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As a model for analyzing the regulation of human cytomegalovirus late genes, we investigated the 28-kDa
phosphoprotein (pp28) gene region. Transcripts of 1.6 and 1.3 kb were expressed in wild-type human
cytomegalovirus-infected cells but not in cells infected with a DNA-negative temperature-sensitive mutant
(ts66), indicating that DNA replication is absolutely required for pp28 gene expression. Transient promoter
activation studies revealed that the pp28 gene region upstream promoter (pp28US) functioned early when
expressed independently of the viral genome. However, the promoter was not efficiently activated by
immediate-early (IE) proteins but was activated equally well by both wild-type virus and ts66. Deletion analysis
of the pp28US promoter indicated that sequences upstream of the CAP site between -107 and -32 were

required for activation of the pp28 promoter. Within that region exist a 10-bp sequence at -90 (AGTGAT
CGTG) and its inverted repeat at -32 which positively influence pp28 promoter function. Therefore, in the
case of the pp28US promoter, viral proteins interact through discrete sequences to facilitate late gene

expression.

Infection of permissive cells in vitro with human cytomeg-
alovirus (HCMV) leads to an ordered sequential expression
of viral genes (9, 28, 52, 53). On the basis of their times of
transcription in infected cells, HCMV genes are divided into
three broad classes (9, 52, 53). The first class of genes to be
transcribed after viral infection are the immediate-early (IE)
genes which require no de novo protein synthesis for their
expression (8, 9, 52, 53). IE gene expression and protein
function have been extensively characterized elsewhere (2,
7, 8, 11, 14, 18, 31, 35, 42-47, 49, 50, 52-54). IE proteins are
required for subsequent HCMV early gene expression and
regulation (2, 11, 40, 44) and may be required for late gene
expression as well. Early genes are expressed after IE gene
expression, and early transcription proceeds in the absence
of viral DNA replication (9, 28, 52, 53). This is in contrast to
late gene expression, which by definition occurs after the
initiation of viral DNA synthesis. Viral RNA transcribed at
early and late times originates from all regions of the genome
(9, 28, 52, 53). Previous studies demonstrated that the
abundance of early and late transcripts varies, depending on

the region of the genome being transcribed (9, 28, 52, 53).
While many HCMV early and late genes have been

previously identified, including genes coding for glycopro-
teins (3, 5, 6, 25, 33), structural proteins (3, 16, 27, 29, 32, 34,
37), regulatory and nonstructural proteins (3, 13, 19, 20, 23,
30), and ones of unknown function (2, 3, 7, 12, 17, 21, 22,
43), many of these studies involved physical mapping of the
genes rather than addressing their expression and regulation.
Therefore, we examined the kinetics of early and late RNA
expression in order to identify true late RNAs which abso-
lutely require DNA replication prior to expression.

In these studies, we used a temperature-sensitive, DNA-
negative virus (ts66) to address the kinetics of expression of
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RNAs before and after viral DNA replication. This enabled
us to identify RNAs expressed only under late conditions.
We chose to examine RNA expression and promoter activa-
tion corresponding to the pp28 gene region. Our studies
indicate that (i) the two pp28 gene region RNAs of 1.6 kb and
1.3 kb absolutely require DNA replication for their transcrip-
tion, (ii) the pp28 gene region upstream promoter (pp28US)
is activated through a discrete sequence containing a set of
inverted repeats, and (iii) IE proteins are insufficient for
activation of this late promoter.

Analysis of HCMV late gene expression. HCMV mutant
ts66 is a DNA replication-negative virus at the nonpermis-
sive temperature (11, 44). Therefore, a comparison of RNAs
isolated from wild-type (WT) HCMV- and ts66-infected cells
at late times after infection (72 h) will allow the identification
of true late genes. Several putative true late genes were

analyzed by isolating whole-cell RNAs from WT- or ts66-
infected cells and subjecting the RNAs to Northern analysis.
The results demonstrated that several RNAs were tran-
scribed in WT- but not ts66-infected cells (Fig. 1). These
transcripts were assigned to the true late class since they
absolutely required viral DNA replication prior to expres-
sion. Three specific RNAs, a 1.5-kb RNA from IE2 which
codes for a 40-kDa late protein (36, 43) and 1.6- and 1.3-kb
RNAs from XbaI-C in the pp28 gene region (21, 27, 29), have
been previously described. In addition to these RNAs,
previously uncharacterized RNAs from XbaI-B (7.5, 6.0,
and 4.4 to 2.4 kb), XbaI-L (1.2 kb) and Xbal-Q (1.4, 1.2, and
1.0 kb) were also detected. Numerous other true late RNAs
were detectable but were not included in this study (data not
shown).

Analysis of RNA expression from the pp28 gene region.
Because we were interested in studying the expression and
regulation of a true late gene, the pp28 gene region was

chosen for further investigation (21, 27, 29) (Fig. 2C). Two
RNAs, a 1.3-kb RNA which encodes the 28-kDa capsid
phosphoprotein and a 1.6-kb RNA encoding a recently
described 58-kDa virion phosphoprotein (21, 22), are tran-
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FIG. 1. Whole-cell RNA expression in ts66- and WT-infected
cells. Whole-cell RNA was isolated from mock (M)-, ts66 (66)-, or

WT HCMV (WT)-infected cells at 72 h after infection (11, 43). RNA
from an equivalent number of cells was subjected to Northern blot
analysis and hybridized to the XbaI fragments indicated at the top of
each blot (51) or to a probe representing IE region 2 (43). The Towne
strain of HCMV (20 to 25 PFU per cell) was used exclusively for
these studies. Propagation of virus was performed as previously
described (48). ts66, a temperature-sensitive DNA-negative mutant
of HCMV Towne, has been previously described (11, 43) and was

propagated at 33.5'C. The nonpermissive temperature for ts66 is
39.5'C. Molecular sizes are indicated in kilobases.

scribed from this region. To further analyze the expression
of these RNAs, Northern blot analysis was performed with
probes specific for the pp28 gene region. Figure 2A demon-
strates that the 1.6-kb and 1.3-kb RNAs were detected in
WT- but not ts66-infected cells. In addition, neither the
1.3-kb nor the 1.6-kb RNA could be detected in ts66-infected
cells upon longer exposure of the blot (data not shown).
We also assessed the expression of these RNAs during the

course of HCMV infection. The results shown in Fig. 2B
indicate that the 1.3- and 1.6-kb RNAs were not detected
until 48 h after infection. At 72 h after infection, both RNAs
were detected at much higher levels. Our results are consis-
tent with those of previous studies which utilized the viral
DNA polymerase inhibitor phosphonoacetic acid to study
RNAs specific for the pp28 gene region (27). These studies
taken together indicate that both RNAs are true late and
absolutely require DNA replication for their expression.

Activation of the pp28 gene region upstream promoter. We
used the promoter for the 1.6-kb RNA to study true late
promoter activation. Because we were assessing the up-
stream or most 5' promoter, we designated this construct
p28USCAT (Fig. 2C). To test pp28US promoter activation,
cells were transfected with p28USCAT and p28USCATrev
and subsequently superinfected with HCMV. At 24 and 72 h
after infection, cells were harvested and extracts were

prepared and analyzed for chloramphenicol acetyltransfer-
ase (CAT) activity. The results demonstrate that although
there was some activation of p28USCATrev, levels were six-
to eightfold lower than those of p28USCAT (data not
shown). Therefore, the pp28US promoter functions most
efficiently in the appropriate orientation.

Analysis of early and late promoter activation. Previous
analysis of the pp65 early-late promoter demonstrated that it
was activated by IE proteins as well as by superinfecting
virus (11). Therefore, activation of the true late pp28US
promoter by IE proteins was assessed and compared with
early-late promoter activation. Activation by TEl and IE2
proteins was analyzed by transfecting cells with the pol
(pPoICAT), pp65 (p65EHCAT), or the pp28 (p28USCAT)
promoter-CAT plasmids in the presence of pSVH, a con-
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FIG. 2. Analysis of RNA expression from the pp28 gene. (A)

Whole-cell RNA was isolated from mock (M)-, ts66 (ts66)-, or WT
HCMV (WT)-infected cells at 72 h after infection. RNA from an

equivalent number of cells was subjected to Northern blot analysis
and hybridized with the 1.0-kb SmaI fragment and the 5.3-kb PstI
fragment ofXbal-C as indicated in panel C. (B) Time course analysis
of pp28 RNA expression. Whole-cell RNA was isolated at the
indicated hours after infection from cells infected with HCMV.
Mock-infected cell RNA (M) (1 ,ug) and RNA from an equivalent
number of infected cells were analyzed. The blot was hybridized
with the 1.0-kb SmaI fragment ofXbal-C. The 1.3- and 1.6-kb RNAs
are in2'rcated to the right of the blots. (C) Restriction endonuclease
map of the pp28 gene region. The 1.6- and 1.3-kb RNAs are shown
below the expanded map. The pp28 promoter construct
(p28USCAT) contains the 697-bp NaeI fragment representing the
upstream promoter of the pp28 gene region (-600 to +97). This
fragment was isolated and subjected to blunt-end ligation to add
HindIII linkers to the DNA. After digestion with HindIlI and
purification of the fragment by acrylamide gel electrophoresis, the
promoter fragment was cloned into pSVOCATd at the Hindlll site.
Enzyme reactions were carried out as described elsewhere (1, 26).
Recombinants containing the fragment in both orientations were

isolated (p28USCAT and p28USCATrev). Ps, PstI; Na, NaeI; Nc,
NcoI; Sm, SmaI; Kp, KpnI; Pv, PvuII.

struct which expresses TEl and IE2 (11, 44). The level of
activation by IE proteins alone was compared with the level
induced by viral superinfection during two experiments to
determine whether IE proteins could sufficiently activate the
pp28US promoter.
The data in Table 1 demonstrate that both pPolCAT and

p65EHCAT are activated by IE gene products (pSVH) and
that viral superinfection results in a 3.6- to 5.6-fold increase
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TABLE 1. Quantitation of p28USCAT and p65EHCAT
promoter activity'

Target Effector CAT Fold
activity activation'

Expt 1
p28USCAT pSVOd 0
p28USCAT pSVH 3.7
p28USCAT M 0
p28USCAT HCMV 51.6 14

p65EHCAT pSVOd 0
p65EHCAT pSVH 34.8
p65EHCAT M 0
p65EHCAT HCMV 196.2 5.6

Expt 2
p28USCAT pSVOd 0
p28USCAT pSVH 1.9
p28USCAT M 0
p28USCAT HMCV 38.8 19.8

p65EHCAT pSVOd 0
p65EHCAT pSVH 17.6
p65EHCAT M 0
p65EHCAT HCMV 63.6 3.6

pPolCAT pSVOd 0
pPoICAT pSVH 6.8
pPolCAT M 0
pPolCAT HCMV 36.8 5.4
a Promoter activation was tested by transfection of CAT plasmids followed

by superinfection with HCMV or by cotransfection with various IE gene
plasmids exactly as previously described (11). M, mock.

b Fold activation is the increase in CAT activity of HMCV superinfection
relative to IEl and IE2 transfection.

in CAT activity. In contrast, the pp28US promoter is acti-
vated poorly by TEl and IE2 gene products but efficiently
activated by viral superinfection. There is a 14- to 20-fold
increase in activation of the pp28 promoter by viral super-
infection compared with activation by the IBE and IE2
proteins. In addition, whereas p28USCAT and pPolCAT are
equivalently activated by superinfecting virus, only pPol
CAT is efficiently activated by IE proteins. While an in-
crease in activation by viral superinfection occurs for all
promoters, the pp28US promoter is activated to much higher
levels by superinfecting virus than by IE gene products. This
indicates that the IE1 and IE2 proteins are insufficient for
complete activation of the pp28US promoter and that other
infected cell proteins are required. HCMV infection also
caused a higher level of activation of the pol and pp65
promoters than did the IE proteins. While this could imply
that additional proteins are necessary for the activation of
these two early promoters, it is probably because of in-
creased efficiency of infection versus transfection. Addi-
tional studies will be necessary to resolve this question.

Activation of pp28USCAT by ts66. It must be remembered
that late gene expression is closely coupled to virus DNA
replication. It is likely that the physical process of replicating
DNA affords a level of regulation of late gene expression.
However, transient promoter assays allow for an assessment
of trans-acting proteins capable of influencing the expression
of late genes. Our studies described above demonstrate that
TEl and IE2 proteins are not sufficient for complete activa-
tion of the pp28 promoter. This is in contrast to early pol (44)
and pp65 (11) promoter activation as well as other early

TABLE 2. Activation of p28USCAT and p65EHCAT by ts66 and
WT HCMV

Target Effector %
(h postinfection)a Acetylation

p28USCAT M 0
ts66 (72) 36.2
ts66 (96) 51.4
WT (72) 24.2
WT (96) 37.9

p65EHCAT M 0
ts66 (72) 74.3
ts66 (96) 67.4
WT (72) 88.1
WT (96) 70.5

a Cells were harvested at the times indicated in parentheses. M, mock.

promoters studied which are efficiently activated by TEl and
IE2 gene products (2, 40). In addition, we have performed
transient cotransfections using plasmid constructs capable of
expressing IE proteins from the US3 (3, 54) and UL36-38 (3,
18, 50) gene regions in various combinations with TEl, IE2,
and the pp28US promoter. The use of these constructs in
analogous experiments resulted in no increase in pp28 pro-
moter activity (data not shown). Therefore, IE proteins
appear insufficient for late promoter function, indicating that
true late promoters require additional viral proteins for
expression.

Recently, the proteins required for activation of the ICP36
(23) late promoter have been characterized by Stasiak and
Mocarski (41). Their studies demonstrated that a protein
encoded by sequences in Xbal-I (TRS1) was required in
combination with IE1 and IE2 proteins for complete activa-
tion of the ICP36 promoter. This protein, which is related to
the US22 family (3), may also be required for pp28US
promoter activation.
Because the pp28 promoter was activated at early times

when outside the context of the viral genome, ts66 was
employed to determine whether the proteins required for
pp28US promoter activation were produced prior to viral
DNA replication. Cells were transfected with p28USCAT or
p65EHCAT and then superinfected 24 h later at the nonper-
missive temperature with either ts66 or WT HCMV. Results
in Table 2 indicate that both p65EHCAT and p28USCAT
were activated by ts66. Activation of p28USCAT and
p65EHCAT by ts66 or WT occurred at similar levels at both
72 and 96 h after infection. In addition, activation of the
pp28US promoter by ts66 under transient conditions indi-
cates that it does not require viral DNA replication for
induced expression. Therefore, viral proteins necessary for
pp28US promoter activation are produced prior to viral
DNA replication and are likely to be IE and/or early pro-
teins.

Analysis of repeated sequences in the pp28US promoter.
The pp28US promoter sequence was analyzed to determine
the cis-acting sequences responsible for its activation. An
inspection of the pp28US promoter sequence revealed the
presence of a number of direct (DR) and inverted (IR)
repeats (Fig. 3). Other HCMV early and late promoters have
been investigated elsewhere (2, 11, 17, 23, 40, 42) and shown
to contain sequences upstream of the CAP site that are
required for promoter activation. However, the sequences
present in the pp28 promoter do not conform to consensus
binding sites for known transcription factors (24) nor are
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-609 GCS9GTCT CGCCGGGCAT CCAGTTCGGT A=&&fi AGGGcTTAGT CAAAACGCTG
NaeI IR3

-549 GTGGAATGTT ACGTGATGCA CGGACGCGAG CCGGTGCGCG ACGGCCTCGG TCTGCTCATC

-489 GACCCCACGT CGGGGCTGCT GGGCGCTTCC_A3gACCTGT GCTTCGGCGT GCTCAAGCAG
NcoI

-429 GGTAGCGGTC GCACCTTGCT GGTGGAACCG TGTGCGCGCG TCTACGAGAT CAAGTGCCGC
dl8 d19

-369 TACAAATATT TGCGCAAAAA GGAGGACCCC TTTGTGCAGA ACGTGCTGCG GAGgQASd103 d107 DR1

-309 GCGGGCCG TGGCCTCGCT GTTGCAGTCA CACCCGGTGC CGGGCGTGGA GTTTCGCGGT

-249 GAACGCGAGA CCCCGTCGGC ACGCGAGTTT CTGcTTTCG-AG^ScCGTTCAGG
dl DR1
IJDR2 DDR2 T

-189 GCC CCGCCCGAAC CGCTGCGCGA GTACCTGGCC
IR5 d43 d105

IR4
-129 GATCTGCTGT ATCTCAATAA GGCCGAGTGT TCGGA TCGTTTG CGCCAAGCAC

d24/26 d25/26 IR3
A C

-69 CTGAGTGACG ACAACAGCGA CGGGGACGCC ACC&gAQ4 TTAACGCGAG TCTCGGCCTA
IR4 "TATA"

+1
-9 G

SstII IR5 IR6
GATCACCACC TGCGGGGCAG SGCGAT

smaI
+52 TMC2GCGGCGATACCTTT CGAGGACGAA AACACGCCCG AGCTGCTGGGa_CWC

TR6 NaeI
FIG. 3. Sequence of the AD169 pp28US promoter region (3). Differences from the Towne sequence are indicated above the AD169

sequence. NaeI sites used to clone the promoter are underlined. Inverted and direct repeats are indicated by bold lines. The TATA homology
is indicated by a bold underline. +1 indicates the CAP site. Locations of the deletional mutants are indicated by vertical lines. Deletion
mutants were generated by unidirectional exonuclease III digestion of p28dHCAT, a derivative of p28USCAT lacking the downstream
HindlIl site. This plasmid was digested with NdeI to linearize the plasmid in the vector 50 nucleotides upstream of the 5' vector-promoter
joining region (HindIll). The DNA was repaired with Klenow polymerase in the presence of a-phosphorothioate deoxynucleoside
triphosphates and subsequently digested with HindIII. Treatment with exonuclease III was performed as specified by the supplier (Promega)
by using 5 U of enzyme per ,ug of DNA, except that the reaction mixtures were incubated at 24°C to digest the DNA at approximately 100
bp/min. After digestion with S1 nuclease, repair with Klenow polymerase, and ligation for 16 h, the DNA was transformed into bacteria and
the resulting clones were screened for desired mutations. To generate d24/26 and d25/26, two oligonucleotides complementary to the AD169
sequence, AD24 (CAAGCT[CACGATCACTATTAACGCGAGTCTCGGCCTAGCCGCGGC) and AD25 (CAACQTl CTA1FTAACGCGAG
TCTCGGCCTAGC,CDCQC), were annealed independently with AD26 (GCCGCGGCTAGGCCG) and extended with Klenow polymerase,
resulting in a double-stranded DNA with a 5' HindIll site and a 3' SstII site. These double-stranded oligonucleotides were digested with
Hindlll and SstII and ligated into p28dHCAT at the HindIll and SstII sites. Recombinants were isolated, sequenced, and tested for activation
as described previously (11, 38).

they similar to sequences identified in other HCMV promot-
ers (2, 11, 17, 40, 42). This may indicate that cellular
regulatory DNA binding proteins play a lesser role in acti-
vation of this late promoter. To determine the minimal
sequence required for pp28US promoter activation and to
determine whether any of the direct or inverted repeat
sequences play a role in activation, deletion analysis of
pp28US promoter sequences was performed.
Promoter deletion mutants were generated and activation

was assessed by superinfection of transfected cells. Figure 4
demonstrates that deletion to -107 (d43) resulted in little
change in pp28US promoter activation. Deletion of a se-
quence containing one copy of IR4 (d1O5 at -72 and d24/26
at -40) resulted in a twofold decrease in activation, indicat-
ing that IR4 may have a role in promoter regulation. Con-
sistent with this, deletion of sequence containing both copies
of IR4 (d25/26 at -32) resulted in a 6.3-fold decrease in
activation. As d24/26 and d25/26 differ only by the presence
or absence of IR4, these data indicate that IR4 plays a role in
promoter activation. These experiments revealed that the
region upstream of the CAP site and TATA homology
contain a number of potential regulatory elements, some of
which are required for promoter activation.
As stated above, the proteins required for activation of the

ICP36 late promoter have been characterized elsewhere (41).

However, unlike pp28, the ICP36 late promoter does not
require cis-acting sequences 5' to the TATA for late pro-
moter activation, suggesting that pp28 and ICP36 may utilize
different mechanisms (23). Therefore, it is possible and even
likely that additional viral trans-acting proteins influence
other late genes such as pp28. Studies are under way to
determine whether TRS1 or other regulatory proteins are
required for pp28US activation.
While the pp28 promoter is efficiently activated at early

times under transient conditions, pp28-specific RNAs are
not expressed until late in infection and only after virus DNA
replication. As is the case with other DNA viruses, these
data imply that the pp28 promoter contains two regulatory
components: one replication-dependent component that is
regulated by the onset of viral DNA synthesis and another
replication-independent component that functions as a con-
sequence of viral trans-acting proteins. This is consistent
with the regulation of herpes simplex virus late promoters
which are also activated early when expressed indepen-
dently of the viral genome (4, 10, 15, 39). It is likely that
specific cis-acting sequences influence late gene expression
independently of trans-acting factors which may exclusively
control promoter function. In addition to IR4, the pp28US
promoter contains repeated sequences that are apparently
not important for promoter activation in a transient assay

J. VIROL.
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%WT
_- p28dHCAT 100
-_d18 84
_.4dl9 87
-4d103 84
-i d107 79
- d1 134
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FIG. 4. Activation of the pp28US promoter deletion constructs.
p28dHCAT and promoter deletion constructs were transfected into
human fibroblast cells and then superinfected with HCMV. Seventy-
two hours after infection, extracts were prepared and analyzed for
CAT. Positions of the deletions are shown in reference to the
distance from the CAP site (+1). Levels of promoter activation for
the individual deletion constructs are shown on the right. %VWT,
percent acetylation relative to p28dHCAT. p28dHCAT contains the
same promoter fragment as p28USCAT, except that the down-
stream HindIII site was destroyed.

system. However, it is possible and even likely that these
sequences play a role in regulation of the pp28US promoter
when it is in the context of the viral genome. These repeated
sequences may bind viral and/or cellular proteins prior to
genome encapsidation and subsequently repress late gene
expression. The replication of viral DNA could result in a

derepression of transcription because of the generation of
progeny DNA which becomes available to the transcrip-
tional machinery. As progeny DNA becomes associated
with protein prior to encapsidation, late gene expression
would again become repressed. Therefore, multiple mecha-
nisms may control late gene expression in HCMV-infected
cells, resulting in a class of true late genes which are
expressed only after the virus is committed to complete the
replication cycle.

Nucleotide sequence accession number. The GenBank ac-
cession number of the Towne sequence in Fig. 3 is M88497.
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