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We have previously reported that the equine herpesvirus 1 (EHV-1) Xbal G restriction fragment (nucleotides
1436 to 7943 relative to the left terminus of the EHV-1 genome [Kentucky A strain]) is required in combination
with the EHV-1 immediate-early (IE) gene to achieve significant activation of two representative EHV-1 late
promoter-chloramphenicol acetyltransferase (CAT) recombinants in transient expression assays. In this
report, we demonstrate that the Xbal G-encoded UL3 gene (an ICP27 homolog) provides a trans-acting factor
which acts (in combination with the EHV-1 IE gene product) to increase reporter gene expression directed by
an EHV-1 late promoter-CAT recombinant plasmid. We show that cloned copies of UL3 can successfully
substitute for the Xbal G fragment in CAT assays and that stop codon insertion within the UL3 open reading
frame inhibits the ability of UL3 to activate reporter gene expression in trans.

Equine herpesvirus 1 (EHV-1), a member of the subfamily
Alphaherpesvirinae, provides a model system with which to
study various aspects of herpesvirus molecular biology and
pathogenesis (2, 5, 7, 21, 26, 27). A cascade model of
sequential, coordinate viral gene expression has been estab-
lished for EHV-1 lytic infection in which viral gene expres-
sion may be divided into three temporal classes, designated
immediate-early (IE), early, and late (4, 9). The IE class
consists of a single member, termed the IE gene (map units
0.78 to 0.82 and 0.96 to 1.00) (10). The IE gene has been
extensively characterized at the DNA, RNA, and protein
levels (3, 11, 13, 14, 25). DNA sequence analysis has
revealed that two highly conserved (>50% homology) pro-
tein domains are common to the EHV-1 IE gene product and
at least two other major regulatory factors of other alpha-
herpesviruses, namely, ICP4 of herpes simplex virus type 1
(HSV-1) and the ORF62 gene product of varicella-zoster
virus (11). In a functional characterization of the EHV-1 IE
gene product, we reported that the IE gene encodes an
autoregulatory factor capable of both trans activation and
trans repression of target gene expression (32). The EHV-1
IE gene product alone was sufficient to achieve an approxi-
mately 60-fold activation of gene expression from a reporter
plasmid bearing a representative EHV-1 early promoter
(thymidine kinase promoter) linked to chloramphenicol
acetyltransferase (CAT) coding sequences and a >15-fold
activation of gene expression from an HSV-1 thymidine
kinase-CAT construct (32). In contrast, two representative
late promoter constructs bearing promoter elements of the
EHV-1 glycoprotein D (gD) (1, 8) or the EHV-1 IRS (HSV-1
US10 homolog) (17) genes linked to CAT were only margin-
ally activated (two- to threefold) in the presence of the IE
gene product. It was observed, however, that cotransfection
of the EHV-1 Xbal G restriction fragment with the EHV-1
IE gene expression vector greatly enhanced gene expression
from the gD and IRS promoter-CAT recombinants. In this

* Corresponding author.

1105

report, we identify the gene within Xbal G which cooperates
with the IE protein to fully activate a representative EHV-1
late promoter-CAT recombinant.

The relative location of the EHV-1 Xbal G restriction
fragment (map units 0.01 to 0.06), the arrangement of genes
within Xbal G, and a series of Xbal G subclones are shown
in Fig. 1. DNA sequencing and transcription mapping have
revealed that the Xbal G fragment contains three intact
genes (termed UL2, UL3, and ULA), as well as portions of
two genes (UL1 and ULS) that extend beyond the bound-
aries of Xbal G (15, 16, 35, 36). The gene arrangement within
this portion of the EHV-1 genome has recently been con-
firmed by Telford et al. (34), who have sequenced the entire
genome of the Ab4 strain of EHV-1. UL2 has the potential to
encode a 200-amino-acid (200-aa) protein homologous to the
HSV-1 ULS55 gene product (35). UL3 encodes a 470-aa
protein showing 32% homology to the UL54 (ICP27) gene
product of HSV-1, while UL4 encodes a 343-aa protein
homologous to the UL53-encoded glycoprotein of HSV-1
(36). UL1 and ULS are homologous to varicella-zoster virus
ORF2 and HSV-1 ULS2, respectively (34, 35).

Xbal G and various subclones of Xbal G were tested for
the ability to enhance CAT activity directed by an EHV-1
IR5 promoter-CAT recombinant plasmid (pIR5-CAT) in the
presence of an EHV-1 IE gene expression vector (pSVIE)
bearing the IE gene under the control of the simian virus 40
early promoter. Construction of pSVIE and a description of
the transfection and CAT assay procedures have been re-
ported previously (32). Plasmid pIR5-CAT contains pro-
moter elements of the IRS gene, a late gene that is homolo-
gous to US10 of HSV-1 (17), from —1113 to +13 relative to
the transcription initiation site linked to the CAT gene of
plasmid pCAT-Basic (Promega). L-M cells (murine fibro-
blasts) were transfected with 1.4 pmol of the pIRS-CAT
reporter plasmid and 0.3 pmol of the appropriate effector
plasmid.

As demonstrated in Table 1 and Fig. 2 (lanes 1 and 2),
cotransfection of pSVIE with the pIR5-CAT reporter plas-
mid resulted in an approximately threefold increase in CAT
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FIG. 1. Gene arrangement and subclones of the Xbal G restric-
tion fragment of EHV-1. (A) The genomic position of the Xbal G
fragment is indicated. (B) Enlargement of the Xbal G fragment
showing the arrangement of genes within Xbal G and restriction
enzyme sites used in the construction of Xbal G subclones (X, Xbal;
S, Sphl; H, Hindlll; P, PstI; Hp, Hpal). The nucleotide (nt)
numbers represent distances (in base pairs) from the left terminus of
the EHV-1 genome (Kentucky A strain). Arrows indicate the
positions and directions of transcription of genes mapping within
Xbal G. The UL1 and ULS open reading frames initiate outside the
boundaries of Xbal G. (C) Schematic representation of the cloned
Xbal G fragment and various subclones. Abbreviations: Uy , unique
long; Us, unique short; IR, internal inverted repeat; TR, terminal
repeat; TAG, stop codon linker insertion.

activity compared with basal levels of CAT activity associ-
ated with pIR5-CAT in the absence of effector plasmid. In
contrast, cotransfection of pIR5-CAT with pXG (a plasmid
bearing the EHV-1 Xbal G restriction fragment in a pAT153
background) resulted in no significant activation of pIRS-
CAT (Table 1; Fig. 2, lane 3). However, when pIR5-CAT
was cotransfected with pXG in combination with pSVIE
(Table 1; Fig. 2, lane 4), CAT activity was induced by
approximately 13-fold over basal levels (>4-fold over the
level of target gene activation achieved by the IE expression
vector alone). To determine which of the three uninterrupted
genes (i.e., UL2, UL3, and ULA) within Xbal G contributes

TABLE 1. Effect of pSVIE and Xbal G clones on pIR5-CAT
gene expression

CAT activity (% acetylation)”

Plasmid(s) transfected Fold
with pIR5-CAT Expt Expt Expt Mean = change®
1 2 3 SD

pUC12 036 0.44 0.57 0.46 =0.11

PSVIE 1.25 1.32  1.37 1.31 £ 0.06 2.9
pXG 0.45 0.47 0.51 0.48 =0.03 1.0
pXG + pSVIE 434 506 7.87 5.76 = 1.87 12.5
pXG44 + pSVIE 590 598 7.67 6.52 +1.00 14.2
pXG45 + pSVIE 6.22 6.69 6.92 6.61 = 0.36 14.4
pXG46 + pSVIE 1.07 1.08 130 1.14 +0.13 2.5

“ Determined as percent conversion of substrate to the acetylated form.
Results of three parallel transfection experiments are shown.

® Determined by comparison of the average percent acetylation associated
with pIRS-CAT in the presence of the indicated effector plasmid(s) versus the
average percent acetylation in the presence of pUC12.
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FIG. 2. Representative CAT assay results showing the effects of
various plasmids on pIRS-CAT gene expression. L-M cells were
transfected with 1.4 pmol of the pIR5-CAT reporter plasmid and 0.3
pmol each of the indicated effector plasmid(s). Plasmid pIRS-CAT
contains promoter elements (—1113 to +13) of the EHV-1 IRS gene
(a late gene) linked to CAT coding sequences. Plasmid pSVIE
contains the EHV-1 IE open reading frame under the control of the
simian virus 40 early promoter. EHV-1 genes contained within Xbal
G and the Xbal G subclones are indicated in Fig. 1. Cells were
harvested approximately 62 h posttransfection and assayed for CAT
activity as described previously (32). Cm, chloramphenicol; 1-Ac-
Cm, 1-acetylchloramphenicol; 3-Ac-Cm, 3-acetylchloramphenicol.

to Xbal G activity, a series of Xbal G subclones (Fig. 1C)
was employed in cotransfection experiments. Plasmid
pXG44 contains sequences from nucleotide (nt) 1436 to nt
6510 relative to the left terminus of the EHV-1 genome
(Kentucky A strain) and deletes approximately 1.4 kbp from
the right end of Xbal G but retains the UL2, UL3, and UL4
genes. Cotransfection of pIR5-CAT with pXG44 and pSVIE
(Table 1; Fig. 2, lane 5) resulted in an average 14-fold
increase in CAT activity compared with that directed by
pIR5-CAT in the presence of pUCI12. This represents a
>4-fold increase in CAT activity compared with that asso-
ciated with pIR5-CAT in the presence of pSVIE alone. This
level of activation is comparable to that obtained by cotrans-
fection of pIRS-CAT with pSVIE and the intact Xbal G
fragment. Plasmid pXG45 contains sequences from nt 1436
to nt 5249, thus deleting 369 bp from the 5’ end of the UL4
ORF. Cotransfection of pIR5-CAT, pXG45, and pSVIE
(Table 1; Fig. 2, lane 6) resulted in an approximately 14-fold
induction of CAT activity from pIR5-CAT, a value compa-
rable to that observed for pIRS-CAT in the presence of pXG
plus pSVIE or pXG44 plus pSVIE. However, cotransfection
of pIRS-CAT with pXG46 (which contains Xbal G sequences
from nt 1436 to nt 2957 and thus deletes all of UL3, ULA4, and
the remainder of ULS) and pSVIE yielded an approximately
threefold increase in CAT activity which can be attributed to
the affects of pSVIE alone (Table 1; Fig. 2, compare lanes 2
and 7). Therefore, pXG46 (which lacks UL3) was unable to
contribute to the frans activation of pIRS-CAT. These ob-
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FIG. 3. Effect of increasing amounts of pXG47 and pXG47S on
CAT activity in cells transfected with pIR5-CAT and pSVIE. L-M
cells were transfected with 1.4 pmol of pIRS-CAT, 0.3 pmol of
pSVIE, and the indicated amount of either pXG47 or pXG47S.
Plasmid pXG47 bears a single copy of the EHV-1 UL3 gene (Fig.
1C). Plasmid pXG47S is a pXG47 derivative in which a linker
(14-mer) containing stop codons in all reading frames was inserted at
position 3613 of the UL3 gene. Each datum point shows the results
of duplicate transfections which are individually graphed versus
percent acetylation. The dashed line represents levels of CAT
activity (percent acetylation) associated with pIR5-CAT in the
presence of pSVIE alone (i.e., no UL3 effector plasmid).

servations indicate that, of the genes within Xbal G, it is
UL3 which augments gene expression from pIR5-CAT in the
presence of pSVIE.

To confirm that the UL3 gene product is sufficient for
cooperative activation of gene expression from pIRS-CAT,
the UL3 gene was isolated as a 5.3-kbp PstI-Sphl restriction
fragment in pUC19 (to generate pXG47) and employed in a
dose-response experiment. L-M cells were transfected with
1.4 pmol of the pIRS5-CAT reporter plasmid, 0.3 pmol of
pSVIE, and increasing amounts (0.0 to 0.5 pmol) of pXG47.
As shown in Fig. 3, the addition of as little as 0.1 pmol of
pXG47 was sufficient to achieve an approximately fivefold
induction of CAT activity over that observed with pIRS-
CAT in the presence of pSVIE alone. CAT activity in-
creased with increasing amounts of UL3 effector plasmid,
peaking at 0.5 pmol of pXG47 (the largest amount tested). To
confirm that it is the coding capacity of UL3 which contrib-
utes to induction of pIR5-CAT gene expression, a second
version of pXG47 was constructed in which a 14-mer oligo-
nucleotide bearing an amber stop codon in all reading frames
was inserted into the unique Hpal site of the UL3 gene at
position 3613 to generate pXG47S. The stop codon insertion
should result in truncation of the UL3 gene product from 470
to 279 aa and, therefore, the loss of 191 aa from the carboxy
terminus of the protein. It has been demonstrated that the
carboxy-terminal half of the HSV-1 UL3 homolog (ICP27) is
particularly important for protein function (12, 20, 24).
Therefore, it was predicted that the UL3 nonsense mutation
would severely impair UL3 protein function. This was
confirmed by the dose-response experiment diagrammed in
Fig. 3. In contrast to the effects of pXG47, expression from
pIR5-CAT was not significantly increased by the addition of
0.1 or 0.2 pmol of pXG47S. An approximately 3.5-fold
increase in CAT activity was observed with transfection of
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0.3 pmol of pXG47S. This level of CAT activity remained
approximately the same with the addition of 0.4 and 0.5 pmol
of pXG478S. It is possible that this low level of activation is
due to titration of a nonspecific repressor of pIR5-CAT
expression. Alternatively, the remaining 279 aa of the UL3
gene product may retain some activity which is apparent
only at higher molar ratios of effector plasmid to reporter
plasmid. However, it is clear from the data that the stop
codon insertion within UL3 severely impaired the ability of
pXG47S to augment late gene expression. This result indi-
cates that it is the coding capacity of UL3 which is important
for trans activation of target gene expression from pIRS-
CAT.

We have previously reported (32) that while an EHV-1 IE
gene expression vector was able to activate a representative
EHV-1 early promoter-CAT construct by as much as 60-
fold, IE-mediated activation of two representative EHV-1
late promoter-CAT recombinants was relatively poor. It was
determined that cotransfection of the EHV-1 Xbal G restric-
tion fragment with the IE gene expression vector greatly
enhanced CAT activity directed by the late promoter-CAT
constructs. Here, we have identified the EHV-1 UL3 gene
(ICP27 homolog) as the active component contributed by
Xbal G in a transient expression assay. This result is
consistent with the proposed roles of UL3 and ICP27 as
regulatory factors which contribute to the switch from early
to late gene expression. HSV-1 mutants which bear defects
in the ICP27 gene are impaired in the expression of late
infected-cell polypeptides (19, 23, 28). Although EHV-1
strains bearing a mutation within the UL3 gene are not yet
available, transient expression assays suggest that UL3 is
also important for EHV-1 late gene expression. Transient
expression assays employing cloned copies of ICP27 have
provided specific, and sometimes conflicting, examples of
ICP27-mediated trans activation of HSV-1 late promoter-
reporter gene constructs. It has been reported that while an
ICP27 vector demonstrates little activity when singly trans-
fected with an HSV-1 late promoter-reporter gene chimera
containing the VP5 (major capsid protein) promoter linked to
CAT, ICP27 can significantly enhance ICP4-ICPO-mediated
activation of VP5-CAT (6, 30). In contrast, ICP27 has also
been reported to repress frans activation of a VP5-CAT
construct by ICP4 or ICPO (20). ICP27 has also been
reported to inhibit the trans activation of several other
HSV-1 promoter-CAT constructs by ICP4 and/or ICPO (30,
33). Rice and Knipe (22) have reported that ICP27 can
activate reporter gene expression directed by an HSV-1
glycoprotein B (gB) promoter-CAT fusion construct and that
ICP27 can further enhance ICP4- and/or ICPO-mediated
activation of gB-CAT. However, others have observed
repression of ICP4- and/or ICPO-mediated ¢rans activation of
a gB-CAT construct in the presence of ICP27 (30). Rice et al.
(24) have reported that ICP27, in the presence of ICP4, can
trans activate an HSV-1 glycoprotein C (gC) promoter-CAT
construct. Similarly, the EHV-1 UL3 gene product signifi-
cantly enhances reporter gene expression from an EHV-1
gC-CAT construct in the presence of the EHV-1 ICP4
homolog (18). McCarthy et al. (19) have observed that the
transcription initiation rate of several HSV genes is de-
creased in cells infected with an HSV-1 ICP27 null mutant
compared with the transcription initiation rate of the same
genes in cells infected with wild-type HSV-1. In addition, it
has recently been reported that the trans effects of ICP27 are
related to posttranscriptional processing of target gene mR-
NAs (29, 31) and that negative effects on gene expression are
related to the presence of introns within the target gene while
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positive effects are exerted through 3’-end processing of
target gene transcripts (29). Although the mechanism by
which UL3 contributes to frans activation of gene expres-
sion has not been determined, increases in steady-state
mRNA levels via more efficient processing and/or transport
of target gene transcripts are consistent with the effects of
UL3 in transient expression assays. A determination of the
level at which UL3 functions and an investigation of its
protein structure as it relates to function are now underway
in our laboratory.
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