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We have developed a system to study human cytomegalovirus (HCMV) cis-acting promoter elements within
the context of the viral genome. A recombinant HCMV (RV134) containing a marker gene (0-glucuronidase)
was used to insert HCMV promoter-chloramphenicol acetyltransferase gene constructs into the viral genome
between open reading frames US9 and US10. Using this system, we have studied the promoters for the early
DNA polymerase gene (UL54), the early-late lower matrix phosphoprotein gene (pp65, UL83), and the true late
28-kDa structural phosphoprotein gene (pp28, UL99). Transient-expression assays demonstrated that the
pp65 and pp28 promoters are activated earlier and to higher levels than typically observed with the endogenous
gene. In contrast, insertion of these promoters into the viral genome resulted in kinetics which mimicked that
of the endogenous genes. In addition, we have also tested a variant of the pp28 promoter (d24/26CAT) which
is deleted from -609 to -41. This promoter behaved similarly to the wild-type pp28 promoter, indicating that
sequences from -40 to +106 are suflicient for conferring true late kinetics. Taken together, these data
demonstrate that the viral genome affords a level of regulation on HCMV gene expression that has been
previously unrealized. Therefore, these experiments provide a model system for the analysis of cis-acting
promoter regulatory elements in the context of the viral genome.

Human cytomegalovirus (HCMV) is an opportunistic patho-
gen that causes significant morbidity and mortality in immu-
nocompromised or immunosuppressed individuals (reviewed
in reference 1). HCMV causes numerous complications in
patients with AIDS, with approximately 50% of such patients
demonstrating HCMV infections of the brain at autopsy (30,
53). In addition, the virus causes numerous complications in
the developing fetus via transplacental transmission and infec-
tion in utero (1, 29, 32). These complications range from
relatively mild sequelae to severe complications such as con-
genital abnormalities. To date, little is known of the mecha-
nisms that allow HCMV to replicate and cause disease in the
infected individual.

Infection of permissive human cells with HCMV leads to an
ordered sequential expression of viral genes (5, 27, 51). The
first genes expressed after the virus infects a susceptible cell are
the immediate-early (IE) genes (12, 21, 46, 48, 49, 52, 54). The
IE proteins are important for the upregulation of viral and
cellular gene expression as well as the autoregulation of IE
gene expression (reviewed in reference 40). Expression of the
IE genes is regulated by viral and cellular factors in a complex
but as yet incompletely characterized manner (reviewed in
reference 8). Early and late genes are thought to be
regulated by IE proteins in association with cell transcrip-
tion factors such as AP-1 (50), E2F (38), and the adenovirus
major late transcription factor (19), as well as other unchar-
acterized cell proteins (17). Clearly, numerous regulatory
influences impact on HCMV IE, early, and late gene
expression, and the process is likely more complicated than
once thought.
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ology and Immunology, Eastern Virginia Medical School, P.O. Box
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Several groups have expended considerable effort investigat-
ing the viral trans-acting factors and cis-acting elements as well
as the cell proteins required for activation ofHCMV early and
late promoters (reviewed in references 37 and 40). However,
all of these studies have employed transient assays to assess the
mechanisms that regulate these promoters outside the context
of the viral genome. While these approaches have provided
useful information concerning viral and cellular proteins im-
portant for promoter activation, they are limited in addressing
other aspects of viral gene expression. For example, with
respect to our studies on an early-late gene, pp65 (6), and a

true late gene, pp28 (7), we have found that the promoters for
these genes behave in a promiscuous manner, i.e., they are

activated earlier and to higher levels than typically observed
for the endogenous gene. Clearly, additional constraints on

viral gene expression exist, and alternative approaches will be
necessary to more fully examine these complex levels of
regulation.

Recently, Jones and coworkers (14, 15) demonstrated that a

region of the unique short (Us) component of the HCMV
genome is dispensable for growth in cell culture. On the basis
of these findings, we have developed a strategy to insert
HCMV promoter-chloramphenicol acetyltransferase (CAT)
gene constructs into the viral genome. The aim of these studies
is to identify sequences responsible for regulating HCMV early
and late gene expression. A recombinant virus, RV134, which
expresses the ,B-glucuronidase gene under the control of the
2.7E promoter (15), was used to introduce HCMV promoter-
CAT constructs into the transcriptionally barren intergenic
region between the US9 and US10 open reading frames (13).
The results demonstrated that after insertion into the viral
genome, early and late HCMV promoters displayed accurate
temporal expression, as opposed to expression in transient
assays. These studies therefore provide a model system with
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which to study cis-acting elements that regulate HCMV gene
expression during a natural infection.

MATERIALS AND METHODS

Cells and viruses. Human foreskin fibroblast (HF) cells
were used throughout these studies, and the conditions for
their growth and infection have been described (44, 46). The
Towne strain of HCMV has been described (44, 46). HCMV
strain AD169 and its recombinant virus derivative RV134,
containing the P-glucuronidase gene under the control of the
2.7E promoter, have been described (15). For all experiments,
cells were infected with 5 to 20 PFU of virus per cell for 2 h,
the inoculum was removed, and the cells were subsequently
overlaid with minimal essential medium (MEM) containing
10% newborn calf serum. Infections in the presence of
phosphonoacetic acid (PAA) were done as previously de-
scribed (6).

Transient expression of viral promoters. The structures of
the DNA polymerase (pol), pp65, and pp28 gene promoters
have been described previously (6, 7, 40, 42). Analysis of viral
promoters in transient assays was performed exactly as previ-
ously described (6, 42). Briefly, cells were transfected by the
DEAE-dextran method and, 18 h after transfection, were
superinfected with HCMV (Towne). At various times after
infection, the cells were harvested and assayed for CAT activity
as previously described (6, 42).
DNA sequence. The nucleotide sequence designation used

throughout this study corresponds to the previously published
work of Chee et al. (4). The nucleotide accession number is
X17403.

Generation of recombinant virus expressing promoter-CAT
constructs. To insert promoter-CAT constructs into the viral
genome, the promoter-CAT plasmid of interest was digested
with HindIll and BamHI. This results in removal of the
promoter-CAT construct as a cassette that can be cloned into
a vector containing the appropriate flanking sequences. As a
vector to allow recombination into the viral genome, we used
pHXSB, a clone containing a 3,129-bp BamHI (nucleotide [n]
197042)-Sall (n200171) subfragment of HindIll X in the vector
pT7-1 (U.S. Biochemical Corporation). This plasmid contains
the coding regions for US8 through US11. The promoter-CAT
construct of interest was blunt-end ligated into the unique
ApaI site (n199021) located between US9 and US10. A
plasmid in which the construct was oriented so that CAT
was transcribed from right to left relative to the HCMV
prototype arrangement (i.e., similar to the transcription of
the neighboring US9 and US10 genes) was subsequently
selected.
To generate recombinant virus, the recombination vector

containing the promoter-CAT construct of interest was linear-
ized at a unique restriction endonuclease site located within
the multiple cloning site of pT7-1 and subsequently cotrans-
fected with RV134 DNA as previously described (15). When
the cultures reached 100% cytopathic effect (CPE), stocks of
potential recombinant virus were harvested, frozen in aliquots,
and titered for subsequent screening. To demonstrate the
presence of CAT-expressing recombinants within the primary
transfectant population, cells were infected with primary stocks
of putative recombinant virus and, at 72 h after infection, were
harvested for determination of CAT activity as previously
described (6, 42).

Selection of white phenotype virus expressing CAT. To
isolate virus that expressed a white phenotype in the presence
of X-glu (5-bromo-4-chloro-3-indolyl-p-D-glucuronide; Bio-
synth AG), progeny virus from the primary transfection were

plated on HF cells at 10 to 20 PFU per plate. Cells were
overlaid with MEM containing 10% heat-inactivated fetal calf
serum and 0.5% agarose and fed every 5 to 7 days. After 10 to
14 days, or when plaques became visible microscopically,
plaques were picked directly to individual wells of 24-well
culture dishes and incubated at 37°C until CPE occurred. At
that time, cells were overlaid with MEM containing 10% fetal
calf serum, 0.5% agarose, and 75 pg of X-glu per ml. Wells
exhibiting a white or clear overlay after 3 days were considered
to be negative for ,-glucuronidase expression. From these
wells, a plaque was picked and incubated for 60 min in 3 ml of
MEM containing 10% newborn calf serum in order to liberate
virus from the agarose plug. The suspension was divided, and
1 ml was inoculated onto each of three 100-mm dishes of HF
cells. After 2 h, the cultures were overlaid with fresh medium
and incubated until 100% CPE had occurred. Plates were
harvested for virus stocks, CAT assay, and total-cell DNA.
Individual isolates used in this study were RVpolCAT
(dH1A6), RV65CAT(2B5), RV28CAT(328D6), and RV24/
26CAT(A6).

Isolation of infected-cell DNA and Southern blot analysis.
HF cells infected with recombinant viruses were harvested for
total-cell DNA at 100% CPE. Cells were washed with Tris-
buffered saline and gently lysed with 1 ml of 1% sodium
dodecyl sulfate (SDS) in 30 mM Tris-HCl, pH 7.5, containing
proteinase K (100 ,ug/ml), per 100 mm dish. The sample was
incubated at room temperature overnight, mixed with 1 ml of
2x DNA extraction buffer (30 mM Tris-HCl [pH 7.5], 0.5 M
NaCl, 2 mM EDTA), and subsequently extracted twice with an
equal volume of phenol saturated with TE (10 mM Tris-HCl
[pH 7.5], 1 mM EDTA). The sample was extracted with
chloroform and precipitated with 2 volumes of absolute etha-
nol. DNA was collected by centrifugation, dried, and resus-
pended in TE at 4°C overnight. Infected-cell DNAs were
digested with HindIII and subjected to electrophoresis on
0.8% agarose gels in 1 x TBE buffer. The gels were transferred
to nitrocellulose and hybridized either to a probe for CAT or
to the HindlIl X fragment of AD169.
Assay of RVCAT-W growth in culture. Recombinant virus

was assayed for progeny production by infecting HF cell
monolayers at 0.01 PFU/cell. The medium was changed every
3 to 5 days until 100% CPE occurred. At that time, the medium
was changed again, and 5 days later, the supernatants were
harvested. All cultures were harvested at the same time after
initial infection. Progeny virus was determined by plaque assay.

Isolation and analysis of infected-cell RNA. Total-cell RNA
was isolated by our published approaches (41, 43, 45), and
equal quantities of RNA were subjected to Northern (RNA
blot) analysis. Blots were hybridized to radiolabeled probes for
CAT or pp28 as previously described (6, 7).

RESULTS

Comparative analysis of early and late promoter-CAT con-
structs in transient-expression assays. Our studies on the pp28
and pp65 gene promoters had previously indicated that in
transient assays, these promoters were activated earlier and to
higher levels than the endogenous genes (6, 7). Normally, these
promoters are activated with true late and early-late kinetics,
respectively. To assess the kinetics of pol promoter expression
and to directly compare this prototypical early gene with the
pp65 and pp28 genes, the promoter-CAT constructs (Fig. 1A)
were transfected into cells, superinfected with HCMV, and
harvested for CAT assays at 24 and 72 h after infection. The
data in Fig. 1B demonstrated that all of the promoters are
activated with roughly the same kinetics, i.e., they are ex-
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FIG. 1. (A) Structure of early and late promoter-CAT constructs.
The sequences within the promoter-CAT constructs are indicated and
have been previously described (6, 7, 17, 40). The CAT reporter gene

is adjacent to the promoters and is represented by the hatched box. (B)
Kinetics of transient promoter activity. HF cells were transfected with
the indicated promoter-CAT constructs and subsequently superin-
fected 18 h later with 20 PFU of HCMV per cell. At the indicated
times, cells were harvested for CAT assays. CAT activity is expressed
as percent acetylation. Data from a single experiment of three
replicate experiments are shown.

pressed at readily detectable levels at 24 h and these levels
increase at 72 h after infection. For the pp65 and pp28
promoters, these data are inconsistent with the expression of
the endogenous genes, as they show early kinetics similar to

those of pol in transient assays.

Strategy for generation of recombinant virus expressing
promoter-reporter gene constructs. Since the pp65 and pp28
promoters are expressed in a promiscuous manner in transient
assays, a system was developed for the insertion of these
constructs into the viral genome. Previously, Jones and co-

workers (15) demonstrated that transcription of an HCMV
early promoter (2.7E) as well as a herpes simplex virus type 1
late glycoprotein promoter (gH) was regulated appropriately
when the promoters were inserted into the transcriptionally
barren US9-US10 intergenic region of the HCMV genome

(13). In addition, recent studies with the herpes simplex virus
system demonstrated that altering the genomic location of the
UL38 promoter did not influence kinetic class (9). Therefore,
we hypothesized that HCMV promoters (e.g., those for pol,
pp65, and pp28) would be properly regulated when inserted
into the US9-US10 intergenic region. Our strategy was to use

as the parent virus recombinant HCMV RV134, which con-

tains an insertion of the 13-glucuronidase gene under the
control of the 2.7E promoter in the aforementioned nonessen-

tial region between the US9 and US10 open reading frames
(15). This mutant was shown to grow with kinetics similar to
those of the wild-type strain AD169 and to generate blue
plaques when grown in the presence of X-glu (15). The
promoter-CAT constructs were engineered into pHXSB so

that upon recombination into the parental RV134 genome, the
2.7E promoter and ,B-glucuronidase gene would be replaced by

the promoter-CAT transcription unit (Fig. 2A). Accordingly,
the proper recombination event would yield a virus (i.e.,
RVCAT-W in Fig. 2A) with a white-plaque phenotype when
grown in the presence of X-glu. This CAT gene-containing
virus would contain a slightly smaller DNA insertion than
RV134 (Fig. 2B).
Recombinant virus was generated as described in Materials

and Methods. Progeny virus from the primary transfection was
titered and assayed for CAT activity. The presence of CAT
activity within the infected-cell population in excess of that in
uninfected controls indicated that a successful recombination
had occurred. All of our primary virus populations expressed
measurable CAT activity, and individual recombinants were
selected at a frequency of approximately 1 to 2% (data not
shown).

Characterization of recombinant virus. The CAT gene-
containing recombinant virus was characterized by Southern
blot hybridization analysis and growth studies. In each case,
integration of the promoter-CAT transcription unit had oc-
curred within the HindIII X DNA fragment, as indicated by
a single hybridizing DNA fragment of the appropriate
molecular weight (Fig. 3). The growth properties of the new
recombinants were measured by multicycle virus yield stud-
ies following low-multiplicity infection. As demonstrated in
Table 1, each of the new recombinants yield progeny virus
whose abundance was similar to that of both parental
RV134 and wild-type strain AD169 in two separate experi-
ments. Taken together, the data indicate that the approach
was successful with respect to generating the appropriate
virus constructs.

Characterization of CAT expression from recombinant vi-
ruses. To assess the kinetics of expression from the promoter-
CAT constructs within the context of the viral genome, HF
cells were infected with the recombinant virus under study and
harvested at various times after infection. In addition, cells
were also infected in the presence of PAA, an inhibitor of viral
DNA replication. The data in Fig. 4 demonstrated that each of
the recombinant viruses expressed CAT in a manner consistent
with its kinetic class. In RVpolCAT-infected cells (Fig. 4A),
CAT was expressed at early times (24 to 48 h) as well as in the
presence of PAA, and expression subsequently increased later
in infection. In RV65CAT-infected cells (Fig. 4B), CAT was
expressed at very low to undetectable levels early as well as in
the presence of PAA, but expression increased dramatically at
late times after infection. These results were consistent with
the pattern of RNA expression for these two genes as previ-
ously described (6, 10, 22, 33). In RV28CAT-infected cells
(Fig. 4C), CAT was expressed with true late kinetics, as
expected for this late gene (7, 23, 26, 28), with low activity
detected at 48 h and higher levels at 72 h, but not in the
presence of PAA. These data validated our approach and
demonstrated that an altered pattern of regulation occurs in
transient assays compared with expression in the context of the
viral genome.
We also assessed the levels of CAT RNA expressed by our

recombinant viruses at 72 h in the presence or absence of PAA.
These studies demonstrated that each virus expressed detect-
able levels of CAT RNA of the appropriate molecular mass
and with the appropriate kinetics relative to the early-late
transition (Fig. 5). RVpolCAT produced detectable CAT
RNA in the presence of PAA and significantly higher levels in
the absence of PAA. However, longer exposures were required
to detect CAT mRNA expressed by RV65CAT in the presence
of PAA (data not shown). In contrast, RV28CAT produced no
detectable CAT mRNA in the presence of PAA. Therefore,
CAT RNAs driven by these candidate promoters are expressed
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FIG. 2. Generation of recombinant virus. The structure of the HCMV strain AD169 and RVCAT genomes is shown. The map shows the
genomic organization and derivation of RV134 (15) and the RVCAT-W series of recombinant viruses. The first line is the expanded region of the
wild-type genome from US6 through US13. The second line is the relevant region of the linearized plasmid constructed to make the RV134
recombinant virus. The black box is the 2.7E promoter (2.7E pr), and the herpes simplex virus type 1 thymidine kinase polyadenylation signal
(tkAn) and the adjacent ,B-glucuronidase gene (Bgluc) are also shown. The third line is the relevant region of the linearized plasmid constructed
to make the RVCAT-W recombinant virus series, which are derived from RV134. Vertical lines indicate boundaries of the HCMV sequences
available for homologous recombination to generate the recombinant. The expected transcripts from this region are shown, and their sizes given
in kilobases. The expected genotype and phenotype and the net change in the genome size of these recombinants, compared with wild-type AD169,
are shown in the chart at the bottom of the figure. Abbreviations: X pr (shaded box), desired promoter-CAT sequence; svAn, simian virus 40
polyadenylation signal adjacent to the CAT gene; H, HindIII site; X, XhoI site; Gluc, P-glucuronidase expression.
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in a manner similar to that reported for the endogenous genes
(6, 7, 10, 22, 23, 26, 28, 33).

Deletion analysis of the pp28 promoter. To investigate those
sequences that determine kinetic class, the aforementioned
approaches were used to insert a deleted variant of the pp28
promoter into the HCMV genome. This variant, d24/26CAT,

5.0 _

Hind X CAT
FIG. 3. Southern blot hybridization analysis of recombinant vi-

ruses. Total cellular DNA was isolated from cells infected with the
indicated virus for 72 h, digested with HindIII, and subjected to
Southern blot analysis. The blots were hybridized with a 32P-labeled
DNA probe generated from a linearized HindlIl X clone or a CAT
probe from pRSVCAT. The molecular sizes of the bands are indicated
(in kilobases).

TABLE 1. Replication of RVCAT-W in human fibroblast cellsa

Titer (PFU/ml)
Virus

Expt 1 Expt 2

AD169 2 x 107 3 x 106
RV134 1 x 107 5 x 106
RVpolCAT 7 x 106 6 x 106
RV65CAT 2 x 107 1 X 106
RV28CAT 1 x 107 2 x 107

a Human fibroblast (HF) cells were infected with 0.01 PFU of the indicated virus
per cell and fed with fresh medium every fourth day until 100% CPE occurred. The
medium was changed one final time, and the cells and supematant were harvested
5 days later. Samples were frozen, stored at -85°C, and titered on HF cells.

8.0
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FIG. 4. Kinetics of CAT expression from recombinant viruses. HF
cells were infected with 5 to 20 PFU per cell. Cells were harvested at
the indicated times and subsequently assayed for CAT activity. The last
two columns represent the kinetics of expression at the indicated times
when the infection took place in the presence of PAA (200 pLg/ml).
Data are expressed as percent acetylation. (A) RVpolCAT; (B)
RV65CAT; (C) RV28CAT.

represents a minimal construct that expresses readily detect-
able levels of CAT from the pp28 promoter in transient assays
(7). Figure 6A represents a schematic of the pp28 promoter
(p28dHCAT) as well as the d24/26CAT variant. IR4 is an
inverted repeat located immediately 5' of the pp28 TATA
motif and has been shown to be important for the expression
of this promoter in transient assays (7). Other sequences
potentially involved in regulation of this promoter are also
indicated.
A recombinant virus which contained d24/26CAT inserted

into the viral genome was subsequently generated as described
above for RV28CAT. Southern blot analysis demonstrated
that insertion of d24/26CAT occurred at the appropriate locus,
as a DNA fragment of the correct size was generated after
digestion with HindIll (Fig. 6B). In addition, RV24/26CAT
replicates in cells to levels equivalent to those of RV28CAT
(data not shown).
Comparison of the kinetics of RV28CAT and RV24/26CAT.

C.)

I'D 0 -04 00
C~~~~~1o- 0I I

__.$.. _, *1. -:

FIG. 5. Analysis of CAT RNA in recombinant virus-infected cells.
Cells were infected with the indicated recombinant virus in the
presence or absence of PAA (200 pLg/ml), and total cellular RNA was
isolated at 72 h after infection. An equal quantity of RNA (5 ,ug) was
subjected to Northern blot analysis and hybridized to a CAT probe.
The 1.2-kb CAT RNA is indicated by the arrow.

To assess the role of upstream pp28 promoter sequences in
conferring late kinetics, CAT expression by RV28CAT was
compared with expression from RV24/26CAT-infected cells.
Cells were infected with the recombinant viruses and, at the
indicated times, were harvested for CAT assay. Both viruses
expressed CAT with similar kinetics, resulting in undetectable
to low levels of CAT activity through 48 h followed by a
dramatic increase at 72 h after infection (Fig. 7). Also, in
RV24/26CAT-infected cells, expression of CAT was shown to
be sensitive to PAA (data not shown). These data demon-
strated that sequences from -40 to + 106 within the pp28
promoter are responsible for conferring late kinetics.

Correlation of RNA expression to CAT levels. To demon-
strate that the level of CAT activity reflected RNA expression
from the CAT gene, we assessed CAT activity, template copy
number, and RNA levels in RV28CAT- and RV24/26CAT-
infected cells at 72 h after infection. CAT levels were approx-
imately equal between the two viruses (Fig. 8A), and Southern
blot analysis demonstrated that CAT DNA copy number was
also approximately the same (data not shown). Analysis of
CAT RNA in RV28CAT- and RV24/26CAT-infected cells
demonstrated that the levels of RNA roughly reflected the
relative levels of CAT activity. A comparison of pp28 RNA
levels in RV28CAT- and RV24/26CAT-infected cells dem-
onstrated that the infections were similar in terms of
efficiency. Taken together, these data imply that these
promoters behave similarly when measured in the context of
the virus.

DISCUSSION

In this study, we have established an approach for inserting
promoter-reporter gene constructs into the HCMV genome to
study their expression in a more natural context. Promoters of
HCMV genes representing three different kinetic classes were
examined: the promoters for an early gene, pol (UL54); an

I 2;
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FIG. 7. Kinetic analysis of (A) RV28CAT and (B) RV24/26CAT.
Cells were infected with 5 to 20 PFU per cell and harvested at the
indicated times postinfection for CAT assay. Data are expressed as
percent acetylation.

Hind X CAT
FIG. 6. (A) Structure of the full-length pp28 (p28dHCAT) pro-

moter compared with its deleted variant (p24/26CAT). Elements which
are retained in both promoters are indicated. Inverted repeats (IR) and
the TATA homology are indicated. (B) Southern blot analysis of recom-
binant virus DNA. Total cellular DNA was isolated from cells infected
with the indicated viruses and subsequently digested with HindIII. South-
ern blot analysis was performed as described in the legend to Fig. 3.
Molecular sizes are indicated (in kilobases).

early-late gene, pp65 (UL83); and a true late gene, pp28
(UL99). These studies demonstrated that, compared with
transient assays, promoters assessed in the context of the viral
genome expressed a reporter gene with a greater fidelity which
more closely mimics expression of the endogenous counter-
part. In addition, we identified a region of the pp28 pro-
moter (-40 to + 106) which is sufficient to confer late
kinetics. These findings demonstrate the feasibility of this
approach for assessing cis-acting elements within a viral
promoter and establishing the role of these elements in
HCMV infection.
Our laboratory as well as others has invested considerable

effort studying various HCMV early and late promoters (3, 6,
7, 17-20, 24, 25, 31, 35, 38, 39, 42, 50). Our previous studies on
the pol, pp65, and pp28 promoters assessed the viral trans-
acting proteins and cis-acting elements responsible for pro-
moter activation in transient assays (6, 7, 17, 40, 42). While
studies of this type have provided useful information on those
regulatory events which control transcription, they cannot
detect other viral influences that either directly or indirectly
regulate viral gene expression. Clearly, these viral promoters,
in particular pp65 and pp28, behave promiscuously and are

expressed with inappropriate kinetics when assessed in tran-
sient assays after viral superinfection. Placement of these
promoters into the viral genome returns a level of regulation
which is not afforded by transient assays and which results in
maintenance of the proper kinetic class.

In order to preliminarily assess the sequences that regulate
kinetic class, we generated a pp28 recombinant virus variant
that was deleted from -609 to -41 within the pp28 promoter.
This virus (RV24/26CAT) contains a deleted version of the
pp28 promoter that was previously shown to contain the
minimal upstream sequences for activation by superinfecting
virus in transient assays (7). Removal of the upstream se-
quences had no effect on the kinetics of pp28 promoter
expression, as this variant remained a true late promoter. This
is consistent with studies on herpes simplex virus late promot-
ers in the context of the virus, which demonstrate that se-
quences in the vicinity of the TATA motif are sufficient for
determining kinetic class (11). Studies to further address this
possibility in HCMV are presently under way.
While expression from d24/26CAT was reduced approxi-

mately 50% relative to that from 28dHCAT in transient assays,
RV24/26CAT consistently expressed levels (ca. one- to two-
fold) of CAT RNA and protein equivalent to or slightly higher
than those of RV28CAT. This result may reflect the differ-
ences between studies of promoters in transient assays and
those studies that occur in the context of the viral genome. In
support of this finding, we have preliminary data indicating
that sequences within the pol promoter which appear to
attenuate expression in transient assays are not repressive
when assessed in the context of the viral genome (data not
shown). These data collectively imply that observations made
from transient assays may not necessarily reflect regulatory
events that occur in a natural infection. This is supported by
findings in the herpes simplex virus system (34).
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FIG. 8. Comparative expression of RV28CAT and RV24/26CAT.
Cells were infected with 5 to 20 PFU of the indicated virus per cell, and
at 72 h after infection, cells were harvested for CAT and total-cell
RNA assays. (A) CAT activity was measured as described in the legend
to Fig. 1 and is indicated as percent acetylation. (B) Analysis of pp28
and CAT RNA from RV28CAT- and RV24/26CAT-infected cells. An
equal quantity of RNA (5 ,ug) was subjected to Northern blot analysis
and hybridized to either a CAT probe or a probe for pp28 derived from

a 5.3-kb PstI fragment of XbaI C (6). The molecular sizes of these
bands are indicated (in kilobases).

While genetic manipulation of the viral genome has proven

to be a useful approach in studying other herpesviruses such as

herpes simplex virus, manipulation of HCMV has proven

difficult. Spaete and Mocarski first manipulated the HCMV
genome when they inserted the lacZ gene under the control of
the 2.7E promoter (36). This virus expressed P-galactosidase
with appropriate early kinetics. However, as pointed out by the
authors, this virus was genetically unstable, with approximately
10% of the progeny reverting to a white-plaque phenotype. To
date, only a limited number of successful endeavors have been
published (2, 14-16, 36, 47), and while several of these studies
identified genes that are not required for replication in cell
culture, no studies have been undertaken to specifically ascer-

tain the function(s) of viral regulatory sequences or proteins.
We have extended the studies of Jones and coworkers (14, 15)
and used an existing recombinant virus (RV134) to insert
promoter-CAT constructs of interest into the virus. This
approach affords the advantages that (i) promoters from
existing promoter-CAT variants need not be recloned adjacent
to a selectable reporter gene (i.e., P-galactosidase or ,3-gluc-
uronidase) and (ii) recombinant virus can subsequently be
selected at low frequencies from a primary transfectant popu-

lation of progeny virus. By the use of homologous flanking

sequences and selecting a white-plaque phenotype from the
blue-plaque phenotype parentals, it is a relatively straight-
forward way to identify new recombinants. These viruses
appear to be genetically stable and grow to titers similar to
those of the parental strain (RV134). While we have not
carried out exhaustive analyses of the recombinant virus ge-
nomes, these findings imply that gross changes have not occurred
during the recombination event. Consequently, this approach will
be useful for assessing sequences that regulate viral gene expres-
sion in the context of the virus.
We have also attempted an alternative approach which

employed the double insertion of ,B-glucuronidase and the
promoter-CAT construct of interest followed by screening for
a blue-plaque phenotype. While this approach also proved
successful, it periodically yielded unstable recombinants that
correlated with certain promoter constructs (data not shown).
It is possible that the two bacterial genes in tandem are
unstable. Regardless of the reason, this approach was less
desirable and was not pursued further.

In conclusion, our studies demonstrate an approach for
assessing HCMV promoter regulatory sequences in a more
natural setting and that differences in regulation and kinetic
class relative to transient assays can occur. We are using this
approach to systematically identify those elements which are
important for regulating transcription as well as temporal
expression of early and late promoters. These reagents will
become useful in ultimately assessing the role of HCMV
cis-acting sequences in various cell types and tissues. Studies of
this type should provide valuable information regarding the
extent of host influences on virus replication.
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