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The activation of gene expression by the human cytomegalovirus (HCMV) particle was investigated. The
HCMV major immediate-early (IE) promoter was cloned upstream of the Escherichia coli lacZ coding se-
quences, and the resulting cassette was introduced into the genome of a herpes simplex virus type 1 (HSV-1)
mutant lacking functional VP16. Upon infection with the HSV-1 recombinant in the presence of cycloheximide,
to block de novo protein synthesis, expression of lacZ-specific transcripts was increased by fivefold when
HCMV was included in the inoculum. Accumulation of HSV-1 IE RNAs was also stimulated by coinfection with
HCMV, as was expression of the adenovirus 5 VAI transcript when the VAI gene was cloned into the HSV-1
genome. Coinfection with HCMV did not alter mRNA stability or uncoating of the HSV-1 genome. The coding
sequences for the HCMV phosphoprotein pp71, controlled by the HCMV IE promoter, were cloned into an
HSV-1 recombinant impaired for the production of the three major transactivators (VP16, ICP0, and ICP4) to
yield a recombinant (in1324) which expressed pp71 but did not cause significant cytotoxicity. Infection with
in1324 resulted in stimulation of HCMV IE, HSV-1 IE, and VAI expression, demonstrating that pp71 is
responsible for the effects we observed when using the entire HCMV particle. Therefore, HCMV pp71 exhibits
novel properties in its ability to stimulate gene expression from a range of promoters present in a herpesvirus
genome.

The program of herpesvirus gene expression in infected cells
is controlled at multiple levels, one of which is the activation of
immediate-early (IE) transcription by structural proteins of the
incoming virion. In the case of herpes simplex virus type 1
(HSV-1), the tegument protein VP16 activates IE transcription
by forming a complex with the cellular proteins Oct-1 and HCF
at the sequence TAATGARAT (R is a purine nucleotide)
(reviewed in reference 26). Similarly, components of the
human cytomegalovirus (HCMV) particle stimulate HCMV
IE gene expression, but in this case, the proteins responsible
and their modes of action are less clear than for HSV-1. The
promoter controlling expression of the HCMV major IE locus
is very complex, containing an enhancer region with reiterated
binding sites for a variety of cellular transcription factors (5, 11,
15, 39). As a result of this complexity, the HCMV IE promoter,
and hence viral IE gene expression, is sensitive to modulation
by many cellular regulatory pathways. The major IE locus
encodes a family of proteins which have positive and negative
effects on transcription and combine to regulate the expression
of the viral genome.

The HCMV tegument phosphoprotein pp71 (encoded by
gene UL82) is the most obvious candidate for a functional
counterpart of VP16. In cotransfection assays, this protein
activates expression from the HCMV IE promoter, and dele-
tion analysis suggested that the target sequences were the ATF
or AP-1 recognition sites present in the repeated 19-bp units of
the promoter (16). Cotransfection with plasmids encoding
pp71 also enhances the infectivity of HCMV DNA, although
this effect may not be mediated through a direct effect on the
major IE promoter, since a plasmid encoding pp71 gave a

greater stimulation of infectivity than a plasmid encoding the
entire IE locus (2). Another tegument protein, encoded by
gene UL69, stimulates IE promoter activity in cotransfection
assays, especially in concert with pp71 (43), but surprisingly the
expression of UL69 antagonizes the enhancement of infectivity
by a pp71-encoding plasmid (2). Components of the virion
influence cellular signal transduction pathways, and since the
HCMV major IE promoter is responsive to manipulations
which operate through such pathways, these are additional
potential mechanisms for activating IE transcription (4, 11, 13,
35, 40). The cell transcription factors NF-kB and Sp1 are
activated by glycoproteins gB and gH of the infecting HCMV
particle, thereby altering the expression of a number of cellular
genes and possibly that of the IE genes by virtue of the NF-kB
sites in the 18-bp repeat units in the major IE promoter (35, 39,
44). The virus also specifies a family of genes with homology to
G-coupled receptors, which mediate signal transduction and
consequent cellular gene activation (3, 6, 9), and one member
(UL33) is known to be a virion component (18). Finally,
HCMV particles contain protein kinases and phosphatases
which may affect cellular or viral gene expression by altering
the phosphorylation of transcription factors, either directly or
through effects on other kinases which mediate signal trans-
duction (21). Virion components activate transcription of in-
terferon-responsive genes, although the proteins involved and
their relevance to viral IE gene expression are unclear at
present (23, 45).

To date, the activation of HCMV IE or cell promoters by
virion components has been investigated in assays based on the
stimulation of expression from plasmid templates or genes
resident in the cellular genome (16, 41). It is not possible at
present to determine the responses of promoters within the
HCMV genome, because viral mutants defective for virion
components are not available and because genetic manipula-
tion of HCMV remains a formidable task. We demonstrated
previously that the stimulatory effect of the HCMV particle
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could be reproduced by coinfection of cells with HCMV and an
HSV-1 recombinant, derived from the VP16 mutant in1814,
containing the HCMV IE promoter controlling Escherichia
coli lacZ (33). Analysis of RNA produced after infection with
the HSV-1 recombinant in the presence of cycloheximide re-
vealed a fivefold increase in lacZ-specific transcript levels when
HCMV was added, due to activation of the HCMV IE pro-
moter by components of the HCMV virion. This system pro-
vides a means of studying the sequence specificity of the effect
of HCMV virion proteins at the level of RNA accumulation
and with the target promoters in the HSV-1 genome, an envi-
ronment that may more closely resemble the HCMV genome
than do transfected plasmid DNA or transformed cells. We
describe here the responses of promoters located in the HSV-1
genome to activation by components of the HCMV particle. In
addition, we have investigated the contribution of pp71 to gene
activation by the construction of an HSV-1-derived recombi-
nant, in1324, which expresses the protein efficiently in human
fibroblasts, a cell type that is permissive for HCMV replication.
The recombinant is derived from the HSV-1 mutant in1312,
which contains the VP16 mutation from in1814, a deletion of
the essential RING domain of ICP0, and the tight tempera-
ture-sensitive mutation from tsK which inactivates ICP4 func-
tion at the nonpermissive temperature (34). Mutant in1312
therefore fails to produce the major HSV-1-specified activators
of gene expression. After infection of cells at 38°C, mutants
lacking these three functions do not induce detectable cytopa-
thology at effective multiplicities of up to 5 PFU per cell yet
express functional levels of foreign gene products for at least 2
days when the HCMV IE promoter is used to direct transcrip-
tion (30, 31, 38). We have used in1324 to investigate the prop-
erties of pp71 in isolation from other HCMV virion proteins.

MATERIALS AND METHODS

Plasmids. HindIII fragments of HCMV (strain AD169), cloned into pAT153,
were provided by J. Macnab. The HindIII-BamHI fragment of HindIII 1, con-
taining most of the pp71 coding sequences (36), was cloned between the HindIII
and BamHI sites of pUC18, to give pCP8327. The HCMV HindIII c fragment
was inserted into the HindIII site of pCP8327 to yield plasmid pCP8401, in which
the pp71 coding sequences are contiguous. The XbaI site at the 39 end of the
pp71 coding region was changed to an SstI site by insertion of an oligonucleotide,
retaining the termination codon. The pp71 open reading frame was cloned as a
1,711-bp FspI-SstI fragment between the SmaI and SstI sites of pJ7V (22), giving
plasmid pCP8671. The shuttle vector pCP1802 was constructed by replacing the
lacZ coding sequences of pMJ101 (14) with a polylinker containing a unique
HpaI site which could be used to place open reading frames between the HCMV
IE promoter and simian virus 40 polyadenylation signals, all embedded in HSV-1
thymidine kinase (TK) coding sequences to facilitate recombination into the viral
genome. The pp71 open reading frame was excised from pCP8671 as a BamHI-
SstI fragment, treated with Klenow fragment, and cloned into the unique HpaI
site of pCP1802, giving plasmid pCP43937. The green fluorescent protein (GFP)
coding protein sequences from plasmid pGFPemd (Packard Instrument Com-
pany) were cloned into the HpaI site of pCP1802, giving pAR29, in which
expression of GFP is controlled by the HCMV IE promoter.

Cells and viruses. HSV-1 recombinants were propagated and titrated on
BHK-21 (clone 13) cells, with 3 mM hexamethylene bisacetamide present to
complement the VP16 mutation derived from in1814 (1, 19). HCMV (strain
AD169) was propagated and titrated on human fetal lung (HFL) fibroblasts. For
irradiation with UV, the HCMV preparation was diluted 10-fold in Eagle me-
dium lacking serum and phenol red and UV irradiated as described previously
(25), with an HSV-1 preparation treated in parallel to monitor the efficacy of
irradiation. The titer of HCMV was reduced to undetectable levels, and HSV-1
was reduced from to 2.5 3 109 PFU/ml to ,5 3 102 PFU/ml. The HSV-1
recombinants used were derived from mutant in1814 and contained insertions
consisting of the E. coli lacZ gene controlled by various herpesvirus promoters or
of the adenovirus 5 (Ad5) VAI gene at the TK or UL41 locus. Although known
additional mutations were present in the parents of some of the recombinants,
these are not relevant to experiments reported here, in which de novo protein
synthesis was inhibited by the addition of 50 mg of cycloheximide per ml from the
time of infection. The promoter sequences controlling lacZ in the recombinants
derived from in1814 are listed in Table 1. Recombinants in1853, in1820K, in1312,
in1332, in1382, in1383, and in1389 have been described previously (7, 31, 32, 34).
Recombinants in1341 and in1342 were derived from in1820K and contained the
HSV-1 ICP0 promoter from an SstI site at 2808 to a BbvI site at 148, upstream
of lacZ, with deletions from the EagI site at 2687 to the BstXI site at 2417
(in1341), or from the BstXI site at 2417 to the SmaI site at 2126 (in1342).
Mutant in1373 was derived from in1312 and possessed a cassette of the HCMV
major IE promoter (a Sau3AI fragment from 2750 to 17) controlling lacZ,
inserted between BamHI and BstXI sites in the UL41 coding sequences, thereby
deleting 935 bp of UL41. Mutant in1375 was derived from in1373 by insertion of
the Ad5 VAI gene (an XhoI-NheI fragment representing nucleotides 2326 to
1189 with respect to the start site of the 155-nucleotide RNA) cloned into the
SstI site in the HSV-1 TK gene. Mutant in1324 was constructed by recombination
of ScaI-cleaved pCP43937 with in1312 DNA and selection for TK-deficient
viruses, as described previously (31), and in1325 was prepared by cotransfection
of in1324 DNA with ScaI-cleaved pAR29 and subsequent selection of fluorescent
plaques. Mutant in1329 was constructed by recombination of ScaI-cleaved pTM8
(in which lacZ is controlled by the ICP4 promoter and upstream sequences) (17)
with in1312 DNA and selection of lacZ-expressing plaques. The VP16 mutation
of in1312 was rescued by cotransfection with pMC1 (1) to give in1330. The
structures of recombinant viruses were confirmed by Southern hybridization.

Analysis of RNA accumulation. Monolayers of 107 HFL cells were infected
with HSV-1 recombinants at a multiplicity of 5 PFU per cell (or the equivalent
amount of in1373, in1375, in1389, in1324, in1325, and in1330, which give lower
titers due to the absence of functional ICP0), with 50 mg of cycloheximide per ml
present throughout. Where present, HCMV (AD169) was added at 0.3 PFU per
cell. After incubation at 38.5°C for 1 h, culture medium containing 50 mg of
cycloheximide per ml was added, and incubation was continued at 38.5°C for 5 h.
Cells were harvested, polyadenylated RNA was extracted and analyzed on RNA
blots, and hybridization with probes specific for g-actin, lacZ, and the HSV-1 IE
mRNAs was carried out, as described previously (1, 24). For analysis of VAI
production, total cytoplasmic RNA was prepared from Ad5-infected HFL cells
as described by Preston (29). The VAI probe was the 515-bp XhoI-NheI fragment
described above. A probe specific for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was purchased from Ambion. Radioactive signals in individual
bands were quantified by use of a PhosphorImager (Molecular Dynamics).

Analysis of uncoating of viral DNA. Monolayers of 2 3 106 HFL cells were
infected with 0.5 PFU of in1332 per cell, with or without 1 PFU of HCMV per
cell, in the presence of 50 mg of cycloheximide per ml, and maintained at 38.5°C
for 12 h. Nuclei were incubated, with or without 5 U of DNase I, at 37°C for 20
min, under conditions described previously (14). DNA was extracted, cleaved
with BamHI, electrophoresed, blotted, and hybridized with a probe specific for
the Moloney murine leukemia virus (Mo-MuLV) long terminal repeat insert in
the HSV-1 long repeat, as described previously (14).

Expression of pp71. Protein blots to detect pp71 were carried out with poly-
clonal antibody BgL2 (kindly supplied by G. Hensel), as described by Hensel et
al. (12).

TABLE 1. Promoter sequences cloned into HSV-1 recombinants

Mutant Type of inserted sequencea

in1853, in1382, and in1332......................................................................................HCMV IE (2750 to 17)-lacZ (TK)
in1335 and in1329 ....................................................................................................HSV-1 ICP4 (2331 to 129)-lacZ (TK)
in1383.........................................................................................................................HSV-1 ICP0 (2808 to 148)-lacZ (TK)
in1341.........................................................................................................................HSV-1 ICP0 (2808 to 2687 and 2417 to 148)-lacZ (TK)
in1342.........................................................................................................................HSV-1 ICP0 (2808 to 2417 and 2126 to 148)-lacZ (TK)
in1389.........................................................................................................................HSV-1 ICP0 (2106 to 148)-lacZ (TK)
in1373.........................................................................................................................HCMV IE (2750 to 17)-lacZ (UL41)
in1375.........................................................................................................................HCMV IE (2750 to 17)-lacZ (UL41), VAI (2326 to 1189) (TK)
in1324.........................................................................................................................HCMV IE (2750 to 17)-pp71 (TK)
in1325.........................................................................................................................HCMV IE (2750 to 17)-GFP (TK)

a The site of insertion is in parentheses.
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b-Galactosidase assays. Cell extracts were prepared and b-galactosidase ac-
tivities were determined by a fluorometric assay, as described by Preston and
Nicholl (33).

Cytotoxicity assay. Monolayers of Vero cells were infected with in1324 or
in1325, and the efficiency of colony formation after trypsinization and dilution
was determined as described previously (31).

RESULTS

Activation of gene expression by HCMV particles. In the
protocol used for many of the experiments reported here,
monolayers of HFL cells were infected with HSV-1 mutants
lacking functional VP16, with or without HCMV, in the pres-
ence of cycloheximide to block protein synthesis. At 6 h postin-
fection, polyadenylated RNA was extracted and analyzed by
gel electrophoresis, blotting, and hybridization. Previously, we
used this approach to demonstrate that the HCMV particle
contains proteins that stimulate expression from the HCMV
major IE promoter, when placed upstream of lacZ coding
sequences, by approximately fivefold (33), and initial experi-
ments were carried out to confirm and extend these findings.
To ensure that the effects were due to HCMV virion compo-
nents rather than a low level of IE protein synthesis, even in
the presence of cycloheximide, HCMV was UV irradiated
prior to coinfection with in1332 (Fig. 1A). Expression of lacZ-
specific RNA, controlled by the HCMV IE promoter, was
observed in the absence of coinfecting virus (lane 1) and was
stimulated to the same extent (fivefold, relative to the level of
actin-specific RNA) by irradiated (lane 2) and unirradiated
(lane 3) virus, demonstrating that the components exerting the
effect were not affected by heavy irradiation of the HCMV
preparation. This result, together with the observation that
increasing the concentration of cycloheximide from 50 mg/ml
to 100 mg/ml did not affect the level of stimulation (results not
shown), demonstrates that the effect was due to virion compo-
nents. Our previous studies also showed that expression from
the HSV-1 ICP0 IE promoter was also increased by two- to
threefold upon coinfection with HCMV in the presence of
cycloheximide (33). To investigate the nature of the sequences
in this promoter (initially defined as an 856-bp fragment from
2808 to 148), HSV-1 mutants containing deleted versions of
the promoter upstream of lacZ were tested for responsiveness
to HCMV (Fig. 1B). lacZ-specific RNA accumulation was in-

creased by two- to threefold when mutants in1341 (lacking
2687 to 2417) and in1342 (lacking 2417 to 2126) were tested
(lanes 2 to 5), and even the minimal promoter (from 2106 to
148) present in in1389 was activated by coinfection with
HCMV (lanes 6 and 7). Therefore, no specific region mediat-
ing the response to HCMV was identified in the ICP0 pro-
moter. The properties of another HSV-1 IE promoter, that
controlling ICP4, were also investigated (Fig. 1C). Coinfection
with HCMV resulted in a fivefold stimulation of lacZ-specific
RNA production, demonstrating that this promoter also re-
sponds to components of the HCMV virion.

To investigate whether all HSV-1 promoters respond to
HCMV, and to confirm that the effects shown in Fig. 1 were
not due to lacZ sequences or flanking regions from the HSV-1
TK gene, HFL monolayers were infected with in1853 and coin-
fected with HCMV in the presence of cycloheximide, and
HSV-1 IE RNA accumulation was measured by using gene-
specific fragments as hybridization probes (Fig. 2). The
amounts of the HSV-1 IE RNAs were increased by two- to
threefold (ICP0 and ICP22) or four- to fivefold (ICP4 and
ICP27). Therefore, the HSV-1 promoters in their natural lo-
cations are activated by components of the HCMV virion. As
expected, lacZ-specific RNA (controlled by the HCMV IE
promoter) increased by approximately sixfold.

To extend the range of promoters analyzed by the coinfec-
tion approach, it would be desirable to clone cellular promot-
ers into the HSV-1 genome and determine their responses to
coinfection with HCMV. This approach is problematic, how-
ever, since most heterologous promoters are not expressed
with an IE pattern of regulation in the context of the HSV-1
genome but are dependent upon IE protein synthesis (27). In
searching for promoters that are active in the presence of
cycloheximide, the adenovirus VAI gene, which is transcribed
by RNA polymerase III, was investigated. HSV-1 mutant
in1375 contains lacZ controlled by the HCMV IE promoter
inserted into the nonessential UL41 gene (which encodes the
virion host shutoff function), and VAI (transcribed sequences
plus promoter and terminator elements) at the TK locus. Cells
were infected with in1375 or its parent in1373, which contains
the UL41 insertion but not VAI, and coinfected with HCMV
in the presence of cycloheximide (Fig. 3). Synthesis of VAI was

FIG. 1. Effects of HCMV on promoter activities. HFL cell monolayers were
infected in the presence of cycloheximide and incubated at 38.5°C for 6 h.
Polyadenylated RNA was hybridized with probes specific for lacZ and actin. (A)
Cells were infected with in1332 alone (lane 1), with in1332 plus UV-irradiated
HCMV (lane 2), or with in1332 plus unirradiated HCMV (lane 3). (B) Cells were
mock infected (lane 1) or infected with in1341 (lanes 2 and 3), in1342 (lanes 4
and 5), or in1389 (lanes 6 and 7), either with no other virus (lanes 1, 2, 4, and 6)
or with HCMV (lanes 3, 5 and 7). (C) Cells were infected with in1335 alone (lane
1) or in1335 plus HCMV (lane 2).

FIG. 2. Effects of HCMV on HSV-1 IE promoters. HFL cell monolayers
were mock infected (lane 1), infected with in1853 alone (lane 2), or infected with
in1853 plus HCMV (lane 3) in the presence of cycloheximide and incubated at
38.5°C for 6 h. Polyadenylated RNA was prepared and hybridized with probes
specific for lacZ and GAPDH, ICP4 and ICP0, ICP27, and ICP22.
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readily detected in cells infected with in1375 but not in1373
(lanes 4 and 6), and coinfection with HCMV increased the
level of this transcript (lane 5) by two- to threefold (taking data
from three experiments). The level of lacZ-specific RNA was
increased by fivefold (lanes 4 and 5). This experiment shows
that the effect of HCMV is not restricted to herpesvirus IE
promoters or to genes transcribed by RNA polymerase II.

Coinfection with HCMV does not affect mRNA stability or
uncoating of HSV-1. The effects shown in Fig. 1 to 3 could be
due to mRNA stabilization by HCMV rather than a true in-
crease in the rate of accumulation; thus, RNA stability was
investigated (Fig. 4). Monolayers were infected with in1853,
with or without HCMV, and incubated in the presence of
cycloheximide for 3 h. At this time, cultures were treated with
actinomycin D, to block transcription, and RNA was analyzed
after a further 3 h. The level of lacZ-specific RNA, relative to
that of actin mRNA, increased between 3 and 6 h postinfection
regardless of the presence of HCMV and only decreased by
approximately 20% over 3 h in the presence of actinomycin D
in both sets of cultures. Therefore, lacZ mRNA was relatively
stable over the time course of the experiments described here,
demonstrating that mRNA stabilization cannot account for the
increase mediated by coinfection with HCMV.

Two other possible explanations for the effects of HCMV
were investigated. The incorporation of [3H]uridine into pre-
cursor pools and RNA was not affected by infection with
HCMV under the experimental protocol reported here (results
not shown), ruling out a general stimulation of cellular RNA
synthesis. The uptake and uncoating of HSV-1 genomes were
also investigated (Fig. 5). HFL monolayers were infected with
in1332 in the presence of cycloheximide, with and without
HCMV. At 12 h postinfection, nuclei were prepared and di-
gested with DNase I or mock digested. DNA was extracted,
cleaved with BamHI, and analyzed by Southern hybridization
with a probe which detects a fragment from the long repeat
and joint-spanning regions of the HSV-1 genome. Two param-
eters of uncoating were measured: the overall sensitivity to
DNase I digestion was determined, and the ratio of joint to
terminal fragment was calculated. It is known that HSV-1
DNA is converted to a circular form, which contains two joints
but no termini and is DNase I sensitive, shortly after uncoating;

thus, an increase in the ratio of joint to terminus would indi-
cate a greater extent of uncoating irrespective of the absolute
recovery of HSV-1 genomes (10, 14, 28). The results of re-
peated experiments showed, as illustrated in Fig. 5, that coin-
fection with HCMV did not alter the amount of in1332 DNA

FIG. 3. Effects of HCMV on VAI expression. HFL monolayers were mock
infected (lanes 2 and 3), infected with in1375 (lanes 4 and 5), or infected with
in1373 (lane 6), alone (lanes 2, 4 and 6) or with HCMV (lanes 3 and 5). After
incubation at 38.5°C for 6 h in the presence of cycloheximide, cytoplasmic RNA
was prepared. Cytoplasmic RNA from Ad5-infected cells (24 h postinfection)
was analyzed in lane 1. Hybridization was with probes specific for lacZ, actin, and
VAI.

FIG. 4. HCMV does not affect RNA stability. (A) HFL monolayers were
infected with in1853 in the presence of cycloheximide, without (lanes 1 to 3) or
with (lanes 4 to 6) HCMV. At 3 h postinfection, samples were taken for RNA
preparation (lanes 1 and 4), and the remaining cultures were incubated for a
further 3 h in the presence (lanes 2 and 5) or absence (lanes 3 and 6) of
actinomycin D. RNA was hybridized with probes specific for lacZ and actin. (B)
Amounts of lacZ-specific RNA, relative to actin mRNA levels, in cells infected
with in1853 and HCMV (h), infected with HCMV and in1853 and actinomycin
D treated (■), infected with in1853 alone (E), or infected with in1853 and
actinomycin D treated (F).

FIG. 5. HCMV does not affect uptake and uncoating of HSV-1 DNA. HFL
monolayers were infected with in1332 without (lanes 1 and 2) or with (lanes 3
and 4) 1 PFU of HCMV per cell in the presence of cycloheximide. After
incubation at 38.5°C for 12 h, nuclei were prepared and mock digested (lanes 1
and 3) or digested with DNase I (lanes 2 and 4). DNA was purified, digested with
BamHI, and analyzed by hybridization with a probe specific for the Mo-MuLV
sequences in the long repeat region. The joint and terminal (term.) fragments are
labelled.
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in the nucleus, the sensitivity to digestion with DNase I, or the
ratio of hybridization to joint and terminal fragments. There-
fore, the increase in gene expression upon coinfection with
HCMV was not a consequence of greater uptake or uncoating
of HSV-1 genomes.

Activation of gene expression by HCMV pp71. To investigate
the contribution of pp71 to the increases in gene expression
described above, the pp71 coding sequences were cloned into
the TK locus of the HSV-1 multiple mutant in1312 to produce
recombinant in1324. Infection with in1324 was expected to
result in efficient expression of pp71 in HFL cell monolayers
and thus enable the effects of this protein to be analyzed in the
absence of other HCMV-specified products and without cyto-
pathic changes to cells. Protein blots confirmed that pp71 was
produced after infection of HFL cells with in1324 (Fig. 6). A
control virus, in1325, was constructed from in1324 by replace-
ment of the pp71 coding sequences with those of GFP to
ensure that the observed effects were due to the presence of
pp71 rather than other mutations that had arisen during the
construction of in1324. From the results described above, if
pp71 alone is functional, it might be expected that in1324
would synthesize greater amounts of ICP27, ICP22, ICP47, the
nonfunctional ICP4, and truncated ICP0, and thus pp71 might
act indirectly due to the larger amounts of these proteins. To
provide a control for this possibility, the VP16 mutation of
in1312 was rescued to give in1330, a virus in which IE gene
expression of in1312 was elevated by VP16 in the absence of
ICP0 or ICP4 function.

Monolayers of HFL cells were infected with in1324, in1325,
or in1330; maintained at 38.5°C for 3 h; and infected with
in1382 for 5 h in the presence of cycloheximide. RNA was
analyzed by hybridization to lacZ- and actin-specific probes
and, after sequential stripping of the membrane, to an ICP27-
specific probe and an ICP22-specific probe (Fig. 7A). The
results show that infection with in1324 followed by a period of
3 h to permit protein synthesis resulted in an increase (approx-
imately sixfold) in the accumulation of in1382-specified lacZ
RNA (lane 3), whereas preinfection with in1325 (lane 2) or
in1330 (lane 4) caused a small decrease compared with a sam-
ple from mock-preinfected cells (lane 1). ICP27- and ICP22-
specific RNA levels were also increased by preinfection with
in1324 compared with in1325, showing that pp71 specified by
in1324 also acted on its promoters. Activation of HSV-1 IE
gene expression by VP16 was similar to that achieved by pp71
(compare lanes 3 and 4), confirming that the activation of the
HCMV IE promoter was due to the presence of pp71 synthe-
sized by in1324 rather than as an indirect consequence of
raised levels of IE proteins. The effects of pp71 on VAI syn-
thesis were also tested (Fig. 7B). The experimental protocol
used for the experiment shown in Fig. 7A was followed, except
that the second virus added was in1375 instead of in1382. An
RNA blot probed for lacZ, actin, and VAI sequences con-

firmed the activation of the HCMV IE promoter, located in
the UL41 locus rather than TK, and also demonstrated that
preinfection with in1324, but not in1325 or in1330, resulted in
an increase in VAI accumulation (fourfold, from three deter-
minations).

As a further test of the activity of pp71, monolayers were
preinfected with in1324 or in1325, and after incubation at
38.5°C for 3 h, infected with in1382, in1383, or in1329 without
cycloheximide and maintained at 38.5°C for 5 h. Mutants
in1382, in1383, and in1329 are, like in1324 and in1325, devoid
of VP16, ICP0, and ICP4 activity at 38.5°C, and thus it is
possible to measure the effect of pp71 by carrying out b-galac-
tosidase assays with infected cell extracts (Table 2). Preinfec-

FIG. 6. HSV-1 recombinant in1324 expresses pp71. HFL cell monolayers
were mock infected (lane 1), infected with in1324 (lane 2), or infected with
in1312 (lane 3), and cell extracts were prepared after incubation at 38.5°C for 6 h.
An extract was also prepared from HFL cells 24 h after infection with 0.5 PFU
of HCMV per cell (lane 4). Protein blots were probed with antibody BgL2.

FIG. 7. Stimulation of gene expression by in1324. (A) HFL cell monolayers
were mock preinfected (lane 1); preinfected with in1325 (lane 2), in1324 (lane 3),
or in1330 (lane 4); and incubated at 38.5°C for 3 h. Monolayers were then
infected with in1382 in the presence of cycloheximide and incubated at 38.5°C for
a further 5 h, and polyadenylated RNA was prepared and analyzed. The blot was
hybridized to probes specific for lacZ and actin; followed, after stripping, to
ICP27; and, after further stripping, to ICP22. (B) HFL cell monolayers were
mock preinfected (lane 3) or preinfected with in1325 (lane 4), in1324 (lane 5), or
in1330 (lane 6) and incubated at 38.5°C for 3 h. Monolayers were then infected
with in1375 in the presence of cycloheximide and incubated for a further 5 h at
38.5°C. Total cytoplasmic RNA was prepared and analyzed by hybridization to
probes specific for lacZ, actin, and VAI. Cytoplasmic RNA from Ad5-infected
cells (lane 1) and mock-infected cells (lane 2) was also analyzed.

TABLE 2. Activation of promoters by preinfection with in1324a

Preinfection Second infection
b-Galactosidase

activity (arbitrary
fluorescence units)b

None in1382 800
in1325 in1382 700
in1324 in1382 3,850

None in1383 64
in1325 in1383 84
in1324 in1383 245

None in1329 19
in1325 in1329 20
in1324 in1329 82

a Monolayers of HFL cells were mock preinfected or preinfected with in1324
or in1325. After incubation at 38.5°C for 3 h, cells were infected with in1382,
in1383, or in1329 and incubated at 38.5°C for a further 5 h. Cytoplasmic extracts
were then assayed for b-galactosidase activity.

b The values shown are the means of duplicate determinations which did not
vary by more than 20%.

8516 HOMER ET AL. J. VIROL.



tion with in1324 resulted in a four- to fivefold increase in
expression from the three promoters tested (HCMV IE,
HSV-1 ICP0, and ICP4), similar to the effects on RNA levels
after infection with HCMV in the presence of cycloheximide
(Fig. 1, 2, and 3).

To investigate whether the expression of pp71 was toxic to
the host cell, monolayers of Vero cells were infected with
in1324 or in1325, with the same amounts of virus as in the
experiments shown in Fig. 7 and Table 2. After incubation at
38.5°C for 16 h, monolayers were trypsinized, diluted, and
plated at 38.5°C. Cells infected with in1324 or in1325 formed
colonies as efficiently as mock-infected cells (140 6 35 colonies
on a 1024 dilution of the original monolayer), demonstrating
that expression of pp71 was not cytotoxic in this assay.

DISCUSSION

In the experiments reported here, we used HSV-1 mutants
which encode nonfunctional VP16 as vehicles to investigate the
responses of promoters to stimulation by HCMV virion com-
ponents. This methodology has allowed us to analyze the ef-
fects of the entire HCMV particle on gene expression at the
RNA level in the absence of protein synthesis, an approach
that would be difficult by using transfection of plasmids as
reporter constructs due to the low efficiency and variability of
transfection in human fibroblasts, the only realistic tissue cul-
ture host cells for HCMV. There is currently no system in
which the activation of promoters by virion components can be
analyzed in the context of the HCMV genome, and the use of
the HSV-1 genome provides a closer approximation to the
natural situation than the analysis of promoters in transfected
plasmids or stably transformed cell lines.

Although many components of the HCMV virion could con-
tribute to promoter activation, the finding that preinfection
with in1324 gives analogous responses, both in terms of mag-
nitude and lack of specificity, indicates that pp71 is the virion
constituent responsible for the activation of expression from
promoters in the HSV-1 genome. It is possible, however, that
other virion components may have similar effects or modulate
the activity of pp71. The fact that removal of the pp71 open
reading frame abolished the effectiveness of in1324 confirms
that pp71 is the active component of this virus and that fortu-
itous mutations have not arisen during its construction. This
finding demonstrates that pp71 can act alone and that inter-
action with other virion proteins is not required for its activity.
It was not anticipated that raising the levels of ICP27, -22, and
-47 would affect promoter activity, because there is no evidence
that these proteins stimulate gene expression in the absence of
functional ICP0 or ICP4, but this possibility was checked by
construction and analysis of in1330. Preinfection with in1330
did not affect expression from the HCMV IE or VAI promot-
ers, and the use of this virus demonstrated that production of
pp71 by preinfection with in1324 was almost as effective as
provision of VP16 by in1330 in activating the ICP27 and ICP22
promoters. Comparisons between the activities of the two pro-
teins is complicated by the fact that VP16 is delivered as a
single dose, whereas the amounts of pp71 are expected to rise
through the early stages of infection, since the HCMV IE
promoter controls the expression of pp71, possibly establishing
a positive feedback system.

Our results emphasize that pp71 is capable of activating a
range of heterologous promoters present in a herpesvirus ge-
nome and that the effect does not exhibit a strict sequence
specificity. The only elements common to all HSV-1 IE pro-
moters, as revealed by sequence comparisons, are the TAAT
GARAT motif, which mediates the response to VP16, and the

TATA motif. Previous studies have demonstrated that the
HCMV IE promoter does not respond to VP16 (33, 41), and,
furthermore, the minimal ICP0 promoter present in in1389 has
no TAATGARATs; thus, the only element known to be com-
mon to the RNA polymerase II-recognized promoters that we
have analyzed is the TATA sequence. Since VAI synthesis was
also stimulated, the spectrum of responsive sequences appears
to be large. It is known, however, that the TATA-binding
protein TFIID is required for transcription of VAI as well as
for most RNA polymerase II-recognized genes; therefore, this
factor may be a target for the action of pp71 (20, 42). A
mechanism of this type is consistent with the general stimula-
tion of expression from the HCMV genome which occurs when
plasmids encoding pp71 are cotransfected with viral DNA (2).
In plasmid cotransfection studies, the cell factors ATF and
AP-1 were implicated as mediating the response to pp71 (16).
This model is appropriate for the HCMV IE promoter, but it
may not be universally applicable, since recognition sites for
these factors have not been identified in HSV-1 IE promoters,
although it is possible that ATF and AP-1 response elements
have been overlooked in previous analyses due to the high
degree of degeneracy exhibited by the binding sites. In addi-
tion, there were differences in the degrees of response of the
promoters tested: expression from the HSV-1 ICP0 and ICP22
promoters and VAI was stimulated by two- to threefold,
whereas expression from the HCMV IE and HSV-1 ICP4 and
ICP27 promoters was increased by five- to sixfold.

Although the role of pp71 appears to be similar to that of
VP16, the broader specificity of the HCMV-specified protein
may signify differences between HSV-1 and HCMV in the
requirements for virion transactivators. VP16 gives an initial
boost to IE gene expression, after which IE proteins maintain
transcription of the viral genome and a vigorous, rapid, pro-
ductive infection. Arguably, the major role of VP16 is to ensure
that sufficient ICP0 is produced to prevent conversion of the
HSV-1 genome to a quiescent state in which promoters be-
come unresponsive to transactivators (1, 8, 33, 37, 38). It is less
apparent why the powerful HCMV major IE promoter should
require further activation by a virion component, and once IE
proteins have been expressed, they would be expected to con-
trol the transcription of the HCMV genome. Possibly, pp71 is
important for the efficient expression of other IE loci which
lack potent promoters, and it may also function to improve or
maintain genome accessibility to transcription factors.
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