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To better understand the regulation of late gene expression in human cytomegalovirus (CMV)-infected cells,
we examined expression of the gene that codes for the 65-kilodalton lower-matrix phosphoprotein (pp65).
Analysis of RNA isolated at 72 h from cells infected with CMV Towne or ts66, a DNA-negative temperature-
sensitive mutant, supported the fact that pp65 is expressed at low levels prior to viral DNA replication but
maximally expressed after the initiation of viral DNA replication. To investigate promoter activation in a
transient expression assay, the pp65 promoter was cloned into the indicator plasmid containing the gene for
chloramphenicol acetyltransferase (CAT). Transfection of the promoter-CAT construct and subsequent
superinfection with CMV resulted in activation of the promoter at early times after infection. Cotransfection
with plasmids capable of expressing immediate-early (IE) proteins demonstrated that the promoter was
activated by IE proteins and that both IE regions 1 and 2 were necessary. Analysis of promoter deletion
mutants indicated that the 5' minimal sequence required for activation is -61 from the CAP site (+ 1) and that
an 8-base-pair sequence located at -51 to -58 is necessary for activation of the pp65 promoter. This sequence
is repeated once at +93 and is found as an inverted repeat at +67. These studies suggest that interactions
between IE proteins and this octamer sequence may be important for the regulation and expression of this
CMV gene.

Gene expression in human cytomegalovirus (CMV)-in-
fected cells occurs in an ordered sequential fashion. CMV
genes are divided into three groups based on their time of
appearance in permissively infected cells (6, 7, 21, 42, 43).
Immediate-early (IE) genes are the first genes to be tran-
scribed after viral infection and require no de novo protein
synthesis for their expression (6, 7, 21, 42, 43). IE gene
products are required for subsequent expression and regu-
lation of early genes (6, 7, 21, 42, 43) and may be required for
late gene expression. Early gene expression occurs after IE
protein synthesis but before viral DNA replication (6, 7, 21,
22, 42, 43). Early gene transcription proceeds in the presence
of phosphonoacetic acid (PAA), an inhibitor of viral DNA
polymerase, and therefore, early genes do not require viral
DNA synthesis for expression. Late gene expression occurs
after the initiation of viral DNA synthesis. Viral RNA at late
times originates from all regions of the genome (6, 7, 21, 42,
43), and it is generally thought that the majority of late
mRNAs codes for the structural components of the virus. It
has been postulated that all CMV late genes are transcribed
early but that late mRNA is not maximally translated until
late times as a result of posttranscriptional controls (10).
Also, it has been demonstrated that one late gene is tran-
scribed early but that RNA does not appear in the cytoplasm
until late (11). However, late genes requiring viral DNA
replication for their maximal expression have been demon-
strated (17, 24, 25), as well as true late genes that absolutely
require DNA replication prior to expression (R. M. Stenberg
et al., unpublished data). The mechanisms involved in late
gene regulation have not been extensively studied, and it is
unclear if or why there is a dependency on viral DNA
replication for expression of some late genes.
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To gain insight into the mechanisms that play a role in the
regulation of the 65-kilodalton lower-matrix phosphoprotein
(pp65) gene (25, 26, 30), RNA expression and promoter
activation were investigated. Although abundant RNA
expression from the pp65 gene did not occur until after DNA
replication, the pp65 promoter-CAT construct was activated
very early under transient conditions. Analysis of promoter
deletion mutants revealed that sequence 5' to -61 could be
removed with little effect on promoter activation and that an
8-nucleotide sequence, ATTTCGGG, may be important for
the expression and regulation of this early-late gene.

MATERIALS AND METHODS

Virus and cells. The Towne strain of CMV was used
exclusively for these studies. Propagation of virus in primary
human foreskin fibroblast (HF) cells was performed as
previously described (38). ts66 is a temperature-sensitive
DNA-negative mutant of CMV Towne isolated from CMV-
infected cells treated with 20 ,ug of nitrosoguanidine per ml.
The virus was selected from a plaque that failed to enlarge at
39.5°C, is negative for viral DNA replication, and produces
no detectable virus at the nonpermissive temperature
(39.5°C) (Stenberg et al., unpublished data). The permissive
temperature for ts66 is 33.5°C.
Enzymes. Enzymes were obtained from New England

BioLabs, Inc. (Beverly, Mass.), Boehringer Mannheim Bio-
chemicals (Indianapolis, Ind.), or Promega Biotec (Madison,
Wis.) and were used as recommended by the manufacturer
or as described elsewhere (35-37).

Plasmid DNAs. The plasmid pSVCC3 is derived from
pSVCC2 which has been previously described (35). This
plasmid is identical to pSVCC2 except that the BamHI site in
the pSVOd (23) sequences has been eliminated by BamHI
digestion, Klenow polymerase repair of the recessed 3' end,
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FIG. 1. Restriction endonuclease map ofXbaI J and XbaI C. The 4-kb pp65 mRNA and 1.9-kb pp7l mRNA are shown below the expanded

map. The 1.5-kb HindIll fragment of XbaI C was cloned into pSVOCATAintron to produce p1S00CAT. This 1.5-kb Hindlll fragment was
used to prepare an antisense RNA probe for pp65 RNA. p65EHCAT contains the EcoRV-to-HindIlI fragment representing the promoter of
the pp65 gene (-306 to +70). m.u., Map unit.

and blunt end ligation. The plasmid pSVH was constructed
by inserting the BamHI-to-SaIl fragment containing IE re-

gion 2 (39) into pSVCC3 from BamHI to HindlIl at the 3' end
of pSVCC3 (IE region 1). Prior to this step, the Sall site was
repaired with Klenow polymerase, HindlIl linkers were

added, and the resulting fragment was digested with HindIII
and BamHI. The HindIll linker chosen fully reconstructs the
Sall site. The plasmid pAcc was constructed by partial
digestion of pSVH with AccI, followed by selection of the
desired fragment (which lacked the 1,414-nucleotide AccI
fragment containing exon 4 of IE 1 [36]) from a polyacryl-
amide gel and religating the product. Therefore, this deleted
exon 4 of IE 1 from the final construct. The CMV XbaI C and
XbaI J recombinant plasmids were obtained from Mark
Stinski and have been described elsewhere (41). Subclones
of the CMV XbaI plasmids and other CMV DNA sequences
were cloned into the vectors pUC12, pGEM-3Z (Promega),
or pSVOCATAintron by standard techniques (19, 35-37).
The plasmid pSVOCATAintron was obtained from Jeannine
Strobl. It is a derivative of pSV2CAT (12) containing a

507-base-pair (bp) deletion (positions 1 to 507 on the
pSV2CAT map [12]) that removes the simian virus 40
promoter regulatory sequences and a 610-bp deletion (posi-
tions 3610 to 4220) (12) that eliminates the simian virus 40
small-t-antigen splice site.

Isolation and analysis of RNA. For all RNA expression
studies, infected-cell RNA was obtained from HF cells
infected with CMV at 10 to 20 PFU per cell. Whole-cell RNA
was isolated by the method of Strohman et al. (40) as

described previously (35, 37). Cytoplasmic RNA was pre-

pared as described previously (3, 34). Early RNA was

isolated from cells infected and maintained with or without
200 pg of the viral DNA polymerase inhibitor PAA per ml,
and late RNA was isolated at 72 h after infection. Formal-
dehyde agarose gel electrophoresis and Northern (RNA) blot
analysis was performed as previously described (19, 37).

Radiolabeling of DNA and RNA probes. CMV DNA se-

quences were radiolabeled to greater than 5 x 108 cpm/,ug by
the oligolabeling method of Feinberg and Vogelstein (9).
DNA sequences to be used as templates for producing RNA
probes were cloned into pGEM-3Z. pGHH1500 contains the
1,500 bp HindIlI fragment of XbaI C (cloned from
plS00CAT [Fig. 1]) inserted into pGEM-3Z in an orientation
to permit synthesis of antisense RNA relative to pp65
mRNA. RNA probes were produced from linearized tem-
plates in transcription reactions containing 50 ,uCi of [ox-
32P]CTP (400 Ci/mmol; Dupont, NEN Research Products,
Boston, Mass.) and SP6 polymerase (Promega).
Promoter-CAT constructs. Construction of the pp65 pro-

moter-CAT plasmid was as follows. A 1.5-kilobase (kb)
HindIII fragment was isolated from XbaI C and cloned into
pSVOCATAintron, resulting in pl500CAT (Fig. 1). This
plasmid was digested with EcoRV, followed by partial
digestion with HindlIl to remove 1.1 kb of 3' sequence. The
HindIlI site was repaired with Klenow polymerase, and the
DNA was blunt-end ligated to obtain p65EHCAT, which
contains 376 bp of viral sequence (-306 to +70 relative to
the CAP site [+ 1]). To produce pP65CAT and pP65CATrev,
the 376-bp EcoRV-to-HindIII fragment of p1500CAT was
isolated, the ends were repaired with Klenow polymerase,
and HindlIl linkers were added. This fragment was cloned
into the HindlIl site of pSVOCATAintron, and plasmids
containing the 376-bp promoter fragment in both orientations
were isolated.

Deletions in the promoter region of p65EHCAT were
constructed by restriction enzyme digestion and excessive
mung bean nuclease digestion. The 5' upstream sequences
from -306 to -82 of p65EHCAT were removed by digestion
with HindlIl and SacII (see Fig. 3). Plasmid DNA was then
treated with 5 U of mung bean nuclease per ,ug of DNA for
1 h at 30°C and repaired with Klenow polymerase. HindlIl
linkers were ligated to the fragment, and the plasmid was
recircularized, resulting in p65dl3CAT (-81 to +70). Other
promoter deletion plasmids were constructed by lineariza-
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tion of p65dl3CAT or p65EHCAT with HindIll, followed by
excessive mung bean nuclease treatment as described
above, repair with Klenow polymerase, and subsequent
recircularization. Sequencing of the pp65 promoter deletions
was performed by standard dideoxy methods as described
previously (31), except that Klenow polymerase reactions
were incubated at 50°C.
Promoter activation. Promoter activation was tested by

transfection of CAT plasmids, followed by superinfection
with CMV or by cotransfection with various IE gene plas-
mids. Cultures of HF cells (85 to 90% confluent) were
transfected with 5 ,ug of the indicated plasmid DNA, using
DEAE dextran as described previously (35). Cells cotrans-
fected with IE gene plasmids were harvested 48 h after
transfection. To test activation by CMV, transfected cells
were infected 18 h later at 10 to 20 PFU per cell. Cells were
harvested at indicated times, and extracts were prepared and
analyzed essentially as described by Gorman (12). To deter-
mine percent acetylation, each form of chloramphenicol was
excised from the thin-layer chromatography plate and quan-
titated in a liquid scintillation counter. Assays were linear for
at least 30 min for up to 50% acetylation.

RESULTS

Analysis of early and late gene expression. To better under-
stand the regulation of pp65, a protein abundantly expressed
late in CMV replication, HF cells were infected with CMV
and whole-cell RNA was isolated at various times after
infection. RNA from an equivalent number of infected cells
was subjected to formaldehyde agarose gel electrophoresis
and Northern blot analysis. Using a specific antisense RNA
probe, low levels of pp65 RNA were detected as early as 5 h
after infection and remained relatively constant through 24 h
(Fig. 2A). At 48 h after infection, the level of pp65 RNA
increased significantly, and maximum expression occurred
at 72 h after infection. In the presence of PAA, the levels of
pp65 RNA isolated at 24 and 72 h after infection were
equivalent to levels detected at early times (5 to 24 h). These
results demonstrate that the gene for pp65 is a member of the
early-late class of genes that are expressed at low levels
early and are greatly amplified after DNA replication. To
further address and confirm this finding, we utilized a
DNA-negative temperature-sensitive mutant of CMV (ts66).
Cytoplasmic RNA was isolated at 72 h after infection at the
nonpermissive temperature (39.5°C) from cells infected with
ts66 or wild-type (WT) CMV. pp65 RNA was expressed in
ts66-infected cells at levels approximately equal to those
seen in WT-infected cells at early times and at significantly
lower levels than those in WT-infected cells at late times
(Fig. 2B). Analysis of whole-cell RNA isolated from ts66- or
WT-infected cells at the nonpermissive temperature re-
vealed the same pattern of expression as cytoplasmic RNA
(data not shown). Therefore, the pp65 gene is an early-late
gene which expresses low levels of RNA early, with maxi-
mal expression occurring after the initiation of DNA repli-
cation.

Activation of the pp65 promoter in transient studies with
superinfecting virus. Since pp65 RNA expression occurs
maximally at late times with low levels of early expression,
we investigated transient expression of the pp65 promoter
and its activation by superinfecting virus. To ensure that
activation of the pp65 promoter was orientation specific, a
control experiment was performed to investigate activation
of the promoter when cloned in the opposite orientation.
p65EHCAT, pP65CAT, and pP65CATrev were transfected
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FIG. 2. Analysis of RNA expression from the pp65 gene. (A)
Whole-cell RNA was isolated at the indicated hours after infection
from cells infected with CMV. Mock-infected cell RNA (M) (1.0 p.g)
and RNA from an equivalent number of infected cells were ana-
lyzed. The time course blot was hybridized with a single-stranded
RNA probe transcribed from pGHH1500 (1.5-kb HindlIl fragment
of XbaI C cloned into pGEM-3Z). (B) Cytoplasmic RNA was
isolated at 72 h after infection at the nonpermissive temperature
(39.5°C) from cells infected with ts66 or WT CMV (wt) or from
mock-infected cells (m). RNA from an equivalent number of cells
was analyzed. The blot was hybridized with the 1.5-kb Hindlll
fragment of XbaI C. Sizes of RNAs (in kilobases) are indicated to
the right of the blots. The 4-kb pp65 RNA is consistently detected as
3.7 kb in our gel system.

into HF cells and superinfected as described in Materials and
Methods. Cells were harvested 72 h after infection, cell
extracts were prepared, and activation of the promoters was
assessed. Activation of pP65CAT and p65EHCAT occurred
at approximately equal levels, whereas pP65CATrev was not
activated (Table 1). Therefore, the pp65 promoter constructs
require viral gene products for activation and the promoter
functions only in its proper orientation.

Effect of IE gene products on promoter activation. Since

J. VIROL.
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TABLE 1. Quantitation of pp65 promoter activity

Expt no. and Effector % CAT
target Acetylation activitya

Expt lb
p65EHCAT Mock 0

CMV 25.3 101.2
pP65CAT Mock 0

CMV 30.4 121.6
pP65CATrev Mock 0

CMV 0

Expt 2C
p65EHCAT pSVOd 0

pSVH 11.6
pSVCC3 1.2
pAcc 0.8
pSVCC3+pAcc 7.9

a CAT activity is defined as percent acetylation occurring in a standard
reaction of 145 1J containing 20 ,1 of extract. When less extract was used to
produce a linear reaction, the percent acetylation was multiplied by the
dilution factor to obtain CAT activity.

b Experiment 1 investigated activation by superinfecting virus.
' Experiment 2 investigated the effect of IE proteins on promoter activa-

tion.

activation of p65EHCAT occurs after virus infection, we
chose to address the effect of IE proteins on the expression
of the pp65 promoter. To accomplish this, we utilized
plasmid vectors capable of expressing proteins from IE
region 1 (pSVCC3), IE region 2 (pAcc), or IE regions 1 and
2 (pSVH). p65EHCAT was cotransfected with the indicated
plasmids, and 48 h later, cell extracts were analyzed for
CAT. pSVOd, which was used in constructing the IE plas-
mids, was incapable of activating the pp65 promoter (Table
1). When transfected individually, IE region 1 or 2 failed to
activate the pp65 promoter to significant levels. However,
IE 1 and 2, when cotransfected (pAcc and pSVCC3), acti-
vated p65EHCAT to approximately the same level as pSVH.
The relative increase in promoter activation by pSVH was 7-
to 10-fold when compared with either IE 1 or 2 (Table 1).
Therefore, IE regions 1 and 2 are both required and function
together for activation of the pp65 promoter.
Time course analysis of pp65 promoter activation. Since

pp65 RNA is expressed early and amplified late and because
the pp65 promoter-CAT construct was activated by super-
infecting virus, we chose to address activation of
p65EHCAT during CMV replication. To determine the rel-
ative time of activation of the pp65 promoter, HF cells were
transfected with p65EHCAT, superinfected with CMV, and
harvested at the indicated times. In addition, transfected
cells were infected with CMV in the presence or absence of
PAA. The data demonstrates that transfection followed by
mock infection resulted in no activation of the promoter
(Table 2). By 12 h after infection, the promoter was activated
to low levels, which continued to increase through 48 h.
Also, significant levels of activation occurred in the presence
of PAA, although activity was reduced to levels seen at early
times (24 h). Therefore, promoter activation during CMV
infection indicates that the pp65 promoter is activated early
and reaches a maximum activation by 48 h after infection.

Analysis of promoter deletion mutants. To determine the
minimal promoter sequence necessary for virus activation, a
set of promoter deletion mutants was constructed (Fig. 3).
These mutants were tested for activation by superinfection
with CMV or by cotransfection with pSVH as described
above. Deletion to -81 (p65dl3CAT) resulted in little change

TABLE 2. Quantitation of p65EHCAT time course activation

Treatment and t CAT
time (h)" Acetylation activity'

MC (72) 0
5 0

12 1.7 6.8
24 11.4 45.6
48 37.1 148.4
72 36.0 144.0
M + PAA (72) 0

24 + PAA 13.7 54.8
72 + PAA 9.6 38.4

a Cells were harvested at the indicated times after infection.
b CAT activity is as defined in footnote a of Table 1.
'M. Mock infected.

in activation when compared with p65EHCAT (Table 3).
Similarly, p65dl12CAT (-65) and p65dl13CAT (-61) were
activated to approximately the same level as the WT pro-
moter. However, activation of p65dl23CAT (-52) and
p65dl4CAT (-22), the latter being deleted through the
TATA box, were reduced significantly when compared with
WT. This dramatic loss of activity occurred after the dele-
tion of only 9 nucleotides. Therefore, sequences 3' of -61
are important for expression of this late gene, with se-
quences from -61 to -52 being critical. Sequencing of the
pp65 promoter and the promoter deletion mutants revealed
an 8-nucleotide sequence, ATTTCGGG, at -58 to -51 that
was deleted during construction of p65dl23CAT (Fig. 4).
This sequence is repeated at +93 and has an inverted repeat
at +67. This data suggests that this octamer sequence may
be critical for activation by viral IE proteins. However, IE
gene products did not completely activate the pp65 promoter
to the same level as superinfecting virus (Table 3). Although
IE proteins are necessary to activate the pp65 promoter,
other viral gene products may contribute to complete acti-
vation.

DISCUSSION

To better understand late gene regulation in CMV-infected
cells, we analyzed expression of the pp65 gene, which is
abundantly transcribed at late times. Others have investi-
gated expression of pp65 (10) and have concluded that
maximal transcription of pp65 RNA occurred at early times.
Our results conflict with their data but could be explained by
the fact that our analyses were performed using RNA from
an equivalent number of infected cells, rather than an
equivalent quantity of RNA. Here we demonstrated that
pp65 RNA was not transcribed abundantly until late times
and that low levels of expression occurred at 24 h in the
presence or absence of PAA. In addition, our studies with
ts66 demonstrated that low levels of pp65 RNA expression
occurred at the nonpermissive temperature and that these
levels were relatively equal to pp65 RNA present in WT-
infected cells treated with PAA. Therefore, in contrast to
other late genes which absolutely require DNA replication,
pp65 mRNA expression was detected in the absence ofDNA
replication. By these criteria, we conclude that the pp65
gene is an early-late gene requiring DNA replication for
maximal expression.
To address potential mechanisms involved in pp65 gene

regulation, we constructed the promoter into an indicator
plasmid containing the gene for CAT. When removed from
the viral genome, the pp65 promoter was activated to

VOL. 63, 1989
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FIG. 3. Map of the pp65 promoter and location of the promoter deletion mutants. p65dl3CAT was constructed from p65EHCAT by
deletion of sequences -306 (HindIll) to -84 (SacII). All other deletion mutants were constructed as described in the text. Numbers given
are in reference to the distance from the CAP site (+1).

significant levels at early times. This is in contrast to RNA
studies in which low levels of expression occurred at early
times. Clearly, pp65 RNA levels increased dramatically only
late in infection and after viral DNA replication. However,
this dramatic change was not reflected in the activation of
the promoter-CAT construct. Therefore, additional regula-
tory events occurring within the viral genome may confer
more stringent control of promoter activation than that
which occurs in our transient assay system.
However, expression of the pp65 gene is due, at least in

part, to regulation by sequences contained within the pro-
moter. The 8-nucleotide sequence, ATTTCGGG (at -51),
plays a role in the activation of the pp65 promoter by IE gene
products, since deletion into the sequence prevents pro-
moter activation. The 8-nucleotide sequence is repeated at
+93, and an inverted repeat (CCCGAAAT) is located at
+67. The repeat at +93 is not contained within our promot-
er-CAT construct, and the function of these additional
repeats are unclear but are currently under investigation.

IE 1 and 2 proteins are necessary for activation of the pp65
promoter and may be part of the transcription complex. This
is consistent with our studies using the CMV DNA polymer-
ase promoter in which both IE 1 and 2 were necessary for
activation of this early gene (Stenberg et al., unpublished
data). While Hermiston et al. (15) and Pizzorno et al. (28)
have demonstrated that IE 2 proteins are sufficient to acti-
vate heterologous promoters, we consistently found that IE
1 and 2 were required for activation of CMV promoters.
However, other viral proteins binding to this domain cannot
be ruled out since IE 1 and 2 could only partially activate the
promoter relative to activation by superinfecting virus. Ac-
tivation by CMV was consistently 10-fold higher than acti-
vation by IE 1 and 2. While superinfection is notably more
efficient than cotransfection, we do not see this difference
when the DNA polymerase promoter is analyzed in a similar
manner (A. S. Depto and R. M. Stenberg, unpublished data).
Therefore other viral proteins may work with IE 1 and 2
proteins to enhance their effect. The interaction of viral and

TABLE 3. Activity of pp65 promoter deletion mutants

Activation by CMV Activation by IE gene products
Target %CAT %CATEffector Acetylation activity" Effector Acetylation activity

p65EHCAT M 0 pSVOd 0
CMV 37.3 149.2 pSVH 17.5 17.5

p65dl3CAT M 0 pSVOd 0
CMV 31.9 127.6 pSVH 10.8 10.8

p65dl12CAT M 0 pSVOd 0
CMV 28.7 114.8 pSVH 14.2 14.2

p65dl13CAT M 0 pSVOd 0
CMV 32.8 131.2 pSVH 16.1 16.1

p65dl23CAT M 0 pSVOd 0
CMV 6.7 26.8 pSVH 2.7 2.7

p65dl4CAT M 0 pSVOd 0
CMV 3.4 13.6 pSVH 0.9 0.9

"CAT activity is as defined in footnote a of Table 1.

J. VIROL.
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10 20 30 40 50 60

1 AAGCTACGG AAAATACGAC AGAGAAGACG AGTCCTGTCA CTTTAGCCAT GGTCTGCGGC
Hind III

61 GATCTCTAAA CAGAGGACCC TGATAATGGG AAACGGACAC TAGGCGTCCG CGCCATACGG

121 GATTAAAACA AAAAAAAATC GGTGGTGGTG TGTGATGGGG TGTGGTGACG GTGGGGCTTC

181 GCCTCTTTTT TTTGTAATAA AAAAAGACAC

241 CGTTTTL. T CCG+ + v
d112 d13 dl23

301 GCGCGCCGCT CAGTCGCCTA
+1

CGTTTGGTCG

TGAATAATCC GCGGTTGTCT CTGTGTAGAA
SacIl 4

d13
CCTGCCTATG TAAGGCGGCG GCCGCAGAGG

+d4
CACCCGTACG CGCAGGCAGC ATGGAGTCGC GCGGTCGCCG

361 TTG AAATATATCCG TACTGGGTCC CITTrCGG
EcoRV

FIG. 4. Sequence of the pp65 promoter region. HindIlI and EcoRV sites are indicated. Abbreviations for deletion mutants are as indicated:
d13 (p65dl3CAT), d112 (p65dll2CAT), dl13 (p65dll3CAT), dl23 (p65dl23CAT), and d14 (p65dl4CAT). The SaclI site used to generate
p65dl3CAT is also indicated. The repeat ATTTCGGG and inverted repeat CCCGAAAT are boxed, and the TATA homology is underlined.
The last upstream nucleotide of each promoter deletion construct is indicated by an arrow. + 1 indicates the CAP site. Sequence data shown
is the AD169 sequence from Ruger et al. (30). The Towne pp65 promoter has been sequenced from nucleotides 200 to 376 and is homologous
to AD169, except for a T-to-C change at nucleotide 264.

cellular proteins with the pp65 promoter is currently being
addressed.

It is unclear if the sequences involved in activation of the
pp65 promoter are important for activation of other CMV
promoters. Computer analysis of a number of other CMV
early and late promoters revealed no homology to the
ATTTCGGG sequence, although other repeats and inverted
repeats, including octameric sequences, could be found in
those promoters (4, 5, 13, 14, 16-18, 33). Examination of
promoter regulatory sequences from other viral or cellular
genes also did not reveal any similarity to the pp65 octameric
sequence (1, 2, 8, 20, 27, 29, 32). However, it should be
noted that mutational analysis and DNA-binding studies
have shown that a number of these regulatory sequences
contain only a few nucleotides important in protein binding
and subsequent promoter activation (1, 29).

Further analysis of different CMV early and late genes will
be necessary to understand the exact mechanisms responsi-
ble for regulation. Studies need to be performed to further
characterize the interaction of cis-acting promoter se-
quences with viral and host cell DNA-binding proteins at
early and late times. Such analyses will permit a more
thorough understanding of the mechanisms involved in CMV
gene regulation.
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