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In a previous study (J. Martinez, R. S. Lahijani, and S. C. St. Jeor, J. Virol. 63:233-241, 1989), we

identified a late, unspliced 1.6-kb mRNA that maps to the HindlIl R fragment of human cytomegalovirus
(HCMV) AD169. In the present study, the direction of transcription of this mRNA was determined by Northern
(RNA) analysis with strand-specific probes. Primer extension was used to precisely map the 5' end of the
mRNA. An open reading frame (ORF) designated ORF 2-1, located 176 nucleotides downstream from the cap

site of the 1.6-kb mRNA, was identified. A synthetic peptide was made representing a hydrophilic region in the
amino terminus of ORF 2-1. Immunoprecipitation and Western immunoblot analysis of infected HEL cell
lysates, using affinity-purified antibody to the peptide (anti-P2l), detected a viral protein with an apparent
molecular mass of 58 kDa late in infection. Further support for the presence of this protein in infected-cell
lysates was obtained by an enzyme-linked immunosorbent assay. Expression of viral antigens in intact infected
HEL cells was assessed by immunofluorescence. General cytoplasmic staining was observed at 62 h
postinfection, in contrast to a localized staining observed in the nuclear and perinuclear region at 96 h
postinfection.

Human cytomegalovirus (HCMV), a ubiquitous member
of the herpesvirus family, is associated with a wide variety of
diseases, particularly when infection occurs in developing
fetuses or in immunocompromised individuals (1, 14, 17).
HCMV contains a linear double-stranded DNA genome of
approximately 240 kb, which is the largest and most complex
of the human herpesvirus genomes. HCMV gene expression
in permissive human fibroblast cells exhibits a sequential and
regulated pattern, which can be broadly categorized into
three phases designated as immediate-early, early, and late
(6, 7, 27, 36, 41, 42; for recent reviews, see references 24 and
37).
The immediate-early genes, the first genes expressed after

infection, are transcribed from limited regions in the genome
in the absence of preceding viral protein synthesis (35, 39,
44). The primary regulatory mechanism of the immediate-
early genes is at the transcriptional level (2, 5, 34, 38, 43).
After IE proteins have been synthesized, there is a switch
from restrictive to extensive transcription of the genome.
Transcripts made at this time represent both early and late
genes. Early mRNAs are transcribed, transported into the
cytoplasm, and translated prior to viral DNA replication (3,
4, 11, 12, 19, 28, 32). In contrast, late mRNAs are seques-
tered in the nucleus following transcription. After the onset
of viral DNA replication, these mRNAs are processed,
transported into the cytoplasm, and subsequently translated
into viral proteins. This suggests posttranscriptional regula-
tion for late genes (10, 13, 22). However, true late genes,
which stringently require DNA replication for expression
(22, 25, 29, 33), as well as early-late (leaky-late), genes which
require DNA replication for maximum expression (8, 25),
have been reported.

Late genes, which code for viral structural proteins, play
an important role in the assembly of infectious virus. Struc-
tural proteins are important targets for the humoral and
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cellular immune response. Thus, an understanding of late
gene regulation could yield valuable information for design-
ing strategies to control HCMV replication. To this end, we
attempted to identify and characterize HCMV late genes. In
our previous studies, three cDNA clones were isolated from
a lambda gtll library by using antibody against HCMV
virion proteins (26). One clone (C3) mapped to the HindIII R
fragment. Human convalescent sera reacted with the 3-ga-
lactosidase-C3 fusion protein (fpC3), and antisera made to
fpC3 identified a 25-kDa virion protein (25). This protein has
also been identified by Meyer et al. (29) as the highly
immunogenic 28-kDa structural phosphoprotein (pp28). Two
late transcripts (1.3 and 1.6 kb) homologous to the C3 cDNA
were subsequently identified. S1 nuclease analysis located
the 5' ends of these mRNAs, and DNA sequencing revealed
CAAT and TATA boxes located at a proper distance from
each of the 5' ends (25). To verify these findings, primer
extension and Northern (RNA) blot analyses with strand-
specific probes were conducted to precisely locate the start
of transcription and to identify the strand from which tran-
scription was initiated. Here we report that the 1.3- and
1.6-kb mRNAs are transcribed from the same strand and that
their transcription initiation sites are within 240 nucleotides
of each other.
Reading frame analysis of the first 3,000 nucleotides of the

HindlIl R fragment identified the initiation codon of an open
reading frame (ORF) capable of coding for a 21-kDa protein
located 233 nucleotides downstream from the 1.3-kb 5' end.
Meyer et al. (29) showed that a protein synthesized from this
ORF is recognized by a monoclonal antibody to pp28. As a
result, this ORF has been named ORF 28 K. In addition to
ORF 28 K, two short ORFs (ORF 2-1 and ORF 2-2) are
located in this region. The initiation codon of ORF 2-1 is
located 176 nucleotides downstream of the 5' end of the
1.6-kb mRNA. To verify whether this ORF codes for a
protein, we synthesized a synthetic peptide representing a
hydrophilic region in the amino terminus of ORF 2-1. In this
report we show that antibody against this peptide recognizes

373



374 LAHIJANI ET AL.

A B c

FIG. 1. Northern analysis with strand-specific probes. Cytoplas-
mic poly(A)+ RNA was isolated from HCMV-infected HEL cells 62
h p.i., fractionated on a 1% formaldehyde-agarose gel, and trans-
ferred to GeneScreen Plus membrane. Each lane contained 10 ,ug of
RNA. C3 cDNA was cloned into a M13mpl8 vector in both
orientations to generate strand-specific probes. Individual lanes
were probed with 32P-labeled C3 cDNA (lane A), single-stranded
DNA from M13 clone C3-4 (lane B), and single-stranded DNA from
M13 clone C3-6 (lane C). C3-4 DNA is complementary to C3-6
DNA. The size of the detected RNAs is given in kilobases.

a protein with an apparent molecular mass of 58 kDa in
HCMV-infected cells late in infection.

MATERIALS AND METHODS

Cells and virus. Human embryonic lung (HEL) cells were
grown in monolayers and maintained on Dulbecco modified
Eagle medium supplemented with 10% fetal calf serum.
HEL cells were infected with HCMV (AD169) at a multi-
plicity of infection of 10 PFU per cell.
RNA isolation and Northern analysis. Confluent monolay-

ers of cells infected with HCMV were harvested at 62 h
postinfection (p.i.), and cytoplasmic poly(A)+ RNA was
isolated as previously described (25). RNA was size frac-
tionated on 1% agarose gels containing 2.2 M formaldehyde
and transferred to GeneScreen Plus (Dupont, NEN Re-
search Products, Boston, Mass.). Northern blots were hy-
bridized and washed as specified by the manufacturer.

Oligonucleotide preparation. Oligonucleotides were made
on a Du Pont Coder 300 as recommended by the manufac-
turer. Crude preparations from the synthesizer were purified
on 7 M urea-17% polyacrylamide gels. The purified oligo-
mers were 5' end labeled with T4 kinase and [.y-32P]ATP for
1 h at 37°C. Labeled oligomers were separated from unin-
corporated nucleotides as previously described (25). Two
primers were synthesized. Primer 8784 is a 17-base primer
complimentary to sequences 182 nucleotides downstream
from the putative 5' end of the 1.6-kb mRNA. Primer 6723 is
a 17-base primer complementary to sequences 41 nucleo-
tides downstream from the putative 5' end of the 1.3-kb
mRNA.
DNA sequencing. Sequencing was done by the dideoxy-

chain termination method (31). The HindIII-KpnI subfrag-
ment of HindIII-R was cloned into the M13mpl8 vector, and
single-stranded phage DNA was obtained. Primers 8784 and
6723 (mentioned above) were used in sequencing reactions.
Primer extension. Radiolabeled primers (3 x 104 cpm)

were annealed to 10 ,ug of poly(A)+ RNA and extended for
1 h at 42°C by using 10 U of reverse transcriptase (Life

Sciences, St. Petersburg, Fla.). Reaction mixtures contained
50 mM Tris hydrochloride (pH 8.3), 10 mM MgCI2, 10 mM
dithiothreitol, and the four deoxynucleoside triphosphates
(0.1 mM each). The extended products were phenol ex-
tracted and ethanol precipitated, and the pellets were dis-
solved in 5 ,ul of a solution containing 80% deionized
formamide, 10 mM NaOH, 0.1% xylene cyanol, and 0.1%
bromophenol blue. Samples were subjected to electrophore-
sis through a 6% polyacrylamide-7 M urea gel and analyzed
by autoradiography.

Strand-specific M13 probes. C3 cDNA was cloned into the
M13mp18 vector in both orientations. Single-stranded phage
DNA generated from these clones contained the comple-
mentary strands of the C3 cDNA clone. Radiolabeled hy-
bridization probes were made from single-stranded phage
DNA, as described by Hu and Messing (18), by using a
17-base probe primer (Bethesda Research Laboratories,
Gaithersburg, Md.) which was hybridized to M13 DNA at a
point immediately downstream from the cloned insert. These
probes were not denatured prior to hybridization.
Antibody production and purification. ORF 2-1 was trans-

lated by using the software SEQNCE (Delaney Software
Ltd., Vancouver, Canada). The hydrophobicity plot of the
deduced amino acid sequence was obtained by using the
Kyte and Doolittle Hydrophobicity program (21). A syn-
thetic peptide corresponding to residues 12 to 26 was syn-
thesized by MilliGen/Biosearch, Navato, Calif. The syn-
thetic peptide (P2-1) was coupled to keyhole limpet
hemocyanin (Sigma, St. Louis, Mo.) through tyrosine resi-
dues by using bis-diazobenzidine (BDB) (16). Rabbits were
injected with coupled P2-1 mixed with Freund complete
adjuvant (Difco Laboratories, Detroit, Mich.) and boosted
every 14 days with coupled P2-1 mixed with Freund incom-
plete adjuvant. Rabbits were given two booster injections,
and serum was collected 2 weeks after the second booster
injection. Anti-peptide affinity-purified antibody (anti-P2-1)
was obtained by passing the rabbit serum over a column
which was prepared by immobilizing 50 mg of peptide on the
surface of cyanogen bromide-activated Sepharose CL-4B
(Sigma). Purified antibody was assessed for reactivity to P2-1
by enzyme-linked immunosorbent assay (ELISA) and dou-
ble immunodiffusion (16).
ELISA of infected-cell lysates and purified virion proteins.

HEL cells were either infected with HCMV or mock in-
fected. At 62 and 96 h p.i., cells were harvested, resus-
pended in phosphate-buffered saline (PBS) containing 2 mM
phenylmethylsulfonyl fluoride, and lysed by using a Dounce
homogenizer. Fourfold serial dilutions of cell lysates were
applied to 96-well microtiter plates and assessed for reactiv-
ity to anti-P2-1 by ELISA. The anti-P2 1was used at a 1:1,000
dilution as the primary antibody, and horseradish peroxi-
dase-labeled anti-rabbit immunoglobulin G (Southern Bio-
technology, Birmingham, Ala.) was used as the secondary
antibody. The concentration of anti-P2 1was 2 mg/ml prior to
dilution. The substrate for the ELISA was 3,3',5,5'-tetram-
ethylbenzidine (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, Md.), which was used as specified by the
manufacturer. The optical density was read at 450 nm.
Immunofluorescence. HEL cells, grown on cover slips,

were either infected with HCMV at a multiplicity of infection
of 0.5 or mock infected. At 62 and 96 h p.i., the cells were
washed in PBS, rinsed in water, fixed for 5 min with acetone,
and allowed to air dry. A 1:10 dilution of anti-P2-1 was
applied to the cells, which were then incubated for 30 min at
37C. The cells were washed four times in PBS, and a
fluorescein-conjugated affinity-purified goat anti-rabbit anti-
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FIG. 2. Organizational summary of gene expression from the region encoding the 58-kDa protein. The restriction map of the 6.5-kb HindlIl

R fragment is shown. The region encoding the 1.6- and 1.3-kb transcripts is expanded, and selected restriction recognition sites are given. The
1.6- and 1.3-kb transcripts are represented by arrows from their respective 5' ends. The promoter consensus sequences and the
polyadenylation signal are indicated. Positions of oligomers used in primer extension analysis are shown. The location of ORF 28 K as well
as the predicted ORFs in frame 2 are indicated.

body (Southern Biotechnology) was applied for 30 min at
37°C. After incubation, the cells were washed four times
with PBS and rinsed once with water. They were air dried,
mounted on slides, and observed under a fluorescence
microscope.

Immunoprecipitation. HEL cells infected with HCMV or
mock infected were starved for 1 h with cysteine-free
Dulbecco modified Eagle medium containing 2% dialyzed
fetal calf serum. The medium was replaced with Dulbecco
modified Eagle medium containing 2% fetal calf serum and
[35S]cysteine (50 R/CiIml) and left on the cells for 4 h. At 62
h p.i., the cells were harvested and resuspended in a buffer
containing 50 mM Tris hydrochloride (pH 7.4), 150 mM
NaCl, and 1% Triton X-100. The lysates were precleared by
incubation with normal rabbit serum and protein A-Sepha-
rose (Sigma) for 60 min at 4°C. To 50 ,ul of each lysate (5 x
106 cpm) were added 30 RI of protein A-Sepharose and 10 ,ul
of 2-mg/ml anti-P2-1. The total volume was adjusted to 500
,ul, and the mixture was incubated overnight at 4°C. The
immune complexes formed were pelleted and washed three
times in a buffer containing 50 mM Tris hydrochloride (pH

7.4), 5 mM EDTA, 5% sucrose, 1% Nonidet P-40, and 50
mM NaCl. The final pellet was resuspended in 30 ,ul of
sample buffer (100 mM Tris hydrochloride [pH 6.8], 1%
sodium dodecyl sulfate [SDS], 0.1 M P-mercaptoethanol)
and assessed by SDS-polyacrylamide gel electrophoresis
(PAGE) and autoradiography.

Isolation of infected-cell proteins and Western immunoblot
analysis. HEL cells were infected with HCMV or mock
infected. Infected and mock-infected cells were harvested at
96 h p.i., lysed in SDS-PAGE sample buffer, boiled for 3
min, and sonicated. Gradient SDS-PAGE gels (7.5 to 20%)
were prepared as described by Hames (15). Infected-cell
protein (100 ,ug) and mock-infected cell protein (100 ,ug) were
electrophoresed on a 7.5 to 20% gradient polyacrylamide gel.
Rainbow Protein markers (Amersham Corp., Arlington
Heights, Ill.) were used as molecular weight standards.
Proteins were blotted onto nitrocellulose membrane filters,
as described by Towbin et al. (40), for 3 h at 300 mA. Blots
were probed with anti-P2-1 at a 1:100 dilution. The concen-
tration of anti-P2-1 was 2 mg/ml prior to dilution. A biotiny-
lated goat anti-rabbit immunoglobulin G (Southern Biotech-
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FIG. 3. Primer extension analysis. Primers 8784 and 6723 5' end
labeled with 32p were annealed to late cytoplasmic poly(A)+ RNA
extracted from infected HEL cells and extended. The primer-
extended products were separated on a sequencing gel adjacent to
dideoxy sequencing ladders (lanes A, C, G, and T) generated with
the primers and single-stranded HindIII-KpnI DNA. A portion of
the sequence ladder in the vicinity of the 5' end is shown. The
sequence is that of the template strand and hence the complement of
that shown in Fig. 4. The 5' ends are indicated by arrowheads.

nology) served as the secondary antibody. Bound antibodies
were detected by subsequent addition of alkaline phos-
phatase-labeled streptavidin and stained with the Bio-Rad
AP color-developing system as specified by the manufac-
turer.

RESULTS

Direction of transcription of the 1.6- and 1.3-kb mRNAs. To
determine the direction of transcription of the 1.6- and 1.3-kb
mRNAs, Northern blots of cytoplasmic poly(A)+ RNA
extracted from HEL cells at 62 h p.i. were hybridized with
strand-specific probes. A control lane was probed with C3
cDNA. The results of the Northern analysis are presented in
Fig. 1. Nick-translated C3 cDNA hybridized to both the 1.3-
and 1.6-kb mRNAs that were present at 62 h p.i. (Fig. 1, lane
A). Single-stranded DNA from the M13 clone C3-4 also
hybridized to these transcripts (lane B). On the other hand,
single-stranded DNA from the M13 clone C3-6, the comple-
mentary strand to C3-4 DNA, did not hybridize to either the
1.3- or 1.6-kb RNA (lane C). These results demonstrate that
both the 1.6- and 1.3-kb mRNAs are transcribed from left to
right in the genome arrangement shown in Fig. 2.

Defining the 5' end of the 1.6- and 1.3-kb mRNAs by primer
extension. Previously, we identified the 5' ends of the 1.3-
and 1.6-kb mRNAs by S1 nuclease protection (25). A primer
extension experiment was conducted to precisely map the
nucleotide initiating transcription. End-labeled primers 8784
and 6723 (Fig. 2) were annealed to poly(A)+ RNA extracted
from HCMV-infected cells at 62 h p.i. and extended with
reverse transcriptase. The extension products were com-

pared with dideoxy sequencing ladders generated with the
same primers and single-stranded HindIII-KpnI DNA. The
nucleotide initiating transcription of the 1.6-kb mRNA was
identified to be the G residue (Fig. 3A) located 913 bases

downstream from the HindlIl restriction site (Fig. 2). The
nucleotide initiating the transcription of the 1.3-kb mRNA
was identified as the G residue (Fig. 3B) located 1,153 bases
downstream from the HindIII site (Fig. 2). The location of
each initiation site relative to the HindIII restriction site
shows that the 1.6-kb mRNA initiates at a site 240 nucleo-
tides upstream of the initiation site of the 1.3-kb mRNA (Fig.
2).

Nucleotide sequence and reading frame analysis. Analysis
of the first 3,000 nucleotides of the HindIII R fragment
identified two short ORFs in reading frame 2 (ORF 2-1 and
ORF 2-2). These ORFs are distinct from the previously
described ORF 28 K (29) in reading frame 1 (Fig. 2). ORF 2-1
is able to encode a 120-residue polypeptide with a molecular
mass of approximately 14 kDa. The initiation codon of ORF
2-2 is separated from the stop codon of ORF 2-1 by 3
nucleotides. ORF 2-2 is able to encode a 170-residue poly-
peptide with a molecular mass of approximately 18 kDa. The
initiation codon of ORF 2-1 is the first AUG codon down-
stream from the cap site of the 1.6-kb RNA 5' end. The
1.6-kb mRNA would contain a 176-base 5' untranslated
leader sequence. The polyadenylation signal (AATAAA) is
located at nucleotides 2144 through 2149 with respect to the
HindIlI restriction site. Downstream of this signal, a con-
sensus GT cluster is observed (Fig. 4). The same polyade-
nylation signal has been reported to be used by the 1.3-kb
mRNA (29). This indicates that these two mRNAs have
heterogenous 5' and coterminal 3' ends.

Predicted polypeptide sequence of ORF 2-1 and the produc-
tion of antibody. To determine whether ORF 2-1 encodes a
viral protein, the nucleotide sequence of ORF 2-1 was
translated into its corresponding amino acid sequence and
the hydrophobicity profile of the predicted protein was
determined (Fig. 5). Molecular modeling techniques were
used to search for areas of high charge density with a high
probability of forming random or loop structures. This
information was used to choose a very hydrophilic region
located on the surface of the protein. A synthetic peptide
(P2-1) was synthesized, corresponding to amino acid residues
12 to 26, which met the above-mentioned criteria (Fig. 4).
Seventy five percent of ths region is located upstream of the
5' end of the 1.3-kb mRNA. Antibody was raised against P21
in rabbits and was affinity purified as described in Materials
and Methods.

Immunoreactivity of infected-cell lysate proteins. The affin-
ity-purified anti-peptide antibody (anti-P2-1) was tested for its
ability to recognize virus-specific antigens in infected cells.
Infected HEL cell lysates or mock-infected cell lysates
obtained at 62 and 96 h p.i. were analyzed by ELISA.
Infected-cell lysates obtained 62 h p.i. reacted with anti-P2-1
(Fig. 6). The mock-infected cell lysates did not show appre-
ciable reactivity with anti-P2-1 (Fig. 6). In addition, ELISA
demonstrated that cell lysates obtained at 96 h p.i. reacted
with anti-P2-1 (data not shown).

Detection of HCMV-specific antigen in infected cells by
immunofluorescence. Immunofluorescence experiments were
conducted to identify the cellular location of the viral protein
reactive with anti-P2-1. HEL cells grown on cover slips were
either mock infected or infected with HCMV at a multiplicity
of infection of 0.5. At 62 and 96 h p.i., cells were fixed in
acetone and examined by immunofluorescence with anti-P2-1
as the primary antibody. No significant fluorescent staining
was observed with mock-infected HEL cells (Fig. 7A and
B). Infected cells at 62 h p.i. exhibited diffuse cytoplasmic
staining (Fig. 7C). At 96 h p.i., the staining appeared to be
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GCA GTA CCT GGC CGA TCT GCT GTA TCT C ATA GGC CGA GTG TTC

GGA AGT GAT CGT GTT TGA CGC CAA GCA CCT GAG TGA CGA CAA CAG

CGA CGG GGA CGC CAC GAT CAC TAT TAA CGC GAG TCT CGG CCT AGC
+1

CGC GGG CGA CGC TGG CGC CGG CGC TGA TCA CCA CCT GCG GGG CAG +38
SmaI

CCC GGG CGA TTC GCG CCG CCG ATA CCT TTC GAG GAC GAA AAC ACG +83

CCC GAG CTG CTG GGC CGG CTC ACG TGT ACG AGG TAG CGC GCT TTT +128

CAC TGC CGG CTT TTG TCA ATC CGG CGT CAC CAG TAT TAC TTT CAG +173

ATG CTC ATT CAG CAG TAC GTG CTC AGC CAA TAC AT ATA AAG AAC +218
Met Leu Ile Gln Gln Tyr Val Leu Ser Gln Tyr ITyr Ile Lya Lys (15)

CAT CCG GAC CCG
llis Pro A82,l Pro

TAC CTG GTC TCG
Tyr Leu Val Ser

GGC TGC GAG TTG
Gly Cys Glu Leu

ATC CCG CTC CTC
Ile Pro Leu Leu

TTT ACG CGC CAT
Phe Thr Arg His

GAC CTG TCC CGC
Asp Leu Ser Arg

CCA AAC GAA TAT
Ala Asn Clu Tyr

TGA AAG ATG CTC
Stop
ACA TCC CTC CCA

ACC CCC AGC ATG

TCT GCG GTA GTG

ACC CCC AGG CCA

GAG CGG
Glu ArM

ATC GATTTC CGC GKq CTG CCT ACC GTC
Ile A&R Phe Arg Asi Leu Pro Thr Val

GCC ATC TTC CGC GAG CGC
Ala Ile Phe Arg Glu Arg

CTG GCC GGC GOT CGC GTT
Leu Ala Gly Gly Arg Val

CTC ATC GTC ACG CCC GTG
Leu Ile Val Thr Pro Val

GCC GTC TCT ACC GTG CTA
Ala Val Ser Thr Val Leu

AAG ACG AAC CTA CCC ATA
Lys Thr Asn Leu Pro Ile

KpnI
GTT CTG ACT TC2_qT&A
Val Val Ser Ser Val Pro

TOG GTC CCC AGG TGT CTC

CTT CCT CCT CGG ACG AAG

ACG ATA ACG AGG AAC GGC

GCT CCC CGG GAA ACG ACA

CCC ACG ACG GCT CCA AGA

GAG GAA AGC GAA CTG
Clu

TTC
Phe

GTC
Val

GAC
Asp

TGG
Trp

CCC
Arg

TAC

CGG

AAC

Clu Ser Glu Leu

CAC TGC CAC
His Cys Asp

TTT GAC CCT
Phe Asp Pro

CGT TGG AGT
Arg Trp Ser

GTG CCG AAC
Val Pro Asn

CCC GTG AGC
Pro Val Ser

GCT CCT ACC

AGG ACG ATG

AGA ACC TGC

CAC
His

CAG
Gln

CCC
Arg

TCT
Ser

CCC
Pro

ACA

ACG

CCC

GTA GTA CCC GCA GCC

+263
(30)

+308
(45)

+353
(60)

+398
(75)

+443
(90)

+488
(105)

+533
(120)

+578

+623

+668

+713

AAA ACG CGG TGC GCT +758

CGA

AAA

CCA

CGT TTC GCG AGG ACA AGG CTC CCA AAC CGA GCA AGC AGT CAA

AGA AAA AGA AAC CCT CAA AAC ATC ACC ACC ATC AGC AAA GCT

TTA TGC AGG AGA CGG ACG ACC TAG ACC AAG AGG ACA CCT CAA

+803

+848

+893

TTT ACC TGT CCC CCC CCC CCC TCC CCC CCG TCC AGG TGG TCG OTA +938

AGC GAC TGC CCC GGC CCG ACA CAC CCA GGA CTC CCC CCC AAA AGA +983
SmaI

AGA TTT CAC AAC CTC CAC CCA CCC CCG GGA CAA AAA AGC CCG CCC +1028

CCT CCT TGC CCT TTT AAC TCA TAA ACT TTC AGG TCT CCC CTA CGA +1073

TTC CCC ACT CCC GAA TCC GAC ACC COT CGG TCT TTC TCC OTC TOT +1118

ATA TTA TTT TTT TTT TTT GTG TGT GTT TGC CCC CCC GTG TGT CTA +1163

ATG TGC TGT TTC AAA CAC CTA AAG TAG CTG GTG CAA GAA CAG ATA i-1208

AAC CTT TM TM AAA AAA MG TAT GTG CTC CCG ACC CAC GGT CTG +1253
FIG. 4. DNA sequence and predicted amino acid sequence of ORF-2-1. The nucloetide sequence (top line) and the amino acid sequence

of ORF 2-1 (bottom line) are numbered. The transcription start site of the 1.6-kb RNA is numbered +1. The sequence of the synthesized
peptide is boxed. Relevant restriction sites, CAAT motif, TATA motif, and polyadenylation signal are underlined.
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FIG. 6. Assessment of reactivity of anti-peptide antibody (anti-
P2.1). The Reactivity of anti-P2-1 to HCMV-infected HEL cell
lysates, obtained at 62 h p.i., was determined by ELISA. Mock-
infected HEL cell lysates were used as the control. Serial fourfold
dilutions of each protein were applied to the wells of microtiter
plates and assayed. Anti-P2-1 at an initial concentration of 2 mg/ml
was diluted 1:1,000 and used as the primary antibody.

granular and localized to the nuclear and perinuclear region
(Fig. 7D).

Identification of the viral protein encoded by ORF 2-1. To
identify the specific protein which reacts with anti-P2-1, HEL
cells were infected with HCMV and labeled with
["5S] cysteine. Labeled infected or mock-infected cell lysates
obtained at 62 h p.i. were immunoprecipitated with anti-P2-1
and analyzed by SDS-PAGE (12% acrylamide). Five protein
bands, with apparent molecular masses of 58, 46, 44, 36, and
33 kDa, were immunoprecipitated in infected-cell lysates
(Fig. 8, lane 3). The 44-kDa protein was also detected in the
mock-infected cell lysate (Fig. 8, lane 1). In addition, the
46-kDa protein was detected in the mock-infected cell lysate
after a longer exposure time (data not shown). Therefore,
these proteins were considered nonspecific. Of the three
remaining protein bands, the 58-kDa protein was the most
prominent protein immunoprecipitated with anti-P2-1.
To identify the protein that specifically reacts with anti-

P2-1, we performed a competition assay with increasing
concentrations of peptide. The 58-kDa protein is the only
protein that was effectively competed out in the presence of
the peptide (Fig. 8, lanes 3 to 6). Of the two minor protein
bands, the immunoprecipitation of the 36-kDa protein was
not affected by the peptide, whereas the 33-kDa protein was
competed out to some degree in the presence of high
concentrations of the peptide (Fig. 8, lane 6). When peptide
conjugated to keyhole limpet hemocyanin was used as the
competitor, the 58-kDa protein was the only protein that was
not precipitated with anti-P2-1 (data not shown). This con-

FIG. 5. Hydrophobicity profile ofORF 2-1. The predicted amino
acid sequence of ORF 2-1 is given by the single-letter code. The
hydropathy plot was obtained by using the Kyte-Doolittle program
(21). The hydrophilicity (-) and hydrophobicity (+) are indicated by
the horizontal bars.
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FIG. 7. Indirect immunofluorescence of intact HEL fibroblasts.
HCMV-infected or mock-infected HEL cells were treated with
anti-P2-1 and stained with fluorescein-labeled antibody. (A and B)
Phase-contrast and fluorescence microscopy, respectively, of mock-
infected HEL cells. (C and D) Immunofluorescence of infected HEL
cells at 62 and 96 h p.i., respectively. Magnification, x400.

firmed that the 58-kDa protein was specifically recognized by
anti-P2-1. The minor proteins that react with anti-P2-1 may

represent breakdown products of the major 58-kDa protein.
Western analysis was also conducted to identify the anti-

P2-1-specific protein and to investigate its presence in the
virion. Infected-cell proteins from 96 h p.i. and mock-
infected cell proteins were fractionated on a 7.5 to 20%
gradient polyacrylamide gel and transferred to nitrocellu-
lose. The nitrocellulose filter was probed with anti-P2-1, and
a prominent protein band of 58 kDa was observed in infect-
ed-cell lysates (Fig. 9, lane 2). This protein was not present
in mock-infected cell lysates (Fig. 9, lane 1).

DISCUSSION

In earlier studies we had isolated three cDNA clones from
a lambda gtll cDNA library (26). One clone (C3) mapped to
the HindIII R fragment. Antisera made to the C3 fusion
protein detected a 25-kDa virus protein (vp25) found in
infected cells and purified virions (25). We believe that vp25
is identical to the highly immunogenic 28-kDa structural
phosphoprotein (pp28) identified by Meyer et al. (29). When
Northern blots prepared from HCMV late mRNAs were

probed with the C3 cDNA, two mRNAs, 1.3 and 1.6 kb in

-33

FIG. 8. Immunoprecipitation of HCMV-infected cell lysates.
HEL cells were infected with HCMV or were mock infected. Cell
lysates were obtained at 62 h p.i., precipitated with anti-P2-1, and
analyzed on an SDS-12% polyacrylamide gel. Lanes: 1, mock-
infected cell lysates; 3 to 6, infected-cell lysates in the presence of 0,
0.2, 0.4, and 0.6 ±g of peptide, respectively. The apparent molecular
sizes of the precipitated proteins are indicated in kilodaltons.

size, were found to initiate within the HindIII R fragment
(25). In contrast, Meyer et al. identified a 1.3-kb late mRNA
which they report as the mRNA coding for pp28. They also
detected a late 1.5-kb mRNA transcribed in the opposite
direction with respect to the 1.3-kb mRNA. Northern anal-
yses with strand-specific probes indicated that our 1.6-kb
mRNA is not identical to the 1.5-kb mRNA reported by
Meyer et al. In fact, Lehner et al. (23) recently reported that
the 1.5-kb mRNA maps to the HindIII-R, SmaI-XbaI sub-
fragment (Fig. 2), which is completely outside the region
where the 1.3- and 1.6-kb mRNAs originate. In addition, we
performed a primer extension experiment to locate the
nucleotides initiating the transcription of these two mRNAs.
We found that the transcription initiation sites of the 1.6- and
1.3-kb mRNAs are within 240 nucleotides of each other.
DNA sequencing analysis identified an ORF capable of

coding for a 21-kDa protein within the Hindlll R fragment,
233 nucleotides downstream from the 5' end of the 1.3-kb
mRNA. Meyer et al. (29) showed that a protein synthesized
from this ORF is recognized by a monoclonal antibody to
pp28. As a result, this ORF has been named ORF 28 K.
Reading frame analysis of the HindIII R fragment identified
two short ORFs (ORF 2-1 and ORF 2-2) in addition to ORF
28 K (Fig. 2). According to Kozak (20), the first AUG is used
as an initiator codon in most eucaryotic genes. The initiation
codon of ORF 2-1 is the first AUG downstream from the 5'
end of the 1.6-kb mRNA. To determine whether this ORF
codes for a protein, a synthetic peptide representing a
hydrophilic region in the amino terminus of ORF 2-1 was
synthesized and antibody was raised against this peptide in
rabbits. The majority of this region is located upstream of the
transcription initiation site of the 1.3-kb mRNA. Previously
we have shown that Northern analysis with a primer com-
plementary to sequences upstream of the 5' end of the 1.3-kb
mRNA hybridizes only to the 1.6-kb mRNA (25). As a
result, any protein recognized by this antibody is encoded by
the 1.6-kb mRNA.
Antibody against the synthetic peptide was initially ana-

lyzed by an ELISA. It reacted with purified peptide as well
as HCMV-infected cell lysates obtained at 62 and 96 h p.i.
Subsequently, the antibody was used in immunoprecipita-
tion and Western analyses to identify the viral protein
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1 2

*-58 kDa

FIG. 9. Western analysis of infected cell lysates. HEL cells were
infected with HCMV or were mock infected. Cell lysates obtained at
96 h p.i. were separated on a 7.5 to 20% gradient polyacrylamide gel,
transferred to nitrocellulose, and incubated with anti-P2-1 (diluted
1:100). Lanes 1, mock-infected cell lysate; 2, infected-cell lysate.
The protein detected by anti-P2-1 is indicated by an arrow.

encoded by ORF 2-1. This antibody detected a 58-kDa
infected-cell protein late in infection.
ORF 2-1 is capable of coding for a protein of 14 kDa. The

discrepancy between the sequence-predicted site and the
observed size of the detected 58-kDa protein cannot be
explained by posttranslational modifications alone. How-
ever, ORF 2-1 is followed by ORF 2-2 (Fig. 2), which is
capable of coding for a protein of 18 kDa. If the termination
codon of ORF 2-1 is avoided by some mechanism, an
extended ORF capable of coding for a protein of 32 kDa will
be generated. Subsequent posttranslational modifications
could yield a protein of 58 kDa. The removal of the termi-
nation codon could occur by a splicing event. However, S1
nuclease and exonuclease VII protection analyses have
demonstrated that the 1.6-kb RNA is unspliced (25).
Another possible mechanism of bypassing the stop codon

is the shift of reading frame at the site of the UGA codon.
However, a shift into reading frame 3 would create frequent
termination codons in downstream positions. A shift into
reading frame 1 would generate a protein that is 3' cotermi-
nal with pp28 and hence should be recognized by pp28-
specific antibody. However, a monoclonal antibody to pp28
does not recognize a protein of 58 kDa (30).

Several recent discoveries have indicated that nonsense
codons do not necessarily signal the termination of polypep-
tide synthesis. It has been found that in mitochondria and
mycoplasmas, the nonsense codon UGA actually codes for
tryptophan (9). In addition, the nonsense codon UGA can be
read by tRNAs charged with the modified amino acids
selenocysteine and phosphoserine, which are incorporated
directly into the polypeptide chain (46). Moreover, it has
been shown that in several viral systems, for example
Moloney murine leukemia virus, nonsense codons UGA and
UAG can be misread by a normal charged tRNA by a

process called translational readthrough (45). We speculate

that readthrough of the UGA termination codon of ORF 2-1
into ORF 2-2 would generate an extended ORF coding for a
protein of 32 kDa. In an effort to substantiate this hypothe-
sis, we carried out a hybrid selection in vitro translation
experiment and immunoprecipitated the in vitro translation
product with anti-P2_1. The preliminary data from this study
indicated that the in vitro translation product is approxi-
mately 30 kDa. In addition, this possibility can be verified by
raising antibody against a synthetic peptide representing
ORF 2-2. Such an antibody should detect the 58-kDa protein
if this hypothesis is correct. This experiment is underway.
The size difference between the sequence-predicted poly-

peptide generated from the extended ORF and the protein
detected in infected-cell lysates suggests that posttransla-
tional modifications might have occurred in vivo. Two
potential N-linked glycosylation sites (Asn-X-Ser and Asn-
X-Thr) exist in the extended ORF. 0-linked glycosylation is
also likely because serine and threonine residues, which are
the acceptor sites for 0-linked oligosaccharides, make up
18% of the total amino acid composition of the extended
ORF. The nature of the posttranslational modifications of
this protein is currently under investigation. In addition, the
extended ORF is a hydrophilic protein composed of 20%
basic amino acids and 12% proline residues. These charac-
teristics could result in anomalous migration during electro-
phoresis and yield an overestimated size of 58 kDa.

It is interesting that the initiation codon of the ORF
encoding this protein does not follow Kozak's rules for
effective translational start sites (20). Since these rules have
been used to predict the number of possible ORFs in the
HCMV genome, the potential number of proteins encoded
by the virus could be greater than currently estimated.
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