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During productive infection, human cytomegalovirus (HCMV) UL44 transcription initiates at three distinct
start sites that are differentially regulated. Two of the start sites, the distal and the proximal, are active at early
times, whereas the middle start site is active only at late times after infection. The UL44 early viral gene
product is essential for viral DNA synthesis. The UL44 gene product from the late viral promoter affects
primarily viral gene expression at late times after infection rather than viral DNA synthesis (H. Isomura, M. F.
Stinski, A. Kudoh, S. Nakayama, S. Iwahori, Y. Sato, and T. Tsurumi, J. Virol. 81:6197, 2007). The UL44 early
viral promoters have a canonical TATA sequence, “TATAA.” In contrast, the UL44 late viral promoter has a
noncanonical TATA sequence. Using recombinant viruses, we found that the noncanonical TATA sequence is
required for the accumulation of late viral transcripts. The GC boxes that surround the middle TATA element
did not affect the kinetics or the start site of UL44 late transcription. Replacement of the distal TATA element
with a noncanonical TATA sequence did not affect the kinetics of transcription or the transcription start site,
but it did induce an alternative transcript at late times after infection. The data indicate that a noncanonical
TATA box is used at late times after HCMV infection.

Human cytomegalovirus (HCMV) is a member of the beta-
herpesvirus family. The genome of HCMV is 240,000 bp in size
with at least 150 known open reading frames (ORFs) (4). A
majority of the ORFs are nonessential for viral replication in
cell culture. Several ORFs are beneficial but not required for
viral replication. However, approximately one-quarter, or 41
ORFs, are required for viral replication (39). The virus repli-
cates productively in terminally differentiated cells, such as
fibroblasts, epithelial and endothelial cells, and monocyte-de-
rived macrophages (7, 8, 13, 20, 30, 31, 36).

During productive infection, HCMV genes are expressed in
a temporal cascade, designated immediate early (IE), delayed
early, and late. The major IE genes UL123/UL122 (IE1/IE2)
play a critical role in subsequent viral gene expression and the
efficiency of viral replication (14, 15, 17, 22–24). The early viral
genes encode proteins necessary for viral DNA replication
(26). Following viral DNA replication, delayed early and late
viral genes that encode structural proteins for viral production
are expressed. Several early genes of HCMV have the unusual
property of three promoters: two that initiate transcription
early and one late (2, 21).

The UL44 protein (pUL44), which binds double-stranded
DNA, is an essential protein for viral DNA replication and
interacts specifically with the viral DNA polymerase encoded
by UL54 (27, 29). pUL44 increases the processivity of the viral
DNA polymerase along the viral DNA template (6, 37, 40).

pUL44 protein accumulates to strikingly high levels at late
times after infection (9, 35). The HCMV UL44 transcription
unit initiates at three distinct sites, which are separated by
approximately 50 nucleotides and are differentially regulated
during productive infection. Two of these start sites, the distal
and the proximal, are used at early times, whereas the middle
start site is not used until late times (21). Expression from the
late start site is dependent upon viral DNA synthesis. We have
shown that mutation of the middle TATA element did not
affect the level of viral DNA synthesis, but it did significantly
affect the level of late viral gene expression (16). In addition,
recombinant viruses with the middle TATA element mutated
grew more slowly than wild-type virus at both low and high
multiplicities of infection (MOI) (16). From these results, we
concluded that the late promoter of the HCMV viral DNA
polymerase processivity factor has an impact on delayed early
and late viral gene products independently of the level of viral
DNA synthesis.

Why the middle start site is activated at late times after
infection is unclear. An important parameter governing tran-
scription initiation is the relative concentrations of the viral
DNA template and the promoter sequence. As discussed pre-
viously (21), there are several differences in the sequence sur-
rounding the TATA element upstream of the middle start site.
First, the TATA box sequence is different from the TATA
elements upstream of the distal and the proximal start sites.
Second, there is a region of perfect dyad symmetry located
immediately 3� of the TATA element. Third, the positioning of
the transcription start site (TSS) from the TATA element is
longer than those of the other TATA elements. Since the
UL44 late promoter affects delayed early and late viral gene
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expression independently of viral DNA replication (16), it is
important to determine how the middle start site is activated.

In this study, we report that the noncanonical TATA ele-
ment in the UL44 middle promoter is required for the late TSS
and the accumulation of late viral transcripts.

MATERIALS AND METHODS

Cells and virus. Primary human foreskin fibroblasts (HFFs) were maintained
in Eagle’s minimal essential medium supplemented with 10% fetal calf serum
(Sigma, St. Louis, MO), penicillin (100 U/ml), and streptomycin (100 �g/ml) at
37°C in 5% CO2 as described previously (35). The titers of wild-type (wt-R)
HCMV Towne and recombinant viruses were determined by standard plaque
assays on HFFs as described previously (24). The viral DNA input was deter-
mined by infecting HFFs in 35- or 60-mm plates in triplicate and harvesting the
cells at 4 h postinfection (p.i.) in PCR lysis buffer (10 mM Tris-HCl, pH 8.0, 1
mM EDTA, 0.001% Triton X-100, and 0.001% sodium dodecyl sulfate) contain-
ing 50 �g/ml proteinase K. After incubation at 55°C for 100 min, the proteinase
K was inactivated at 95°C for 10 min. The relative amount of input viral DNA
was estimated by real-time PCR using HCMV gB primers and probes as de-
scribed previously (17).

Enzymes. Restriction endonucleases were purchased from New England Bio-
labs Inc. (Beverly, MA). High-fidelity and expanded high-fidelity Taq DNA
polymerases were purchased from Invitrogen (Carlsbad, CA) and Roche (Mann-
heim, Germany), respectively, and RNasin and RNase-free DNase were pur-
chased from Promega (Madison, WI). The enzymes were used according to the
manufacturers’ instructions.

Mutagenesis of HCMV BAC DNA. A rapid homologous recombination sys-
tem in Escherichia coli expressing the bacteriophage lambda recombination
proteins exo, beta, and gam (provided by D. Court, NIH, Bethesda, MD) was
employed as described previously (5). Bacterial artificial chromosome (BAC)
DNA of HCMV Towne was obtained from F. Liu (University of California,
Berkeley) (4). Double-stranded DNAs for recombination contained kanamy-
cin resistance and streptomycin sensitivity genes (RpsLneo, purchased from Gene
Bridges, Dresden, Germany) and 70 bp of homologous viral DNA sequence. To
generate mutations of the UL44 promoter, the following primer pairs were used:
dlUL44promoterF, 5�-GCTTTAAGGTCGGAGTATATAAGTACTGTGCCT
CTTAGTCGGGGGCCCGCTGGCTCGGCGCGGCTGTATTGGCCTGGTG
ATGATGGCGGGATC-3�; dlUL44promoterR, 5�-GAGCGAGCGAAAGTTT
TATAGAGAGCACACACGACGACCGGGAACGCTGCGAAGACGCCCGG
CGTCTAATTCAGAAGAACTCGTCAAGAAGG-3�; BACUL44TATA1neo�St
F, 5�-TCGGGGATGACGCCCGACGTGCTTCTGGCCAGGATGCTCAAGT
GGTACCACTGGCGCTTTAAGGTCGGAGGGCCTGGTGATGATGGCGG
GATC-3�; and BACUL44TATA1neo�StR, 5�-GCGAAGACGCCCGGCGTCTA
ATAATACAGCCGCGCCGAGCCAGCGGGCCCCCGACTAAGAGGCACA
GTACTCAGAAGAACTCGTCAAGAAGG-3�.

To generate the recombinant BAC DNA with the UL44 promoter mutated,
the reverse procedure was also employed, as described previously (38).
Briefly, 500 ng of single-stranded DNA for recombination containing 50 bp of
homologous viral DNA sequence on either end of the mutated TATA or GC
boxes was introduced into HCMV BAC DNA with the RpsLneo gene in the
UL44 promoter as described previously (38). Since RpsL is a streptomycin
sensitivity gene, the mutated BAC DNA was selected on the basis of in-
creased streptomycin resistance by using the Counter Selection Modification
kit (Gene Bridges) as described previously (38). The following single-stranded
DNAs were used for recombination: BACUL44TATAcontrololigo, 5�-GCTTT
AAGGTCGGAGTATATAAGTACTGTGCCTCTTAGTCGGGGGCCCGCT
GGCTCGGCGCGGCTGTATTATTAGACGCCGGGCGTCTTCGCAGCGT
TCCCGGTCGTCGTGTGTGCTCTCTATAAAACTTTCGCTCGCTC-3�; BA
CmutTATA2oligo, 5�-CGCTTTAAGGTCGGAGTATATAAGTACTGTGCC
TCTTAGTCGGGGGCCCGCTGGCTCGGCGCGGCTGTATataaAGACGC
CGGGCGTCTTCGCAGCGTTCCCGGTCGTCGTGTGTGCTCTCTATAA
AACTTTCGCTCGCTCGCG-3�; BACUL44TATA2mut2oligo, 5�-CGCTTTA
AGGTCGGAGTATATAAGTACTGTGCCTCTTAGTCGGGGGCCCGCTG
GCTCGGCGCGGCTGTATaATTAGACGCCGGGCGTCTTCGCAGCGTT
CCCGGTCGTCGTGTGTGCTCTCTATAAAACTTTCGCTCGCTC-3�; BACUL
44TATA2mut3oligo, 5�-TTTAAGGTCGGAGTATATAAGTACTGTGCCTCTTA
GTCGGGGGCCCGCTGGCTCGGCGCGGCTGTATTATaAGACGCCGGGCG
TCTTCGCAGCGTTCCCGGTCGTCGTGTGTGCTCTCTATAAAACTTTCGCT
CGCTCGCG-3�; BACUL44TATA2GCboxmutoligo-1, 5�-TGGCGCTTTAAGGTC
GGAGTATATAAGTACTGTGCCTCTTAGTCGGGGGCCCGCTGGCTCttCtC
GGCTGTATTATTAGAaGatGttCtTCTTCGCAGCGTTCCCGGTCGTCGTGTG

TGCTCTCTATAAAACTTTCGCTCGCTCGCGCC-3�; BACUL44TATA2GC
boxmutoligo-2,5�-TGGCGCTTTAAGGTCGGAGTATATAAGTACTGTGCCTCT
TAGTCGGGGGCCCGCTGGCTCGGCGCGGCTGTATTATTAGAaGatGttCtT
CTTCGCAGCGTTCCCGGTCGTCGTGTGTGCTCTCTATAAAACTTTCGCTC
GCTCGCGCC-3�; and BACTATA1mutoligo, 5�-TCGGGGATGACGCCCGAC
GTGCTTCTGGCCAGGATGCTCAAGTGGTACCACTGGCGCTTTAAGGTCG
GAGtattattaTACTGTGCCTCTTAGTCGGGGGCCCGCTGGCTCGGCGCGGC
TGTATTATTAGACGCCGGGCGTCTTCGCA-3�. The lowercase letters represent
mutant bases.

Recombinant virus isolation. HFFs were transfected with either 5 or 10 �g of
each recombinant BAC in the presence of 2 �g of plasmid pSVpp71 by the
calcium phosphate precipitation method of Graham and Van der Eb (10). After
10 days, viral plaques appeared. After 7 days of 100% cytopathic effect, the
extracellular fluid was collected and either not diluted or diluted 1:10 for infec-
tion of HFFs. After 5 to 7 days of 100% cytopathic effect, the extracellular fluid
containing virus was stored at �80°C in 50% newborn calf serum until it was
used.

PCR analysis. PCR analysis was performed using the primer pair UL44promoterF,
5�-GCGATCCAAAACGACGTGGAAATGGCG-3�, and UL44promoterR, 5�-TGA
GCGCACGGATCACAGATCGC-3�, as described previously (16). The PCR cycling
program was as follows: 1 cycle of denaturation at 94°C for 2 min; 30 cycles of
denaturation at 94°C for 15 s, annealing at 55°C for 30 s, and elongation at 72°C
for 1 min 30 s; and 1 cycle of elongation at 72°C for 7 min. A PCR product was
cloned into a TA cloning vector and sequenced to confirm the recombination and
excision (Aichi Cancer Center Research Institute Central Facility).

RNase protection assay. For construction of the antisense UL44 control probe
or UL44 mutant probe, a DNA fragment including the 5� upstream region of the
TSS of the entire UL44 transcript was amplified by PCR using the primer pair
UL44 F2 RNase protection assay primer (5�-CCGCTGGCTCGGCGCGGCTG-
3�) and UL44 inner primer (5�-GGATAGCCGTCTTGTACGGCTTCA-3�) and
using BAC wild type (see Fig. 1) or BACGCmut2 (see Fig. 4a), respectively, for
templates, as described previously (16), and cloned into the TA cloning vector
pCRII (Invitrogen). The resulting clone, pUL44 pro-5, was made linear with the
restriction endonuclease EcoRV and used as a template for SP6 RNA polymer-
ase. Synthesis by SP6 RNA polymerase on linear pUL44 pro-5 DNA produced
a 32P-labeled antisense RNA probe in agreement with the predicted size. Cyto-
plasmic RNAs from mock-infected or HCMV-infected HFFs were isolated at the
indicated times after infection as described previously (2, 11). DNA replication
was inhibited with 200 �g/ml phosphonoacetic acid (PAA) (Sigma, St. Louis,
MO) added to the medium at the time of infection and maintained throughout
infection. Twenty micrograms of RNA was hybridized to 32P-labeled antisense
UL44 promoter probe at 37°C overnight before digestion with RNase T1 (100 U)
as described previously (14, 19). The protected RNA fragments were subjected
to electrophoresis in denaturing 6% polyacrylamide gels, followed by autora-
diography on Hyperfilm MP (Amersham).

5�-RACE analysis. Cytoplasmic RNA was isolated from the cells infected with
RUL44TATA2 mut 2 days p.i. After treatment with DNase I (Promega, Madi-
son, WI), RNA ligase-mediated rapid amplification of cDNA ends (RLM-
RACE) was performed using the FirstChoice RLM-RACE kit (Ambion, Austin,
TX) following the manufacturer’s instructions. Twenty micrograms of RNA was
used for the RLM-RACE reaction. PCR primers to amplify the cDNA fragment
containing the 5� end of the UL44 TATA2-dependent transcript were 5� RACE
outer control primer (5�-GATCACCAATCCATTGCCGACTAT-3�) and
UL44TATA2Router primer (5�-CCCGGACAGCGTGCAAGTCTCGACTAA-
3�). After amplification of cDNA, a second nested PCR was performed. The
primer pairs were 5� RACE inner control primer (5�-CGCGGATCCGAACAC
TGCGTTTGCTGGCTTTGATG-3�) and UL44TATA2Rinner primer (5�-TAA
GGAGCGGGCGCGAGCGAGCGAAA-3�). The nested-PCR product was
cloned into a TA cloning vector and sequenced (Aichi Cancer Center Research
Institute Central Facility).

RESULTS

Effects of the TATA sequence in the UL44 middle promoter
on the kinetics of transcription and start site selection. Figure
1 is a diagram of the UL44 gene and the three spatially distinct
transcriptional start sites designated distal, middle, and proxi-
mal. The distal and proximal sites are early promoters, and the
middle site is a late promoter that depends on viral DNA
synthesis for activity. We showed previously that mutation of
the middle TATA element significantly affected the level of
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late viral gene expression rather than viral DNA synthesis (16).
What determines the kinetics of the UL44 late transcript start
site is unclear. The UL44 early promoters have a canonical
TATA sequence, “TATAA.” In contrast, the viral late or mid-
dle TATA element is a noncanonical sequence, “TATTA
TTA” (Fig. 1). To determine the significance of the nonca-
nonical TATA sequence in UL44 late-gene expression from
the middle promoter, we constructed recombinant viruses
with the UL44 middle TATA sequence, “TATTATTA,” mu-
tated to “TATataaA” to contain a canonical TATA sequence,
“TATAA”. The lowercase letters indicate the mutated bases.
Using a rapid homologous-recombination system in E. coli as
described in Materials and Methods, we replaced the marker
cassette with the RpsL gene (Gene Bridges), conferring in-
creased sensitivity to streptomycin. Intermediate BAC clones
were isolated based on resistance to kanamycin. The integrity
of these clones was checked by digestion with HindIII, and the
insertion of the marker cassette in the correct location was
confirmed by PCR using the primer pair UL44promoterF and
UL44promoterR (data not shown). In a second round of ho-
mologous recombination, the entire marker cassette was re-
placed with either the wild-type sequence (wt-R) or a mutant
sequence (TATAmut) by counterselection using single-
stranded DNA as described in Materials and Methods. Re-
combinant constructs were isolated based on increased resis-
tance to streptomycin as described previously (38), and the
UL44 promoter was amplified by PCR using the primer pair
UL44promoterF and UL44promoterR. DNA sequencing con-
firmed the correct recombination (data not shown). The integ-
rity of the mutant BACs was checked by digestion with HindIII
(data not shown). There were no differences detected in tran-
scription from the major IE gene promoter between the wild
type, wt-R, and TATAmut (16 and data not shown).

Cytoplasmic RNA was harvested 1, 2, and 3 days after in-
fection with either wt-R or TATAmut at an MOI of approxi-

mately 3, and an RNase protection assay was performed to
detect all the transcripts derived from the different start sites.
The antisense UL44 RNA probe was as described previously
(16). Twenty micrograms of RNA was hybridized to 32P-la-
beled antisense RNA probe at 37°C overnight before digestion
with RNase T1 (100 U) as described in Materials and Methods.
Consistent with previous reports (16, 21), three major tran-
scripts initiating at the spatially distinct start sites were de-
tected 2 and 3 days after infection with wt-R (Fig. 2a, lanes 4
and 8). Transcripts initiating at start site 1 or 2 consisted of a
doublet start site. The proximal and distal transcripts were
similar between wt-R and TATAmut at 1, 2, and 3 days p.i.
(Fig. 2a). Consistent with a previous report (16, 21), the middle
transcript derived from the late promoter of wt-R was not
detected in the presence of an inhibitor of viral DNA synthesis
(PAA) at 48 h (Fig. 2a, lane 6). In contrast, an alternative
transcript initiating upstream of start site 2 was detected with
TATAmut in infected cells 1, 2, and 3 days p.i. (Fig. 2a, lanes
3, 5, and 9). The alternative transcript was not detected with
wt-R in the presence of PAA at 48 h, but it was detected with
TATAmut (Fig. 2a, compare lanes 6 and 7). The transcript
initiating at start site 2 was also detected with TATAmut, but
it was at very low levels at 2 and 3 days p.i. (Fig. 2a, lanes 5 and
9). Several minor bands with wt-R and TATAmut were also
detected upstream of the proximal transcript or downstream of
the distal transcript. When the same aliquot of RNA from
wt-R or TATAmut was analyzed with the UL44 RNA probe,
detection of these minor bands was variable for each assay
(compare Fig. 2a to Fig. 3b, lanes 9 and 10; Fig. 4b, lanes 1 and
2; and Fig. 5b, lanes 6 to 8), suggesting that these transcripts do
not represent heterogeneous start sites. It is likely that they
represent incomplete hybridization before digestion with
RNase T1. When the labeled UL44 RNA probe was synthe-
sized, parts of the transcripts may not have reached full length
due to pausing or termination of the SP6 RNA polymerase.

FIG. 1. Structures of recombinant HCMV BAC DNAs. To construct theses mutants, a counterselection replaced the UL44 middle promoter
with a marker cassette containing the RpsL gene, conferring increased sensitivity to streptomycin, and the neomycin resistance marker to provide
kanamycin resistance. Intermediate BAC clones were isolated based on resistance to kanamycin. The integrity of these clones was checked by
digestion with HindIII, and insertion of the marker cassette in the correct location was confirmed by PCR using the primer pair UL44promoterF
and UL44promoterR. In a second round of homologous recombination, the entire marker cassette was replaced with the TATA2 control or
TATA2 mutant sequence by counterselection using single-stranded DNA as described in Materials and Methods. The lowercase letters in the
sequences indicate mutant bases. A rescued BAC with the UL44 TATA2 control sequence was used for the subsequent experiments as wt-R.
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Figure 2b shows the sequence of the UL44 middle promoter
region. The precise mapping of the TSS of the middle tran-
scripts was performed previously (21). We used RLM-RACE
analysis to determine the start site of the alternative transcript
with TATAmut as described in Materials and Methods. The
TSS is located at a distance of 22 bp 3� of the TATA element
(Fig. 2b). From these results, we concluded that the sequence
of the UL44 middle TATA nucleotides affects the kinetics and
the TSS selection of the UL44 late transcript.

The noncanonical TATA sequence in the UL44 middle pro-
moter is required for the accumulation of late transcripts. To
confirm that the noncanonical TATA sequence is required for
the accumulation of late transcripts, we made adenine and
thymidine substitutions to generate the recombinant viruses
TATAmut2 and TATAmut3 (Fig. 3a). To construct these re-
combinant viruses, we reversed the recombinant virus selection
procedure (Fig. 1) as described in Materials and Methods. The
correct recombination was confirmed by DNA sequencing, and
the integrity of the mutant BACs was checked by digestion
with HindIII (data not shown). As a result of the mutations
shown in Fig. 3a, the UL44 middle TATA element in the two
recombinant viruses contained a canonical TATA sequence.

Cytoplasmic RNA was isolated 1, 2, and 3 days after infection
with the recombinant virus at an MOI of approximately 3, and
an RNase protection assay was performed with antisense UL44
RNA probe. As shown in Fig. 3b, when the TATA sequence
was mutated to contain a canonical TATA sequence, “TATAA,”
the accumulation of late transcripts was decreased at 2 and 3
days p.i. (compare lane 9 with lanes 1 to 8). An alternative
transcript was detected with TATAmut3, as well as the middle
transcripts from start site 2, at 2 and 3 days p.i. (Fig. 3b, lanes
5 and 8). These transcripts were not detected in the presence
of PAA at 2 days p.i. (Fig. 3b, lanes 4 and 6). Since TATAmut
contains a repeat of thymine and adenine nucleotides in front
of TAA in the UL44 middle promoter (Fig. 1), the number of

FIG. 2. Effect of the UL44 middle TATA nucleotides on UL44
transcription in cells infected with wt-R and the recombinant virus. (a)
Cytoplasmic RNAs were harvested at 1, 2, and 3 days after infection
with an MOI of approximately 3. Twenty micrograms of RNA was
hybridized to 32P-labeled antisense UL44 RNA probe at 37°C over-
night before digestion with RNase T1. The antisense UL44 RNA
probe contained sequence upstream of the TSS of all the UL44 tran-
scripts. The protected RNA fragments were subjected to electrophore-
sis in denaturing 6% polyacrylamide gels. Lanes: 1, lacking RNase T1;
2, 4, 6, and 8, wt-R; 3, 5, 7, and 9, TATAmut; 2 and 3, 1 day p.i. (d.p.i.);
4 to 7, 2 days p.i.; 8 and 9, 3 days p.i.; 6 and 7, in the presence of PAA.
Arrows 1, 2, and 3 indicate the transcripts initiating at start sites 1, 2,
and 3, respectively. The arrowhead indicates the alternative transcript
due to substitution for the UL44 middle TATA nucleotides. (b) Nu-
cleotide sequence of the UL44 middle promoter region. The arrows
above the sequence indicate the TSS of the transcripts dependent on
the UL44 middle TATA element. The positions of the TATA element,
GC boxes, and a region of perfect dyad symmetry are shown below the
sequence.

FIG. 3. Effect of a canonical TATA sequence in the UL44 middle
promoter on the accumulation of late transcripts. (a) Schematic rep-
resentation of the recombinant viruses replaced with a canonical
TATA sequence. To construct the mutant BACs, we reversed the
recombinant virus selection procedure using the RpsL gene (Fig. 1) as
described in Materials and Methods. The lowercase letters in the
sequences indicate mutant bases. (b) RNAs were harvested at 1, 2, and
3 days after infection with an MOI of approximately 3. An RNase
protection assay was performed with 32P-labeled antisense UL44 RNA
probe at 37°C overnight before digestion with RNase T1. The pro-
tected RNA fragments were subjected to electrophoresis in denaturing
6% polyacrylamide gels. Lanes: 1, 3, 4, and 7, mut2; 2, 5, 6, and 8,
mut3; 9 and 10, wt-R; 11, mut; 12, lacking RNase T1; 1 and 2, 1 day p.i.
(d.p.i.); 3 to 6 and 9 to 11, 2 days p.i.; 7 and 8, 3 days p.i.; 4, 6, and 10,
in the presence of PAA. Arrows 1, 2, and 3 indicate the transcripts
initiating at start sites 1, 2, and 3, respectively. The arrowhead indicates
the alternative transcript due to the substitution for the UL44 middle
TATA nucleotides.

VOL. 82, 2008 THE NONCANONICAL TATA SEQUENCE 1641



TA repeats in front of TAA nucleotides may determine the
strength of the UL44 middle promoter with TATAmut3. While
the levels of the distal transcript were similar between
TATAmut2 and TATAmut3, the levels of transcripts derived

from the UL44 middle promoter with mut2 were lower than
those with mut3 and mut2 at 3 days p.i. (Fig. 3b, lanes 3, 5, 7,
and 8). The different TATA sequences in the two recombinant
viruses may affect the level of the transcript from the promoter.
Several bands with wt-R and recombinant virus were also de-
tected upstream of the proximal transcript or downstream of
the distal transcript; however, there was no different transcript
in these bands in wt-R, TATAmut, TATAmut2, and
TATAmut3. Thus, they are due to incomplete hybridization, as
described above. From these results, we concluded that the
noncanonical TATA sequence in the UL44 middle promoter
influences the accumulation of late transcripts.

The GC boxes surrounding the middle TATA element do not
affect the kinetics and the TSS selection of the UL44 late
transcript. There is a region of perfect dyad symmetry located
immediately 3� of the UL44 middle TATA element, and the
sequence contains an Sp1 binding site (Fig. 2b). It has been
reported that interaction between TFIID and the TSS was
dependent either on a TATA box or on Sp1 bound to upstream
sites (18). To determine if this region plays a role in modulat-
ing the kinetics and the TSS selection of the middle transcript,
we constructed a recombinant virus with the perfect dyad sym-
metry mutated as described in Materials and Methods. The
correct recombination was confirmed by DNA sequencing, and
the integrity of the mutant BACs was checked by digestion
with HindIII (data not shown). Cytoplasmic RNA was isolated
1, 2, and 3 days after infection with the recombinant virus at an
MOI of approximately 3, and an RNase protection assay was
performed with antisense UL44 RNA probe. As shown in Fig.
4b, the middle transcript initiating at start site 2 was detected
with the recombinant virus with the perfect dyad symmetry
mutated at 2 and 3 days p.i. (Fig. 4b, lanes 8 and 10) and was
not detected in the presence of PAA for 48 h (Fig. 4b, lane 9).
An alternative band located between the distal and middle
transcripts was also detected (Fig. 4b). The level of the distal
transcript was decreased (Fig. 4b). When we constructed the
antisense UL44 RNA probe, a DNA fragment including 5�
upstream of the entire TSS of the UL44 transcript was ampli-
fied by PCR using a BAC wild-type DNA as a template and the
antisense UL44 RNA probe was not completely complemen-
tary to the transcribed RNA from RGCmut2. Thus, to deter-
mine if this was due to the probe design, we also performed an
RNase protection assay with the antisense UL44 mut RNA
probe. To construct the antisense UL44 mut RNA probe, a
DNA fragment including all the 5� upstream of the TSS was
amplified using BAC GCmut2 as a template, as described in
Materials and Methods. As shown in Fig. 4c, the alternative
band was not detected with GCmut2 (lanes 6 to 9) but was
detected with wt-R (lane 10). This indicates that our RNase
protection assay partially recognized the difference of several
nucleotides in the perfect dyad symmetry. From these results,
we conclude that a region of perfect dyad symmetry does not
modulate the kinetics and the TSS selection of the transcript
from the UL44 late promoter.

There is one more GC box 5� of the middle TATA element
(Fig. 2b). To further determine if this GC box plays a role in
modulating the kinetics and the TSS selection of the UL44
middle transcript, we constructed the recombinant virus with
all three GC boxes surrounding the middle TATA element
mutated (Fig. 4a), and an RNase protection assay was per-

FIG. 4. Effect of the mutated GC boxes in the UL44 middle pro-
moter. (a) Schematic representation of the recombinant viruses re-
placed with GC boxes surrounding the UL44 middle TATA element.
To construct the mutant BACs, we reversed the recombinant virus
selection procedure using the RpsL gene as described in Materials and
Methods. The lowercase letters in the sequences indicate mutant
bases. (b and c) RNAs were harvested at 1, 2, and 3 days after infection
with an MOI of approximately 3. After an RNase protection assay, the
protected RNA fragments were subjected to electrophoresis in dena-
turing 6% polyacrylamide gels. Arrows 1, 2, and 3 indicate the tran-
scripts initiating at start sites 1, 2, and 3, respectively. The arrowhead
indicates the alternative transcript due to the substitution for the UL44
middle TATA element. The asterisk indicates the alternative band due
to the mismatch of hybridization. (b) RNase protection assay with
UL44 RNA probe. Lanes: 1, wt-R; 2, mut; 3 to 6, GCmut1; 7 to 10,
GCmut2, -3, and -7 1 day p.i. (d.p.i.); 1, 2, 4, 5, 8, and 9, 2 days p.i.; 6
and 10, 3 days p.i.; 5 and 9, in the presence of PAA. (c) RNase
protection assay with UL44 mut probe. Lanes: 1, UL44 mut probe
lacking RNase T1; 2 to 5, GCmut1; 6 to 9, GCmut2; 10, wt-R; 2 and 6,
1 day p.i.; 3 and 4, 7 and 8, and 10, 2 days p.i.; 5 and 9, 3 days p.i.; 4
and 8, in the presence of PAA.
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formed with the antisense UL44 RNA probe or the UL44 mut
RNA probe. As shown in Fig. 4c, the middle transcript initi-
ating at start site 2 was still detected with the recombinant virus
with all three GC boxes mutated at 2 and 3 days p.i. (lanes 3

and 5) and was not detected in the presence of PAA for 48 h
(lane 4). When the UL44 mut RNA probe was used for the
RNase protection assay, another alternative band located be-
tween the distal and middle transcripts was detected (Fig. 4c,

FIG. 5. Effect of the mutated TATA sequence on the UL44 distal promoter. (a) Schematic representation of the recombinant viruses replaced
with a noncanonical TATA sequence in the UL44 distal promoter. To construct theses mutants, a counterselection replaced the UL44 distal
promoter with a marker cassette containing the RpsL gene as described in Materials and Methods. The lowercase letters in the sequences indicate
mutant bases. (b) RNAs were harvested at 1, 2, and 3 days after infection with an MOI of approximately 3. An RNase protection assay was
performed with 32P-labeled antisense UL44 RNA probe at 37°C overnight before digestion with RNase T1. The protected RNA fragments were
subjected to electrophoresis in denaturing 6% polyacrylamide gels. Lanes: 1, lacking RNase T1; 2 to 5, mutTATA1; 6 to 8, wt-R; 2, 1 day p.i.
(d.p.i.); 3, 4, 6, and 7, 2 days p.i.; 5 and 8, 3 days p.i.; 4 and 7, in the presence of PAA. Arrows 1, 2, and 3 indicate the transcripts initiating at start
sites 1, 2, and 3, respectively. The arrowhead indicates the alternative transcript due to the substitution for the UL44 distal TATA element.
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lanes 2 to 5). Compared to GCmut2, GCmut1 has an addi-
tional mutation in the 5� region of the probe, and the tran-
scribed RNA from GCmut1 is not completely complementary
to the antisense UL44 mut RNA probe. Therefore, the de-
tected alternative band located between the distal and middle
transcripts (Fig. 4c, lanes 2 to 5) should be due to the mismatch
of the hybridization. Minor bands were also detected with
GCmut1 or GCmut2, as well as wt-R. They may have been
caused by partial degradation of the isolated RNA and/or
RNA probe before hybridization, as described above. How-
ever, there was no apparent alternative transcript specific for
GCmut1 or GCmut2 due to the mutation of the GC boxes (Fig.
4b and c). Since the level of the UL44 transcript from GCmut1
was lower than that of wt-R or GCmut2 (Fig. 4b and c), the GC
box 5� of the TATA element may modulate the strength of the
UL44 promoter. Taken together, we conclude that the GC
boxes that surround the middle TATA element do not affect
the kinetics and the TSS selection of the UL44 late transcript.

Replacement of the distal TATA element with a noncanoni-
cal TATA sequence. The TATA element in the distal promoter
contains a canonical sequence (Fig. 5a). To determine if the
TATA sequence in the distal early promoter also has an effect
on the kinetics of the transcript, we constructed a recombinant
virus with a noncanonical TATA sequence using the reverse
procedure described in Materials and Methods. The correct
recombination was confirmed by DNA sequencing, and the
integrity of the mutant BACs was checked by digestion with
HindIII (data not shown). Cytoplasmic RNA was isolated 1, 2,
and 3 days after infection with the recombinant virus at an
MOI of approximately 3, and an RNase protection assay with
an antisense UL44 RNA probe was performed. As shown in
Fig. 5b, the early distal transcript was still detected with mut-
TATA1 at 1, 2, and 3 days p.i., and this transcript was also
detected in the presence of PAA at 48 h (Fig. 5b, lane 4). The
mutation did not alter the early kinetics of the distal promoter.
However, an alternative transcript downstream of the distal
early transcript was dependent on viral DNA replication (Fig.
5b, lanes 3 to 5). The noncanonical TATA element did not
alter the TSS of the early transcript, but it did induce an
alternative late transcript that was dependent on viral DNA
replication.

DISCUSSION

The pUL44 protein accumulates to strikingly high levels at
late times after infection (9, 35), and the UL44 gene product
from the late viral transcript is required for efficient viral gene
expression rather than viral DNA synthesis (16). The HCMV
UL44 transcription unit initiates at three distinct sites, which
are separated by approximately 50 nucleotides and are differ-
entially regulated during productive infection. Two of these
start sites, the distal and the proximal, are active at early times,
whereas the middle start site is inactive until late times (21). To
determine what is responsible for the activation of the middle
TATA element at late times after infection, we constructed
recombinant viruses with a canonical TATA sequence in the
UL44 middle promoter. We found that the noncanonical
TATA sequence in the UL44 middle promoter is required for
accumulation of the late viral transcripts.

The transcriptional strategies of DNA viruses exhibit a num-

ber of common features. Prior to initiation of viral DNA syn-
thesis, during the IE and early phases, infected cells are de-
voted to the production of viral proteins necessary for viral
DNA synthesis, efficient expression of viral genes, or the other
regulatory functions. Transcription of the late genes requires
viral DNA synthesis. However, the molecular mechanisms of
this coordinated sequential regulation are not fully under-
stood. Previous analyses of the glycoprotein C (gC) gene in
herpes simplex virus type 1 demonstrated that a specific 15-bp
TATA box promoter element is required for expression of a
late gene (12). The authors constructed a chimeric herpes
simplex virus gene that contained the distal regulatory ele-
ments of the early thymidine kinase gene fused upstream of the
15-bp TATA sequence of the late gC gene. Synthesis of gC
mRNA from the chimeric promoter showed both early and late
kinetics. This interesting study showed that the cis-acting ele-
ments determine the kinetics of the early and late genes.

Originally, core promoter elements were thought to mediate
basal transcription whereas gene-specific upstream regulatory
elements were responsible for directing regulated gene expres-
sion. However, recent studies have demonstrated that core
promoter elements can play an integral role in both envi-
ronmentally induced and developmentally regulated gene
expression (32). For instance, developmental-stage-specific
recruitment of the TATA-binding protein (TBP) has been
demonstrated for the human gamma globin gene (3). More-
over, in the case of the human osteocalcin gene, which is
transcriptionally repressed by glucocorticoids, a specific bind-
ing element for the glucocorticoid receptor overlaps a nonca-
nonical TATA box (25). Mutating this noncanonical TATA
box into a canonical TATA box within the context of the
osteocalcin promoter greatly decreased hormone-dependent
transcriptional repression by the glucocorticoid receptor (25).
TBP bound this mutated element much more strongly, which
suggests a physiologically relevant role for the weak osteocal-
cin TATA element in the regulation of this bone-specific gene
(25).

For the early and late gene transcription of DNA viruses, IE
proteins recruit the general transcription factors, including
TBP, to the promoter. Following the recruitment of general
transcription factors, recognition of the TATA box in the core
promoter by TBP constitutes the first step toward preinitiation
complex formation to start early and late gene transcription.
Since the difference in the TATA sequence in the UL44 late
promoter presumably modulates the strength of TBP-DNA
binding (33, 34), it is possible that the binding affinity of TBP
to the promoter became stronger due to the replacement of
the UL44 middle noncanonical TATA sequence by a canonical
TATA sequence, “TATATAA” (33, 34), and this caused the
shift from late kinetics to early kinetics. The molecular cou-
pling of replication to transcription of late genes remains un-
clear. A part of the newly replicated DNA could serve as a
template for transcription. Therefore, one hypothesis is that
the increased concentration of transcriptional templates is nec-
essary for the initiation of late UL44 transcription. The rela-
tively weak binding affinity of TBP for the noncanonical TATA
sequence at the middle promoter may explain a lack of tran-
scription at early times after infection. However, the weak
binding affinity of TBP for the middle promoter is not the only
reason for the lack of early transcription, because late tran-
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scripts were not detected with the recombinant virus
TATAmut2 or TATAmut3, while an alternative transcript was
significantly detected with TATAmut3. Mutation to a nonca-
nonical TATA sequence in the UL44 distal promoter with the
recombinant virus mutTATA1 induced a late specific alterna-
tive transcript that was detected after viral DNA synthesis.
Late specific transcription from a noncanonical TATA se-
quence may be simply a concentration effect after viral DNA
synthesis or may reflect the presence of a viral transcription
factor that specifically activates a late promoter.

The main function of the TATA box is to anchor the tran-
scription preinitiation complex guiding RNA polymerase up-
stream of the TSS. Therefore, the spacing between the TATA
box and the TSS is functionally important for efficient tran-
scription (28), but the underlying mechanisms that determine
the start site selection are not understood. As previously shown
(1), the preferred canonical sequence for the initiation site is a
pyrimidine-purine dinucleotide situated at positions �1 and
�1 relative to the TSS. When the UL44 middle TATA element
was replaced by a canonical sequence, the distance between
the TATA box and the TSS was shortened from 32 or 37 to 22
nucleotides.

Our data indicate that the GC boxes surrounding the middle
TATA sequence do not affect the kinetics and the TSS selec-
tion of the middle late transcript, while the GC box 5� of the
TATA element may modulate the strength of the UL44 pro-
moter. The transcription factors in the core promoter, includ-
ing the TATA box, must communicate with the surrounding
sequence in order to either enhance or repress transcription.
Therefore, further studies are required to determine the roles
of the GC boxes surrounding the middle UL44 core promoter
in UL44 transcription and viral replication.

In conclusion, a noncanonical TATA sequence at the middle
promoter of the UL44 transcription unit is associated with the
accumulation of late viral transcripts.
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