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A Major Transactivator of Varicella-Zoster Virus, the
Immediate-Early Protein IE62, Contains a
Potent N-Terminal Activation Domain
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Accumulating evidence indicates that the product of the putative immediate-early gene 0RF62 (IE62)
activates varicella-zoster virus (VZV) genes thought to represent all three kinetic classes, namely, immediate-
early (a), early (1), and late ('y) classes, of VZV genes as well as a variety heterologous gene promoters.
However, the mechanism(s) by which IE62 protein mediates transactivation of these diverse VZV and
heterologous gene promoters remains to be elucidated. In this study, by using yeast GALA protein chimeras,
the coding regions ofVZV 0RF62 possessing activation domains have been assessed. We demonstrate that the
VZV IE62 protein contains a potent activation domain in the N-terminal portion of the molecule, encoded
within the first 86 codons of 0RF62. The predicted secondary structure profile and the acid-base composition
of this IE62 domain resemble those of other transregulatory proteins whose activation is mediated through
acidic, hydrophobic elements. In addition, we show that deletion of this activation domain from the
1,310-residue native IE62 protein results in ablation of the transactivator function of IE62. We also present
evidence that the mutant IE62 protein lacking the activation domain, though devoid of transactivation ability,
was still capable of interfering with the activation of target promoters by the native, full-length IE62.

Varicella-zoster virus (VZV) is a neurotropic alphaherpes-
virus and is the etiological agent of chickenpox and zoster in
humans. The other members of the alphaherpesvirus group
include herpes simplex virus types 1 and 2 (HSV-1 and
HSV-2), pseudorabies virus (PRV), and equine herpesvirus 1
(EHV-1). The alphaherpesviruses are enveloped viruses
with relatively large double-stranded DNA genomes, and the
complete genomic nucleotide sequences of HSV-1, VZV,
and EHV-1 are currently available (10, 36, 37, 58). Accumu-
lating evidence indicates that the alphaherpesviruses are
essentially colinear with respect to gene distribution and
genetic organization. However, much of the current under-
standing of the regulation of gene expression in alphaherpes-
viruses has been derived from HSV-1, the most intensively
studied prototype member of the alphaherpesvirus group. In
HSV-1, gene expression is temporally regulated and the
genes are classified as immediate early (IE or a), early (E or
1), or late (L or y), depending on the kinetics of expression
and the response to inhibitors of macromolecular synthesis
(1, 8, 9, 23, 24, 25, 53). The first set of genes to be expressed
are the five IE or a genes, namely, aO, a4, a22, a27, and a47.
These five genes are transcribed in the absence of de novo
protein synthesis.
The transcription of the HSV a genes is induced by the a

trans-inducing factor, also referred to as VP16, ICP25, and
Vmw65, encoded by the virus (5, 42). This potent 64,000-Da
transactivator protein is packaged within the tegument struc-
ture of the virion (2). The selective induction of transcription
by the a trans-inducing factor is dependent upon reiterated
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elements in the promoter/regulatory domains of a genes (31,
38, 41) which contain a homolog of the octamer element
(GYATGnTAATGArATTCyTTGnGGG; the TAATGArAT
site). Although at least three of the a gene products are
important transactivators that are required for maximal
expression of early (a) and late (y) genes, it now seems clear
that ICP4 (IE175), the gene product of the a4 gene, plays an
essential central role in the temporal expression of HSV
genes during the infectious cycle of the virus (11, 14, 48, 49,
59).
Homologs of the HSV ICP4 gene have been identified in

other alphaherpesviruses on the basis of DNA sequence
homology and genetic topology; these include the genes that
encode the IE62 protein of VZV, the IEl protein of EHV-1,
and the IE180 protein of PRV. IE62 of VZV is a relatively
large protein containing 1,310 amino acid residues with a
predicted molecular mass of 140 kDa. However, the actual
size of the protein appears to be approximately 175 kDa, as
determined by polyacrylamide gel electrophoresis (15, 57). It
is a potent transactivator capable of transactivating both
VZV genes and some heterologous genes (26, 43, 44) and can
be found in both the cytoplasm and the nucleus of VZV-
infected cells. In addition, the presence of IE62 in the virion
tegument in relatively large quantities has been recently
demonstrated (30). Although at present there is no definitive
proof for an essential role for IE62 in VZV biology, its ability
to regulate the expression of VZV genes of all three putative
kinetic classes as well as its functional similarity with ICP4
of HSV certainly argues for an important role in the VZV life
cycle (13, 16, 26, 43).
The mechanism by which IE62 mediates transactivation of

VZV genes and other heterologous genes remains to be
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elucidated. However, many regulatory proteins that control
transcriptional initiation by RNA polymerase II usually have
two domains; one binds to DNA, and the other activates
transcription (4, 27, 39). A well-characterized example of
this class of activators is the yeast transcriptional activator
GAL4, which activates transcription of genes required for
catabolism of galactose and melibiose (28). The DNA se-
quences recognized by GAL4 are 17 bp in length, and each
site binds a dimer of the protein. Four such sites are found in
the upstream activating sequence of the GAL operon (19).
The part of GALA required for DNA binding is separable
from the three discrete regions that activate transcription.
This fragment, GAL4(1-147), which bears the N-terminal
147 amino acids, binds to DNA but does not activate
transcription (6, 33).
The yeast GALA transactivator has been successfully used

in domain swap assays to define functional domains of
transactivator proteins. Fusion of the GAL4(1-147) fragment
with sequences derived from other transactivator proteins
(HSV VP16, adenovirus ElA protein, IE2 protein of human
cytomegalovirus [HCMV], IE180 protein of PRV, etc. [32,
35, 47, 54]) has allowed the identification of subdomains
implicated in transcriptional activation. Using this system,
we have identified a potent activation domain in the VZV
IE62 protein and have localized this domain to the N
terminus of the molecule. The validity of the activation
domain identified by the GALA chimeras was then confirmed
by deleting the putative activation domain from the IE62
protein, which resulted in a mutant polypeptide displaying a
dominant-negative phenotype lacking any transactivator ca-
pacity.

MATERIALS AND METHODS

Cell lines. A CD4-positive continuous human T-cell line,
A3.01 (17), was obtained for the AIDS Research and Refer-
ence Reagent Program, National Institute of Allergy and
Infectious Diseases. A3.01 cells were grown in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS) and
2 mM L-glutamine. The CHO-Kl cell line (52) was obtained
from the American Type Culture Collection and was grown
in Opti-MEM (GIBCO BRL) supplemented with 5% FCS.
The human melanoma cell line MeWo was obtained from C.
Gross, University of Iowa, and was grown in Opti-MEM
supplemented with 5% FCS.
Plasmid constructions. Recombinant plasmids were con-

structed by standard procedures (56). Plasmids ElbCAT,
1GElbCAT, 5GElbCAT, p4CAT, pGR212, and pSV2CAT
have been described previously (32, 41, 43). Briefly,
ElbCAT contains the minimal promoter of the adenovirus
Elb gene fused to the coding region of chloramphenicol
acetyltransferase (CAT) gene. In the 1GElbCAT construct,
a 17-bp element which mediates binding of the yeast GAIA
DNA-binding domain, GAL4(1-147), is positioned 5' to the
minimal promoter in plasmid ElbCAT. 5GElbCAT contains
five tandem copies of the GAL 4(1-147)-binding element
positioned 5' to the minimal promoter in plasmid ElbCAT.
In p4CAT, the CAT gene is driven from the promoter/
upstream elements of the VZV ORF4 gene. Plasmid pGR212
contains the HSV VP16 gene driven from its cognate pro-
moter. Plasmid pGH251 is a modified version of pSG424 (55)
bearing a simian virus 40 (SV40) promoter-driven GAL4(1-
147) with a unique BglII site for cloning.
Three different GALA fusion vectors in a phagemid back-

bone were created, each with a specific reading frame
overhang when digested with BglII to facilitate subsequent

site-directed mutagenesis, as follows. Plasmid pGH251 was
digested with XbaI and PvuII. A 750-bp DNA fragment
containing the SV40 promoter-driven GAL4(1-147) cassette
with a short spacer sequence containing a unique BglII site
was isolated and cloned into the pBS(-) (Stratagene)
phagemid vector digested with SmaI and XbaI. The spacer
sequence, 5'(TCG)CCGGAATTCCCGAAQATCT3', con-
sisted of 19 nucleotides; codon 147 of the GALA DNA-
binding domain is in parentheses, and the unique BgIII site is
underlined. The resultant construct was designated pBS251.
Next, pBS251 was cut with Sall (blunted by filling in with
Klenow enzyme) and XbaI. A 750-bp SV40 poly(A) region
was isolated as an XbaI-SmaI fragment from pJM18 (40) and
cloned into SalI-XbaI-digested pBS251. The resultant con-
struct, pBSGAL1-147, was then linearized with XbaI. A
double-stranded oligonucleotide cartridge containing TAA
ochre terminators in all three reading frames with XbaI
overhangs (Table 1) was then cloned into XbaI-linearized
pBSGAL1-147. The resultant plasmid was designated
pBSGAL4-2. From pBSGAL4-2, single-stranded DNA
(ssDNA) corresponding to the sense strand of the GALA
sequence was induced by published procedures (18).
By oligonucleotide-directed site-specific mutagenesis us-

ing synthetic oligonucleotides corresponding to the noncod-
ing strand of the GAL4 sequence (Table 1), either one or two
A residues were removed from the spacer sequence between
codon 147 of GAL4 and the unique BglII site in the
pBSGAL4-2 fusion vector. The resultant constructs were
designated pBSGAL4-0 and pBSGAL4-1, respectively.
Plasmid pGi26, which contains the entire coding region of

the VZV IE62 gene, has been reported previously (26). This
plasmid was digested with BamHI, and a 2.8-kb fragment
was isolated by agarose gel electrophoresis and cloned into
pBSGAL4-0 that had been digested with BglII. The resultant
construct, p62GAL734-1310, contains the coding region of
VZV ORF62 from codon 734 to 1310 cloned in frame behind
the GAL4 DNA-binding domain (Table 2). Plasmid
p62GAL734-1310R contains the identical fragment in reverse
orientation.
To create p62GAL417-866, plasmid pGi26 was digested

with NnrI (subsequently blunted with mung bean nuclease)
and EcoRV. A 1.4-kb fragment was isolated by agarose gel
electrophoresis and cloned into the pBSGALA-1 fusion vec-
tor that had been digested with BglII. The resultant con-
struct, p62GAL417-866, contains the coding region of VZV
ORF62 from codons 417 to 866 cloned in frame behind the
GALA DNA-binding domain.
To create p62GAL9-410, plasmid pGi26 was digested with

ScaI and EcoRV, and a 1.3-kb fragment was isolated by
agarose gel electrophoresis. This fragment was then cloned
into the pBS(-) phagemid vector, from which the polylinker
region had been removed by cutting with HindIII and EcoRI
followed by mung bean nuclease treatment to blunt the cut
ends. This construct was designated pBS1-415; ssDNA
corresponding to the sense strand of ORF62 was induced
from pBS1-415 to create a BglII site at codon 8 (the ATG
being codon 1) and a BamHI site at codon 411 simulta-
neously by oligonucleotide-directed site-specific mutagene-
sis. The sequences of the oligonucleotides used for the
mutagenesis are given in Table 1. The modified pBS1-415
containing the novel BglII and BamHI sites was digested
with BglII and BamHI, and a 1.3-kb fragment was isolated.
This fragment was then cloned into the pBSGAL4-1 fusion
vector that had been digested with BglII. The resultant
construct, p62GAL9-410, contains the coding region of VZV
ORF62 from codons 9 to 410 cloned in frame behind the
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TABLE 1. Sequences of the synthetic oligonucleotides used

Oligonucleotide sequence Corresponding strand Purpose

5'CTAGTTAAGTTAACTTAA3' Triple-terminator cartridge with
XbaI overhangs

5'CCCCGTAGATCTTCGGGTTCCGGCGATACAGTC3' Minus strand of GAL4 To create pBSGAL4-2
5'CCCCGTAGATCTTCGGGATTCCGGCGATACAGTC3' Minus strand of GAL4 To create pBSGAL4-1
5'GCGTTGGGGTGTAGATCTCTGCATCGGCGGCG3' Minus strand of ORF62 To create BglII site at codon 8 in

pBS1-415
5'GATATCCCGGTTGGATCCTTTGTTTCGTCGACCCACC3' Minus strand of ORF62 To create BamHI site at codon 411

in pBS1-415
5'CCAAATAGTAGATCTTCAGGCTGACTCG3' Minus strand of ORF62 To create BglII site at codon 46 in

pBS1-415
5'GCCGTTGAGTTTTCTGGAGATCTACTCCGTCCCCCGATGC3' Minus strand of ORF62 To create BglII site at codon 233 in

pBS1-415
5'CCTGGTGAATTTCCTTACGTCGTTTGTCGGGG3' Minus strand of ORF62 To create terminator codon 193 in

p62GAL9-232
5'CCTCTGCCCGTTTACCCATCGTTCATC3' Minus strand of ORF62 To create terminator codon 150 in

p62GAL9-232
5'CGTAGTCGTCTTATGTTAGCTCTTCGC3' Minus strand of ORF62 To create terminator codon 121 in

p62GAL9-232
5'CGGGTGTGGAAGACCTAGGCCAGOGGGATTAC3' Minus strand of ORF62 To create terminator codon 108 in

p62GAL9-232
5'CGTAGTCGTCTTATGTTAGCTCTTCGC3' Minus strand of ORF62 To create terminator codon 87 in

p62GAL9-232
5'GCATCGGGGGACGGAGTAGATCTCCAGAAAACTCAACGGC3' Positive strand of ORF62 To create BglII site at codon 233 in

pBS227-733

GAL4 DNA-binding domain. p62GAL9-410R contains the
identical fragment in reverse orientation.
To construct 62GAL47-410, a novel BglII site at codon 46

and a novel BamHI site at codon 411 were introduced into
pBS1-415 by oligonucleotide-directed site-specific mutagen-
esis as described above. The modified pBS1-415 was then
cut with BglII and BamHI to isolate a 1.1-kb fragment. This
1.1-kb fragment was then cloned into the pBSGAL4-0 fusion
vector that had been linearized with BglII. The resultant

TABLE 2. GALA chimeras evaluated

Chimeric fusion Coding segment of Fold
construct VZV ORF62 induction'

p62GAL734-1310 From codons 734 to 1310 NI
p62GAL734-1310R From codons 734 to 1310 NI

in reverse
p62GAL234-734 From codons 234 to 734 NI
p62GAL234-734R From codons 234 to 734 NI

in reverse
p62GAL417-866 From codons 417 to 866 NI
p62GAL9-410 From codons 9 to 410 100
p62GAL9-410R From codons 9 to 410 in NI

reverse
p62GAL9-232 From codons 9 to 232 360
p62GAL9-232R From codons 9 to 232 in NI

reverse
p62GAL9-192 From codons 9 to 192 440
p62GAL9-149 From codons 9 to 149 510
p62GAL9-120 From codons 9 to 120 765
p62GAL9-107 From codons 9 to 107 1,530
p62GAL9-86 From codons 9 to 86 170
p62GAL47-410 From codons 47 to 410 NI

a A3.01 cells were electroporated as described in Materials and Methods.
The target (5GE1bCAT) and effector plasmid DNAs were used in 2-p.g
amounts in cotransfection experiments. Fold induction of CAT activity was
calculated relative to the control experiment in which the 5GElbCAT was
transfected with 2 pLg of pGEM2 carrier DNA. The value was set equal to 1.0
in the control experiment, and the fold induction data relative to the control
experiment are given. NI, no detectable induction above the basal level.

construct, p62GAL47-410, contains the coding region of
VZV ORF62 from codons 47 to 410 cloned in frame behind
the GAL4 DNA-binding domain. p62GAL47-410R contains
the identical fragment in reverse orientation.
To construct p62GAL9-232, two novel BglII sites were

created at codons 8 and 233 in pBS1-415 simultaneously by
oligonucleotide-directed site-specific mutagenesis. The mod-
ified pBS1-415 with two BglII sites was then digested with
BglII, and a 700-bp fragment was isolated by agarose gel
electrophoresis. The 700-bp fragment was then cloned into
the pBSGAL4-1 fusion vector that had been digested with
BglII. The resultant construct, p62GAL9-232, contains the
coding region of ORF62 from codons 9 to 232 cloned in
frame behind the GALA DNA-binding domain. Plasmid
p62GAL9-232R contains the identical fragment in reverse
orientation.
To create p62GAL9-192, ssDNA was induced from

p62GAL9-232, and an ochre stop codon was introduced at
codon 193 by altering the AGA codon to TAA by site-
specific mutagenesis. Similarly, plasmid p62GAL9-149 was
created by altering codon 150 from GAA to TAA. Plasmids
p62GAL9-120, p62GAL9-107, and p62GAL9-86 were cre-
ated by changing codons 121, 108, and 87, respectively, to
either ochre (codons 121 and 87) or amber (codon 108)
terminator codons by site-specific mutagenesis.
To create p62GAL 234-734, plasmid pGi26 was digested

with SphI and BamHI. A 1.5-kb fragment was then isolated
by agarose gel electrophoresis and cloned into pBS(-) that
had been digested with SphI and BamHI, resulting in
pBS227-733. From pBS227-733, ssDNA corresponding to
the noncoding strand of ORF62 was induced to create a
novel BglII site at codon 233 by oligonucleotide-directed
site-specific mutagenesis. The modified pBS227-733 was
then digested with BglII and BamHI. A 1.5-kb fragment was
isolated by agarose gel electrophoresis and cloned into the
pBSGAL4-0 fusion vector digested with BglII. The resultant
construct, p62GAL234-734, contains the coding region of
ORF62 from codons 234 to 734 cloned in frame behind the
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GAL4 DNA-binding domain. Plasmid p62GAL234-734R
contains the identical fragment in reverse orientation.
pCMV62, containing the coding region of VZV ORF62

under the control of the strong constitutive HCMV IE1
promoter, has been described previously (43). To generate
pCMV62AAD, two unique BglII sites were introduced in the
coding region of ORF62 in pCMV62 at codons 8 and 96 by
oligonucleotide-directed site-specific mutagenesis. The re-
sultant plasmid, pCMV62-2Bg, was then cut with BglII.
After removal of the 275-bp stuffer fragment by agarose gel
electrophoresis, the BglII-cut ends were blunted by mung
bean nuclease treatment prior to religation with T4 DNA
polymerase. This plasmid, designated pCMV62AAD, lacks
the coding region between the codons 7 and 99 of the VZV
ORF62 gene. All plasmid constructs generated were se-
quenced across their manipulated regions to ensure the
integrity of the constructions.
DNA sequencing. CsCl density gradient-purified plasmid

DNA was sequenced by using the Sequenase sequencing kit
(U.S. Biochemical) as published previously (46).
DNA transfections. All DNA transfections in the transient

transfection assays were done by electroporation using a
Gene-Pulser electroporator (Bio-Rad). For electroporation
of A3.01 cells, cells in log-phase growth were resuspended in
RPMI 1640 medium with 20% FCS, but without glutamine or
antibiotics, at a density of 5 x 107 cells per ml. Aliquots (350
,ld) of the cell suspension were mixed with plasmid DNA in
sterile 1.5-ml cryovials (Nunc) and incubated on ice for 15
min. The cells were then transferred into an electroporation
cuvette with a 0.4-cm electrode gap and were electroporated
with a single pulse with the settings at 0.20 V and 960 p,F
with a capacitance extender. MeWo and CHO-Kl cells were
electroporated with the settings at 0.22 V and 960 p,F with a
capacitance extender. After pulsing, the cells were immedi-
ately transferred into either 24-well (for A3.01 cells) or 6-well
(for MeWo and CHO-Kl cells) tissue culture plates that had
been chilled on ice and incubated for 15 min on ice before
addition of the growth medium. The cells were then grown
for 48 h before harvesting.
CAT assay. Cells were harvested 48 h after DNA trans-

fection, and CAT assays were performed essentially as
described by Gorman et al. (20). Briefly, the cells were
washed once with phosphate-buffered saline (PBS), resus-
pended in 0.25 M Tris-HCl (pH 7.8), and disrupted by three
cycles of freeze-thawing. Protein concentration in cell ly-
sates were determined by using the Bio-Rad protein assay kit
according to the manufacturer's instructions. CAT activity
was assayed by using the same amount of total protein for all
samples in an individual experiment. CAT activity was
quantitated by using a PhosphorImager scanner with Image-
Quant software from Molecular Dynamics Inc. (Sunnyvale,
Calif.). All experiments were repeated at least three times
with independent DNA transfections.
Immunoblot analysis. Plasmid DNA (25 ,ug) was trans-

fected into CHO-Kl cells by electroporation as described
earlier. After the transfection, cells were plated in 100-mm-
diameter tissue culture dishes. The cells were harvested 48 h
after transfection and used for immunoblot analysis to detect
the proteins expressed from the transfected plasmid DNA as
described previously (30), using a 1:50 dilution of the VZV
IE62 antipeptide antiserum. The bound antibody was then
detected with 1"I-labeled protein A. Details of the synthesis
and characterization of the VZV IE62 antipeptide antibody
have been reported previously (30).

Immunofluorescence. Plasmid DNA (25 ,ug) was trans-
fected into CHO-Kl cells by electroporation as described

above. Following transfection, cells were plated in chamber
slides. At 60 h after electroporation, cells were washed with
PBS, fixed with 50% methanol-50% acetone (vol/vol) for 2
min at room temperature, and washed again with PBS. Fixed
cells were blocked by the addition of 3% (wt/vol) bovine
serum albumin (BSA) in PBS for 15 min at room tempera-
ture. A 1:100 dilution of the VZV IE62 antipeptide antiserum
was then added, and the cells were incubated at 4°C for 1 h
in a humidified chamber. The cells were then washed four
times for 5 min each time with PBS containing 0.2% (vol/vol)
Tween 20. Goat anti-rabbit polyclonal antiserum conjugated
to fluorescein isothiocyanate was diluted 1:100 in PBS con-
taining 3% BSA and added to cells for 1 h at 4°C in a
humidified chamber, and then the cells were washed as
described above and mounted with glycerol containing 50
mM Tris (pH 7.8).

RESULTS

Coarse mapping of the VZV EE62 activation domain. To
define the general location of the activation domain of IE62,
four overlapping fusion constructs encompassing the entire
coding region were made. Each of these four constructs was
then cotransfected into A3.01 cells with either of three
individual target reporter plasmids: one bearing a single or
five promoter-proximal GAL4-binding elements (1GE1b
CAT or 5GElbCAT) or one lacking any GAL4-binding
elements in the promoter region (ElbCAT). For each effec-
tor plasmid evaluated, a control plasmid in which the iden-
tical segment of IE62 in reverse orientation with respect to
the GAL4 DNA-binding domain, GAL4(1-147), was in-
cluded. As shown in Fig. 1, the only effector GAL4 chimeric
plasmid capable of activating any of the three target reporter
plasmids tested was p62GAL9-410. Although the p62GAL9-
410 effector construct was capable of strongly activating
5GElbCAT, which contains five tandem GAL4-binding ele-
ments, it failed to elicit any detectable activation of the
1GElbCAT target, containing one GAL4-binding element,
when 2.5-,ug amounts of target and effector DNAs were used
in cotransfections in this experiment. However, when
p62GAL9-410 was used in increasing amounts in cotransfec-
tions with a fixed amount (2.5 ,ug) of the three targets, a
dose-dependent activation of both 1GElbCAT and 5GElb
CAT was seen (Fig. 2). It should be noted that the CAT
assays shown in Fig. 2 were performed with equal amounts
of protein in all samples in experiments using three different
targets, i.e., 1GElbCAT, 5GElbCAT, and ElbCAT. Under
such conditions, the level of CAT activity in samples from
the experiment in which 5GElbCAT was used as the target
was above the linear range of the assay and necessitated
retesting of these samples following dilution for quantitation.
It is likely that the enhanced activation seen with 5GElb
CAT, which bears five binding sites for GAL4(1-147), is due
to greater accumulation of the activator at the target pro-
moter. The specificity of the system was illustrated by the
fact that p62GAL9-410 was unable to activate the ElbCAT
target construct lacking any GAL4-binding elements. Thus,
the activation domain ofVZV IE62 protein is encoded within
a segment extending from the codons 9 to 410 of ORF62.

Fine mapping of the activation domain of VZV IE62. To
more precisely define the boundaries of the activation do-
main embedded within the segment extending from codons 9
to 410 of VZV ORF62, a series of deletions from both the 5'
and 3' ends of this segment was undertaken (Table 2). The
construct p62GAL47-410, lacking the first 38 codons from
the 5' end in comparison with p62GAL9-410, was devoid of

VOL. 67, 1993



4478 PERERA ET AL.

1 2 3 1 2 3

p62GAL p62GAL
734-1310R 734-1310

1 2 3

p62GAL
9-410R

1 2 3

p62GAL
9-410

1 2 3

p62GAL
234-734R

1 2 3 1 2 3 1 2 3

p62GAL p62GAL p62GAL
234-734 417-866R 417-866

FIG. 1. Coarse mapping of the VZV IE62 activation domain. A panel of GAL4-VZV ORF62 chimeric constructs was cotransfected into
A3.01 cells with three different target reporter plasmids, 1GElbCAT containing one GAL4-binding site (lanes 1), 5GElbCAT containing five
GAL4-binding sites (lanes 2), and ElbCAT lacking any GAL4-binding sites (lanes 3), by electroporation as described in Materials and
Methods. The effector chimeric plasmids used are described in Table 2. In cotransfections, equal amounts (2.5 ,ug) of target and effector DNAs
were used. Cells were harvested 48 h after DNA transfection, and the level of CAT activity in the cell lysate was determined by using the
same amount of total protein for all samples.

any activity. However, the construct p62GAL9-232, which
lacks 178 codons from the 3' end, was still able to retain
potent activator function (Table 2). In addition, when trans-
lation terminator codons were introduced at codons 193
(p62GAL9-192), 150 (p62GAL9-149), 121 (p62GAL9-120),
108 (p62GAL9-107), and 87 (p62GAL9-86), there was no loss
of activator function (Table 2). On the contrary, there was
progressive enhancement of activation potential with suc-
cessive truncations from the 3' end. However, the activation
potency of p62GAL9-86 was ninefold less than the activation
potency of p62GAL9-107. The additional 22 amino acids
present in p62GAL9-107 are clearly not critical for the IE62
activation domain. Nonetheless, these additional amino ac-
ids could contribute directly to the strength of the IE62
activation domain or, alternatively, could enhance the sta-
bility of the chimeric protein. Thus, it appears that the
activation domain in IE62 of VZV is encoded by a segment
of ORF62 between codons 9 and 86.
To verify the functional validity of the putative IE62

activation domain identified by the GAL4 chimeras, we

created a deletion mutant of IE62 devoid of the putative
activation domain. The mutant plasmid, pCMV62AAD, con-
tains a 94-amino-acid deletion extending from codons 7
through 99 of the coding region of ORF62. As shown in Fig.
3, following transfection of pCMV62 and pCMV62AAD
DNA into CHO-Kl cells, comparable amounts of mutant
and wild-type (full-length IE62) proteins were detected by
immunoblot analysis using an antipeptide IE62 antibody that
reacts with the C terminus of the IE62 protein, thus demon-
strating the expression of IE62 proteins from both plasmids
pCMV62 and pCMV62AAD. Next, we assessed the ability of
the mutant IE62 lacking the putative activation domain to
transactivate IE62-responsive promoters, using the VZV
ORF4 promoter (p4CAT) as a representative IE62-respon-
sive target in a transient transfection assay. The deletion of
putative activation domain resulted in a mutant IE62 lacking
any significant transactivator ability within the limits of
sensitivity of the assay (Fig. 4). Furthermore, the mutant
IE62 lacking the activation domain interfered with the trans-
activator function of the wild-type IE62 when both wild-type

*0*

0 0

IGE1bCAT 5GE1bCAT

.0
EIbCAT

p62GAL9-410 - 2.5jig Sg 10±g _ 2.5zg 5zig log - 2.5ig 5ig lOtg

FIG. 2. Dose-dependent activation of the target constructs by the VZV IE62 activation domain. Increasing amounts of p62GAL9-410 DNA
were cotransfected with a fixed amount of the target DNA (2.5 p.g) into A3.01 cells by electroporation. The cells were harvested 48 h after
DNA transfection, and the level of CAT activity was measured. The results represent CAT assays performed with equal amounts of protein
in all samples in experiments using three different targets, i.e., 1GElbCAT, 5GElbCAT, and ElbCAT. The relative activation levels of
1GElbCAT target were as follows: no induction (2.5 ,ug of effector), 2-fold induction (5 pLg of effector), and 15-fold induction (10 ,ug of
effector). The relative activation levels of 5GElbCAT target were as follows: 180-fold induction (2.5 ,ug of effector), 731-fold induction (5 p.g
of effector), and 1,400-fold induction (10 p.g of effector). No induction of ElbCAT target was seen with 2.5, 5, or 10 xug of effector.
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FIG. 3. Expression of wild-type and mutant IE62 from the trans-
fected plasmid DNA. CHO-Kl cells were transfected with 25 p.g
of plasmid DNA by electroporation. Plasmids pCMV62 and pCMV
62AAD express the full-length (wild-type) IE62 and a mutant IE62
devoid of activation domain, respectively, from the strong consti-
tutive HCMV IEl promoter. The vector plasmid pG310 contains the
HCMV IE1 promoter cassette used to generate pCMV62 and
pCMV62AAD. The cells were harvested 48 h after transfection and
solubilized in sample buffer containing 0.1 mM TLCK, 0.1 mM
TPCK, and 10 mM phenylmethylsulfonyl fluoride. Equal amounts of
crude protein from each sample were used in the immunoblot
analysis. The presence of IE62 was detected by using an IE62
antipeptide antibody (30) that reacts with the C terminus of IE62
protein. The bound antibody was then detected with "2I-labeled
protein A. The arrow on left indicates the position of undegraded
IE62. However, as previously reported (30), a number of smaller
species (presumably due to degradation) were also present in both
pCMV62- and pCMV62AAD-transfected samples. The approximate
sizes (in kilodaltons) of marker proteins are shown on the right.

and mutant IE62 were coexpressed. As shown in Fig. 4,
when a fixed amount of pGi26 (cognate promoter-driven
ORF62) DNA (2 ,g) was cotransfected with increasing
amounts of pCMV62AAD DNA in transient assays using
p4CAT as a target, there was a dose-dependent inhibition of
the pGi26-mediated activation of p4CAT by the activation
domain-deficient IE62 mutant, thus exhibiting a dominant-
negative phenotype. The dominant-negative effect was more
pronounced when pGi26 was used than when pCMV62 was
used to express IE62 (data not shown), presumably as a
result of the presence of mutant IE62 in excess (the mutant
IE62 is driven from the HCMV IE-1 promoter) under such
conditions since, as shown in Fig. 4, the expression of IE62
from the cognate promoter appears to be less efficient in
comparison with the HCMV IEl promoter. However, the
vector plasmid pG310 had no effect on pGi26-mediated
activation of p4CAT target (data not shown).

Since it is conceivable that a deletion eliminating the
nuclear localization signal of a transactivator protein could
render a null phenotype to the mutant protein even though
the protein has a fully functional activation domain, we
evaluated whether the 94-amino-acid deletion in the mutant
IE62 has affected its nuclear localization ability. As shown in
Fig. 5, the immunofluorescent profiles for wild-type and
mutant IE62 were similar. The abundant localization of both

p4CAT + + + + + +

pGi26 - + - - + +

pCMV62 - - + - -

pCMV62%AD - - - 2tig 2ttg 5L.9

FIG. 4. Ablation of transactivator ability of VZV IE62 upon
deletion of the putative activation domain. CHO-Kl cells were
transfected with the indicated plasmids or plasmid combinations to
assess the effects of deletion of the putative activation domain.
Plasmids p4CAT, pGi26, and pCMV62 were used at 2-,u g amounts in
the cotransfections. The values for percent conversion of [14C]chlo-
ramphenicol to acetylated derivatives were 0.4 (lane 1), 20.1 (lane
2), 81.9 (lane 3), 1.2 (lane 4), 4.1 (lane 5), and 1.4 (lane 6).

wild-type IE62 and mutant IE62 lacking the activation do-
main in the nucleus proves that the deletion in pCM62AAD
had not eliminated the nuclear localization signal from the
mutant IE62 protein.

Since, the activation domains of regulatory proteins are
believed to interact with cellular factors in mediating tran-
scriptional activation of genes, we used three different cell
types to evaluate whether the functional activity of the IE62
activation domain (p62GAL9-149) was cell type dependent.
The A3.01 cell line, representing a human T-lymphocytic
background, was chosen for evaluation because of the fact
that during the viremic phase of VZV infection, T lympho-
cytes appear to be important in sustaining the virus growth
(reference 43 and references cited therein). Selection of the
CHO-Kl cell line was based on the fact that it has been
extensively used as a model cell system to evaluate the
activity of chimeric GAL4 activators (54). The MeWo cell
line was chosen as a line which supports the productive
infection of VZV in vitro. Interestingly, the VZV IE62
activation domain demonstrated potent activation of the
5GElbCAT target in all three cell lines evaluated (data not
shown), although activation was 2- to 3-fold higher in the
CHO-Kl line than in the other two cell lines (in A3.01,
129-fold; in MeWo, 203-fold; and in CHO-Kl, 493-fold). The
ability of the IE62 activation domain to function in diverse
cell backgrounds thus may reflect the involvement of ubiq-
uitous cellular intermediary factors in transcriptional activa-
tion mediated by VZV IE62.
Comparison of VZV IE62 and HSV VP16 activation do-

mains. The predicted acid-base composition of the IE62
activation domain (the region between codons 9 and 86)
(Table 3) resembles that of the acidic group of activators.
The C-terminal acidic domain of HSV VP16 is one of the
most intensively studied potent member of this group of
activators currently known (3, 54). Because of the similarity
between these two activation domains, we next compared
the potency of the VZV IE62 activation domain with that of
HSV VP16, using p62GAL9-107 and pGAL4VP16 (54) to
express the VZV IE62 and HSV VP16 activation domains,
respectively, as GAL4 chimeras. The VZV IE62 activation
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FIG. 5. Fluorescent and bright-field images of the subcellular

localization of wild-type and activator domain-deficient IE62 pro-

teins in CHO-Kl cells. Cells were transfected with 25 .ig of plasmid
DNA as described in Materials and Methods, fixed and permeabi-
lized 60 h after transfection, and subjected to indirect immunofluo-

rescence. The primary antibody was a rabbit 1E62 antipeptide
antibody that reacts with the C terminus of IE62 protein, and the

secondary antibody was fluorescein isothiocyanate-conjugated goat

anti-rabbit immunoglobulin G. (A and B) Cells transfected with

wild-type IE62 (pCMV62); (C and D) cells transfected with activa-

tion domain-deficient IE62 (pCMV62A&AD); (E and F) cells trans-

fected with vector DNA (pG310).

domain was sixfold less potent than the VP16 activation

domain in activating the target construct 5GE1bCAT (data
not shown).

It has been documented that if two activators augment the

expression of target genes via a common pathway, for

example, through a common adaptor molecule, then the

presence of one activator in increasing amounts will exert an

inhibitory effect on the activation of a target gene induced by
the other activator (3, 29, 33, 50, 51). This phenomenon is

commonly referred to as trans inhibition or activator inter-

ference and is believed to occur by sequestration of an

essential common adaptor molecule by the activator present
in excess (3, 29). In an attempt to determine whether the

VZV 1E62 and HSV VP16 activation domains share a

% acetylatiorn 0.3% 21.9% 7. 19% 6.5% 2 9%/, 0.4% 23.3%*~~~~~~~~~~~~~~~~~~~~~~~~~~~~
..... ....B'U

p4CAT + + + + + + +

pGi6 - + + + + - +-

pGAL4VP16 - - g 5tug lotg 0lig -

pGAL vector Mm--

FIG. 6. Effect of pGAL4VP16 on pGi26 (cognate promoter-
driven IE62)-mediated activation of the VZV ORF4 promoter. In
cotransfections of CHO-Kl cells, 2-jg amounts of p4CAT and
pGi26 were used.

common pathway in activating their specific target gene
promoters, the following experiments were performed. In
one set of experiments, we determined whether coexpres-
sion of increasing amounts of GAL4-VP16 chimeric protein
had any effect on VZV IE62-mediated activation of a respon-
sive VZV gene promoter, the ORF4 promoter (p4CAT). As
expected, plasmid pGi26, containing the cognate promoter-
driven IE62, activated the VZV ORF4 gene promoter (Fig.
6). However, the coexpression of increasing amounts of
GAL4-VP16 resulted in a dose-dependent inhibition of IE62-
mediated activation of the VZV ORF4 promoter. As ex-
pected, though, GAL4-VP16 alone had no effect on the basal
activity of the ORF4 promoter. Furthermore, the inclusion
of GAL4 vector plasmid DNA (pBSGAL4-2) as a control
negated the possibility that the inhibition seen with
pGAL4VP16 might have been due to titration of a cellular
factor by either the SV40 promoter or GAL4(1-147) present
in pGAL4VP16 (Fig. 6). However, when pGR212 (native
VP16 expression plasmid) was coexpressed with p62GAL9-
149, although a similar trend of inhibition of p62GAL9-149-
mediated activation of the 5GElbCAT target was seen, the
magnitude of the inhibition was less dramatic (data not
shown). In contrast, as shown in Fig. 7, the coexpression of
increasing amounts of VZV IE62 activator domain failed to
induce any trans inhibition of pGR212 (the cognate promot-
er-driven HSV VP16)-mediated activation of the IE110 (also
referred to as ICPO) promoter of HSV-1. In fact, overexpres-
sion of the VZV IE62 activation domain (p62GAL9-149)
further augmented the HSV VP16-induced activation of the
IE110 promoter. It should be noted that p62GAL9-149 alone
had no significant effect on the basal activity of the IE110
promoter (Fig. 7). However, the full-length IE62 (expressed
from pGi26) was able to activate the IE110 promoter in

TABLE 3. Acidic activation domains of alphaherpesvirus regulatory proteins

Activator Amino acid sequence' Acidic
residues

VZV IE62 9 STPQRAGSPDTLELMDLLDAAAAAAEHRARVVTSSQPDDLLFGENGVMVGREHEIVSIPSVSGLQPEP 21
RTEDVGEELT 86

HSV VP16 400 HTRRLSTAPPTDVSLGDELHLDGEDVAMAHADALDDFDLDMLGDGDSPGPGFTPHDSAPYGALDMADF 24
EFEQMFTDALGIDEYGG 486

PRVIE180 1 MADDLFDFIETEGNFSQLLAAAAAAAEEEGIAS 33 24
a Acidic amino acids are shown in boldface. Numbers indicate the boundaries of the activation domains in the context of the native proteins.
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FIG. 7. Effect of p62GAL9-149 on pGR212 (cognate promoter-
driven HSV VP16)-mediated activation of the HSV IEllOCAT
promoter. In cotransfections of CHO-Kl cells, 2-pg amounts of
pGH83 (IEllOCAT) and pGR212 were used.

addition to being able to enhance the VP16-mediated activa-
tion ofIE110 promoter. Ideally, a promoter that responds to
VP16 but not to IE62 would help to assess the effects of
full-length IE62 on the VP16-mediated activation of target
promoters. However, the other VP16-responsive HSV IE
genes also were induced by IE62 (data not shown), compli-
cating the interpretation of full-length IE62 effects on VP16-
mediated activation of target promoters.

DISCUSSION

Many transcriptional activators contain distinct domains
dedicated to recognizing specific DNA sequence elements
and activation of the transcriptional machinery (4, 27, 39).
The DNA-binding domains of activators are classified into
four main groups: helix-loop-helix, helix-turn-helix, leucine
zipper, and zinc finger (27, 39). Similarly, transcriptional
activation domains have been classified according to their
structure or composition (27, 39). These include the acidic
group (e.g., the HSV VP16 protein and the yeast GCN4 and
GAL4 activators), the proline-rich activator group (e.g., AP2
and CTF transcription factors), the glutamine-rich activator
group (e.g., Spl transcription factor), and the glutamine and
proline-rich activator group (e.g., jun oncogene).
The exact mechanism by which specific domains mediate

transcriptional activation remains to be elucidated; nonethe-
less, the cumulative evidence suggests two possible models.
One such model proposes that the surface of the activation
domain contacts a target factor of the basic transcriptional
machinery, thereby looping out the intervening DNA. This
contact would activate transcription by stabilizing the bind-
ing of the target factor to the promoter or by altering the
conformation of the bound factor to an active form (4, 50,
51). According to the second model, transactivators function
by antagonizing histones which would otherwise constrain
the promoter DNA in a repressed chromatin state, thus
rendering the promoter region inaccessible to the general
cellular transcription factors (22).
The use of a GAL4 protein chimera system offers several

advantages in preliminary identification of activator subdo-
mains, especially in large regulatory proteins (for a review,
see reference 4) since it allows the analysis of relatively
small segments of a complex protein independent of its
spatial distribution as determined by the rest of the polypep-
tide in the native molecule. However, it is crucial to sub-
stantiate the functional validity of such subdomains identi-
fied by the GALA chimeras in the context of the native
protein under study.

A major transactivator protein of VZV is the gene product
ofORF62. We recently demonstrated that IE62, unlike its
HSV counterpart ICP4, not only activates VZV genes of all
three putative kinetic classes but also can positively modu-
late the expression of its own cognate promoter (26, 43, 44).
In the present study, we have dissected the coding region of
the IE62 gene to define the activation domains of this
important VZV regulatory protein and provide evidence to
implicate the N-terminal 75 amino acids as a potent activa-
tion domain.

It is of interest that p62GAL9-410 was consistently less
potent in activating p5GE1bCAT than were constructs bear-
ing smaller versions of the activation domain (Table 2).
Similar observations have been made by other investigators
who used GAL4 chimeras to define activation domains of
regulatory proteins (35, 47). It is conceivable that in the
fusion protein encoded by the larger segment of ORF62 in
p62GAL9-410, the activation domain is not exposed opti-
mally for interaction with the transcriptional machinery.
Another possibility is that the larger fusion proteins were
less stable or, alternatively, less efficient in nuclear localiza-
tion to mediate transcriptional activation.
Although the data from the GAL4-IE62 fusions suggest

the presence of a single N-terminal activation domain, one
could argue that since the negative GAL4 chimeras were not
evaluated for their stability, the other regions of the IE62
molecule may still possess additional activation domains that
were not detected in this study because of the instability of
such fusion proteins. However, the fact that the mutant IE62
lacking the N-terminal amino acids 7 through 99 was devoid
of any activator function strongly suggests that the critical
activator elements reside within this segment of the mole-
cule. In addition, the ability of the activation domain-
deficient mutant IE62 to exert a trans dominant-negative
effect when coexpressed with the wild-type IE62 further
strengthens the notion that VZV IE62 possesses a critical
N-terminal activation domain. However, it should be em-
phasized that if IE62 contains other activation domains that
are dependent on (or augmented by) other VZV-encoded
proteins, such domains would not have been detected in the
systems used in this study. Although the molecular basis for
the dominant-negative phenotype exhibited by the activation
domain-deficient IE62 remains to be elucidated, one could
speculate that either the formation of functionally crippled,
mixed multimers between the wild-type and the mutant IE62
or, alternatively, competition for binding to a critical cellular
target or promoter element is responsible for this effect.

Interestingly, the localization of the activation domain of
IE62 to a region between amino acids 9 and 86 of the
molecule accentuates important differences among the very
closely related regulatory proteins in alphaherpesviruses. On
the basis of predicted amino acid sequences, the primary
structures of VZV IE62, PRV IE180, EHV IE1, and HSV
ICP4 have been divided conceptually into five regions that
are essentially colinear (7, 10, 21, 37, 58). All four proteins
share extensive (approximately 50%) amino acid identity
within regions 2 and 4 and have little homology within
regions 1, 3, and 5. It has been suggested that the highly
conserved region 2 of each of these proteins contains a
DNA-binding domain that is essential for regulatory function
(60). However, the activation domain of VZV IE62 is
contained within a region lacking any significant homology
among these proteins. In fact, the N-terminal 147 amino
acids of HSV ICP4 have been shown to be functionally
nonessential (12). Thus, it appears that these four proteins
have evolved functionally similar yet structurally and com-
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positionally diverse activation domains for transcriptional
regulation.
One curious finding of this study was the ability of the

VZV IE62 activation domain (expressed as a GAL4 chimeric
protein) to function synergistically with VP16 to upregulate
the HSV IE110 promoter bearing three TAATGArAT ele-
ments (34). This finding is seemingly in conflict with the
observation that the activation of target promoters by VZV
IE62 is subjected to trans interference when the activation
domain of VP16 is coexpressed as a GAL4 chimeric protein.
One interpretation consistent with these observations is that
both VZV IE62 and HSV VP16 activation domains compete
for a common intermediary factor needed for transcriptional
activation. Then the question remains as to how one might
explain the enhanced VP16-mediated activation of the IE110
promoter by the GALA chimeric protein bearing the VZV
IE62 activation domain. Since VP16 is the stronger activa-
tor, it may have a higher affinity for the intermediary
factor(s) essential for transcriptional activation. If that is the
case, then overexpression of the VZV IE62 activator domain
with an obvious lower affinity for the intermediary factor(s)
may not be able to exert any trans inhibition. However, if
the activation domain of VZV IE62 can also bind other
factors, for example, cellular transcriptional repressors, then
the coexpression of VZV IE62 may lead to enhanced VP16-
mediated activation due to sequestration of the repressor
factors. Clearly, more detailed studies are needed to eluci-
date the functional aspects of the VZV IE62 activation
domain that we have identified in this study.
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