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The equine herpesvirus 1 (EHV-1) immediate-early (IE) gene product encodes a nuclear regulatory protein
capable of negatively autoregulating its own promoter, transactivating representative EHV-1 early promoters,
and acting in a concerted fashion with accessory EHV-1 regulatory factors to transactivate EHV-1 late
promoters. To identify IE amino acid sequences involved in nuclear localization and to examine the contri-
bution of C-terminal portions of the IE polypeptide to transactivation, vectors that express various carboxy-
terminally truncated IE polypeptides were constructed. It is demonstrated that amino acids 963 through 970
of the 1,487-amino-acid IE protein are required for efficient localization of the truncated IE polypeptides to the
nuclei of transfected cells. In addition, it is demonstrated that the first 970 amino acids of the IE gene product
are sufficient to transactivate the EHV-1 thymidine kinase promoter to significant levels (i.e., approximately
40% of the level of wild-type activation).

Equine herpesvirus 1 (EHV-1), an alphaherpesvirus with
worldwide distribution, is a causative agent of equine rhino-
pneumonitis, as well as epizootic abortion among pregnant
mares (1, 20). Within the laboratory, EHV-1 provides a model
system with which to study lytic herpesvirus replication, per-
sistent infection, and other important aspects of herpesvirus
molecular biology (2, 6, 11, 12, 25, 26). In particular, EHV-1
provides an excellent system for the study of alphaherpesvirus
gene regulation (9, 15, 23, 24, 29–31, 35). The immediate-early
(IE) gene product of EHV-1 (also referred to as the IR1 gene
product) shows significant homology to a number of alphaher-
pesvirus regulatory proteins, including ICP4 of herpes simplex
virus type 1, the ORF62 gene product of varicella-zoster virus,
and the IE180 gene product of pseudorabies virus. Two highly
conserved regions (domains 2 and 4 [Fig. 1A]) have been
identified within each of the IE homologs examined to date (4,
13, 18, 27). As demonstrated for the IE homologs of herpes
simplex virus type 1, pseudorabies virus, and varicella-zoster
virus, domain 2 contains amino acid sequences associated with
site-specific DNA binding (32–34). Recent work in our labo-
ratory has extended this observation to domain 2 of the EHV-1
IE gene product as well (14a).
Characterization of the regulatory functions of the EHV-1

IE gene product has determined that the IE gene encodes a
bifunctional regulatory protein capable of both activation and
repression of EHV-1 gene expression (29). The IE gene prod-
uct is capable of down-regulating gene expression directed by
its own promoter, activating gene expression directed by model
EHV-1 early promoters, and cooperating in a synergistic fash-
ion with accessory regulatory proteins of EHV-1 to induce
gene expression directed by EHV-1 late promoters (17, 29, 30).
Recently, the transcriptional activation domain of the IE gene
product has been mapped to within the first 89 amino acid

residues of the IE polypeptide (31). This 89-amino-acid region
is negatively charged and therefore is believed to represent a
transcriptional activation domain of the acidic class.
In this report, mutant IE polypeptides bearing truncations of

the C-terminal portion of the IE molecule were examined for
(i) the ability to localize efficiently within the nuclei of trans-
fected cells and (ii) the ability to activate gene expression
directed by a model EHV-1 early promoter derived from the
viral thymidine kinase (TK) gene. Experimental results iden-
tified an 8-amino-acid sequence that is required for nuclear
localization of C-terminally truncated IE polypeptides. This
8-amino-acid sequence shows striking similarity to the nuclear
localization signal defined for simian virus 40 (SV40) large T
antigen (14). In addition, it was determined that IE polypep-
tides bearing the first 970 residues of the full-length IE protein
were capable of transactivating the EHV-1 TK promoter, al-
beit at levels approximately 40% those of full-length IE
polypeptides.
A domain important for nuclear localization occurs between

amino acids 951 and 1411 of the IE polypeptide. The EHV-1
IE gene encodes a 1,487-amino-acid phosphoprotein that lo-
calizes to the nuclei of transfected cells (3, 13, 31). The EHV-1
IE gene product shows significant homology to a number of
corresponding alphaherpesvirus proteins, including ICP4 of
herpes simplex virus type 1, IE180 of pseudorabies virus, and
the ORF62 gene product of varicella-zoster virus. The amino
acid sequence of the respective IE homologs can be divided
into five regions on the basis of the degree of homology (Fig.
1A) (4, 13, 18). Regions 2 and 4 represent highly conserved
domains, typically showing more than 50% homology in any
pairwise comparison among the IE homologs. Regions 1, 3,
and 5 generally show less than 50% homology.
To identify regions of the IE polypeptide important for

nuclear localization and to determine the contribution of car-
boxy-terminal portions of the IE molecule to transactivation,
plasmids bearing IE nonsense mutants were constructed. Plas-
mids pSVIE [which expresses IE(1–1487)], pSV12, and pTK-
CAT2 have been described previously (29). Plasmids n1411,
n951, n627, and n421 were constructed by the method of Pater-
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son and Everett (21). Briefly, pSVIE (10 mg) was digested in a
50-ml total volume for 20 min at 308C with 10 U of SmaI in the
presence of 50 mg of ethidium bromide per ml. Full-length,
linear plasmid DNA was isolated by agarose gel electrophore-
sis, excised from the gel, and purified by using a GeneClean Kit
(Bio101, Inc., La Jolla, Calif.). The linear plasmid DNA was
ligated in the presence of a double-stranded XbaI linker con-
taining stop codons in all reading frames (1062; New England
Biolabs, Inc., Beverly, Mass.). Plasmids were then screened for
the acquisition of a unique XbaI site. Positive clones were
cleaved with XbaI, gel purified, and religated to yield a single
inserted copy of the linker. The position of the inserts was
determined by restriction fragment length polymorphism anal-
ysis with SmaI as a probe. The plasmid nomenclature indicates
the last inclusive IE amino acid. To construct pIE(1–1299), the
4.5-kb NdeI-BglII fragment of n1299 (which contains a BglII
linker inserted within codon 1300 of the IE open reading frame

of pSVIE) was ligated to the 2.6-kb NdeI-BglII fragment of
pECE72 (a pECE-derived expression vector [10]). Plasmid
pIE(1–1029) was constructed by cloning the 3.1-kb HindIII-
PvuII fragment of pSVIE into the HindIII-SmaI site of
pECE72. Plasmid pIE(1–970) contains the 2.3-kb NdeI-AscI
fragment of pSVIE in a pECE72 background (the SV40
promoter region is provided by the NdeI-AscI fragment of
pSVIE). To construct pIE(1–962), the 1.6-kb BamHI-XbaI
fragment of pSR122 (an intermediate plasmid bearing the IE
open reading frame from positions 1292 to 3865) was ligated to
the 4.3-kb BamHI-XbaI fragment of pIE(1–1029).
Plasmid pSVIE, an EHV-1 IE gene expression vector (29),

was partially digested with SmaI restriction enzyme in the
presence of ethidium bromide (Fig. 1A). Full-length, linear
plasmid DNA was isolated by agarose gel electrophoresis and
ligated with a double-stranded oligonucleotide linker bearing
stop codons in all reading frames. Plasmids capable of produc-
ing IE polypeptides terminating at IE amino acids 1411, 951,
627, and 421 were obtained (Fig. 1A). The ability of these
plasmids to express truncated IE polypeptides of the expected
size was confirmed by Western blot (immunoblot) analysis of
transfected COS-1 cells with an IE-specific monoclonal anti-
body (Fig. 1B). Equal amounts of protein equivalent to 1.2 3
105 cells were analyzed as described previously (3, 35). A neg-
ative control for the Western blot analysis was provided by

FIG. 1. Construction of IE nonsense mutants that express truncated IE
polypeptides. (A) The strategy employed to construct IE nonsense mutants is
depicted schematically at left. Restriction sites: H, HindIII; E, EcoRI; X, XbaI.
EtBr, ethidium bromide. A representation of the EHV-1 IE polypeptide is shown
at right and indicates the relative locations of regions 1 through 5. Regions 2 and
4 show marked conservation among the IE homologs (13). wt, wild type. (B)
Western blot analysis of COS-1 cells transfected with 5 mg of the indicated test
plasmid. IE polypeptide species were identified by reaction with IE-specific
monoclonal antibody A1.4. Plasmid pSV12 (lane 1) is the parental expression
vector of the various plasmids and therefore provided a negative control. Plasmid
pSVIE (lane 2) expresses full-length IE polypeptides and was used as a positive
control. Plasmids pSV12 and pSVIE have been described previously (29).
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transfecting COS-1 cells with pSV12 (Fig. 1B, lane 1) (29), the
parental vector of n1411, n951, n627, and n421. Plasmid
pSVIE, a plasmid that expresses full-length IE polypeptides
(29), was used as a positive control (Fig. 1B, lane 2). Plasmids
n1411, n951, n627, and n421 expressed progressively smaller
amino-terminal portions of the IE polypeptide as expected
(Fig. 1B, lanes 3 through 6, respectively).
To determine the ability of the various IE nonsense polypep-

tides to accumulate within the nuclei of transfected cells,
monolayers of COS-1 cells were transfected with each of the
nonsense plasmids and then processed into nuclear and cyto-
plasmic fractions at approximately 2 days posttransfection. For
whole-cell lysates, monolayers of transfected cells were har-
vested into 13 sample buffer (2% sodium dodecyl sulfate, 5%
2-mercaptoethanol, 10% glycerol, 0.1% bromophenol blue,
62.5 mM Tris-HCl [pH 6.8]), boiled for 5 min, passed several
times through a small-gauge needle, and then centrifuged for
10 min in an Eppendorf Microfuge. For subcellular fractions,
monolayers of transfected COS-1 cells in 25-cm2 flasks were
rinsed with phosphate-buffered saline (PBS), scraped into
PBS, and pelleted by brief centrifugation. The pelleted cells
were suspended in a solution consisting of 50 ml of PBS con-
taining 0.5% Nonidet P-40 (Sigma Chemical Co., St. Louis,
Mo.) and 0.5 mM phenylmethylsulfonyl fluoride (Sigma Chem-
ical Co.) and incubated for 10 min on ice. The nuclei were
pelleted by centrifugation at 800 3 g for 10 min. The cytoplas-
mic fraction (supernatant) was removed and stored on ice. The
nuclear pellet was rinsed several times with ice-cold PBS and
pelleted. The pelleted nuclei and cytoplasmic fractions were
brought to equal volumes with 13 sample buffer and processed
for Western blot analysis. Polypeptides in equal amounts
equivalent to 1.23 105 cells were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with
7.5% polyacrylamide gels and then transferred electrophoreti-
cally to nitrocellulose filters (Schleicher & Schuell, Inc., Keene,
N.H.). The filters were rinsed briefly in TBST (10 mM Tris-
HCl [pH 8.0], 150 mM NaCl, 0.05% Tween 20) and then
blocked with TBST containing 0.4% gelatin. The filters were
then incubated for 30 min with a 1:1,000 dilution of monoclo-
nal antibody A1.4, which is specific for the EHV-1 IE gene
product (3), rinsed several times in TBST, and then reacted
with an alkaline phosphatase-conjugated goat anti-mouse sec-
ondary antibody (Promega, Madison, Wis.) for 30 min. Reac-
tive protein bands were identified by incubation in AP buffer
(100 mM NaCl, 5 mM MgCl2, 100 mM Tris-HCl [pH 9.5])
containing 0.33 mg of nitroblue tetrazolium and 0.165 mg of
5-bromo-4-chloro-3-indolyl phosphate (both from Bethesda
Research Laboratories, Inc., Gaithersburg, Md.) per ml.
The results of SDS-PAGE and Western blot analysis of the

subcellular fractions are shown in Fig. 2. Full-length, wild-type
IE polypeptides, expressed from plasmid pSVIE, occurred pre-
dominantly within the nuclear fraction of transfected cells
(compare Fig. 2, lanes 1 and 2). COS-1 cells transfected with
pSV12 (a plasmid that does not express IE polypeptides) pro-
vided a negative control (Fig. 2, lanes 11 and 12). Similar to
full-length IE polypeptides, IE polypeptides expressed from
n1411 also occurred predominantly within the nuclear fraction
(Fig. 2, lane 3). In contrast, IE polypeptides expressed from
n951, n627, and n421 were observed predominantly within the
cytoplasmic fraction of transfected cells (Fig. 2, lanes 5 through
10). These results suggest that amino acid sequences contrib-
uting to nuclear localization of the IE gene product map within
a 460-amino-acid region between residues 951 and 1411.
Amino acids 963 to 970 are necessary for nuclear localiza-

tion of carboxy-truncated IE polypeptides. To define more
clearly the amino acid residues responsible for nuclear local-

ization of IE polypeptides, a series of plasmids that express IE
polypeptides terminating within the 460-amino-acid region be-
tween residue 951 and residue 1411 was constructed (Fig. 3A).
These vectors express IE polypeptides terminating at IE amino
acid 1299, 1029, 970, or 962. The ability of these expression
constructs to direct the synthesis of the expected IE truncation
product was determined by Western blot analysis with the
IE-specific monoclonal antibody A1.4 (Fig. 3B). The ability of
each of these polypeptide species, as well as those expressed
from n1411 and n951, to migrate to the nuclei of transfected
cells was determined by indirect immunofluorescence (Fig. 4).
IE polypeptides terminating at IE amino acid 1411, 1299, 1029,
or 970 demonstrated diffuse nuclear staining characteristic of
the full-length IE polypeptide. However, IE polypeptides ter-
minating at residue 962 or residue 951 failed to migrate to the
nucleus and, instead, demonstrated a diffuse cytoplasmic stain-
ing pattern. Therefore, IE polypeptides possessing amino acids
1 through 970 accumulate efficiently within the nucleus, while
those possessing IE amino acids 1 through 951 do not. Exam-
ination of the amino acid sequence between the residue 962
and residue 970 endpoints revealed an amino acid sequence
(963-PPAPKRRV-970) with striking similarity to the nuclear
localization signal of SV40 large T antigen (14) (125-PPK
KKRKV-132). The EHV-1 sequence bears a cluster of posi-
tively charged amino acids characteristic of eukaryotic nuclear
localization signals. As seen in Fig. 4, IE amino acids 963 to
970 are necessary for efficient nuclear localization of truncated
IE polypeptides; however, the possibility remains that addi-
tional IE amino acid sequences may be necessary and/or suf-
ficient to target the intact IE polypeptide to the nuclei of
expressing cells.
IE amino acids 1 to 970 are sufficient to transactivate the

EHV-1 TK promoter. We have previously mapped the tran-
scriptional activation domain of the EHV-1 IE gene product to
the first 89 amino acids of the IE polypeptide and, in addition,
demonstrated that an amino-truncated form of the IE gene
product lacking the first 322 amino acids failed to activate gene
expression directed by the EHV-1 TK promoter (31). To char-
acterize the contribution of C-terminal portions of the IE
polypeptide to transactivation, plasmids expressing various
truncated portions of the IE gene product were tested for their
ability to transactivate reporter gene expression from a plasmid

FIG. 2. Immunoblot analysis of nuclear (N) and cytoplasmic (C) fractions of
transfected COS-1 cells. COS-1 cells were transfected with 5 mg of the indicated
expression vector. At approximately 2 days posttransfection, the transfected cell
monolayers were processed into nuclear and cytoplasmic fractions as described
in the text. Blotted polypeptides from equivalent numbers of cells (105) were
probed with the IE-specific monoclonal antibody A1.4.
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bearing the chloramphenicol acetyltransferase (CAT) gene un-
der the control of the EHV-1 TK promoter (pTK-CAT2). The
results are shown in Fig. 5. The wild-type EHV-1 IE gene
product induced reporter gene expression by 15-fold compared
with basal levels of reporter gene activity observed in the ab-
sence of effector plasmid. IE polypeptides terminating at IE
amino acid 1411 demonstrated levels of inducing activity ap-
proximately 34% that of the full-length IE protein. In contrast,
IE polypeptides terminating at IE residue 1299 yielded an
11-fold induction of CAT activity (72% of wild-type levels).
The impaired ability of the 1–1411 polypeptide to activate
pTK-CAT2 expression, compared with that of the 1–1299
polypeptide, is most likely due to its decreased level of stability
in transfected cells (Fig. 1 and 2). Surprisingly, polypeptides
terminating at IE amino acid 1029 or 970 demonstrated sig-
nificant levels of transactivation, yielding levels of activity 30
and 40% that of full-length IE, respectively. In contrast,
polypeptides 1–962 and 1–951 gave levels of induction of two-
fold or less. This observation is consistent with the lack of
efficient nuclear localization observed for these polypeptide
species. Taken together, the data indicate that although not
absolutely required for transactivation, regions 4 and 5 make a
significant contribution to the ability of the intact IE polypep-
tide to transactivate the EHV-1 TK promoter. The contribu-

tion of regions 4 and 5 to transactivation may be a structural
one since this region of the EHV-1 IE polypeptide, when fused
to the DNA-binding domain of GAL4, failed to activate re-
porter gene expression directed by a GAL4-responsive plasmid
(31). Alternatively, amino acid sequences within regions 4
and/or 5 may mediate direct protein-protein interactions that
contribute to (but are dispensable for) transcriptional activa-
tion.
In this study, IE polypeptides bearing C-terminal truncations

were transiently expressed within transfected cells and exam-
ined for the ability to (i) localize efficiently within the nuclei of
transfected cells and (ii) transactivate a representative EHV-1
early promoter (that of the EHV-1 TK gene). It was deter-
mined that amino acids 963 to 970 (PPAPKRRV) of the
EHV-1 IE polypeptide were essential for efficient accumula-
tion of the C-terminal truncation mutants within the nucleus.
The PPAPKRRV sequence shows marked similarity to the
nuclear localization signal defined for SV40 T antigen (PP
KKKRKV) (14). Truncated IE polypeptides lacking the se-

FIG. 3. Western blot analysis of truncated IE polypeptides. (A) The struc-
tures of four IE truncation mutants are shown below a schematic representation
of the EHV-1 IE polypeptide. (B) COS-7 cells were transfected with the indi-
cated plasmid DNAs and then harvested for Western blot analysis as described
in the text. Polypeptides from equivalent numbers of cells were separated by
SDS-PAGE, blotted to nitrocellulose filters, and probed with monoclonal anti-
body A1.4. IE(1–1487) was expressed from plasmid pSVIE.

FIG. 4. Nuclear localization of IE truncation mutants. LTK2 cells in 60-mm-
diameter dishes were transfected by lipofection with 8 mg of the appropriate
plasmid DNA. At approximately 24 h posttransfection, the transfected cells were
seeded onto sterile glass slides and incubated an additional 24 h. The cells were
fixed in acetone and examined by indirect immunofluorescence with an IE
peptide-specific polyclonal rabbit antiserum as described previously (31). The
upper left panel represents LTK2 cells transfected with a non-IE-expressing
plasmid, pBXG1V, as a negative control. IE(1–1487) was expressed from plas-
mid pSVIE.

FIG. 5. Fold stimulation of CAT activity directed by pTK-CAT2. L-M cells
were transfected in 60-mm-diameter dishes with 1.4 pmol of pTK-CAT2 and 0.3
pmol of a plasmid expressing the indicated IE amino acids. Transfected cells
were harvested approximately 2 days posttransfection and assayed for CAT
activity as previously described (29, 31, 35). All transfections were performed in
duplicate. Data are averages; error bars show standard deviations.
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quence from amino acids 963 to 970 failed to activate signifi-
cantly a TK-CAT reporter plasmid. In contrast, truncated IE
polypeptides containing the putative IE nuclear localization
signal were capable of inducing reporter gene expression to
levels ranging from 30 to 72% that of wild-type genes. Upon
examination of the abilities of various truncated and deleted
forms of ICP4 of HSV-1 to migrate to the nucleus, DeLuca and
Schaffer (8) suggested that ICP4 amino acids 723 to 732 (PR
EGRKRKSP) may serve as the ICP4 nuclear localization sig-
nal. Paterson and Everett (21) also mapped the ICP4 nuclear
localization signal to within the same vicinity (ICP4 amino
acids 682 to 774). Recently, Mullen et al. (19) have demon-
strated that providing ICP4 amino acids 726 to 732 (GRK
RKSP) to nuclear-localization-deficient ICP4 polypeptides can
restore efficient nuclear localization. Similar to the EHV-1 IE
sequence (963-PPAPKRRV-970), the ICP4 sequence contains
a cluster of positively charged amino acids. Although regions
726 to 732 of ICP4 and 963 to 970 of the EHV-1 IE gene
product do directly align in a comparison of the intact proteins,
both sequences occur within close proximity to the boundary of
regions 3 and 4 (13).
Transient-expression results also indicated that although re-

gions 4 and 5 make a significant contribution to the ability of
the IE gene product to transactivate the EHV-1 TK promoter,
these regions are not essential for transactivation. Similarly,
Shepard et al. (28) have demonstrated that a truncated version
of ICP4 containing the first 774 amino acid residues (and
therefore lacking regions 4 and 5) is sufficient to transactivate
the HSV-1 TK gene, as well as other viral genes examined.
DeLuca and Schaffer (7) have also reported partial transacti-
vation activity for various forms of ICP4 bearing C-terminal
truncations. Examination of various viral regulatory factors has
indicated that many of the functional domains are modular and
can retain activity when physically separated from the intact
polypeptide. In this regard, modular domains have been iden-
tified among various members of the ICP4 family of alphaher-
pesvirus regulatory proteins. For example, use of the GAL4
fusion strategy has identified discrete transcriptional activation
domains within the amino termini of the EHV-1 IE gene prod-
uct (31), the varicella-zoster virus ORF62 gene product (5, 22),
and the pseudorabies virus IE180 gene product (16). The tran-
scriptional activation domain of ICP4, however, apparently
does not map within the immediate amino terminus of the
molecule (7, 8). The DNA-binding domains of ICP4, IE180,
and ORF62 have been mapped to conserved region 2 of the
respective molecules (33, 34). Region 2 of the EHV-1 IE gene
product also specifies a DNA-binding domain (14a). These
mapping studies have demonstrated that the DNA-binding and
transcriptional activation domains of the various IE homologs
can function outside the context of their respective full-length
polypeptides and also that, in the case of the ORF62, IE180,
and EHV-1 IE gene products, these domains occur within the
amino-terminal portions of the protein (i.e., not within region
4 or 5). The location of these domains is consistent with the
ability of C-terminally truncated IE polypeptides to transacti-
vate a representative EHV-1 early promoter, since the DNA-
binding and transcriptional activation domains are retained by
these polypeptides. As noted above for the EHV-1 IE gene
product, direct assay of C-terminal portions of the ORF62 and
IE180 gene products for transcriptional activation activity in a
GAL4 fusion assay has failed to identify significant activity (5,
16). It is possible that regions 4 and 5 make a purely structural
contribution to the function of the IE homologs. However, the
ability of domains within regions 4 and/or 5 to recruit or in-
teract with factors that, although not essential, facilitate IE
homolog-mediated activation of gene expression would also be

consistent with current observations. Further experimentation
will be required to determine the exact role regions 4 and 5
play in IE gene structure and function.
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