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We have further characterized and determined the origins of a family of nuclear phosphoproteins of 84, 50,
43, and 34 kilodaltons (kDa) encoded by a class of early transcripts arising from the adjacent EcoRI fragments
R and d (map units 0.682 to 0.713) of the strain AD169 human cytomegalovirus genome. These RNAs have a
complex spliced structure with common 5' and internal exons and alternative 3' exons with coterminal 3' ends.
At early times, two fully processed species of 2.1 and 2.2 kilobases (kb) predominated. As the infection
progressed to late times, there was a decrease in splicing of the RNA, generating larger transcripts 2.5 to 2.65
kb in size, which corresponded to the species which had spliced out only the first intron, as well as the
completely unspliced transcript. We previously reported that the 34-kDa protein could be derived from a
transcript which had failed to splice out the first intron (D. A. Wright, S. I. Staprans, and D. H. Spector, J.
Virol. 62:331-340, 1988), but the origin of the other proteins was unclear. cDNA cloning has shown that the
2.1-, 2.2-, and 2.5-kb RNAs encode the 50-, 43-, and 84-kDa proteins, respectively. The shift in the splicing
pattern of these RNAs with time revealed a posttranscriptional control mechanism which results in the
differential accumulation of individual proteins within this family of nuclear phosphoproteins. Expression of
the 84-, 43-, and 34-kDa proteins correlated well with the steady-state concentrations of their respective
mRNAs. The 50-kDa protein, however, was not expressed in abundance until late times, despite the presence
of the 2.1-kb mRNA in the cytoplasm at early times, suggesting a secondary level of posttranscriptional
regulation for this protein. Full expression of the RNAs and proteins was dependent on continuing viral DNA
synthesis. Accumulation of the 50-kDa protein was found to be particularly sensitive to the state of viral DNA
replication and could not be detected after inhibition of replication. Further analysis of these proteins revealed
that each one had a unique pattern of serine phosphorylation. Although there was one common site of
phosphorylation, most likely located within the amino-terminal shared region, even this site showed
quantitative differences in the level of phosphorylation for each of the proteins. Analysis of the Towne strain
and two recent independent clinical isolates of human cytomegalovirus has shown that this family of proteins
is highly conserved among human cytomegaloviruses.

Human cytomegalovirus (HCMV), a member of the her-
pesvirus group, infects a majority of the adult population, is
recognized as the leading viral cause of birth defects, and
poses a serious health threat to immunocompromised indi-
viduals (18, 25). HCMV can establish both persistent and
latent infections and may have oncogenic potential (28, 33).

After infection of permissive cells, HCMV displays a
complex sequential pattern of gene expression (6, 24, 37, 38,
40, 41). Production of herpesvirus-specific gene products has
been categorized into three broad temporal classes: imme-
diate-early (IE) (alpha), early (beta), and late (gamma) (19).
IE proteins are synthesized immediately upon infection, and
the induction of their transcription units does not require de
novo protein synthesis. Early-protein synthesis directly fol-
lows and is dependent on prior IE-protein expression. Fi-
nally, the late proteins are expressed after the onset of viral
DNA replication and function predominantly in the packag-
ing of viral DNA and the formation of mature virus particles.
For HCMV, this temporal pattern of gene expression ap-
pears to depend on both transcriptional and posttranscrip-
tional control mechanisms (7, 9-11, 14, 17, 23, 30, 34, 36,
40).
The HCMV genome is a large double-stranded DNA

molecule, 240 kilobase pairs (kbp) in length, with a theoret-
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ical coding capacity of more than 100 proteins (for a review,
see reference 31). Identification of specific protein products
and determination of their biochemical characteristics will
provide a foundation for understanding the multiple virus-
host interactions involved in the replication cycle of HCMV.
Herpesvirus early proteins are of interest because they have
been implicated in the regulation of viral gene expression
and DNA replication (3, 13, 20, 26), and a number of
antiherpesvirus chemotherapeutic agents act by interfering
with the function of these proteins (5, 8, 16, 21, 29).

In our previous studies (35), we characterized a class of
early transcripts (originally designated the 2.2-kilobase [kbl
class) arising from the adjacent EcoRI fragments R and d
(map units 0.682 to 0.713), located within the long unique
segment of the HCMV strain AD169 genome. The fully
processed RNAs consisted of invariable 5' and internal
exons and alternative 3' exons with coterminal 3' ends. This
class of transcripts was found to encode four nuclear phos-
phoproteins of 84, 50, 43, and 34 kilodaltons (kDa) which
share a common amino terminus (44). The 43-kDa protein
was the most abundant of the four proteins, and its level of
expression remained relatively constant throughout the in-
fection, while expression of the other proteins increased as
the infection progressed to late times. There was no evi-
dence for a precursor-product relationship between any of
the proteins, and although in vitro synthesis studies sug-
gested that the 34-kDa protein could be generated by mRNAs
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which had failed to splice out the first intron, the derivation
of the other proteins was unclear.

In this study, we have utilized cDNA cloning and transient
expression assays to assign the 84-, 50-, 43-, and 34-kDa
proteins to their corresponding mRNAs. We have further
analyzed the patterns of expression of the mRNAs and
proteins during the course of the HCMV infection both in the
presence and absence of viral DNA replication. Our data
indicate that this family of gene products is highly regulated
by both transcriptional and posttranscriptional mechanisms.
We also show that the phosphorylation patterns of the
individual proteins differ both quantitatively and qualita-
tively, even for shared domains. Finally, analysis of different
HCMV isolates reveals that this family of proteins is highly
conserved among HCMVs.

MATERIALS AND METHODS

Virus and cells. HCMV strain AD169 and human fibro-
blasts were obtained and propagated as previously described
(39). In some experiments, cells were infected and main-
tained in the presence of 300 Fg of phosphonoacetic acid
(PAA) per ml or the PAA was added at various times
postinfection (p.i.). HCMV strain Towne was obtained from
Stephen Spector and propagated as described for AD169.
The clinical isolates Co and Ro were obtained from Stephen
Spector and propagated in human fibroblasts by the addition
of uninfected fibroblasts during passage of the cell cultures
infected with these cell-associated HCMV isolates.

Generation of clones. All enzymes were obtained from
Bethesda Research Laboratories, Inc., Gaithersburg, Md.,
and were used according to the recommendations of the
manufacturer, unless otherwise noted. pIERdAP was gener-
ated as follows. pGemRd-1 (44) was linearized with XbaI and
partially restricted with BamHI. The 3-kbp XbaI-BamHI
partial fragments were separated by agarose gel electropho-
resis and isolated by GeneClean (Bio 101, Inc., San Diego,
Calif.). pGem-1 (Promega Biotec, Madison, Wis.) was lin-
earized with Hindlll, treated with Klenow polymerase to
generate blunt ends, followed by the addition of BgII
linkers, and finally cleaved with both BglII and XbaI. The
resulting vector was purified from excess linker by agarose
gel electrophoresis, isolated by GeneClean, and ligated to
the XbaI-BamHI fragment of pGemRd-1 described above.
The resulting clone which had eliminated the downstream
Pstl site in the original pGemRd-1 polylinker was called
pGemRdAP. This construct was then restricted with XbaI,
extracted with phenol-chloroform-isoamyl alcohol (50:48:2,
vol/vol/vol), and precipitated with ethanol. The linearized
plasmid was dephosphorylated by treatment with calf intes-
tinal alkaline phosphatase (Boehringer Mannheim Biochem-
icals, Indianapolis, Ind.) according to the recommendations
of the supplier. The phosphatase-treated DNA and the
600-bp HCMV major IE promoter from XbaI-cleaved pIEP2
(pIEP2 is a pUC9-based vector with the 600-bp HincII-
to-Sau3AI fragment of the HCMV strain AD169 major IE
promoter [1] cloned into a polylinker with both 5' and 3'
XbaI sites) were electrophoresed on agarose gels, isolated
by GeneClean, and ligated together. The resulting clone was
then called pIERdAvP. pzvPSV, pA6SV, pzA45SV, and
pA60SV were generated as follows. pIERdAP, pRdA6,
pRdzA45, and pRdA60 (the genomic and cDNA clones whose
production is described below) were linearized with SinaI
(upstream of the HCMV IE promoter). The DNA was
extracted with phenol-chloroform-isoamyl alcohol (50:48:2,
vol/vol/vol) and precipitated with ethanol. The linearized

plasmids were dephosphorylated by treatment with calf
intestinal alkaline phosphatase (Boehringer Mannheim) ac-
cording to the recommendations of the supplier. The phos-
phatase-treated DNAs were electrophoresed on agarose
gels, isolated by GeneClean, and ligated to the 325-bp simian
virus 40 (SV40) origin of replication. The SV40 origin was
generated from pSVtkneo3 (kindly provided by Jay Nelson)
by sequential treatment with Hindlll, Klenow, and PillII
and then isolated by polyacrylamide gel electrophoresis.
cDNA cloning. Oligonucleotides (25-mers) corresponding

to sequences from the 5' and 3' exons of the 2.2-kb RNAs
were synthesized at the Peptide Oligonucleotide Synthesis
Facility at the University of California, San Diego. The
oligonucleotides were purified by polyacrylamide gel elec-
trophoresis and utilized to prime both first- and second-
strand cDNA reactions. Synthesis of first-strand cDNA was
carried out in a reaction volume of 40 ,lI containing 50 mM
Tris hydrochloride (pH 8.3), 75 mM KCI, 3 mM MgCl,, 10
mM dithiothreitol, 1 mM dATP, 1 mM dCTP, 1 mM dGTP,
1 mM TTP, 100 ,ug of oligonucleotide (L622) per ml, 60 U of
RNAsin (Promega), 200 U of Moloney murine leukemia
virus reverse transcriptase (Bethesda Research Laborato-
ries), and 4 pLg of AD169-infected (72 h p.i.) cell poly(A)+
mRNA at 37°C for 2 h. The reaction was extracted with
phenol-chloroform-isoamyl alcohol (50:48:2, vol/vol/vol) ad-
justed to 2 M ammonium acetate and precipitated twice with
ethanol. The RNA-cDNA hybrids were suspended in 20 RI
of H20, heated to 100°C for 3 min, and quickly placed on ice.
Second-strand synthesis was performed in a reaction volume
of 100 ,ul containing 100 mM HEPES (N-2-hydroxyethylpip-
erazine-N'-2-ethanesulfonic acid) (pH 6.9), 10 mM MgCl2, 2
mM dithiothreitol, 70 mM KCl, 0.5 mM dATP, 0.5 mM
dCTP, 0.5 mM dGTP, 0.5 mM TTP, 100 Lg of oligonucleo-
tide (L621) per ml, 100 U of Klenow polymerase (Bethesda
Research Laboratories), and denatured RNA-DNA from the
first-strand synthesis at 15°C for 4 h. The reaction was
extracted with phenol-chloroform-isoamyl alcohol (50:48:2,
vol/vol/vol) and precipitated twice following the addition of 2
M ammonium acetate and ethanol. Second-strand synthesis
was completed in a 50-LI reaction volume containing 100
mM Tris hydrochloride (pH 8.3), 140 mM KCl, 10 mM
MgCl,2 10 mM dithiothreitol, 1 mM dATP, 1 mM dCTP, 1
mM dGTP, 1 mM TTP, Klenow-treated cDNA from above,
and 20 U of avian myeloblastosis virus reverse transcriptase
(Bethesda Research Laboratories) at 42°C for 2 h. The
reaction was extracted with phenol-chloroform-isoamyl al-
cohol (50:48:2, vol/vol/vol) and precipitated twice following
the addition of 2 M ammonium acetate and ethanol. The
cDNAs were then cut with ClaI and PstI restriction endo-
nucleases (Bethesda Research Laboratories) in the buffer
supplied by the manufacturer. The reaction was extracted
with phenol-chloroform-isoamyl alcohol (50:48:2, vol/vol/
vol), passed over a Sephadex G-50 spin column, and precip-
itated twice with 2 M ammonium acetate and ethanol as
described above. The final cDNAs were ligated into ClaI-
PstI-cleaved pIERdAP (as described above) which had been
propagated in the Dam methylase-negative strain LEO10
(kindly provided by Douglas Smith). The resulting clones
representing each class of mRNA were called pRdA6,
pRdA45, and pRdA60.
DNA sequencing. Sequence analysis of the splice donor-

acceptor regions of the genomic (pAPSV) as well as cDNA
clones (pA6SV, pA45SV, and pA60SV) was performed using
the GemSeq K/RT sequencing system (Promega) essentially
as recommended by the supplier, except that the sequencing
primers utilized were 20-mer oligonucleotides which corre-
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sponded to the sequences extending from 94 to 74 bp up-
stream of the putative splice donor of exon 1 and from 67 to
47 bp upstream of the putative splice donor of exon 2
(sequence analysis not shown). The primers were synthesized
and purified as described above for the cDNA cloning and
were used at the same concentration as was recommended
for the T7 or SP6 primers supplied with the sequencing kit.

Transient expression. Subconfluent monolayers of COS-7
cells (5 x 105 cells per 60-mm dish) were washed twice with
phosphate-buffered saline followed by the addition of 4 ml of
Dulbecco modified Eagle medium (Irvine Scientific, Irvine,
Calif.) without serum containing 400 jig of DEAE-dextran
per ml and 5 ,ug of DNA (pAPSV, pA6SV, pA45SV, or
pA60SV) and incubated for 2.5 h at 37°C. The cells were then
washed twice with phosphate-buffered saline and once with
Dulbecco modified Eagle medium containing 10% calf se-
rum, followed by the addition of 5 ml of the medium
described above and incubation at 37°C. At 48 h posttrans-
fection, the monolayers were trypsinized, pelleted in a
clinical centrifuge, suspended in 200 ,ul of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (2% SDS, 5 mM Na2HPO4 [pH 7.0], 10%
glycerol, 5% 2-mercaptoethanol, 0.1 M dithiothreitol, 0.01%
bromophenol blue), heated to 100°C for 5 min, and analyzed
along with AD169-infected cell proteins by immunoblotting
as previously described (44).

Preparation of infected-cell RNA. RNA was prepared from
AD169-infected cells at 2, 8, 26, and 72 h p.i. or from
infected cells incubated in the presence of 300 ,ug of PAA per
ml from 26 to 72 or from 0 to 72 h p.i. Cytoplasmic RNA was
isolated after lysis in an isotonic buffer containing 0.5%
Nonidet P-40 and vanadyl-ribonucleoside complexes and
was enriched for polyadenylated species by oligo(dT)-cellu-
lose chromatography as previously described (24).

Labeling of RNA with 32P. Radioactive single-stranded
probes were transcribed from the Hindlll-linearized clone
pGO.9XBR. pGO.9XBR contains the 900-bp XhoI-to-BamHI
fragment of EcoRI fragment R cloned into an XhoI-to-
BamHI-cleaved pGem-1 vector (Promega). Antisense RNA
probe was generated by using 1 ,ug of the linear DNA
template in a 20-,ul reaction volume containing the following:
40 mM Tris hydrochloride (pH 7.5); 6 mM MgCl2; 10 mM
dithiothreitol; 2 mM spermidine; 100 ,ug of bovine serum
albumin per ml; 50 U of RNAsin (Promega); 500 ,uM each
ATP, CTP, and GTP; and 10 ,uM UTP plus 100 ,uCi of
[ax-32P]UTP. After the addition of 4 U of T7 polymerase
(Promega), the reaction mixture was incubated at 37°C for 10
min. This was followed by the addition of RNase-free DNase
to 50 ,ug per ml, and the reaction mixture was incubated at
37°C for 10 min. After extraction with phenol-chloroform-
isoamyl alcohol (50:48:2, vol/vol/vol), the labeled RNA was
purified from unincorporated nucleotides by Sephadex G-50
chromatography and used directly as a probe for the specific
RNAs.

Partial proteolysis. Partial proteolysis with Staphylococ-
cus aureus V-8 protease was performed essentially as de-
scribed by Cleveland et al. (2). Briefly, infected-cell lysates,
labeled with [35S]methionine or 32pi, were immunoprecipi-
tated and subjected to SDS-PAGE as previously described
(44). The gels were dried and autoradiographed at -70°C
with an intensifying screen. Protein bands were excised and
rehydrated in a small volume of overlay buffer (125 mM Tris
hydrochloride [pH 6.8], 1 mM EDTA, 0.1% SDS, 1 mM
2-mercaptoethanol, 30% glycerol, 0.005% bromophenol
blue). Gel pieces were placed in the wells of an SDS-PAGE
gel; 10 ,ul of overlay buffer was added to each well; either 0,

50, or 200 ng of V-8 protease (Pierce Chemical Co., Rock-
ford, Ill.) in 10 plI of enzyme buffer (125 mM Tris hydrochlo-
ride [pH 6.8], 1 mM EDTA, 0.1% SDS, 1 mM 2-mercapto-
ethanol, 10% glycerol, 0.01% phenol red) was added; and the
samples were electrophoresed until the dye front was 3 mm
from the top of the resolving gel. The power was turned off
for 30 min, and then electrophoresis was resumed. Gels
containing 35S-labeled samples were impregnated with PPO
(2,5-diphenyloxazole; Sigma Chemical Co., St. Louis, Mo.),
dried, and fluorographed at -70°C. Gels containing 32P-
labeled samples were dried and autoradiographed at -70°C
with an intensifying screen.

32P-tryptic peptide mapping. Tryptic peptide analysis of
32P1-labeled proteins was performed essentially as described
previously for [35S]methionine-labeled proteins (44). Elec-
trophoresis was performed at 1.0 kV for 27 min with n-
butanol-pyridine-acetic acid-water (2:1:1:36, vol/vol) (pH
4.72), followed by chromatography in the second dimension
in buffer containing n-butanol, pyridine, acetic acid, and
water (75:50:15:60, vol/vol). The plates were autoradio-
graphed at -70°C with an intensifying screen.
Phosphoamino acid analysis. Phosphoamino acid content

of the proteins was determined as described previously (4,
22). Briefly, labeled proteins were immunoprecipitated and
resolved by SDS-PAGE, extracted from the gel, suspended
in 0.4 ml of constant-boiling hydrochloric acid (Pierce), and
hydrolyzed at 110°C for 1 h. After lyophilization, the sam-
ples were suspended in water and spotted on thin-layer
cellulose chromatography plates (EM Science, Cherry Hill,
N.J.) along with 0.5 pug each of phosphoserine, phosphothre-
onine, and phosphotyrosine (Sigma). Electrophoresis in the
first dimension was in pH 1.9 buffer (2.2% formic acid, 7.8%
acetic acid) at 1.5 kV for 20 min, followed by rotation of 900
and electrophoresis in pH 3.5 buffer (0.5% pyridine, 5%
acetic acid, 0.5 mM EDTA) at 1.3 kV for 16 min. The
internal markers were visualized with ninhydrin, and the
plate was autoradiographed at -70°C with an intensifying
screen.

ADP-ribosylation. Incorporation of [32P]NAD by unin-
fected or AD169-infected (48 h p.i.) cell nuclei was per-
formed as described by Preston and Notarianni (27). After
termination of the reaction, the labeled nuclei were split into
two fractions and pelleted at 2,000 x g for 4 min. One
fraction was suspended in 80 p.l of SDS-PAGE sample
buffer, heated to 100°C for 5 min, and stored at -20°C. The
other fraction was suspended in 100 pL1 of RIPA buffer (10
mM sodium phosphate [pH 7.2], 150 mM NaCl, 0.5 trypsin-
inhibiting U of aprotinin [Sigma] per ml, 1% sodium deoxy-
cholate, 1% Nonidet P-40, 0.1% SDS) and incubated at 4°C
for 30 min. The labeled nuclear lysate was cleared by
centrifugation at 4°C for 15 min in an Eppendorf centrifuge.
The proteins were immunoprecipitated with antipeptide an-
tiserum as described previously (44) and analyzed by SDS-
PAGE along with the total nuclear lysate.

RESULTS

Generation of cDNAs and transient expression. We previ-
ously identified four nuclear phosphoproteins of 84, 50, 43,
and 34 kDa which share a common amino terminus and are
encoded by an HCMV early transcription unit which gener-
ates a complex set of spliced transcripts (35, 44). To pre-
cisely determine the origin of these proteins, we prepared
cDNAs corresponding to each class of transcript (see Mate-
rials and Methods and Fig. 1). Cytoplasmic poly(A)+ RNA
from AD169-infected cells at 72 h p.i. was used as the

VOL. 63, 1989



3120 WRIGHT AND SPECTOR

A. * T 6 v - - A] T fR
I *t4 * 04 44 t &> 4 * 0
*0'' g bZ. d ~CO Nx'

ci
I Be -m :

~ \* ; ' '1> Pr:zcr- r,---e2

ID :. V)
D

t.
>A A 4n U=

c;
0

C. CD t eD

B. .r< Q < < < a
-! ' -8Ii

on Om -84 hDa

4.

AO

- -50kDa
_ c-_-43kDa

-34 kDa
8 33 *

34 143,50, 841 k Da

A60SV - 43kDa

e, 3-3

A6SV 5O kDa

8 3 3 1
A45SV --i- - 84143, 501 k Da

FIG. 1. cDNA cloning and transient expression. (A) The EcoRI restriction profile of HCMV strain AD169 (32) is shown, along with an
expanded map of the R-d region encoding the family of early RNAs. The positions of the component exons and introns of the RNAs are
summarized below, with sizes given in nucleotides. APSV is a plasmid construct containing the SV40 origin of replication and the HCMV
major IE promoter (1) followed by the genomic sequences encoding the HCMV family of early proteins beginning 25 bp 5' of the start site
of translation and extending to the BamHl site in fragment d (44). cDNAs were generated from cytoplasmic poly(A)+ RNA, obtained from
AD169-infected cells at 72 h p.i. Oligonucleotide primers 1 and 2 were utilized for first- and second-strand synthesis, respectively, and
representative cDNA clones for each class of mRNA were isolated (A60SV, A6SV, and A45SV). In-frame stop codons for each cDNA (*) are
shown. (B) Immunoblot analysis of transiently expressed cDNAs. The genomic (APSV) and cDNA expression vectors (A6SV, l45SV, and
A60SV) were transfected into COS-7 cells, and total cellular proteins were isolated at 48 h posttransfection, along with untransfected COS-7,
mock-infected fibroblasts, and AD169-infected (48 h p.i.) cell proteins, separated by SDS-PAGE, transferred to nitrocellulose, probed with
immune antiserum, and labeled with '25I-protein A.

template for the reaction. First-strand synthesis was primed
by a 25-base synthetic oligonucleotide (L622), designated
primer 1, corresponding to a sequence located near the 3'
end of the RNA coding region (Fig. 1A). Second-strand
synthesis was primed by another 25-base oligonucleotide
(L621), designated primer 2, corresponding to a sequence
near the 5' end of the first exon. The nascent cDNAs were
restricted with PstI and ClaI and cloned directly into a
PstI-ClaI-cleaved pIERdAP expression vector, as described
in Materials and Methods. This expression vector contains
the major HCMV IE promoter but uses both the natural
ATG translation initiation site and the 3'-terminal polyade-
nylation site for these transcripts. The reaction generated
336 clones, of which 82 were positive for insertion of the
viral-specific sequences. Of the positive cDNAs, 62 clones
corresponded to full-length unspliced transcripts, 8 clones
had spliced out the first intron and the shorter of the two
alternative second introns and are represented by pRdA60, 7
clones had spliced out the first intron and the longer second
intron and are represented by pRdA6, and 3 clones had
spliced out only the first intron and are represented by
pRdA45. Because we could detect no difference between
cDNAs for the full-length unspliced transcript and the ge-

nomic DNA, the clone corresponding to the genomic DNA
was used for all subsequent experiments. The SV40 origin of
replication was cloned into the genomic clone (pIERdAP) as

well as the representative cDNAs (pRdA6, pRdA45, and
pRdA60), and the resulting clones were called pAPSV,
pA6SV, pA45SV, and pA60SV, respectively.

The constructs pAPSV, pA6SV, pA45SV, and pA60SV
were transfected into COS-7 cells by the DEAE-dextran
method, and at 48 h posttransfection transient proteins were
analyzed by immunoblot (Fig. 1B). The genomic clone,
pAPSV, generated all four proteins in proportions similar to
those found in AD169-infected cells at late times. pA6SV,
which had spliced out the first intron and had spliced the
second exon to the 785-nucleotide 3' exon, encoded only the
50-kDa protein. pA45SV, which had spliced out only the first
intron, encoded predominantly the 84-kDa protein along
with traces of the 50- and 43-kDa proteins, most likely from
secondary splicing events. pA60SV, which had spliced out
the first intron and had spliced the second exon to the
915-nucleotide 3' exon, generated only the 43-kDa protein.
Sequence analysis of the splice donor-acceptor sites for the
genomic clone (pAPSV) as well as the cDNAs (pA6SV,
pA45SV, and pA60SV) was performed by dideoxy sequenc-
ing, using synthetic oligonucleotide primers 5' to each of the
putative splice donors (data not shown). These data allowed
for more precise assignment of the sizes of the common
exons as well as for the first intron and the alternative 3'
introns (Fig. IA). The sizes were comparable to those found
by Staprans and Spector (35), using exon-mapping tech-
niques. The sizes assigned to the alternative 3' exons remain
based on these previous studies.
From the data described above, we conclude that the 43-

and 50-kDa proteins are encoded by the fully processed 2.2-
and 2.1-kb transcripts, respectively. The 84-kDa protein
could then be encoded by a larger transcript which had

A P S V
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FIG. 2. Northern (RNA) analysis of the HCMV class of early transcripts synthesized in the presence or absence of an inhibitor of viral
DNA replication. (A and B) Cytoplasmic polyadenylated RNA (3.6 ,ug per lane) extracted from HCMV-infected cells at 2 (lane 1), 8 (lane 2),
26 (lane 3), and 72 (lane 4) h p.i., along with infected cells incubated in the presence of 300 ,ug of phosphonoacetic acid per ml from 26 to 72
(lane 5) and 0 to 72 (lane 6) h p.i., was electrophoresed on a denaturing formaldehyde gel, transferred to NYTRAN (Schleicher & Schuell),
and hybridized to 32P-labeled single-stranded probe derived from the first exon of the RNAs (C). Panels A and B are 12- and 60-h exposures
of the same blot. Fragment sizes are given (in kilobases) on the right of the gels.

spliced out only the first intron, leaving the 34-kDa protein to
be encoded by an unspliced transcript, as we had suggested
previously (44). It is clear that these proteins are generated
by differential splicing of their respective RNA transcripts.
Thus, production of these gene products is regulated not
only at the level of transcription, as shown previously (34),
but also posttranscriptionally by alternative RNA process-

ing.
Pattern of expression of the family of early RNAs. Previous

analysis of the kinetics of expression of the members of this
family of proteins showed temporal differences in their
pattern of expression (44). The 43-kDa protein was the most
abundant of the four proteins, and its level of expression
remained relatively constant throughout the infection.
Expression of the other proteins increased as the infection
progressed. In an earlier study (35), it was also noted that the
complexity of transcription from the general region of the
genome encoding these proteins increased greatly as the
infection progressed, but these transcripts were not charac-
terized. To more accurately determine the temporal pattern
of accumulation of the transcripts encoding this family of
proteins and to correlate each with their proposed protein
product, we analyzed the steady-state level of RNAs from
infected cells, both in the presence and absence of an

inhibitor of viral DNA replication (Fig. 2). Cytoplasmic
poly(A)+ RNA was prepared from AD169-infected cells at 2,
8, 26, or 72 h p.i. and from infected cells incubated in the
presence of 300 ,ug of PAA per ml from 26 to 72 and from 0

to 72 h p.i. The infected-cell RNAs were subjected to
electrophoresis through denaturing formaldehyde gels and
transferred to NYTRAN (Schleicher & Schuell, Inc.,

Keene, N.H.). The filters were hybridized with a 32P-labeled
RNA probe corresponding to the 5' exon of these RNAs (see
Materials and Methods; Fig. 2C). We identified the fully
processed species of 2.1 and 2.2 kb, as well as larger
transcripts migrating between 2.5 and 2.65 kb. The 2.1- and
2.2-kb RNAs, encoding the 50- and 43-kDa proteins, respec-
tively, reached near maximum abundance by 8 h p.i.,
remained relatively constant through 26 h p.i., and de-
creased slightly at late times. As the infection progressed to
late times, an increase in complexity was seen, and the larger
transcripts, which correspond in size to the species which
has spliced out only the first intron and the completely
unspliced transcript, could then be detected. In the presence
of PAA, from 26 to 72 h p.i., there was a four- to fivefold
decrease in the steady-state levels of all of the RNAs, with a
slightly greater decrease when the drug was present from
time zero. Under these conditions, accumulation of the
2.2-kb RNA species was inhibited to a greater extent than
was the 2.1-kb RNA. We also noted that in the presence of
PAA the 2.5- to 2.65-kb species appeared to be migrating
faster on the gels, indicating a slight decrease in size.

Pattern of expression of the proteins in the absence of viral
DNA replication. To determine whether the accumulation of
this family of proteins was also dependent on the state of
DNA replication and mirrored that of the RNAs, we isolated
total cellular proteins from AD169-infected cells at 8, 24, 48,
or 72 h p.i. and from infected cells incubated in the presence
of 300 ,ug of PAA per ml from 24 to 48, from 24 to 72, or from
0 to 72 h p.i. The proteins were separated by SDS-PAGE,
electroblotted, and probed with antiserum generated against
a peptide corresponding to the amino terminus of these

.
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FIG. 3. Immunoblot analysis of lysates from AD169-infected
cells incubated in the presence or absence of an inhibitor of viral
DNA replication. Lysates (5 x 105 cell equivalents) obtained from
cells infected with HCMV for 8 (lane 1), 24 (lane 2), 48 (lane 3), and
72 (lane 5) h, along with infected cells incubated in the presence of
300 p.g of phosphonoacetic acid per ml from 24 to 48 (lane 4), 24 to
72 (lane 6), and 0 to 72 (lane 7) h p.i., were separated by SDS-PAGE,
transferred to nitrocellulose, probed with immune antiserum, and
labeled with 125I-protein A.

proteins, as previously described (44). In the absence of
PAA, the pattern of expression of the proteins was similar to
that seen previously (44) (Fig. 3). The 43-, 50-, and 84-kDa
proteins could be detected by 8 h p.i. As the infection
progressed, the 34-kDa protein could be detected by 24 h
p.i., was clearly seen at 48 h p.i., and along with the 50- and
84-kDa proteins increased greatly between 48 and 72 h p.i.
When the infected cells were harvested at 48 h p.i. after
incubation with PAA from 24 to 48 h p.i., the 43-kDa protein
decreased slightly in abundance, compared with that at 48 h
p.i. in the absence of the drug, but remained at essentially
the same concentration as that found at 24 h p.i. The 84-kDa
protein remained at levels similar to those found at 24 and 48
h p.i. in the absence of the drug, while the 34-kDa protein
increased slightly in abundance over the levels seen at 24 h
p.i. in the absence of the drug. However, the 50-kDa protein
was greatly affected and could not be detected under these
conditions. In cells incubated from 24 to 72 or from 0 to 72 h
p.i. in the presence of PAA, the 84-, 43-, and 34-kDa proteins
remained at concentrations which were slightly reduced but
similar to that found when the drug was present from 24 to 48
h p.i., as described above. However, again the 50-kDa
protein could not be detected. In all cases the final levels of
the proteins were decreased in the presence of PAA, com-
pared with those at 72 h p.i. in the absence of the drug.
The accumulation of the 84-, 43-, and 34-kDa proteins

(Fig. 3) coincided with the pattern of accumulation of the
transcripts (Fig. 2) which we have proposed to encode each
of these proteins. However, the abundance of the 50-kDa
protein did not correlate with the level of its corresponding
RNA. The steady-state level of the 2.1-kb RNA species,
which encodes the 50-kDa protein, was only slightly lower
than that of the 2.2-kb RNA species, yet the 50-kDa protein
was much less abundant than the 43-kDa protein and in-
creased in abundance only at late times. This effect was
more apparent in the presence of PAA, when the 2.2-kb
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FIG. 4. Partial proteolytic cleavage with S. aiuireuts V-8 protease.
(A) [35S]methionine-labeled infected-cell proteins were immunopre-
cipitated with immune antiserum, isolated by preparative SDS-
PAGE, subjected to partial proteolysis with V-8 protease (0, 50, or
200 ng), and resolved by SDS-PAGE (15% acrylamide). (B) 32Pi-
labeled infected-cell proteins were isolated as described above,
subjected to partial proteolysis with V-8 protease (0, 50, or 200 ng),
and resolved by SDS-PAGE (15% acrylamide).

RNA species decreased in abundance to levels below detec-
tion (Fig. 2), and the 43-kDa protein was still the most
abundant species (Fig. 3). Under these conditions, the levels
of the 2.1-kb RNA species, although decreased, were easily
detected, but the 50-kDa protein could not be detected.

Partial proteolysis. From the analysis described above, we
identified the origin of each of the members of this family of
proteins and reconfirmed that each of the proteins shares a
common amino terminus with variable carboxy termini.
Previously, we reported that all of the proteins were phos-
phorylated in vivo but did not determine whether they were
unique or common sites of phosphorylation (44). To deter-
mine the pattern of phosphorylation, we used partial prote-
olysis with S. aiureius V-8 protease on infected-cell proteins
labeled from 48 to 72 h p.i. with [35S]methionine or 32p (see
Materials and Methods; Fig. 4). The V-8 proteolytic profile
of [35S]methionine-labeled 43-, 50-, and 84-kDa proteins is
shown in Fig. 4A. Each of the proteins generated a common
fragment of approximately 34 kDa which comigrated with
the in vivo 34-kDa protein (data not shown; compare Fig. 4A
with Fig. 4B). This shared band most likely represents the
common amino-terminal portion of the proteins. The 43- and
50-kDa proteins also had distinct patterns of lower bands
which had some similarities, but the bands migrated at
slightly different positions (Fig. 4A). In our previous studies,
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we showed that the tryptic peptide maps of the
[135SSmethionine-labeled 43- and 50-kDa proteins were nearly
identical (44). This suggested that all the methionine-con-
tamning tryptic peptides were within the shared regions
corresponding to the first two exons of the proteins. Se-
quence analysis has confirmed that there are no methionine
residues within the alternative carboxy termini of the 43- and
50-kDa proteins (data not shown). Thus, the lower-molecu-
lar-mass bands for the 43- and 50-kDa proteins represent
shared methionines which contain either unique carboxy-
terminal sequences or common sequences which were dif-
ferentially cleaved due to an altered sensitivity to the V-8
protease conferred by the carboxy-terminal unique se-
quences. The 84-kDa protein shared only the amino-terminal
fragment and generated a unique pattern of carboxy-terminal
fragments which contain the common shared methionines
from exon 2 as well as additional methionines from the
carboxy terminus. We next compared the partial proteolytic
pattern of 32Pi-labeled proteins with that of the [35S]methio-
nine-labeled proteins described above (Fig. 4B). The 43-kDa
protein was phosphorylated predominantly on the amino-
terminal shared fragment, while the 50- and 84-kDa proteins
were only lightly phosphorylated on this fragment. Most of
the phosphorylation of the 50-kDa protein was on the
fragments derived from carboxy-terminal sequences, while
the 43-kDa protein was only lightly phosphorylated in this
region. The 84-kDa protein showed a pattern of carboxy-
terminal phosphorylation which was unique and was similar
to its 15S pattern described above.

Tryptic peptide mapping. Although the analysis described
above showed that each member of this family of proteins
was differentially phosphorylated, we could not determine
whether these differences were only quantitative or if there
were unique as well as shared sites of phosphorylation for
each of the proteins. To differentiate between these possi-
bilities, we used tryptic peptide mapping of AD169-infected
cell proteins labeled with 32p; from 48 to 72 h p.i. (see
Materials and Methods). Tryptic peptide maps of these four
proteins were compared (Fig. 5), along with maps of mixes
of each of the proteins (data not shown). The maps of each
of the proteins were highly divergent, showing unique pat-
terns of phosphorylation with only slight overlap. This can
be contrasted with the tryptic peptide maps of the
[35S]methionine-labeled proteins, of which the 34-kDa pro-
tein was an exact subset of the other proteins representing
exon 1, the 43- and 50-kDa proteins were virtually identical,
representing exons 1 and 2, and the 84-kDa protein con-
tained the 43- and 50-kDa protein pattern as well as addi-
tional carboxy-terminal [35S]methionine-containing peptides
(44). The 32Pi-labeled proteins generated maps in which there
appeared to be only a single common phosphopeptide (Fig.
5, spot A). Peptide A was the predominant phosphorylated
peptide for the 43-kDa protein and was represented in
various amounts in each of the other maps. This is consistent
with the partial proteolytic mapping detailed above (Fig. 5),
showing that the predominant site of phosphorylation on the
43-kDa protein is within a common region and that this
region is less phosphorylated in each of the other proteins.
Each of the proteins also generated unique tryptic phos-
phopeptides which may be derived from alternative sites of
phosphorylation within the shared sequences or from unique
sites within the carboxy-terminal regions.
The experiments described above demonstrated that these

proteins contain both quantitative as well as qualitative
differences in phosphorylation. To determine whether these
differences could be accounted for, at least in part, by

phosphorylation of different amino acids, the phosphoamino
acid composition of the proteins was determined. 32Pi-
labeled infected-cell lysates were immunoprecipitated with
immune antisera, and the proteins were isolated by prepar-
ative SDS-PAGE. Each of the proteins was hydrolyzed to
individual amino acids and analyzed by two-dimensional
thin-layer electrophoresis (see Materials and Methods). We
detected only phosphoserine in all four proteins. There was
no evidence that any of the proteins contained phosphothre-
onine or phosphotyrosine (data not shown). Similar results
were obtained when infected-cell proteins were subjected to
immunoblot analysis (44) and probed with either immune
serum against the proteins or antiphosphotyrosine antiserum
(kindly provided by J. Y. J. Wang); again, none of the proteins
was found to contain phosphotyrosine (data not shown).

Finally, to determine whether any of the phosphorylation
of the proteins could be contributed by ADP-ribosylation,
[32P]NAD was incorporated into uninfected and AD169-
infected (48 h p.i.) cell nuclei in vitro. Total nuclear lysates
as well as immunoprecipitated samples were analyzed by
SDS-PAGE (data not shown). Although [32P]ADP-ribose
was incorporated into both normal cellular and viral-induced
infected-cell proteins, no incorporation was found in any
member of this family of proteins. This distinguishes these
proteins from the herpes simplex virus type 1 IE polypeptide
Vmwl75/ICP4 (27), the SV40 large T antigen (15), and the
adenovirus T antigen (12), in which this type of modification
has been identified.

Evolutionary conservation. The studies described above
demonstrated that the expression of this family of proteins is
regulated both at the level of transcription (34) and posttran-
scriptionally by differential RNA processing, translation or

stability of the proteins, and phosphorylation. Although we

are not yet able to assign a function(s) to these proteins, a

relative measure of their importance in the replication of
HCMV could be determined by their conservation in other
viral isolates. To determine whether these AD169-encoded
proteins were conserved among other HCMV strains, we

analyzed a common laboratory strain (Towne) and two
recent independent clinical isolates (Co and Ro). Total
cellular proteins from mock-infected cells or cells infected
with AD169, Towne, Co, or Ro strains of HCMV were

separated by SDS-PAGE and analyzed by immunoblot, as

previously described (44). All four HCMV strains were

shown to induce comigrating proteins of 84, 50, 43, and 34
kDa which were recognized by immune serum generated
against a synthetic peptide corresponding to the amino
terminus of these proteins (Fig. 6). Interestingly, two pro-
teins with migrations slower than that of the 84-kDa protein
were detected in the lysates from the Towne, Co, and Ro
strains (Fig. 6). The pair from Towne and Ro comigrated,
while the pair from Co had a slightly faster migration. These
proteins were found to be nonspecific in the sense that in the
presence of excess amino-terminal peptide (100 p.g/ml), the
84-, 50-, 43-, and 34-kDa proteins could be completely
eliminated by competition, whereas the pair of proteins were

not and were actually enhanced (Fig. 6). Although these
viral-induced proteins are nonspecific, it is interesting that
they are not detected in the AD169-infected cells, and their
origin is unclear. These data show that these proteins are

highly conserved among various HCMV strains, suggesting
a potentially important role in the life cycle of the virus.

DISCUSSION
HCMV, like other herpesviruses, exhibits a temporal

pattern of gene expression which is subject to transcriptional
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FIG. 5. Tryptic peptide mapping of 32Pi-labeled infected-cell proteins. Labeled proteins were immunoprecipitated with immune antiserum
and isolated by preparative SDS-PAGE, and tryptic peptides were generated. The origin of each tryptic map is indicated (T ), along with the
orientation of the anode (+) and the cathode (-). The numbers correspond to the isolated protein used to generate each map. Conditions for
electrophoresis and chromatography were identical for all tryptic peptide maps. Spot A is labeled for purposes of discussion in the text.

control. However, HCMV also appears to utilize posttran-
scriptional regulatory mechanisms. Previous analysis of the
steady-state levels of HCMV RNAs indicated that at early
times in the infection, although the viral genome appeared to
be extensively transcribed, many of these transcripts either
failed to be transported to the cytoplasm or were unstable (7,
40). Subsequent studies have given some insight into possi-
ble mechanisms involved in the posttranscriptional regula-
tion of HCMV genes. In one case, an alternative processing
event at the 3' end of the RNA occurring late in the infection
correlated with the appearance of RNA transcripts in the
cytoplasm (14). Other studies indicate that posttranscrip-
tional regulation of certain transcripts may be occurring at
the level of translation or stability of the protein products

(9-11). In this report, we show that gene expression from the
genetic unit contained within the adjacent HCMV strain
AD169 EcoRI fragments R and d (map units 0.682 to 0.713)
is subject to multiple levels of posttranscriptional control.

Previously, we identified a class of early transcripts arising
from the adjacent HCMV EcoRI fragments R and d and
showed that the fully processed RNAs (designated the
2.2-kb class of RNAs) consisted of invariable 5' and internal
exons and a heterogeneous 3' exon (35). At late times in the
infection, additional transcripts from this region were de-
tected, but they were not further characterized. Subse-
quently, we analyzed the putative promoter regulatory re-
gion of this coding unit and determined that it was regulated
at the level of transcription by IE gene products (34). With

J. VIROL.



POSTTRANSCRIPTIONAL REGULATION OF HCMV EARLY PROTEINS 3125

+ PE PTIDE
r

iMAiTiCiR lM,A,T.C'RI

-qm-6m4kD-84kOa

-5OkDa

43kDa

-34k- IIa

FIG. 6. Evolutionary conservation of the HCMV proteins. Total
cellular proteins isolated from mock-infected cells (lanes M) and
cells infected with HCMV strains AD169 (lanes A), Towne (lanes
T), Co (lanes C), and Ro (lanes R) were separated by SDS-PAGE,
transferred to nitrocellulose, probed with immune antiserum either
in the presence of 100 ,ug of free peptide per ml or in the absence of
peptide, and labeled with '25I-protein A.

the use of antisera directed against a synthetic peptide
corresponding to the predicted amino terminus of the pro-

teins, we were able to show that this class of RNAs specified
four nuclear phosphoproteins of 84, 50, 43, and 34 kDa (44).
We noted that the 43-kDa protein was the most abundant of
the four proteins and that its level of expression remained
relatively constant throughout the infection, while expres-

sion of the other proteins increased as the infection pro-

gressed to late times. The presence of multiple proteins with
differential kinetics of synthesis suggested that this tran-
scription unit might have additional levels of regulation
which occur posttranscriptionally.
To further address the posttranscriptional regulatory

mechanisms involved in the generation of these proteins, we

used cDNA cloning to correlate each protein product with a

specific mRNA. Four classes of cDNAs were identified. One
class of cDNAs corresponds to the unspliced 2.65-kb ge-

nomic transcript, which increases in abundance as the infec-
tion proceeds to late times (Fig. 2). Transient expression of
the genomic clone in COS-7 cells generated all four of the
proteins in proportions similar to that seen in AD169-
infected cells at late times in the infection. Two other classes
of cDNAs correspond to the fully processed transcripts of
2.1 and 2.2 kb, which were previously identified by Staprans
and Spector (35) as the predominant early RNAs. The group

which had spliced the two common 5' exons to the larger of
the two 3' heterologous exons and which corresponded to
the 2.2-kb RNA encoded the 43-kDa protein. The other
class, which had spliced the two common exons to the
shorter 3' exon and thus corresponds to the 2.1-kb RNA,
encoded the 50-kDa protein. The final group of cDNAs had
spliced out only the first intron and corresponds to a 2.5-kb
transcript which does not appear in abundance until late
times in the infection. This cDNA class specified predomi-
nantly the 84-kDa protein and small amounts of the 43- and
50-kDa proteins, which were probably generated by second-
ary splicing events in COS-7 cells. The 34-kDa protein was

not generated by any clone which had removed the first
intron. This further supports our previous suggestion, which

was based on a comparison of tryptic peptide maps of an in
vitro-synthesized polypeptide with the in vivo 34-kDa pro-
tein, that a full-length transcript could encode the 34-kDa
protein (44).
The data presented above, as well as previous analysis of

the kinetics of accumulation and relative rates of synthesis of
this family of proteins as a function of time (44), suggest that
this transcription unit is regulated posttranscriptionally by
alternative RNA splicing as the infection progresses. This
type of posttranscriptional regulatory mechanism generating
alternatively spliced RNAs, although not commonly used by
herpesviruses, has been noted for several other HCMV
genes. For example, the multiple HCMV IE RNAs originat-
ing from the IEl- and IE2-coding units likely arise, at least in
part, from alternative splicing (17, 36). Alternative splicing
has also been seen for the IE RNAs originating from the
short unique region of HCMV at an open reading frame
designated HQLF1 (42, 43), as well as for the IE RNAs
arising from the HindlIl fragments Z and J located in the
long unique segment of the genome (23). The general trend in
these alternative splicing mechanisms is the transition from
highly spliced RNAs to less processed RNAs as the infection
progresses to late times, a pattern we also see for the family
of early transcripts analyzed in this study. One exception to
this trend has been seen with a class of RNAs which are
transcribed at early times but are not represented in the
cytoplasm until late in the infection (14). In this case, the
appearance of the transcripts in the cytoplasm correlates
with differential processing of the 3' ends either by alterna-
tive 3'-terminal cleavage and polyadenylation or by differ-
ential splicing. The mechanisms responsible for the differen-
tial splicing patterns of HCMV RNAs have yet to be
elucidated but likely involve modifications of the splicing
machinery as the infection progresses. Further studies aimed
at the identification and characterization of these modifica-
tions should provide important insights into the host cell
spliceosome as well as the posttranscriptional regulatory
mechanisms used by HCMV.
With assignment of the 84-, 50-, 43-, and 34-kDa proteins

to individual transcripts, we were able to compare the
patterns of expression of the RNAs with those of the
proteins. We showed that as the infection progressed to late
times, the concentration of the 2.5- to 2.65-kb RNAs, which
specify the 84- and 34-kDa proteins, respectively, increased
greatly. This is consistent with our previous report that the
84- and 34-kDa proteins also are produced in abundance only
at late times (44). In contrast, the concentration of the fully
processed 2.1- and 2.2-kb transcripts was nearly maximal by
8 h p.i., with the 2.2-kb transcript, encoding the 43-kDa
protein, being slightly more abundant. Previous analysis of
the 3' exons of these RNAs by quantitative Si nuclease
protection also demonstrated that the 2.2-kb transcript was
slightly more abundant than the 2.1-kb transcript and that
both species decreased in abundance by 28 h p.i., but their
relative proportions did not change (35). These results were
surprising in view of our previous data, which showed by
pulse-labeling that the 43-kDa protein was the most abun-
dantly translated at all times throughout the infection. Its
rate of synthesis was highest at 8 h p.i. and decreased
slightly at late times in the infection. On the other hand, the
synthesis of the 50-kDa protein was barely detectable at 8 h
p.i., and its rate of synthesis increased as the infection
progressed (44). Thus, it appears that expression of the
50-kDa protein is subject to additional posttranscriptional
control. The mechanisms underlying this posttranscriptional
control are unclear. Given the small difference in the 3'

VOL. 63, 1989

I



3126 WRIGHT AND SPECTOR

exons of the 2.2- and 2.1-kb mRNAs, one possible explana-
tion for the lack of correlation between the concentration of
the 2.1-kb RNA and the synthesis of the 50-kDa protein is
that at early times in the infection the 2.1-kb RNA, although
located in the cytoplasm, is blocked in transport to poly-
somes or not translated efficiently. Then, as the infection
progresses to late times, these RNAs are translated more
efficiently. Alternatively, since the carboxy-terminal regions
of the 50- and 43-kDa proteins differ, these proteins may
exhibit differential stability. This latter explanation is diffi-
cult to reconcile with our previous pulse-chase analysis,
which showed that when infected-cell monolayers at 8 h p.i.
were pulsed for 10 min with [35S]methionine and chased for
up to 120 min, the 50-kDa protein was as stable as the 43-kDa
protein (44). It is possible, however, that the 50-kDa protein
is transiently unstable either during or immediately after
translation and that after localization to the nucleus it
becomes stabilized.
We have also determined that the accumulation of this

class of HCMV early RNAs encoded by EcoRI fragments R
and d is dependent on the state of viral DNA replication. In
particular, when viral DNA replication is inhibited, the
steady-state concentration of these transcripts is reduced.
The dependence of the accumulation of these transcripts on
continuing viral DNA replication is in some ways reminis-
cent of that seen for leaky-late RNAs, which may be present
at early times but increase in abundance at late times
following amplification of the viral template. However, there
is an important distinction. In the absence of inhibitors, the
overall abundance of the class of RNAs analyzed in this
study does not increase at late times, despite a large ampli-
fication of template. Therefore, this pseudodependence on
DNA replication is more likely the result of this true early
transcription unit being greatly down regulated as viral
template levels increase, giving the appearance of a rela-
tively constant level of RNA production. This down regula-
tion could be the result of either a decrease in some positive
regulatory factor(s) or the production of a negative regula-
tory factor(s), the expression of which is not dependent on
the state of viral DNA replication.

Although the overall production of this family of RNAs
and their protein products was diminished when viral DNA
replication was inhibited, we also observed differential sus-
ceptibility of the proteins to this inhibition, as well as
changes in the mobility of some of the RNAs. Specifically,
we noted that when the 2.5- to 2.65-kb RNAs, which specify
the 84- and 34-kDa proteins, respectively, were isolated in
the presence of an inhibitor of viral DNA replication, they
migrated slightly faster than those isolated in the absence of
the drug. Since Staprans and Spector (35) reported that at
late times an alternative start site, which is approximately 60
bp upstream of the 5' end of the RNAs, is used, it is possible
that the shift to the upstream start site may be inhibited.
Nevertheless, the levels of these transcripts paralleled the
accumulation of their protein products. However, this was
not the case for the 43- and 50-kDa proteins. In the absence
of viral DNA replication, there was a disproportional loss of
the 2.2-kb transcript, encoding the 43-kDa protein (Fig. 2).
Despite the decrease in abundance of the 2.2-kb RNA, the
43-kDa protein still accumulated to higher levels than did the
other proteins (Fig. 3). These data support the previous
results, which indicated that the 2.2-kb RNA was most
efficiently translated at early times, and imply that this
mechanism is retained when the infection is held in an early
state by inhibition of viral DNA replication. In contrast,
although the concentration of the 2.1-kb RNA decreased

somewhat in the absence of viral DNA replication (Fig. 2),
the 50-kDa protein decreased in abundance to levels below
detection (Fig. 3). These results lend support to the ideas
that the posttranscriptional processes which allow accumu-
lation of the 50-kDa protein at late times are blocked when
viral DNA replication is inhibited and that these functions
are not required for production of the other proteins.
A final mechanism of posttranscriptional processing of this

family of proteins was found to operate at the level of
differential phosphorylation. We reported previously that
the members of this family of proteins were phosphorylated
in vivo (44). From a comparison of the S. aureus V-8
protease partial proteolytic patterns of [355]methionine- and
32Pi-labeled proteins shown here (Fig. 4), we were able to
establish that the 84-, 50-, and 43-kDa proteins were differ-
entially phosphorylated. This differential phosphorylation
was not due to phosphorylation of different amino acids,
since all four proteins contained only phosphoserine (data
not shown). The 43-kDa protein was predominantly phos-
phorylated in the amino-terminal region encoded by the first
exon, while the 50- and 84-kDa proteins were only lightly
phosphorylated in this region. Tryptic peptide mapping of
32Pi-labeled proteins confirmed that the differences in the
phosphorylation patterns of the proteins were not only
quantitative but were qualitative as well. The tryptic maps of
all four proteins showed unique patterns of phosphorylation,
with only a single common phosphopeptide (Fig. 5, spot A).
The shared phosphopeptide contained the most abundant
site of phosphorylation for the 43-kDa protein and was
present in lesser amounts in each of the other proteins. This
supports the partial proteolytic data described above, which
showed that the predominant site of phosphorylation for the
43-kDa protein was in a common region and that this region
was quantitatively less phosphorylated in the other three
proteins. The functional significance of the alternative sites
of phosphorylation in the HCMV proteins is not clear.
Further characterization of the biochemical properties of the
proteins will be required before the role alternative phos-
phorylation plays in the activity of the proteins can be
addressed.

In summary, these studies have revealed that this family
of proteins has multiple levels of regulation. Transcription
from this early gene is highly regulated and is dependent on
IE gene expression for induction (34) and on an unknown
mechanism for down regulation late in the infection. Produc-
tion of the proteins is regulated by alternative RNA splicing,
which varies as the infection progresses to late times by
decreasing the overall levels of splicing. The relative abun-
dance of the proteins is also determined by differential
translation or protein stability, which allows increased levels
of the 50-kDa protein to be produced at late times. Finally,
the identification of alternative phosphorylation patterns for
each of the proteins, despite significant regions of homology,
reveals yet another level of posttranscriptional regulation
involved in their synthesis. Further characterization of the
functions of this complex class of highly conserved HCMV
nuclear phosphoproteins and the posttranscriptional mecha-
nisms involved in their production should help elucidate
their role in the replication cycle of HCMV.
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