (16). IE62, in
contrast, activates expression of its own promoter (3, 39) via a
mechanism involving the cellular factors Sp1 and HCF-1 (33).
However, in reporter gene assays, the use of increasing
amounts of effector plasmids expressing IE62 resulted in re-
sponse curves with high levels of expression using small
amounts of the plasmid and lower levels of expression at the
highest levels of plasmid used. This effect was attributed to
sequestration of cellular factors by excess IE62 by analogy with
other transcriptional activators (12, 13, 39). The results ob-
tained in this study, however, indicate that this dampening of
IE62 response is also in part due to the presence of three
consensus binding sites present in the IE62 promoter. Muta-
tion of the three sites individually showed minimal to moderate
effects on IE62-mediated activation. Simultaneous mutation of
all three sites in the context of superinfection, however, re-
sulted in 10-fold increased expression, suggesting that the
three sites act in concert to downregulate expression.

Mutation of site 3 within the ORF62 promoter had a much
greater effect than mutation of the two distal sites when su-

FIG. 8. Consensus sites suppress IE62-mediated transactivation of
the ORF62 promoter in primary rat dorsal root ganglion neurons. Two
micrograms of either the wild-type or m1-2-3 reporter plasmid was
cotransfected with 0.16 �g of pCMV62 expression plasmids into pri-
mary DRG neurons. The luciferase activity from the reporters in the
absence of cotransfection was normalized to 1. Experimental activities
are reported as n-fold activation over this level.
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perinfection rather than ectopic expression was used as the
source of IE62. Site 3 is adjacent to the ORF10/Oct-1/HCF-1
complex binding site, which has been shown to be required for
one of the two mechanisms for ORF62 expression (31, 33).
Thus, binding of IE62 to this site could interfere with the
interaction of the heterotrimeric complex with the enhancer
core sequence and decrease the level of IE62 expression during
infection. Presumably this would occur at high concentrations
of IE62 within the cell. Such a mechanism could be involved in
modulation of IE62 levels in infected cells, allowing maximal
replication while decreasing potential problems with overex-
pression of viral and possibly cellular genes by IE62. This
mechanism could also play a role in limiting IE62 expression
and therefore transactivation of other viral promoters during
establishment of latency, based on the data from the transfec-
tion experiments using fetal rat DRG neurons.

The IE62 consensus site may contribute to downregulation
or down modulation of promoters by at least two mechanisms.
One is being positioned near critical binding sites for other
factors needed for expression, such as site 3 within the ORF62
promoter, and occluding that site. The second mechanism
would be much more general, as evidenced by the results from

the model promoters and the VZV gI and gC promoters. This
mechanism could involve a conformational change within the
IE62 molecule upon binding to its consensus site, which makes
it less able to interact with or recruit elements of the cellular
transcription machinery. Such a mechanism is supported by the
fact that the difference in KD between oligonucleotides con-
taining the consensus site and those containing other se-
quences is only 5-fold. This hypothesis is further strengthened
by the recruitment assays using the gI promoter fragment,
where introduction of the full consensus sequence resulted in
an increase of IE62 binding without a concomitant increase in
Sp1 recruitment.

The repressive role of IE62 consensus sites could be useful
for examination of the function of VZV gene products. Single
or multiple tandem consensus sites could be inserted into the
promoters of individual genes, resulting in a graded downregu-
lation of expression but not necessarily complete shutdown.
Thus, the effects of lower levels of specific viral gene products
could be assessed in the context of viral pathogenesis in specific
tissue types by modulated repression of skin-, T-cell-, and neu-
ron-specific viral factors. Such a strategy could be used to
attenuate the virus in a highly specific and controlled manner.

FIG. 9. Mutation of a native consensus site increases IE62-mediated transactivation of the gC promoter. (A) Position of the IE62 consensus
site relative to the gC TATA box. One microgram of wild-type or mutant reporter plasmid was transfected into MeWo cells with 0.01 �g, 0.02 �g,
or 0.04 �g of the pCMV62 expression plasmid (C) or followed by superinfection 24 h posttransfection (B). The luciferase activity from the reporters
in the absence of infection or cotransfection was normalized to 1, and experimental activities are reported as n-fold activation over this level.
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Thus, judicious placement of the consensus site could be used
to reduce viral spread and the incidence of latency in future
vaccine strains.
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