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Abstract. The tegument phosphoproteins of human cytomegalovirus (HCMV) elicit cytotoxic T-lymphocyte

(CTL) responses and are hence candidates for subunit vaccine development. Little is known, however, about the

tegument proteins of nonhuman cytomegaloviruses, such as guinea pig CMV (GPCMV). DNA sequence analysis

of the Eco R I ``C'' fragment of the GPCMV genome identi®ed an open reading frame (ORF) which is colinear

with that of the HCMV tegument phosphoprotein, UL83 ( pp65). This ORF was found to have identity to HCMV

UL83 and was predicted to encode a 565-amino-acid (aa) protein with a molecular mass of 62.3 kDa.

Transcriptional analyses revealed that a GPCMV UL83 probe hybridized with both 2.2 kb and 4.2 kb mRNA

species at 48 h post-infection ( p.i.); synthesis of these messages was blocked by phosphonoacetic acid (PAA),

de®ning these as ``late'' gene transcripts. In vitro translation of the UL83 ORF in reticulocyte lysate resulted in

synthesis of a 65 kDa protein. Immuno¯uorescence experiments revealed that the putative GPCMV UL83

homolog exhibited a predominantly nuclear localization pattern. Polyclonal antisera were raised against a UL83/

glutathione-S-transferase (GST) fusion protein. This antibody identi®ed a 70-kDa virion-associated protein, the

putative GPCMV UL83 homolog, in immunoblot and radioimmunoprecipitation experiments. Labeling

experiments with 32P-orthophosphate indicated that the GPCMV UL83 protein is phosphorylated. Western blot

analysis of glycerol tartrate gradient-puri®ed virions and dense bodies con®rmed that the putative GPCMV UL83

homolog was a constituent of both fractions.
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Introduction

Infection with human cytomegalovirus (HCMV),

although usually asymptomatic in healthy individuals,

is capable of causing severe disease in immunocom-

promized patients and newborn infants (1).

Congenital HCMV infection, which occurs in 0.5±

2.0% of all live births, can cause severe neurologic

handicap, including sensorineural hearing loss (2).

Seroepidemiologic studies indicate that congenital

infections which occur in the setting of nonprimary

maternal infection are only rarely associated with

sequelae, suggesting that preexisting maternal immu-

nity protects the fetus against symptomatic disease

(3). Therefore, prenatal maternal immunization

against CMV might substantially reduce the mor-

bidity associated with congenital CMV infection.

Ideally, vaccines for prevention of HCMV disease

should undergo preclinical ef®cacy evaluation in

animal models prior to human testing. However, the

strict species-speci®city of cytomegaloviruses com-

plicates the animal model investigation of HCMV

vaccines. The only relevant small animal model for

the evaluation of vaccines designed to prevent

congenital CMV infection is the guinea pig model.

In contrast to the cytomegaloviruses of other small

mammals, the guinea pig cytomegalovirus (GPCMV)
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crosses the placenta, causes disease in utero, and

produces signs of illness in newborn guinea pigs

similar to those observed in human infants (4). The

structural similarities between the human and guinea

pig placentas (5), coupled with the relatively long

gestational period of guinea pigs, makes this model

uniquely well suited to vaccine studies. Hence, the

detailed molecular characterization of immunogenic

GPCMV gene products may provide important

insights into those aspects of the host immune

response to CMV infection which are important in

conferring protection against fetal damage.

Recent studies have indicated that humoral immu-

nity against GPCMV glycoproteins appears to provide

some protection to the fetus in the setting of active

maternal infection. Passive administration of a high-

titer anti-GPCMV polyclonal antisera to pregnant

dams prior to viral challenge signi®cantly improved

pup survival in one study (6), and active immunization

with a lentil-lectin column puri®ed glycoprotein

vaccine prior to conception conferred statistically

signi®cant protection against adverse pregnancy out-

comes in another study (7). The major component of

the protective antibody response in each of these

studies appeared to target the glycoprotein B homolog

of GPCMV (8). Antibodies to the recently identi®ed

GPCMV glycoprotein H (gH) were also present (9),

con®rming that gH may be another potential subunit

candidate protein suitable for inclusion in a vaccine

for prevention of congenital CMV infection.

In contrast to these detailed studies con®rming the

importance of humoral responses against envelope

glycoproteins, relatively little information exists

concerning the role of cell-mediated immune (CMI)

responses in protection against GPCMV infection. The

majority of HCMV-seropositive individuals possess

CD8� cytotoxic T cell (CTL) responses directed

against a subset of viral antigens located between the

viral envelope and the nucleocapsid referred to as the

viral tegument (10). The HCMV UL83 ( pp65) matrix

phosphoprotein is the major target of these CTLs

(11,12). The UL83 protein is a major constituent of the

tegument of both intact virions as well as non-

infectious particles, the so-called dense bodies,

which are secreted by infected cells along with virions

(10). In addition to being a major CTL target, UL83

also facilitates immune evasion of cytotoxic-T-cell

recognition by virtue of blocking immediate early

antigen processing and presentation (13). The value of

CMV-speci®c CTL responses which target the UL83

protein has been dramatically demonstrated in clinical

studies in bone marrow transplant patients. UL83-

speci®c CTLs can be isolated from HCMV-seroposi-

tive bone marrow donors, propagated in vitro, and

adoptively transferred to transplant recipients, in the

process conferring protection against HCMV viremia

and pneumonitis (14). Other matrix phosphoproteins

in the HCMV virion, including UL32 ( pp150), UL82

( pp71), and UL99 ( pp28), also induce strong

immune responses in HCMV-infected individuals

(10), although little is known about the role of CMI

against these proteins in protection against disease.

The potential role which CMI responses against

CMV tegument proteins may play in protecting the

fetus in the setting of maternal infection during

pregnancy is unknown. Conceivably, complete protec-

tion against congenital CMV disease may require the

inclusion of CTL targets, and not just envelope

glycoproteins, in subunit vaccines. Although subunit

vaccines containing glycoproteins induce strong anti-

body reponses and provide some protection against

adverse fetal outcome (7), this protection is likely

incomplete. For example, data from clinical ef®cacy

trials of subunit vaccines for other herpesviruses

indicates that strategies which target only envelope

glycoproteins fail to provide adequate protection

against infection (15). Therefore, in vivo studies of

vaccines capable of inducing CMI responses in models

of congenital infection such as the GPCMV model are

likely to provide important insights into the relative

roles of humoral and cellular immunity in protection

against disease. Unfortunately, to date there have been

very few studies of GPCMV gene products, and no

molecular analyses of GPCMV tegument proteins. As a

necessary prerequisite to the study of the role of

GPCMV tegument proteins in protection against

congenital CMV infection, these studies were under-

taken to test whether the GPCMV genome encodes a

gene homologous to the HCMV UL83 ( pp65) tegu-

ment protein. In this report, we describe the genomic

location, nucleotide sequence, transcriptional analysis,

and protein expression of the GPCMV UL83 homolog.

Materials and Methods

Virus and Cell Culture

Guinea pig cytomegalovirus (strain no. 22122; ATCC

VR682) was propagated on embryonic guinea pig
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lung cells (GPL, ATCC CCL 158). Passaged GPL

cells were maintained in F-12 Nutrient medium

(Gibco-BRL) supplemented with 10% fetal calf

serum (FCS, HyClone Laboratories), 10,000 IU/I

penicillin, 10 mg/l streptomycin, L-glutamine, and

7.5% NaHCO3. Viral stock was prepared and titered

by plaque assay using standard methodologies. Cell

lines were screened for mycoplasma using a PCR

detection system (Stratagene).

Plasmids and Sequence Analyses

The Eco RI ``C'' fragment of the GPCMV genome is

positioned at map units 0.52±0.60 of the GPCMV

genome (16), with its leftward margin (D-C junction)

corresponding approximately to the position of the

GPCMV gH gene (9). This fragment was puri®ed

directly from genomic DNA as previously described

(8). Eco RI digested viral DNA was separated by

agarose gel electrophoresis and the 20 kb fragment

corresponding to Eco RI ``C'' was puri®ed by

electroelution. Multiple attempts to directly clone

this fragment into a variety of plasmid vectors were

unsuccessful. Therefore puri®ed Eco RI ``C'' was

subjected to additional restriction enzyme digestion

with Bam HI and Bgl II and the resultant fragments

cloned into pUC 19 (United States Biochemical).

Restriction mapping and Southern blot analyses were

performed to determine the orientation of the Bam HI

and Bgl II inserts relative to the genomic structure.

Clones were selected for DNA sequencing. One Bam
HI subclone, pKTS 409, was predicted on the basis of

mapping and sequencing studies to contain the UL83

homolog (see Fig. 1). Plasmid DNA was puri®ed over

CsCl gradients (17) and subjected to DNA sequen-

cing. Sequencing was done with 35S-dATP (New

England Nuclear) using 7-deaza-dG labeling and

termination reactions with Sequenase1 2.0 (United

States Biochemical), or by automated sequencing

using an ABI/Prism automated DNA sequencer. Both

strands of this 3466 bp Bam HI fragment were

sequenced (Fig. 2). Oligonucleotide primers were

synthesized every 200±300 base pairs as needed to

complete the sequence analyses.

RNA and Northern Blot Analyses

GPL cells were inoculated with GPCMV at a

multiplicity of infection (MOl) of 5 pfu/cell. At

multiple time points post-inoculation RNA was

solubilized in guanidinium isothiocyanate and pur-

i®ed over CsCl gradients (17). For analysis of ``early''

RNA, phosphonoacetic acid (PAA, Sigma Chemical)

was included in the media at a concentration of

200 mg/ml (18). For Northern blot analyses, 10 mg of

total cellular RNA was fractionated by gel electro-

phoresis in 1% formaldehyde/agarose gels, blotted to

nitrocelluose ®lters, hybridized to probes, washed,

and subjected to autoradiography essentially as

previously described (8). Hybridizations were per-

formed using [a-32P] dCTP labeled double stranded

probes corresponding to the putative GPCMV UL83

and UL82 coding sequences (Figs. 1, 3).

In Vitro Translation, UL83 Antisera,
Immuno¯uorescence, Immunoblot and
Immunoprecipitation Analyses

In order to evaluate the primary translation product of

the putative UL83 ORF, in vitro translation analyses

were performed. A Bsi WI fragment containing the

entire GPCMV UL83 ORF (Fig. 1) was cloned into the

expression vector pcDNA 3 (Invitrogen), yielding

plasmid pKTS 437. Coupled in vitro transcription/

translation reactions were performed using the TNT1

lysate reaction (Promega laboratories) according to the

manufacturer's speci®cations. Brie¯y, 1 mg of tem-

plate DNAwas transcribed using T7 RNA polymerase,

and in vitro translation was performed in rabbit

reticulocyte lysate labeled with 35S methionine

(1,000 Ci/mmol, New England Nuclear) at 10 mCi/

ml, 30�C, for 1 h. As controls, a luciferase-expressing

plasmid was also expressed ( p-luciferase), as well as a

GPCMV gB-expressing construct ( pKTS 404). The in
vitro translation products were suspended in Laemmli

sample buffer and were separated by electrophoresis

on 10% SDS-polyacrylamide gels. Following

staining with Coomassie blue, the gels were dried

under vacuum and subjected to autoradiography

(Fig. 5a).

In order to examine the intracellular pattern of

expression of the GPCMV UL83 protein, plasmid

pKTS 437 was used in a transfection/immuno¯uores-

cence experiment using a methodology described

elsewhere (19). Brie¯y, 1 mg of plasmid pKTS 437

(GPCMV UL83 construct) was transfected using

Lipofectin1 (Gibco-BRL) into GPL cells and, 48 h

following transfection, the monolayer was incubated

with a polyclonal anti-GPCMV antibody (1:1000

Molecular Characterization of the Guinea Pig Cytomegalovirus UL83 ( pp65) Protein Homolog 207



dilution) followed by incubation with FITC-conju-

gated goat anti-guinea pig secondary antibody (Sigma)

at a 1:300 dilution. As a negative control, immuno-

¯uorescence was also performed using vector DNA

( pcDNA 3) alone. Monolayers were subjected to

microscopic analysis using a Zeiss Axiphot 2

photomicroscope, FITC ®lter, 40x objective (see

Fig. 7).

To generate a GPCMV UL83-speci®c antisera, a

GST fusion protein (20) was generated by cloning a Bgl
II-Bsi WI fragment into the vector pGEX-3X, yielding

pKTS 333. Following IPTG induction, fusion protein

was puri®ed by a modi®cation of a technique described

elsewhere (21). Brie¯y, the E. coli pellet obtained

following sonication and centrifugation (containing

insoluble GST-UL83 inclusion bodies) was solubi-

lized in 8 M urea, diluted 1:3 in PBS, and, following

extensive dialysis at 4�C, the fusion protein was bound

to glutathione agarose. Following elution of the fusion

protein with 50 mM glutathione, adult GPCMV-

seronegative Hartley guinea pigs were immunized

with 100 mg of fusion protein emulsi®ed with an equal

volume of complete Freund's adjuvant, and boosted

every 3±4 weeks with 50 mg of fusion protein in

incomplete Freund's adjuvant. For immuno-

blot analysis, virions were puri®ed from late time

point (96 h post-inoculation) tissue culture super-

natants by puri®cation over a 20±70% sucrose

gradient as previously described (21). Virions and

mock-infected GPL cells were solubilized [2% SDS,

0.0625 M Tris base ( pH 6.8), 10% glycerol, 0.001%

bromophenol blue, and 5% 2-û-mercaptoethanol] and

Fig. 1. Genomic location of GPCMV UL82±83 homologs. Hin d III restriction map of GPCMV genome with detailed restriction map of

Bam HI subfragment ( pKTS 409) is indicated. The GPCMV UL83 maps within this Bam HI subfragment of the Hin d III A fragment and

is transcribed from right-to-left in this orientation of the viral genome. Arrows specify position and orientation of putative GPCMV UL83

and GPCMV UL82 transcripts. Boxes indicate coding sequences: GPCMV UL83, cross-hatched, GPCMV UL82, solid gray. UL82 ORF

coding sequences continue to left of Bam HI site. Positions of probes used for Northern blot analyses of UL83 and UL82 transcription are

indicated (see Fig. 3). Termination and polyadenylation of UL82 mRNA presumably occurs downstream of Bam HI site as indicated by

dashed line.
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Fig. 2. Nucleotide sequence of 3466 bp region encoding the GPCMV UL83 gene. Restriction endonuclease sites are indicated above the

DNA sequence for orientation purposes. The nucleotide sequence is numbered relative to Bam HI site (� 1) with coordinates shown on

left; numbering of deduced amino acid sequence of UL83 ORF indicated on the right. Potential TATA boxes are indicated in bold type.

Potential cis-acting promoter sequences and polyadenylation sequences are underlined (see text). Charged, basic domains with homology to

HCMV UL83 bipartite nuclear targeting regions are boxed. Deduced amino acid sequence of ( partial) GPCMV UL82 ORF is also

indicated.
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proteins were separated on 10% SDS-polyacrylamide

gels (22). In some experiments, additional puri®cation

and separation was performed to separately isolate

virions and dense bodies from infected tissue culture

lysates (see below and Fig. 6) prior to SDS-PAGE and

immunoblot analysis. Following electrophoresis, pro-

teins were electroblotted to Nytran1 (Schleicher &

Schuell) membranes. After transfer, the membranes

were washed in Tris-buffered saline (TBS, 0.2 M Tris

hydrochloride, pH 7.5, 0.5 M NaCl) and subsequently

were incubated with either guinea pig preimmune

serum or guinea pig anti-GEX/UL83 antiserum (1:50

dilution), or a polyclonal convalescent anti-GPCMV

antisera (1:100 dilution) in TBS, overnight, at 4�C.

Following extensive washing in TTBS (TBS con-

taining 0.5% Tween-20), the blots were incubated with

a horseradish-peroxidase conjugated rabbit anti-

guinea pig antiserum (Accurate Chemical &

Scienti®c Co.) at a 1:1000 dilution for 120 min at

25�C. The blot was then washed in TTBS and then

developed with 4 chloro-1-Napthyl phosphate (30 mg

in 10 ml methanol, 4�) and 30 ml H2O2 in 50 ml TBS.

Immunoprecipitation was used to identify the

putative GPCMV homolog of UL83 in infected

tissue culture lysates. Brie¯y, GPL cells were infected

with GPCMV (MOl of 5) and 96 h post-inoculation

were washed and incubated for an additional 8 h with

cysteine/methionine-free media supplemented with

Fig. 2. (Continued)

210 Schleiss et al.



Fig. 3. Northern blot analyses of GPCMV UL82 and UL83 transcription. Whole cell RNA (10 mg/lane) was harvested from mock-infected

(lane 1, M) or GPCMV-infected cells at the indicated times post-infection and following electrophoresis and transfer to nitrocellulose

membranes was hybridized with [a-32P] dCTP-labeled probes (3a, probe ``A'', Fig. 1; 3b, probe ``B'', Fig. 1). For analysis of transcription

under ``early'' gene conditions, phosphonoacetic acid (PAA) was included at a concentration of 200 mg/ml (PAA). The positions of 28S and

18S ribosomal subunits are indicated. Both probes identify a 4.2 kb mRNA. However only the upstream probe ( probe ``B'') hybridizes

with the 2.2 kb mRNA. GPCMV UL83 RNA could be translated from either mRNA species, but the 4.2 kb message is deduced to be the

UL82 message. Neither RNA species is discernable with RNA harvested from lysates with PAA present in the media, de®ning GPCMV

UL82 and GPCMV UL83 as ``late'' genes.
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50 mCi/ml of 35S-Translabel (ICN Radiochemicals,

Costa Mesa, CA). In some experiments, cells were

washed at 96 h post-inoculation with phosphate-free

DMEM (Gibco-BRL) and were incubated for an

additional 8 h in phosphate-free DMEM supple-

mented with 10% FCS and 200 mCi of [32P]-

orthophosphate (ICN) per dish. Lysates were solubi-

lized in 1 ml of RIPA buffer (10 mM Tris pH 7.4,

0.15 M NaCl, 1% NP-40, 1% DOC, 0.1% SDS, 0.5%

aprotinin) and approximately 250 ml of lysate was

precleared by additional of 10 ml of guinea pig

preimmune sera and 50 ml of 10% ®xed

Staphylococcus protein A. Following centrifugation,

either pooled anti-GPCMV antibody or guinea pig

immune GST-GPCMV UL83 antisera was next mixed

with the labeled precleared lysate and incubated

overnight at 4�C. The immune complexes were then

collected by addition of Staphylococcus protein A,

washed twice in RIPA buffer, once in high salt buffer

(2 M NaCl, 10 mM Tris pH 7.4, 1% NP-40, 0.5%

DOC) and, following a ®nal wash in RIPA buffer, the

immune complexes were collected, Laemmli sample

buffer was added, and the proteins were electrophor-

esed in 10% polyacrylamide gels. Following

electrophoresis, the gels were impregnated in a

radiographic enhancement solution (Enlightening1,

NEN Research Products, Wilmington, DE) and

autoradiographs were prepared.

Gradient Puri®cation of Virions and Viral Dense
Bodies

In some experiments, virus isolated by sucrose

gradient puri®cation was subjected to an additional

density gradient centrifugation step on glycerol

tartrate gradients using a protocol described elsewhere

(23). Brie¯y, material collected by banding over the

sucrose gradient was dialyzed overnight at 4�C
against TN buffer (0.05 M Tris HCl, pH 7.5, 0.1 M

NaCl) and was layered onto a preformed gradient in a

Beckman SW41 ultracentrifuge tube which was

prepared using a standard two-chamber gradient

maker, with 5 ml of 30% (w/w) glycerol in TN

buffer containing 15% (w/w) potassium tartrate in the

feeder chamber and 4 ml of 35% (w/w) potassium

tartrate in TN buffer in the mixing chamber. The

gradient was centrifuged overnight at 25,000 RPM,

10�C in a Beckman SW41 rotor. When the gradient

was illuminated from above, discrete, well-separated

bands were noted, an upper band containing virions

and a lower band containing dense bodies (Fig 6).

These respective bands were removed by puncturing

the side of the ultracentrifuge tube with a syringe and

needle and were subjected to quanti®cation of total

protein and to SDS-PAGE and immunoblot analyses

as described above (see Fig. 6).

Results

Identi®cation of GPCMV UL83 Homolog Coding
Sequences in the GPCMV Genome

The GPCMV and HCMV genomes have been shown

in previous studies to exhibit striking conservation in

the relative positions of structural glycoprotein genes

such as gB and gH (8,9). Assuming approximate

colinearity of the HCMV and GPCMV matrix

phosphoprotein genes, it was therefore predicted that

the GPCMV UL83 homolog would be encoded within

the Eco RI ``C'' subfragment of the Hind III ``A''

region of the viral genome. Attempts to directly clone

the Eco RI ``C'' region of the GPCMV genome were

unsuccessful. Therefore a library of Bam HI and Bgl II

subclones of Eco RI ``C'' was generated. Sequence

analyses of one Bam HI subclone, pKTS 393,

identi®ed ORFs with identity to the HCMV UL84,

UL85 and UL86 proteins; similarly, DNA sequencing

of a second Bam HI subclone, pKTS 414, revealed

identity to the UL80 ORF of HCMV (24). Therefore

additional sequence analysis was undertaken of

another Bam HI subclone of Eco RI ``C'', plasmid

pKTS 409. Southern mapping and PCR analyses

con®rmed that this Bam HI fragment was positioned

between the Bam HI fragments corresponding to

pKTS 414 and pKTS 393 in the context of the viral

genome (data not shown). Within this Bam HI

fragment were identi®ed sequences with deduced

open reading frames which had identity to the UL82

and UL83 proteins of HCMV. Hence, these data

indicate conservation in the GPCMV genome of the

block of HCMV gene products from UL80, the CMV

protease, through UL86, the major capsid protein

(10,24). These relationships are reviewed in Fig. 1.

The relative position and direction of transcription of

the GPCMV UL83 gene is similar to that of HCMV:

the UL83 and UL82 homologs are transcribed from

right-to-left and are located at approximate map unit

positions 0.58±0.55, based on the orientation as

originally de®ned by Isom (25).
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Nucleic Acid Sequence Analysis of the Putative
GPCMV UL83 Homolog

Convenient restriction sites were used for subcloning

to facilitate sequence analyses. Both strands of the

3466 base pair Bam HI fragment were subjected to

DNA sequencing (Fig. 2). Analysis of the DNA

sequence identi®ed an ORF of 1695 nucleotides

capable of encoding a protein of 565 amino acids.

Two potential TATA boxes were noted 241 and

177 bp, respectively, upstream of the ®rst of two

putative ATG codon. A consensus polyadenylation

signal sequence (AATAAA) was noted 48 bases

downstream of the putative stop UL83 codon, and is

followed by a GT rich sequence characteristic of a

transcriptional termination signal (26). A second ORF

initiates at a favorable Kozak-consensus ATG 220

nucleotides downstream of the UL83 stop codon; this

ORF has identity to the UL82 protein of HCMV (27).

The protein predicted from the putative GPCMV

UL83 homolog has characteristics similar to the

tegument phosphoproteins of other cytomegalo-

viruses. Computer-based search of GenBank

sequences using the MacVector1 5.0 software

analysis program revealed that this ORF shares

signi®cant identity with both the HCMV UL82 and

UL83 genes and the MCMV M82-M84 genes

(28,29). Sequence analysis also identi®ed an ORF

downstream of the GPCMV UL83 gene which had

identity to the UL82 gene of HCMV (Fig. 1). The

putative protein product of the GPCMV UL83

homolog has a calculated Mr of 62.43 kDa, much

smaller than that of the murine cytomegalovirus

(MCMV) M83 homolog, which is 90.7 kDa, but

comparable to the HCMV UL83, which is calcu-

lated to be 62.9 kDa. The protein is highly charged

(14.4% acidic residues, 14.7% basic residues), with

a predicted pI of 5.41. Overall the GPCMV UL83

protein has 23% identity and 42% homology with

the HCMV UL83 (global alignment score of 322),

and 23% identity and 35% homology with the

MCMV M83 (global alignment score of 168).

Clustal alignment of the amino acid sequence of

HCMV UL83 and GPCMV UL83 revealed that the

areas of strongest identity are limited to the amino

terminal 400 aa of the respective molecules (Fig.

4a). Alignment of hydrophilicity pro®les, however,

(Kyte-Doolittle scale, Fig. 4b) revealed that these

proteins share highly charged, hydrophilic domains

in the carboxy-terminal 200 aa, suggesting a high

degree of functional homology even in the absence

of sequence homology.

Transcription of the GPCMV UL82 and UL83
Homologs

To analyze transcription of the putative GPCMV

UL82 and 83 homologs, radiolabeled probes corre-

sponding to respective coding sequences were

prepared and Northern blot hybridizations were

performed. RNA was puri®ed from tissue culture at

various time points post-inoculation with GPCMV.

For analysis of transcription under ``early'' gene

conditions, phosphonoacetic acid (PAA) was included

at a concentration of 200 mg/ml (18). The UL83-

speci®c probe hybridized with abundant 2.2 and

4.2 kb transcripts which were detectable by 48 h post-

viral inoculation. In contrast, the GPCMV UL82-

speci®c probe hybridized with only the 4.2 kb

message (Fig. 3). These transcripts were not detected

in RNA obtained from infected cells when PAA was

included in the media, suggesting that transcription

from this region of the genome appears to be limited

to the ``late'' phase of infection. Since the 4.2 kb

mRNA identi®ed by the GPCMV UL82 probe is

larger than can be explained by coding sequences

alone (data not shown), and since no consensus TATA

signal is present between the GPCMV UL83 stop

codon and the putative GPCMV UL82 start codon

(Fig. 2), it is likely that the UL82 protein is encoded

by the second cistron of a ``bicistronic'' mRNAwhich

initiates at the UL83 TATA sequence. The GPCMV

UL83 protein could be synthesized by translation of

either the ®rst cistron of this message, or from the

2.2 kb species: this 2.2 kb message presumably

polyadenylates at the consensus poly A signal

immediately downstream of the UL83 stop codon

(Fig. 2).

Analysis of the GPCMV UL83 Protein

In order to examine the primary translation product of

the GPCMV UL83 homolog, in vitro transcription/

translation analyses were conducted. The putative

GPCMV UL83 ORF was cloned into the eucaryotic

expression vector pcDNA 3, generating plasmid

pKTS 437, and plasmid DNA was subjected to

coupled in vitro transcription/translation in reticulo-

cyte lysate in the presence of 35S-labeled methionine.

As shown in Fig. 5a, in vitro translation resulted in
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synthesis of a protein species of approximately

65 kDa, in good agreement with the Mr of the

GPCMV UL83 protein predicted by the deduced

amino acid sequence. To analyze the intracellular

traf®cking of the GPCMV UL83 protein, pKTS 437

plasmid DNA was transfected into GPL cells and

polyclonal antisera used in an immuno¯uorescence

analysis. These experiments revealed that the sub-

cellular localization of de novo synthesized GPCMV

UL83 was virtually exclusively nuclear (Fig. 7),

consistent with a nuclear targeting function of the

putative protein.

To generate a monospeci®c antisera to the putative

GPCMV UL83 homolog, a UL83-glutathione-S-

transferase (GST) fusion protein was generated. A

hydrophilic 49 amino acid region spanning IIe486

through Gln565 of the GPCMV UL83 ORF was

subcloned as a Bgl IIÐBsi WI fragment into the

vector pGEX-3X (20) and, following IPTG induction,

fusion protein was puri®ed from transformed E. coli.
To examine for expression of the putative GPCMV

UL83 protein in infected cells, monospeci®c GPCMV

UL83 antibodies were generated using the GST-

GPCMV UL83 fusion protein to immunize adult

seronegative Hartley guinea pigs. Puri®ed virions

were immunoblotted to nitrocellulose and blots were

then incubated with either guinea pig preimmune

serum or guinea pig anti-GST/UL83 serum. Blots

were also incubated with a control high-titer anti-

GPCMV polyclonal guinea pig serum (6). An

Fig. 4. Comparison of the amino acid sequences of GPCMV UL83 and HCMV (AD169) UL83 proteins. A) Clustal alignment produced by

MacVector 5.0 protein sequence analysis software (BLOSUM matrix): gap separation distance 8, delay divergence 30%. Amino acid

similarity is noted to be strongest in amino terminal 2/3 of protein coding sequence. B) Hydrophilicity pro®les (Hopp-Woods scale) of

respective proteins. Although COOH-terminal coding sequences are relatively divergent, strong similarity in hydrophilicity pro®les is noted,

suggesting signi®cant functional homology.
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immunoreactive protein of approximately 70 kDa was

noted using each of two independently derived

monospeci®c GST/GPCMV UL83 antisera (Fig. 5b,

arrow). No signal was obtained using immunoblotted

proteins obtained from uninfected cell lysates (data

not shown). A protein of approximately the same

molecular weight was also identi®ed in a Western blot

assay using a polyclonal anti-GPCMV convalescent

guinea pig serum. When puri®ed virus particles were

subjected to further separation into virion and dense

body fractions by glycerol tartrate ultracentrifugation,

the GPCMV UL83 antisera was found to be

immunoreactive with both fractions (Fig. 6), con-

®rming that the GPCMV UL83 homolog is present in

both virions and dense bodies. GST/GPCMV UL83

antibodies were next used in immunoprecipitation

assays. Staphylococcus protein A was used with anti-

GST/GPCMV UL83 antisera to precipitate virion

proteins which had been radiolabeled using 35S-

cysteine/methionine. Lysates of GPCMV-infected

cells were harvested at late time points (96 h) post-

viral inoculation. These assays also identi®ed a

protein species of approximately 70 kDa, the putative

GPCMV UL83 protein, in infected cell lysates (Fig.

5c). Similarly, [32P]-orthophosphate labeling of

infected tissue culture lysates resulted in labeling of

a 70 kDa species which was also immunoprecipitated

by the GPCMV UL83 monospeci®c sera, indicating

that the GPCMV homolog of UL83 is, like the HCMV

pp65, a phosphoprotein (Fig. 5d). This 70 kDa species

was also immune precipitated by polyclonal anti-

GPCMV antisera, indicating that the GPCMV UL83

is immunogenic in the context of natural guinea pig

infection.

Discussion

Although the guinea pig provides the only small

animal model of transplacental CMV infection,

vaccine and pathogenesis studies have been limited

to date because of the lack of molecular characteriza-

tion of the GPCMV genome. However, information

about the molecular biology of speci®c GPCMV

envelope glycoproteins has recently become avail-

able, speci®cally for the glycoprotein B and H

homologs (8,9). In this paper, we report the ®rst

molecular characterization of a GPCMV tegument

protein, the UL83 ( pp65) gene homolog, show that

this protein is a phosphoprotein which targets the

nucleus, and further demonstrate the presence of the

protein in GPCMV virions and dense bodies.

Fig. 4. (Continued)
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Fig. 5. Characterization of GPCMV UL83 Protein. A) Coupled in vitro transcription/translation analysis of plasmid pKTS 437 (containing

GPCMV UL83 coding sequences under control of HCMV major immediate earlier promoter) expressed in 35S-labeled rabbit reticulocyte

lysate. Lane 1, no plasmid control; lane 2, p-luciferase positive control; lane 3, pKTS 437; lane 4, GPCMV gB-expressing clone pKTS 404.

Single in vitro translation product of approximately 65 kDa is observed using this expression construct, in good agreement with the deduced

Mr of 62.3 kDa. B) Detection of GPCMV UL83 protein in virus particles by Western blot. Virus particles were puri®ed over 20±70% sucrose

gradients and, following SDS-PAGE, proteins were immunoblotted to nitrocellulose membranes and probed with guinea pig preimmune

serum or a GPCMV UL83-speci®c polyclonal guinea pig antisera raised against a GST-GPCMV UL83 fusion protein, administered to

guinea pigs with Freund's adjuvant. The position of molecular weight size markers is indicated. Lane 1 and lane 2 represent independently

derived sera from two adult Hartley GPCMV seronegative guinea pigs separately immunized with GEX-UL83; lane 3, polyclonal anti-

GPCMV antisera from seropositive animal; lane 4, seronegative preimmune sera. A virion-associated protein of approximately 70 kDa is

identi®ed (arrow) representing the GPCMV UL83 protein. A protein of similar size is also identi®ed by a polyclonal convalescent guinea pig

serum from a GPCMV-infected animal. C) RIP-PAGE analysis of 35S methionine/cysteine-labeled lysates. Same antisera used for Western

analyses (B) were used to immunoprecipitate radiolabeled proteins from 35S-labeled lysates at late time point (96 h) post-viral infection.

After preclearing lysates with preimmune sera, proteins were immunoprecipitated with either antisera from mock-infected animals (lane 1),

polyclonal anti-GPCMV antisera (lane 2), preimmune guinea pig antisera (lane 3), or antisera from a GEX-GPCMV UL83 immunized

animal (lane 4) in the presence of Staphylococcus protein A. GEX-UL83 antisera speci®cally immune precipitates a 70 kDa band, the

putative GPCMV homolog of the UL83 protein. D) RIP-PAGE analysis of 32P orthophosphate-labeled lysates.
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The orientation and position of conserved gene

products among the animal cytomegaloviruses is

striking. Based on the prediction of genome co-

linearity observed for other highly conserved genes,

we predicted that the GPCMV UL83 homolog would

map to the Eco RI ``C'' region of the viral genome.

Detailed DNA sequence analysis identi®ed an ORF

with identity to the HCMV UL83 mapping to a Bam
HI subclone of Eco RI ``C''. The deduced amino acid

sequence of this protein was 565 amino acids, similar

to than that observed for the HCMV UL83 protein.

BLAST sequence analysis assigned an overall

Fig. 5. (Continued). UL83-speci®c sera were used to immunoprecipitate radiolabeled proteins from 32P-labeled lysates. After preclearing

lysates with preimmune sera, phosphoproteins were immunoprecipitated using a polyclonal anti-GPCMV antisera either from mock-

infected, 32P-labeled GPL cells (lane 1), or from a lysate pulse-labeled at a late time point (96 h) post-inoculation with GPCMV (lane 2).

Preimmune guinea pig antisera (lane 3), or antisera from a GEX-UL83 immunized animal (lane 4) were used to immune precipitate

phosphoproteins from mock-infected, 32P-labeled GPL cells or from a lysate pulse-labeled at a late time point (96 h) post-inoculation with

GPCMV (lane 5, preimmune, lane 6, GST-UL83 immune sera). All immune precipitations were performed using Staphylococcus protein A.

GEX-UL83 antisera speci®cally immune precipitates a 70 kDa phosphoprotein, con®rming phosphorylation of GPCMV UL83 homolog.

Fig. 6. Western analysis of gradient puri®ed virions and dense bodies. Virus particles puri®ed by sucrose gradient puri®cation (band ``A'')

were subjected to dialysis and subsequent banding over negative viscosity/positive density glycerol-tartrate gradients as described in text.

Upper band containing virion particles (band ``B'') and lower band containing dense bodies (band ``C'') were rebanded, dialyzed, and

subjected to SDS-PAGE. Western blot analysis using GST-UL83 speci®c antisera indicates that sucrose banded fraction (lane 1), virion

fraction (lane 2), and dense body fraction (lane 3) all are immunoreactive, con®rming presence of GPCMV UL83 protein in virion and

dense body fractions.
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similarity of 42% and amino acid identity of 23%

between the GPCMV UL83 homolog and the HCMV

UL83. Conservation of sequence was most remark-

able in the amino terminal 2/3 of the molecule (Fig.

4). Athough there was sequence divergence in the

COOH-terminal 1/3 of the molecule, the hydropathy

pro®le was similar, suggesting conservation of

function: furthermore, the GPCMV UL83 homolog

contains strongly basic motifs in this region of the

molecule (Fig. 2), suggesting conservation of the

bipartite, basic nuclear localization motif which has

been de®ned for the HCMV UL83 (30,31).

Immuno¯uorescence assays using monospeci®c anti-

GPCMV UL83 antisera in cells transfected with a

GPCMV UL83 expression plasmid identi®ed a

predominantly nuclear pattern of ¯uorescence (Fig.

7), suggesting that the potential nuclear targeting

domains of the GPCMV homolog may be functioning

in a manner analogous to the HCMV UL83 protein.

Transcription of the GPCMV UL83 could initiate

at either of two potential TATA elements 241 and

177 bp bases upstream of the putative ATG translation

initiation codon. Examination of the UL83 promoter

for cis-acting sequences identi®ed the sequences

CCCGCGCCC and CCCGCGCCC, which bear

homology to the consensus sequence for the SP-1

family of transcription binding factors (32). Novel

sequences of interest in the GPCMV UL83 promoter

included two 13 base pair palindromic repeats

GCACGACTCGTGC and an octameric inverted

repeat, TGAGCTCC. The 8-nucleotide repeat

sequence is of considerable interest in view of the

observation that inverted repeat octamer sequences

have been shown to confer responsiveness to viral

Fig. 7. Immuno¯uorescence analysis of GPCMV UL83 expression. Plasmid pKTS 437 (see text) contains GPCMV UL83 coding

sequences under control of HCMV immediate early promoter. Following transfection into GPL cells, polyclonal anti-GPCMV antibody was

used for immuno¯uorescence analysis of intracellular UL83 expression. Preimmune sera revealed no ¯uorescence, and transfection of

vector plasmid only ( pcDNA 3) also was negative (data not shown). Pattern of ¯uorescence is nuclear in distribution, suggesting that

GPCMV UL83 homolog has functional nuclear targeting signal. Fluorescence obtained with FITC-conjugated goat anti-guinea pig

secondary antibody (Sigma) at a 1:300 dilution. Monolayers were subjected to microscopic analysis using a Zeiss Axiphot 2

photomicroscope, FITC ®lter, 40x objective.
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immediate-early gene products in the transcriptional

regulation of the HCMV UL83 gene (33). The role

these cis-sequences may play in transcriptional

regulation of the GPCMV UL83 promoter is currently

under investigation. Examination of sequences down-

stream of the GPCMV UL83 stop codon revealed an

ORF with identity to the HCMV UL82 ( pp71)

homolog. Northern blot experiments using a probe

corresponding to the GPCMV UL83 ORF revealed

two mRNA species of approximately 4.2 and 2.2 kb,

whereas a probe corresponding to the GPCMV UL82

coding sequences identi®ed only the 4.2 kb band (Fig.

3). Since the UL82 probe hybridized only with the

4.2 kb RNA, we conclude that the GPCMV UL82 is

most likely encoded by a bicistronic ``read-through''

transcript which likely initiates at the same TATA box

element as the smaller UL83-speci®c species. Similar

bicistronic transcripts have also been described for the

HCMV UL82/83 transcription unit (28,30,33,34).

The pattern of transcription of the GPCMV UL83/

UL82 transcription unit appears to have some

signi®cant differences from that of the HCMV

UL83. Previous work on HCMV UL83 transcription

revealed that HCMV UL83 is an ``early-late'' gene,

with maximal levels of transcription occurring at late

time points, but with a modest amount of transcription

occurring at early time points (33,34). In the report

published by Depto and Stenberg, however, it is

noteworthy that, in the presence of PAA, UL83

transcription was dramatically diminished (33). These

authors concluded that, although some UL83 tran-

scription occurs at an early time points, that

transcription is ``greatly ampli®ed'' following the

initiation of DNA replication. In the description of

transcription of the MCMV UL83 homolog (M83),

metabolic blockade with PAA was not performed;

however, Western blot analysis of protein synthesis in

the presence and absence of PAA demonstrated

unequivocally that the M83 protein is a ``late''

protein (29). The transcription of the GPCMV UL83

homolog appears to be PAA-sensitive, suggesting that

GPCMV UL83 is a true ``late'' gene. As noted above,

these ®ndings are clearly consistent with analyses of

UL83 homolog genes from other cytomegaloviruses.

More detailed analyses (RNAse protection analysis

and single-stranded DNA probe analysis) are in

progress to test whether there is a small ``early''

component of GPCMV UL83 transcription. However,

our Northern data suggest that the GPCMV UL83

RNA is predominantly a ``late'' transcript.

The GPCMV UL83 protein generated by in vitro
translation was approximately 65 kDa, in agreement

with the size deduced from the ORF identi®ed by

DNA sequencing. Immuno¯uorescence analysis of a

transfected plasmid expressing the GPCMV UL83

protein identi®ed a predominantly nuclear pattern of

¯uorescence (Fig. 7). A GPCMV UL83-speci®c

antisera generated against a GST fusion protein

recognized a 70 kDa virion-associated band in

Western blot, the putative GPCMV homolog of the

HCMV pp65 protein. Similarly, immunoprecipitation

analysis using speci®c antisera also identi®ed a

70 kDa band in 35S-labeled infected tissue culture

lysates. Since the HCMV UL83 ( pp65) is extensively

phosphorylated at casein kinase II (CKII) sites

clustered within the highly hydrophilic region

approximately spanning amino acids 360±480 (35),

we next examined whether the GPCMV UL83

homolog is similarly phosphorylated. Using [32P]-

orthophosphate labeled tissue culture lysates, we

identi®ed a single phosphorylated species of approxi-

mately 70 kDa using our GPCMV UL83-speci®c

antisera (Fig. 5d), indicating that the GPCMV

homolog is phosphorylated. Monospeci®c antisera

which targets the murine cytomegalovirus homolog of

UL83, the M83 protein, is immunoreactive with three

substantially different size classes of proteins,

identifying species of 125, 105 and 70 kDa by

Western blot (29). In contrast, we could only identify

a single UL83 species by Western blot and RIP-PAGE

analyses. Presumably, the migration of the GPCMV

UL83 homolog at 70 kDa (compared to the predicted

Mr of 62.3 kDa) re¯ects an alteration in migration

induced by phosphorylation, although further experi-

ments will be necessary to de®ne which potential

CKII sites are speci®cally utilized. Inspection of the

amino acid sequence reveals ten consensus CKII sites,

with seven of these being present between aa residues

430±521, including a predicted site �Ser473� which is

co-linear with a known phosphorylation site for the

HCMV pp65 (35). In addition to being phosphory-

lated at CKII sites, the HCMV pp65 itself has been

regarded as a serine threonine protein kinase, since

anti-pp65 antibodies immunoprecipitate a CKII-like

activity (36,37). Recent evidence suggests that this

kinase activity may represent a ``captured'' cellular

kinase, polo-like kinase 1 (38). Whether the GPCMV

UL83 protein contains endogenous kinase activity or

co-immunoprecipitates with endogenous cellular

kinases will require additional investigation: however,
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based on its amino acid sequence homology, its

presence in dense bodies, its nuclear localization

pattern, and its ability to be phosphorylated, it is clear

that this protein is the homolog of the HCMV pp65.

The identi®cation of the UL83 homolog of

GPCMV should facilitate the development and testing

of subunit vaccines in the GPCMV model of

congenital infection. Since the major target of CTL

responses in the setting of HCMV infection is the

UL83 protein, the identi®cation of a conserved

homolog in GPCMV will allow the testing of a

mixed glycoprotein/phosphoprotein vaccine in the

only available animal model of congenital CMV

infection. Indeed, our preliminary experiments have

suggested the immunogenicity of a subunit GPCMV

UL83 DNA vaccine (39). Work by other groups has

demonstrated the immunogenicity of a HCMV UL83

DNA vaccine in mice (40), but the species-speci®city

of CMV precluded any subsequent challenge or

protection experiments. The protective ef®cacy of

maternal immune responses to potential CTL targets

in limiting placental and fetal infection with CMV has

to date not been experimentally evaluated. The

cloning and successful subunit expression of the

UL83 gene product of GPCMV will allow the testing

of the hypothesis that preconceptual immunity against

CMI targets may be useful in improving fetal

outcomes in the setting of maternal CMV challenge.

Insights derived from the study of the GPCMV

UL83 protein homolog may also be germane to the

study of the role of this protein in the pathogenesis of

in utero infection. HCMV UL83 ( pp65) is ef®ciently

targeted to the cell nucleus, both as a cytoplasmically

injected viral particle early in infection, and as a

newly synthesized protein at later time points in

infection. This activity has been mapped to a bipartite

nuclear localization signal (30,31). Once inside the

nucleus, pp65 has a strong af®nitity for nuclear lamins

(41). In transfected astrocytoma cells, a recombinant

form of pp65 was found to form a stable association

with metaphase chromosomes (42). These observa-

tions regarding the complex traf®cking of the UL83

protein within the nucleus suggest that pp65 may

conceivably play a role in teratogenesis, potentially

by contributing to chromosomal injury in mitotically

active fetal cells. The GPCMV UL83 homolog has

similar functional nuclear localization signals (43).

Since the UL83 gene is known to be dispensable for

the growth of HCMV in tissue culture (44), the

generation of GPCMV UL83 deletion mutants could

allow the testing of the role of this protein in both the

transplacental transfer of virus as well as the damage

to the developing fetus in the guinea pig model of

congenital CMV infection.
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