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The human cytomegalovirus open reading frames (ORFs) UL119 through ULll5 (UL119-115) are located
downstream of the immediate-early 1 and 2 transcription units. The promoter upstream of UL119 is active at
all times after infection and drives the synthesis of a spliced 3.1-kb mRNA. The viral mRNA initiates in UL119,
contains UL119-117 and UL116, and terminates just downstream of UL115. True late transcripts that are
detected only after viral DNA synthesis originate from this transcription unit. True late mRNAs of 2.1 kb,
containing ORFs UL116 and UL115, and 1.2 kb, containing ORF UL115 only, are synthesized. The true late
viral mRNAs are 3' coterminal with the 3.1-kb mRNA. This transcription unit is an example of late promoters
nested within an immediate-early-early transcription unit. The gene products of UL119-117, UL116, and
UL115 are predicted to be glycoproteins. Efficient expression of the downstream ORFs at late times after
infection may be related to alternate promoter usage and downstream cap site selection.

Human cytomegalovirus (HCMV) can cause serious mor-
bidity and mortality in individuals with immature or compro-
mised immune systems (1, 12). The virus infects a variety of
different human cell types that range from nonpermissive to
permissive for virus replication. Among different nonpermis-
sive cell types, the extent of immediate-early (IE) and early
viral gene expression varies, but late viral gene expression
does not occur (25, 40). Late viral gene expression is
restricted to certain cell types in human hosts (2, 8, 26, 31) or
in cell culture (25, 40). HCMV is a species-specific virus
because late gene expression occurs only in human cells.
The virus is classified as a betaherpesvirus.

In permissive cells, the viral genes are transcribed in
temporally regulated phases. The first phase, referred to as
the IE phase, does not require preceding viral protein
synthesis. Cellular transcription factors recognize enhancer-
containing elements in the viral genome and promote tran-
scription. HCMV is unique among the known herpesviruses
because the IE gene products are both phosphorylated
proteins and putative glycoproteins (reviewed in reference
40).
The second phase, referred to as the early phase, requires

viral protein synthesis for significant transcription of the
early genes but does not require viral DNA synthesis. It has
been proposed, on the basis of transient transfection exper-
iments, that the IE gene products of HCMV transactivate
the HCMV early promoters (reviewed in references 19, 25,
34, 40, and 41). The early genes specify a complicated array
of different types of products which include the enzymes
necessary for viral DNA synthesis and nonstructural as well
as structural viral proteins and glycoproteins (reviewed in
references 33 and 40).
The third phase of viral gene expression, referred to as the

late phase, requires viral DNA synthesis. Defining this phase
has been difficult for HCMV because most regions of the
viral genome, including structural protein genes, are tran-
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scribed under early conditions (7, 9, 23, 45). Recently, a few
true late genes of HCMV have been identified (17, 29, 35). In
the presence of a drug that inhibits viral DNA synthesis, or
at the nonpermissive temperature for a virus with a temper-
ature-sensitive DNA synthesis phenotype, no transcription
was detected. In general, true late transcription of DNA
viruses requires either an undefined cis-acting modification
of the viral DNA template or late phase-specific trans-acting
factors.
The initiation of HCMV DNA replication appears to

activate at least three different types of late promoters. (i)
There are promoters that determine a late transcription
initiation site or cap site upstream of a 5' end of an early
transcription unit. For example, the early gene (UL4) that
codes for a glycoprotein designated gp48 and the early gene
(UL36) that codes for a DNA binding protein designated
DBP52 (ICP36) have two early cap sites and one late cap site
(4, 5, 18). (ii) There are the conventional types of late
promoters located 5' to a late gene. For example, the
promoter for the major capsid protein gene (UL86) is located
5' to the gene and functions only at late times after infection
(29). (iii) There are late promoters nested within an IE or
early transcription unit. These late promoters are contained
entirely within the transcription unit and promote the syn-
thesis of a late viral mRNA that is 3' coterminal. The late
viral mRNA may permit the expression of an open reading
frame (ORF) not efficiently expressed at early times. Alter-
natively, a truncated version of a early gene product may be
made, as recently described by Stenberg et al. (35).
We have investigated the UL119-115 transcription unit.

This region of the viral genome was previously designated
IE3 because transcription was detected in this region for the
Towne strain under IE conditions (42). Since the functions of
the viral gene products from this region are not known, we
use the term IE to describe a transcription unit that does not
require preceding viral protein synthesis. We analyzed IE,
early, and late transcription in this region and characterized
the structures of the transcripts at various times after infec-
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tion. One promoter is active under IE conditions, i.e., in the
presence of inhibitors of protein synthesis. The promoter
remains active throughout infection. This promoter drives
the synthesis of a 3.1-kb mRNA that could code for the
expression of UL119, UL118, part of UL117, UL116, and
UL115. At late times, two internal promoters are activated
and drive the synthesis of a 2.1-kb mRNA and a 1.2-kb
mRNA that could code for the expression of UL116-115 and
UL115, respectively. The IE-early and late mRNAs are 3'
coterminal. This transcription unit and its associated pro-
moters are an example of late promoters nested within an IE
or early transcription unit. This type ofHCMV transcription
unit allows for amplification of downstream transcription,
which could result in differential expression of HCMV
putative glycoproteins.

MATERIALS AND METHODS

Cell culture and virus propagation. The growth of human
foreskin fibroblast cells and the propagation of the HCMV
Towne strain have been described previously (39).

Enzymes. Restriction endonucleases were obtained from
either Bethesda Research Laboratories, Inc., Gaithersburg,
Md., or New England BioLabs, Inc., Beverly, Mass. T4
polynucleotide kinase and mung bean nuclease were ob-
tained from Pharmacia, Inc., Piscataway, N.J. T7 and SP6
polymerases, T4 ligase, and Klenow DNA polymerase were
obtained from Boehringer Mannheim Biochemicals, India-
napolis, Ind. Exonuclease VII was obtained from Bethesda
Research Laboratories. RNase A and RNase T1 were ob-
tained from Sigma Chemical Co., St. Louis, Mo. All en-
zymes were used according to the manufacturer's specifica-
tions.

Plasmid constructions. All DNA clones (summarized in
Fig. 10) were subclones of the XbaI E fragment of HCMV
Towne described previously (42). Plasmid DNAs were puri-
fied as described previously (43).
Templates for RNA synthesis (summarized in Fig. 10)

were obtained by cloning viral DNA restriction endonucle-
ase fragments into vector pGEM3blue (Promega Biotec,
Madison, Wis.).
DNA sequence. Base pairs from the HCMV AD169 strain

genomic sequence were numbered according to the se-
quence of the complete genome submitted to EMBL by
Chee et al. (6; accession number X17403). The potential
ORFs for the entire genome have been designated from left
to right for each component of the viral genome (6). The
nucleotide sequence of the Towne strain of HCMV was also
determined by the method of Maxam and Gilbert (21). The
sequences between 0.709 and 0.728 map units for the two
strains are very similar. Within this 4.36-kb region of DNA,
there are some bases missing and some restriction endonu-
clease polymorphism. For example, 21 bp are missing from
UL119 in strain AD169. For the Towne strain versus the
AD169 strain, there are 1 versus 3 ApaI sites, 4 versus 3
MluI sites, 10 versus 11 AvaIl sites, 11 versus 12 TaqI sites,
14 versus 13 DdeI sites, 2 versus 1 NcoI sites, and 1 versus
0 NdeI sites, respectively. An ORF analysis of the Towne
strain demonstrated the same major ORFs reported for the
AD169 strain (6).

Preparation of RNAs. The isolation of cytoplasmic RNA
from mock-infected and infected cells has been described
previously (36). The cells were treated with 100 to 200 ,ug of
cycloheximide per ml 30 min before infection, during the
virus adsorption period, and until the IE RNA was isolated
at 12 h postinfection (p.i.). Early RNA was isolated 48 h p.i.

in the presence of 200 ,ug of phosphonoacetic acid per ml.
Under these conditions, we do not detect cytotoxicity due to
the phosphonoacetic acid treatment when using primary
foreskin fibroblast cells. Late RNA was isolated 72 h p.i. in
the absence of any drug treatment.

Northern (RNA) blots. RNAs were fractionated in formal-
dehyde-agarose gels blotted onto nylon membranes as rec-
ommended by the supplier (GeneScreen Plus; DuPont, NEN
Research Products, Boston, Mass.). Hybridization was with
either 32P-labeled DNA probes labeled by the random primer
method as described previously (9) or [32P]UTP-labeled
RNA probes prepared from linearized DNA templates as
described by Krieg and Melton (15). After hybridization, the
blots were washed with 2x SSC (0.3 M NaCl, 0.03 M sodium
citrate) at room temperature and then with 0.1 x SSC con-
taining 0.1% sodium dodecyl sulfate at 72°C. Escherichia
coli rRNA standards were purchased from Pharmacia.

Structural analysis of RNA. Determination of RNA struc-
ture by the single-strand-specific nuclease mapping tech-
nique (3) has been described previously (37, 38). Gel-purified
restriction endonuclease DNA fragments were used to pre-
pare end-labeled probes. Labeling at the 5' end was accom-
plished with polynucleotide kinase and [y-32P]ATP as de-
scribed by Maniatis et al. (20). Labeling at the 3' end was
done with Klenow enzyme and a-32P-labeled deoxynucleo-
side triphosphates according to the method of Maniatis et al.
(20). End-labeled DNA probes were hybridized with 20 ,ug of
denatured cytoplasmic RNA at 50 to 55°C for 5 h or
overnight and then treated with either 2 U of mung bean
nuclease per p.g of RNA or 0.1 U of exonuclease VII per ,ug
of RNA at 37°C for 60 min. The nuclease-protected probes
were subjected to electrophoresis in 1.5% agarose denatur-
ing alkaline gels as described previously (37, 38). The gels
were dried and submitted to autoradiography.
RNase protection. Twenty micrograms of cytoplasmic

RNA was analyzed. [32P]RNA probe synthesis, hybridiza-
tion, and RNase digestion with RNase A and RNase T1 were
performed as described by Krieg and Melton (15). RNase
digestions took place at 30°C for 1 h. The protected frag-
ments were subjected to electrophoresis in 6% polyacryl-
amide-urea gels. The bands were detected by autoradiogra-
phy.

RESULTS

RNA size classes from UL119-115 at various times after
infection. To investigate the RNA size classes from this
region of the viral genome, a 32P-labeled DNA probe origi-
nating from a region near the 3' end of the transcription unit
(designated A3) was hybridized to Northern blots as de-
scribed in the Materials and Methods. A 3.1-kb mRNA was
detected at early and late times after infection (Fig. 1, lanes
4 to 8). Two new RNA size classes of 2.1 and 1.2 kb were
detected at late times (lanes 7 and 8). In addition, there was
a large RNA of 4.2 kb that was in low abundance early and
more abundant at late times. Cross-reactivity of the 32p_
labeled DNA probe with the smaller size class of rRNA was
detected with both mock-infected-cell and infected-cell
RNA.
To further characterize the different size classes of viral

mRNAs, a series of different 32P-labeled DNA or antisense
RNA probes spanning the transcription unit (see Fig. 10)
were hybridized to Northern blots of mock-infected- or

infected-cell RNA harvested at late times after infection.
RNAs of 4.2 and 3.1 kb were detected by all of the
32P-labeled DNA probes designated Al through A6, Bi, and
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FIG. 1. Viral RNAs from the UL119-115 transcription unit de-
tected at various times after infection. Cytoplasmic RNAs were
isolated from early to late times after infection, blotted onto nylon
filters, and hybridized with 32P-labeled probe A3 (see Fig. 10) as
described in Materials and Methods. Lane 1, 32P-labeled E. coli
rRNA molecular size standards (St); lane 2, mock-infected (M)-cell
RNA. The other lanes contain RNAs isolated at the times p.i.
indicated below the gel. Lanes 1 through 5 are a 7-day exposure and
lanes 6 through 8 are a 1-day exposure of the autoradiogram. r,
rRNA. Sizes in kilobases are given in the margins.

B2 (Fig. 2) and A7 (data not shown). In contrast, the 2.1-kb
mRNA was detected by only the Al through A4, Bi, and B2
probes. The 1.2-kb mRNA was detected by only Al through
A3 (Fig. 2). These data indicated that the 4.2- and 3.1-kb
RNAs originated from the entire transcription unit but the
2.1- and 1.2-kb mRNAs originated from only the 3' half of
the transcription unit (summarized in Fig. 10).

Antisense RNA probes were used to determine the direc-

Al A2 A3 A4 AS A6

FIG. 2. Viral RNAs from the UL119-115 transcription unit de-

tected at late times after infection. 32P-labeled DNA probes Al

through A6, Bi, and B2 (see Fig. 10) were hybridized to Northern

blots of mock-infected-cell RNA (M) or infected-cell RNA har-

vested at late times after infection (L) as described in Materials and

Methods. RNA size classes are indicated in kilobases. r, rRNA.

FIG. 3. Direction of transcription and fine mapping of viral
RNAs from the UL119-115 transcription unit detected at IE, early
(E), or late (L) times after infection. 32P-labeled antisense RNA
probes (see Fig. 10) were hybridized to Northem blots of mock-
infected-cell RNA or infected-cell RNA harvested under IE, early,
or late conditions as described in Materials and Methods. RNA sizes
are indicated in kilobases. r, rRNA.

tion of transcription and also to better map the origins of the
different viral transcripts. 32P-labeled RNA probes were
prepared and hybridized to Northern blots of mock-infected-
cell or infected-cell RNA harvested at IE, early, or late times
after infection as described in Materials and Methods.
Northern blot analysis indicated that all viral RNAs origi-
nated from the same strand of the viral DNA. The 4.2- and
3.1-kb RNAs were detected by probes Rl through R4 (Fig.
3), R5 and R6 (data not shown), and R8 and R9 (Fig. 3). The
4.2-kb mRNA was detected by R7, but the 3.1-kb mRNA
was not (data not shown). The R3 probe detected the 3.1-kb
mRNA in IE, early, and late infected-cell RNA (Fig. 3). In
contrast, the 2.1- and 1.2-kb mRNAs were detected only at
late times after infection. Occasionally, the 2.1-kb mRNA
did not separate well from rRNA in 1.5% agarose denaturing
gels. Again, the 2.1- and 1.2-kb mRNAs originated from the
3' half of the transcription unit (summarized in Fig. 10). The
4.2-kb RNA was detected primarily at late times after
infection.
Mapping the 3' ends of the transcription units at various

times after infection. The Northern blot analysis suggested
that at late times after infection, there were at least three
different size classes of mRNAs with coterminal 3' ends. To
map the 3' ends of these viral mRNAs, a DNA probe which
extended downstream was uniquely end labeled at the Sall
site (see Fig. 10) and hybridized to mock-infected cellular
RNA, IE RNA, or RNA harvested at various times after
infection. The hybrids were treated with either mung bean
nuclease or exonuclease VII, and the protected 32P-labeled
DNA probe was subjected to electrophoresis on denaturing
alkaline gels as described in Materials and Methods. After
mung bean nuclease treatment, protected probes of 1,400
and 400 nucleotides (nt) were detected (Fig. 4A). After
exonuclease VII treatment, only the 1,400-nt protected band
was detected (Fig. 4B). The amount of the 400-nt protected
band at various times after infection was always smaller than
the amount of IE RNA. These data indicated the presence of
a coterminal 3' end approximately 1,400 nt downstream from
the Sall site and a donor splice site approximately 400 nt
downstream from the Sall site. The donor splice site was
highly used under IE conditions but not at later times after
infection. Examination of the Towne and AD169 strain DNA
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under IE conditions, IE RNA was hybridized to different
3 4 5 6 7 8 9 32P-labeled DNA probes (summarized in Fig. 10) as de-

scribed in Materials and Methods. The probes will be
discussed starting from the 3' end of the transcription unit
and progressing to the 5' end. After mung bean nuclease
treatment, a 770-nt and a 750-nt protected band for the

-- -~ ') sl)z) probes uniquely end labeled at the 5' end of the AvaIl and
AvaI sites were detected, respectively (Fig. 5A and B). After
exonuclease VII treatment, the entire DNA probes were
protected. The minor protected bands may be artifactual or
alternate splices that were not investigated further. These
data indicated the presence of a splice acceptor site approx-
imately 770 nt upstream of the AvaIl site and 750 nt
upstream of the AvaI site. DNA sequence analysis identified
a splice acceptor site at bp 164607 (summarized in Fig. 10).

After mung bean nuclease treatment, an 850-nt protected
band for the probe uniquely end labeled at the 5' end of the
DdeI site was detected (Fig. SC). After exonuclease VII
treatment, a 770-nt protected band for a probe uniquely end
labeled at the 5' end of the MluI site was also detected (Fig.2 5 10 24 48 72 hpi IE 5D). In each case, the amount of probe protected by infect-
ed-cell RNA was significantly greater than mock-infected-

1 2 3 4 cell RNA. These data suggested that either a S' end or asplice acceptor site is located approximately 850 nt upstream
- of the DdeI site and 770 nt upstream of the MluI site. DNA

sequence analysis of this region of both the AD169 and
-W Towne strain DNAs detected both splice acceptor sites and

230DO potential TATA boxes.
prnbc; To more accurately map the 5' end upstream of the DdeI

and MluI sites, an RNase protection experiment with mock-
infected, IE, and late RNA and the 32P-labeled antisense1. RNA probe designated R6 (see Fig. 10) was done as de-
scribed in Materials and Methods. A unique 285-nt RNase-
protected band was detected (Fig. 6). There is a splice
acceptor site 285 bp away from the EcoRI site (see Fig. 10)

400 at bp 165762. The 397-nt band represents protection from the
4.2-kb RNA, which is found in small amounts under IE
conditions and in larger amounts at late times after infection
(Fig. 6). Therefore, the DNA probes uniquely end labeled at
the DdeI or MluI site and the antisense RNA probe R6

St M suggested the presence of a large intron upstream of the
MB Exo Do splice acceptor site at bp 165762 and the presence of an exonin the UL118 region. An exonuclease VII protection exper-

3' ends of viral RNAs downstream of UL115 iment with a probe uniquely end labeled at the SstI site in
ifection. Cytoplasmic RNAs were harvested UL115 also suggested the presence of a 5' end upstream of
or infected (I) cells under IE conditions or at UL118 (data not shown).
ction. (A) A DNA probe uniquely 3' end In order to define the exons upstream, a 5'-end-labeled
,ee Fig. 10) was hybridized to RNA, digested probe within the UL118 region was selected. After mung,e, and subjected to alkaline gel electropho- be within theaUL118 reginwaoeected. ftrmunMaterials and Methods. Lane 1, molecular bean nuclease treatment, a 450-nt protected band for the

2, mock-infected-cell RNA. Lanes 3 to 8 probe uniquely end labeled at the 5' end of the TaqI site wasi at the following times p.i.: 3, 2 h; 4, 5 h; 5, detected (Fig. SE). After exonuclease VII treatment, only a
72 h. Lane 9, IE RNA. (B) Mock-infected- or 1,000-nt band was detected (Fig. SE). These data indicated
ested under IE conditions were hybridized to the presence of a splice acceptor site approximately 450 nt
3' end labeled at the Sall site (see Fig. 10) upstream of the TaqI site and aS' end approximately 1,000 nt

iung bean nuclease (MB) or exonuclease VII upstream of the TaqI site. DNA sequence analysis identified
lar size standards (St); 2, infected-cell RNA a splice acceptor site at bp 167474 (summarized in Fig. 10).
I RNA plus Exo; 4, mock-infected-cell RNA After mung bean nuclease or exonuclease VII treatment, aNA standards and protected bands are given 400-nt protected band was detected for a DNA probe in the

UL119 region uniquely end labeled at the AvaII site (Fig.
5F). The 5' end of the 3.1-kb mRNA was approximately 400
nt upstream of the AvaIl site.

a consensus cleavage and polyadenyla- To map the 5' end and to identify the location of a
83 and a donor splice site at bp 164661 potential TATA box, a DNA probe uniquely 5' end labeled
10). at the AvaI site in the UL119 region was hybridized to
ture of the 3.1-kb mRNA. Since the mock-infected-cell or IE RNA. After mung bean nuclease or
e major viral RNA size class detected exonuclease VII treatment, the cap site of the 3.1-kb mRNA

VOL. 65, 1991



6148 LEATHAM ET AL.

1 2 3 4

lIeS( 1101

::
I1.

MIS Exo

C

7'91 7

I 191101

_k

.1.17I

E

1 2 3

Sti

MB MB

1 2 3 4

| ix1 .1'-

M M

MB MB EPxo Exo

397

2856000
robe

770-1

St
MB Exa

D

10I'.)

ry 1o).e

F

1 2

M

Exo [-xo

3 4

.)

St M M

MB MB E xo Exo

FIG. 5. Mapping of the 5' ends of the viral 3.1-kb RNA from the
UL119-115 transcription unit. Mock-infected-cell RNA (M) or in-
fected-cell RNA (I) harvested under IE conditions was hybridized to
several different end-labeled DNA probes (see Fig. 10). The restric-
tion endonuclease sites and abbreviations of restriction endonucle-
ase sites used to prepare uniquely end-labeled DNA are indicated at
the top and in the middle of Fig. 10, respectively. Hybrids were

treated with mung bean nuclease (MB) or exonuclease VII (Exo),
and the protected DNA fragments were subjected to alkaline gel
electrophoresis as described in Materials and Methods. (A) DNA
probe uniquely 5' end-labeled at the Avall site. Lanes: 1, molecular
size standards (St); 2, infected-cell RNA plus MB; 3, infected cell
RNA plus Exo. (B) DNA probe uniquely 5' end labeled at the Aval
site. Lanes: 1, molecular size standards; 2, infected-cell RNA plus
MB; 3, infected-cell RNA plus Exo. (C) DNA probe uniquely 5' end

_ ...., .._.:1.
.:
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725') FIG. 6. RNase protection and mapping of a splice acceptor site
for the 3.1-kb mRNA. Mock-infected (M)- or infected (I)-cell RNA
harvested at IE or late (L) times after infection was hybridized to
uniformly labeled antisense RNA probe R6 (see Fig. 10). Hybrid-
ization, treatment with RNase, and denaturing gel electrophoresis
were performed as described in Materials and Methods. Lanes: 1,
R6 probe (P) not treated with RNase; 2, mock-infected-cell RNA; 3,
IE infected-cell RNA; 4, late infected-cell RNA. The sizes of the
RNA probe and RNase-protected bands are given in nucleotides.

at bp 167995 was identified. The cap site is approximately 22
;r-1 nt downstream of the TATA box (5'TATA3') at bp 168020

(Fig. 7). There was a one-base difference between the mung
bean nuclease and exonuclease VII methods for mapping the
cap site. The large band detected by exonuclease VII treat-
ment was not detected by mung bean nuclease treatment.
This band probably represents incomplete digestion by the
exonuclease VII. The cap site for the 3.1-kb mRNA was

77. mapped at bp 167995 1 (summarized in Fig. 10).
In the prototype arrangement of the viral genome de-

scribed by Chee et al. (6), the 3.1-kb mRNA and the other
viral mRNAs described below would be transcribed from
right to left. The viral RNA starts at bp 167995 + 1. Although
it is not mapped by nuclease protection, there is a consensus
donor splice site at bp 167563. This splice would put the
UL119 ORF into frame with the UL118 ORF. Although
there are two potential donor splice sites downstream of
UL118, only the immediate downstream site at bp 166978
would put the UL118 ORF into frame with the UL117 ORF
splice site at bp 165762. The UL117 ORF stops at bp 165590.
From this analysis we were not able to determine whether
the second donor splice site would place UL119 and UL118
into frame with downstream ORFs such as UL116 and
UL115. The viral RNA terminates at the common 3' end at
bp 163683 (summarized in Fig. 10).
Mapping the 5' ends of the 2.1- and 1.2-kb true late mRNAs

by RNase protection. The Northern blot analysis of true late
RNAs suggested that the 2.1- and 1.2-kb mRNAs had 5' ends
within the 3.1-kb transcription unit. Two antisense RNA
probes were selected for finer mapping of these 5' ends.
Probe R6 spans two potential TATA boxes and an initiator-

labeled at the Ddel site. Lanes: 1, molecular size standards; 2,
infected-cell RNA plus MB; 3, mock-infected-cell RNA plus MB.
(D) DNA probe uniquely 5' end labeled at the MluI site. Lanes: 1,
infected-cell RNA plus Exo; 2, mock-infected-cell RNA plus Exo.
(E) DNA probe uniquely 5' end labeled at the TaqI site. Lanes: 1,
mock-infected-cell RNA plus MB; 2, infected-cell RNA plus MB; 3,
mock-infected-cell RNA plus Exo; 4, infected-cell RNA plus Exo.
(F) DNA probe uniquely 5' end labeled at the Avall site. Lanes: 1,
molecular weight standards; 2, infected-cell RNA plus MB; 3,
mock-infected-cell RNA plus MB; 4, infected-cell RNA plus Exo; 5,

mock-infected-cell RNA plus Exo. The sizes ofDNA standards and
protected bands are given in nucleotides in all panels.
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FIG. 7. Mapping the cap site of the 3.1-kb mRNA. Mock-
infected (M)- or infected (I)-cell RNA harvested under IE conditions
was hybridized to a DNA probe uniquely 5' end labeled at the AviaI
site and treated with mung bean nuclease (MB) or exonuclease VII
(Exo). The protected DNAs were subjected to electrophoresis
adjacent to a Maxam and Gilbert (21) chemical cleavage analysis of
the 5'-end-labeled DNA probe as described in Materials and Meth-
ods. The approximate location of the 5' end of the viral IE RNA is
designated +1.
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FIG. 8. Mapping the 5' end of the true late 1.2-kb mRNA by
RNase protection. Mock-infected (M)- or infected (I)-cell RNA
harvested at late times after infection was hybridized to uniformly
labeled antisense RNA probe R3 (see Fig. 10). Hybridization,
treatment with RNase, and denaturing gel electrophoresis were
performed as described in Materials and Methods. Lanes: 1, molec-
ular size standards (St); 2, probe (P) R3 not treated with RNase; 3,
mock-infected-cell RNA; 4, late infected-cell RNA. The size of the
32P-labeled RNA probe reflects transcription from a chimera of viral
and vector DNA template. The sizes of the DNA standards, the
RNA probe, and the RNase-protected bands are given in nucleo-
tides.

like sequence (5'CCGCGTTCTGGACT3') (32). Probe R3
spans one potential TATA box, according to the DNA
sequence (6). After RNase treatment, a 285-nt protected
band was detected with both IE and late infected-cell RNA
and the 32P-labeled R6 probe (Fig. 6). This defined an
upstream splice acceptor site as described above. Lower
protected bands were difficult to identify because the 32p-
labeled RNA probe is AU rich and, consequently, RNase
treatment caused cleavage of the RNA-RNA hybrids and
smearing in the lanes (Fig. 6, lanes 3 and 4). There was no
band to suggest that the initiatorlike sequence was used.
There was a band indicating that the TATA box at bp 165590
was used at late times to determine the 5' end of the 2.1-kb
mRNA (data not shown). It was not possible to clearly
demonstrate the 5' end or cap site of the 2.1-kb mRNA by
RNase protection assay. Primer extension to map the 5' end
of the 2.1-kb mRNA was not done. Therefore, the cap site of
the RNA was tentatively positioned downstream of the
TATA box at bp 165590 because an unspliced transcript
from this promoter would generate an RNA of 2.1 kb after
cleavage and polyadenylation at the common 3' end at bp
163683. With a 5' end at bp 165590, the 2.1-kb mRNA would
have a cap site just upstream of the UL116 ORF (proposed
in Fig. 10).

After RNase treatment, a 220-nt protected band was
detected with the 32P-labeled R3 probe (Fig. 8, lane 4). There
is no splice acceptor site 220 bp away from the MluI site (see
Fig. 10). Therefore, the 5' end is a potential cap site at bp
164593 which is 24 bases downstream of a TATA box
(5'TATATAA3') at bp 164621. A cap site downstream of this
TATA box would generate an RNA of approximately 1.2 kb
after cleavage and polyadenylation at the common 3' end.
The RNase protection experiment detected little splicing of
the downstream intron at late times. The splice acceptor site
is 234 bp upstream of the MIuI site. If significant splicing

occurred at late times, the splice acceptor site would have
defined an intense band at 234 nt (Fig. 8, lane 4). The 310-nt
band represents protection of the antisense RNA probe by
the 3.1-kb mRNA containing the downstream intron. The
lack of splicing of the downstream intron at late times after
infection is in agreement with the data in Fig. 4A. The 1.2-kb
mRNA would have a cap site just upstream of the translation
initiation site in UL115 at bp 164530, as summarized in Fig.
10.

Predicted viral gene products. The ORFs in this region of
the viral genome were predicted to be glycoproteins by Chee
et al. (6). The 3.1-kb IE, early, and late mRNA is predicted
to express UL119, UL118, and part of UL117. The first ATG
in UL119 is at bp 167983 (see Fig. 10). The splices summa-
rized in Fig. 10 put UL119 into frame with UL118 and
UL117. A stop codon is encountered in UL117 at bp 165590.
The 3.1-kb mRNA is predicted to code for a protein of 54.3
kDa. The predicted viral protein has hydrophobic regions
toward the amino and carboxyl termini and 13 potential
N-glycosylation sites (Fig. 9A). Therefore, it is predicted
that the 3.1-kb mRNA codes for a viral glycoprotein at early
and late times after infection. Although the 3.1-kb mRNA
would have the potential for expression of the UL116 or
UL115 ORF, these ORFs are positioned downstream of the
translational stop codon at the end of UL117. Whether
alternate splicing places UL119-118 into frame with UL116
or UL115 was not determined in this investigation.
The 2.1-kb mRNA is predicted to express the UL116 ORF

at late times after infection. A viral protein of 39.1 kDa is
predicted. The amino acid sequence shows that there are
hydrophobic amino acids spanning the amino and carboxyl
termini and 13 potential N-glycosylation sites (Fig. 9B).
Therefore, it is predicted that the 2.1-kb mRNA codes for a
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A. 3.1 kb mRNA product of UL119-117:

MCSVLAIALVVALLGDMHPGVKSSTTSAVTSPSNTTVTST
TSISTSNNVTSAVTTTVQTSTSSASTSVIATTQKEGHLYT

VNCEASYSHDQVSLNATCKVILLNNTKNPDILSVTCYART

DCKGPFTQVGYLSAFPPDNEGKLHLSYNATAQELLISGLR

PQETTEYTCSFFSWGRHHNATWDLFTYPIYAVYGTRLNAT

TMRVRVLLQEHEHCLLNGSSLYHPNSTVJLJQGDQLIPPW

NISNVTYNGQRLREFVFYLNGTYTVVRLHVQIAGRSFTTT

YVFIKSDPLFEDRLLAYGVLAFLVFMAVATFKFFHQDPNR

VLDCIRPVVPRSTSYHETGVYOMWVSGATKKDLFDAVTLC

ASIVEKQPDVFNINVSLLTYPSIAAPHLPLYNEFTSFRLP

TS

B. 2.1 kb mRNA product of UL116:

MKRRRRWRGWLLFPALCFCLLCEAVETNATTVTSTTAAAA

TTNTTVATTGTTTTSPNVTSTTSNTVTTPTTVSSVSNLTS

STTSIPISTSTVSGTRNTGNNNTTTIGTNATSPSPSVSIL

TTVTPAATSTISVDGVVTASDYTPTFDDLENITTTRAPTR

PPAQDLCSHNLSIILYEEESQSSVDIAVDEEEPELEDDDE

YDELWFPLYFEAECNRNYTLHVNHSCDYSVRQSSVSFPPW

RDIDSVTFVPRNLSNCSAHGLAVIVAGNQTWYVNPFSLAH

LLDAIYNVLGIEDLSANFRRQLAPYRHTLIVPQT

C. 1.2 kb mRNA product of UL115:

MCRRPDCGFSFSPGPVVLLWCCLLLPIVSSVAVSVAPTAA

PLSQLIRYRPVTPEAANSVLLDDAFLDTLALLYNNPDQLR

ALLTLLSSDTAPRWMTVMRGYSECGDGSPAVYTCVDDLCR

GYDLTRLSYGRSIFTEHVLGFELVPPSLFNVVVAIRNEAT

RTNRAVRLPVSTAAAPEGITLFYGLYNAVKEFCLRHQLDP

PLLRHLDKYYAGLPPELKQTRVNLPAHSRYGPQAVDAR

FIG. 9. Amino acid sequences of the predicted viral glycoprotein
products encoded by the various mRNAs from the UL119-115
transcription unit. (A) 3.1-kb mRNA product encoded by UL119,
UL118, and part of UL117. (B) 2.1-kb mRNA UL116 product. (C)
1.2-kb mRNA UL115 product. The hydrophobic region at the N
terminus (potential signal sequence) and the hydrophobic stretch
near the C terminus (potential transmembrane region) for each
protein are underlined by a dashed line. Possible N-glycosylation
sites (NXS or NXT, where X is any residue) are underlined. The
vertical arrows indicate the junctions between different exons. The
hydrophilicity was determined according to the method of Kyte and
Doolittle (16) by averaging over a window of 7.

viral glycoprotein at late times after infection. The 2.1-kb
mRNA would also have the potential to express the UL115
ORF, but once again the translation initiation site for UL115
would be located just downstream of the translation stop
codon at the end of UL116.
The 1.2-kb mRNA is predicted to express the UL115 ORF

at late times. A viral protein of 34.8 kDa is predicted. There
are hydrophobic amino acids toward the amino and carboxyl
termini. Although there is only one potential N-glycosylation
site (Fig. 9C), the viral protein is rich in serine and threonine
amino acid residues, and therefore 0 glycosylation is a

possibility.

DISCUSSION

Only a few HCMV true late transcription units have been
identified (17, 29, 35). True late promoters are either located
upstream of the transcription unit (4, 18, 29) or nested within
the transcription unit as described in this report. Promoters
nested within an IE-early transcription unit drive the syn-
thesis of late mRNAs that are 3' coterminal with the IE-early
mRNAs. These true late mRNAs either code for a truncated
version of the early viral protein, as described by Stenberg et
al. (35), or allow for efficient expression of an ORF, as

proposed in this report.
HCMV early promoters are activated in trans by the IE2

protein (4, 11). The viral TEl protein acts synergistically as

previously described (reviewed in references 19, 25, 34, 40,
and 41). Why true late promoters are not activated until after
the initiation of viral DNA replication is not understood.
Viral DNA replication may modify the template, thus allow-
ing recognition of the true late promoter. Alternatively,
inhibitory proteins of viral or cellular origin may be present
on the viral DNA template and either removed by DNA
replication or titrated out by the amplification of the tem-
plate. It is also possible that there are HCMV-specified or
-induced proteins that activate true late promoters in trans.
Maximum expression of the adenovirus true late promoter

for the IX gene requires viral DNA replication plus the Elb
gene product (44). Maximum expression of vaccinia virus
true late genes requires three viral proteins with properties
similar to transcriptional regulatory proteins (13). The vac-
cinia virus regulatory proteins are expressed immediately
after viral DNA replication, and therefore they are referred
to as intermediate viral proteins. With herpes simplex virus,
an alphaherpesvirus, true late or y2 gene expression requires
DNA replication and is influenced by an IE or ac gene
product designated ICP27 (10, 22, 24, 27, 28, 30). Whether
this viral transactivator functions to stimulate transcription
or to stabilize the viral RNA or both requires- further
investigation.
For HCMV, true late promoters nested within an IE-early

transcription unit were not efficiently utilized until after viral
DNA replication, even though the late promoters are in-
cluded within active transcription units. The promoter con-
taining a typical TATA box upstream of UL119 is active at
all times after infection. The far upstream major IE promoter
drives transcription through the viral genes designated IEl
(UL122) and IE2 (UL121) (11, 38). Some of the IE transcrip-
tion may continue through UL120 and UL119 (IE2b). A
polyadenylation signal is located within the intron down-
stream of UL119 (Fig. 10). Therefore, the TATA box up-
stream of UL119 is also nested within a transcription unit. IE
transcription occurs across the UL119 promoter and is also
initiated downstream of the UL119 promoter. It is possible
that some of the RNA polymerase II complex originally
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FIG. 10. The UL119-115 transcription unit. The prototype arrangement of the viral genome and the direction of transcription in
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antisense (AS) RNA probes, and end-labeled DNA probes are indicated. The size classes of mRNAs detected by Northern blot analysis with
the various DNA or antisense RNA probes are summarized. End-labeled DNA probes are shown as thin lines with an asterisk at the labeled
end. Protection of end-labeled DNA probes from mung bean nuclease (MB) digestion is indicated by lightly stippled bars. Protection from
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lightly stippled bars in the "AS RNA probes and RNase protection" section. Open boxes designate the UL119-115 ORFs. Viral RNAs
detected at IE, early (E), or late (L) times after infection are indicated (bottom left). Heavily stippled boxes represent exons, and lines
connecting them represent introns. Whether one or both donor splice sites in UL118 are used was not determined. TATA boxes, donor splice
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and translation signals are indicated and are discussed in the text.
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recruited by the enhancer-containing major IE promoter also
recognizes the UL119 promoter. However, the UL115 pro-
moter located just downstream also has a typical TATA box
motif and is not recognized by the RNA polymerase II
complex, even though this entire region is active for tran-
scription under IE conditions or at early times after infec-
tion. The UL116 and UL115 regions are transcribed at IE
and early times, and consequently, they are part of a large
mRNA. Because the 4.2-kb RNA is the approximate size of
the transcription unit, it was interpreted to be a precursor
RNA molecule. The 3.1-kb RNA was interpreted to be a
processed mRNA. The 3.1-kb mRNA from the UL119-115
transcription unit has the potential for expression of UL119-
117, UL116, and UL115. In this mRNA, the translation
initiation sites for UL116 and UL115 are located far down-
stream of the 3.1-kb mRNA cap site. The promoters up-
stream of UL116 and UL115 are not efficiently recognized
until after viral DNA replication. Recognition of these pro-
moters at late times after infection designates new 5' initia-
tion sites. The selection of a new cap site downstream of a
true late promoter may be a mechanism to ensure efficient
expression of these ORFs, which are normally positioned far
downstream of the cap site of the IE-early mRNA.
The viral gene products predicted to be encoded by the

3.1-, 2.1-, and 1.2-kb mRNAs have the features of mem-
brane-bound glycoproteins. Toward the amino termini of the
predicted proteins are stretches of hydrophobic residues
which may function in a secretory pathway. Toward the
carboxyl termini are stretches of hydrophobic amino acid
residues sufficient to span the cell membrane and anchor the
viral glycoproteins. UL119-117 and UL116 have a high
number of potential N-glycosylation sites (6). UL115 has
only one potential N-glycosylation site, but UL115 has the
properties of a membrane-bound glycoprotein and the po-
tential for extensive 0 glycosylation.
HCMV appears unusual among the characterized herpes-

viruses because it has several enhancer elements upstream
of different potential glycoprotein genes and these glycopro-
tein genes are transcribed at IE and early times after
infection (14, 46). We propose that the UL119-117 gene may
also be an IE-early viral glycoprotein gene. In contrast,
maximal expression of UL116 and UL115 may occur at late
times after infection. As described by Chee et al. (6), HCMV
has the potential to code for a total of 54 reading frames that
have the characteristics of glycoprotein genes. Expression of
these viral glycoproteins is temporally regulated, with some
being expressed early and others at late times (39). Activa-
tion of true late promoters that designate new downstream
cap sites for mRNAs may play a key role in the temporal
regulation of HCMV gene expression. The roles of the
temporally regulated expression of viral glycoproteins and of
the complicated array of viral glycoproteins in the biology
and pathogenicity of HCMV infections pose difficult re-
search questions about a species-specific virus.
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