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An open reading frame with the characteristics of a glycoprotein-coding sequence was identified by
nucleotide sequencing of human cytomegalovirus (HCMV) genomic DNA. The predicted amino acid sequence
was homologous with glycoprotein H of herpes simplex virus type 1 and the homologous protein of Epstein-Barr
virus (BXLF2 gene product) and varicella-zoster virus (gpIII). Recombinant vaccinia viruses that expressed
this gene were constructed. A glycoprotein of approximately 86 kilodaltons was immunoprecipitated from cells
infected with the recombinant viruses and from HCMV-infected cells with a monoclonal antibody that
efficiently neutralized HCMV infectivity. In HCMV-infected MRC5 cells, this glycoprotein was present on
nuclear and cytoplasmic membranes, but in recombinant vaccinia virus-infected cells it accumulated
predominantly on the nuclear membrane.

Infection with human cytomegalovirus (HCMV), a beta-
herpesvirus, is a relatively common occurrence, as shown
by seropositivity rates in adult populations (43), but illness is
frequently mild or subclinical. However, in those individuals
with immature immune systems, such as the fetus and
neonate, or in immunosuppressed individuals, such as those
undergoing organ grafting or patients with the acquired
immune deficiency syndrome, infection with HCMV can
cause significant morbidity and mortality (11, 25, 40).
The development of rational strategies of vaccination and

immunotherapy to prevent HCMV infection or to limit
illness in those at high risk depends upon both a better
understanding of the biology of the virus and detailed
analysis of virion components that are able to elicit immune
respotises. It is expected that the target antigens for antibod-
ies that are able to neutralize virus infectivity will be the
virus-encoded glycoproteins that are inserted into the enve-
lope of the mature virus particles. Analysis of these proteins
has, however, been complicated by several factors. The
virus gtows slowly and in a limited number of cell types and
fails to shut off host cell synthesis; infected cells display an
avid immunoglobulin Fc binding activity (13); and the virion
glycoproteins have complex product precursor relationships
(30) and form multimeric complexes (4, 12, 18, 20).

In several reports monoclonal antibodies have been de-
sciibed that are reactive with HCMV glycoproteins that are
able to neutralize virus infectivity in vitro (5, 8, 18, 29, 32,
33). Individually purified or expressed HCMV glycoproteins
have also been shown to elicit neutralizing responses in

experimental animals (8, 16, 31).
To identify I4CMV glycoprotein genes and the encoded

proteins, we are screening the HCMV nucleotide sequence
for open reading frames with glycoprotein characteristics
and then expressing these in vaccinia virus. By using this
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approach, a HCMV glycoprotein sharing homology with
glycoprotein B (gB) of other human herpesviruses was
identified (8). Here we describe the identification and expres-
sion of another HCMV glycoprotein that is conserved within
human herpesviruses and show that, like gB, it also is a
target for antibody-mediated virus neutralization in vitro.
Interestingly, the glycoprotein has a different cellular local-
ization in HCMV-infected cells compared with that in cells
infected with the vaccinia virus recombinant. The implica-
tions of this are discussed.

MATERIALS AND METHODS

Cells and viruses. The AD169 strain of HCMV was grown
and titrated in MRC5 cells as previously described (8). The
vaccinia virus WR strain and TK- recombinant viruses were
grown in BHK cells, and infectivity was determined by
plaque assay on CV1 cell monolayers (23).

Construction of recombinant vaccinia viruses expressing the
HCMV glycoprotein. A potential HCMV glycoprotein-
coding region was isolated from plasmid pAT153 containing
the 11.4-kilobase HindlIl L fragment of the HCMV genome
(26). The HindIII L fragment was excised with HindIII,
treated with the Escherichia coli DNA polymerase Klenow
fragment to create blunt ends, and then digested with SmaI,
which cuts 96 nucleotides upstream of the translational
initiation codon of the glycoprotein gene. A 2.5-kilobase
fragment containing the glycoprotein gene was ligated into
plasmids pGS62 (35) and pSC11 (7) at the unique SmaI site to
create plasmids pSB3 and pSB4, respectively. These plas-
mids each contain the HCMV open reading frame correctly
positioned downstream of a constitutively expressed vacci-
nia virus promoter derived from a gene encoding a protein of
7.5 kilodaltons (kDa) and were used to generate TK- recom-
binant vaccinia viruses by previously established methods
(7, 22). Analyses of DNA from recombinant viruses by
restriction endonuclease digestion, agarose gel electropho-
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resis, and Southern blotting demonstrated that the HCMV
gene was inserted into the vaccinia virus TK gene and that
no other gross genomic alterations had occurred.

Immunoprecipitation. Preparation of [35S]methionine-la-
beled infected cell lysates and immunoprecipitation were

performed as previously described (8), except that, when
monoclonal antibodies were used, protein A-Sepharose was

reacted with rabbit anti-mouse immunoglobulin (Dako) be-
fore it was added to the immunoprecipitation reaction.
Samples were electrophoresed through linear 10% or 5 to
12% gradient polyacrylamide gels, and after fixation gels
were treated with fluorographic enhancer (Amplify; Amer-
sham International plc) and autoradiographs were prepared.

Immunofluorescence. CV1 and MRC5 cells were grown on
glass cover slips and infected with either vaccinia virus or
HCMV at multiplicities of 30 and 10, respectively. For
surface membrane immunofluorescence, cells were washed
in phosphate-buffered saline (PBS) and then fixed in an

isotonic solution of 2% paraformaldehyde for 30 min at room
temperature. Cells were blocked with PBS containing 1%
bovine serum albumin and 5% nonimmune rabbit serum
(blocking buffer) at room temperature for 30 min. Antibody
was diluted in blocking buffer and left on the cover slips for
60 min at room temperature. Following extensive washing,
bound antibody was detected with fluorescein-conjugated
rabbit anti-mouse immunoglobulin (Dako) diluted 1/20 in
blocking buffer.
For internal staining, monolayers were fixed for 10 min at

room temperature with 5% formaldehyde-2% sucrose in
PBS. Following three washes with PBS, cells were permea-
bilized by incubation for 5 min at room temperature in PBS
containing 1% Triton X-100, 10% sucrose, and 1% calf
serum. Cell monolayers were then incubated in blocking
buffer and stained as described above for nonpermeabilized
cells.
HCMV neutralization assays. Monoclonal antibody

(ascites fluid) was heated at 56°C for 30 min to inactivate
endogenous complement. Dilutions of antibody were then
incubated with equal volumes of HCMV (750 PFU) for 30
min at 37°C, at which time fresh nonimmune rabbit serum
was added to some tubes to a final concentration of 5% as a
source of complement. After a further 30 min of incubation,
residual virus was assayed by plaque formation on MRC5
cell monolayers.

RESULTS
Identification and comparative analyses of an HCMV gly-

coprotein-encoding sequence. Putative glycoprotein-encoding
genes were sought within the HCMV genome by sequencing
of cloned restriction fragments (26) by using the M13 and
dideoxy nucleotide chain termination method (34) (strategy
and methods have been described by Bankier and Barrell
[3]). Open reading frames associated with potential tran-
scriptional regulatory signals were analyzed further for
membrane glycoprotein characteristics, including hydropho-
bic amino-terminal signal sequences, potential N-linked gly-
cosylation sites, and a hydrophobic membrane anchor region
near the carboxy terminus of the deduced amino acid se-
quence.
These criteria were used to identify a putative glycopro-

tein gene within the 11.4-kilobase HindIII L fragment of
HCMV. This open reading frame has a primary translation
product of 743 amino acids containing six potential N-linked
glycosylation sites. The predicted polypeptide sequence was

analyzed for its hydrophobicity profile by using the
ANALYSEP computer program (39). A stretch of N-terminal

hydrophobic amino acids consistent with signal peptide and a
C-terminal-associated stretch of hydrophobic residues con-
sistent with a transmembrane region were identified.
The predicted translation product of the open reading

frame was compared with glycoprotein genes of other her-
pesviruses by using the FAST P computer program (21), and
the matches were analyzed with the DIAGON computer
program (38). This revealed homology with glycoprotein H
(gH) of herpes simplex virus (HSV) (15, 24), the Epstein-
Barr virus (EBV) BXLF2 gene product (1), and varicella-
zoster virus (VZV) gpIII (19). In previous analyses (9, 10,
24), it has been established that these three gene products
are homologous and that the homology is restricted to the
carboxy-terminal region of the molecule. The homology was
weak and was confined to the C-terminal half of the reading
frame (Fig. 1). The strongest similarity was seen with the
EBV homolog. The sequences of the herpesvirus gH pro-
teins are not highly conserved but have the following dis-
tinctive features in common: (i) an unusually short carboxy-
terminal cytoplasmic region; (ii) a conserved sequence of
four amino acids, NGTV (which includes a potential N-
linked glycosylation site) approximately 15 amino acids
N-terminal to the transmembrane region; and (iii) four cys-
teine residues whose positions relative to that of the trans-
membrane region were conserved in all three proteins.
These features are all found in the predicted translation
product of the HCMV open reading frame shown in Fig. 2.
In addition, the view that this open reading frame is a gH
homolog is further strengthened by the position of the coding
sequence relative to that of the adjacent open reading
frames. Thus, in VZV the gene coding for gpIII (the gH
homolog) is the open reading frame designated VZV-37 (9)
and is preceded by open reading frames 36, 35, and 34. In
HCMV the gH reading frame is preceded by homologs of
VZV-35 and VZV-34, although there is no homolog to
VZV-36, the thymidine kinase gene (B. G. Barrell, unpub-
lished data). Collectively, these data establish that the prod-
uct of this open reading frame is a gH homolog and is
subsequently referred to as HCMV-gH.

Expression of HCMV-gH. The HCMV-gH gene product
synthesized in cells infected with the recombinant vaccinia
virus that contains the HCMV-gH gene (designated HCMV-
gH-VAC) was analyzed by immunoprecipitation of [355]
methionine-labeled infected cell extracts by using a rabbit
antiserum sample raised against purified HCMV virions (a
gift from Ken Powell). Both recombinant vaccinia viruses
(derived from insertion vectors pGS62 or pSC11, which
coexpresses P-galactosidase) synthesized a polypeptide of

C.)

HSV EBV VZV

FIG. 1. Comparison of the HCMV-gH protein sequence with
those of HSV type 1 gH and the gH homologs of EBV (BXLF2 gene
product; gp85) and VZV (VZV-37 gene product; gpIIl) by use of the
DIAGON program (38). The proportional algorithm was used with a
window of 21 amino acids and a score of 235. The N termini of the
sequences are in the bottom left-hand corner in each case.
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FIG. 2. The position and sequence of the HCMV-gH gene. (A) The HindlIl restriction map of HCMV AD169 is given, and the position
of the gH gene is shown. (B) The DNA sequence is of a region of the HindlIl L fragment, including the site at the boundary of the Hindlll
L and D fragments. The Hindlll and SmaI sites used in the cloning of the HCMV-gH gene are underlined. In the DNA sequence, the putative
TATA box and poly(A) addition site for the gene are boxed. In the protein sequence, potential signal and transmembrane sequences are

boxed, as are potential glycosylation sites and the six cysteine residues whose positions are conserved. Of the boxed cysteine residues, the
most C-terminal pair are conserved in EBV and VZV but not in HSV type 1. The remaining four boxed cysteines are conserved in all four
viruses.
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86 kDa that was absent in wild-type (WT) vaccinia virus-
infected cells (Fig. 3). A control rabbit antiserum sample
raised against a HSV peptide did not precipitate this protein,
although it did react with the 116-kDa 1-galactosidase. A
band with a slightly greater electrophoretic mobility than
that ofHCMV-gH was common to all vaccinia virus-infected
cells and probably represents the breakthrough of a vaccinia
virus protein. In HCMV-infected MRC5 cell lysates, multi-
ple polypeptides were precipitated with the anti-HCMV
antisera, including a prominent 86-kDa band which may
represent gH.

Next, a panel of murine monoclonal antibodies raised
against HCMV was screened for reactivity to the gH-VAC
recombinant viruses. An antibody designated HCMV-16
immunoprecipitated an 86-kDa protein from both HCMV
and HCMV-gH-VAC-infected cell lysates (Fig. 4). It was
repeatedly noted that the electrophoretic mobility of the
protein precipitated from HCMV-infected cell lysates was
slightly greater than that seen from HCMV-gH-VAC-infect-
ed cell lysates. When cells infected with HCMV or vaccinia
virus recombinants were labeled with [35S]methionine in the
presence of 10 ,ug of tunicamycin per ml, the 86-kDa band
was no longer detectable by immunoprecipitation with either
HCMV-16 monoclonal antibody or rabbit anti-HCMV virion
serum (data not shown).

Cellular localization of HCMV-gH. The location of gH in
HCMV-gH-VAC-infected cells was analyzed by indirect
immunofluorescence by using HCMV-16 ascitic fluid on
recombinant and WT vaccinia virus-infected CV1 cells. No
expression of the antigen at the cell surface was seen (Fig.
5). However, when cells were permeabilized by treatment
with Triton X-100 before antibody was added, diffuse, fi-
brillar cytoplasmic staining and striking nuclear membrane
staining of HCMV-gH-VAC-infected cells were observed.
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FIG. 4. Immunoprecipitation of HCMV-gH from HCMV-gH-
VAC-infected or HCMV-infected cells. [355]methionine-labeled ly-
sates from HCMV-gH-VAC, WT vaccinia virus, or HCMV-infected
or mock-infected (Uninf) MRC5 cells were reacted with monoclonal
antibody HCMV-16 or with another Yj monoclonal antibody with
specificity for the influenza virus Ml protein (aM). Precipitated
proteins were separated on a sodium dodecyl sulfate-109o polyacryl-
amide gel, and an autoradiograph is shown. Numbers on both sides
of the gels are in kilodaltons.
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FIG. 3. Detection of HCMV-gH by immunoprecipitation with
rabbit anti-HCMV antiserum. Lysates of [35S]methionine-labeled
HCMV-infected MRC5 cells, mock-infected (Uninf) MRC5 cells,
and HCMV-gH-VAC (produced by using either plasmid pSC11 or

plasmid pGS62)-infected or WT vaccinia virus-infected CV1 cells
were reacted with either rabbit anti-HCMV serum (RAB ANTI
HCMV) or rabbit anti-HSV peptide serum (RAB ANTI HSV PEP.).
Proteins were separated by electrophoresis on sodium dodecyl
sulfate-10% polyacrylamide gels, and an autoradiograph is shown.
Numbers to the right are in kilodaltons.

In HCMV-infected MRC5 cells, HCMV-16 antibody re-
acted with nonpermeabilized cells with a distinctive patchy
staining pattern. Specific staining was not seen at early times
(4 and 24 h postinfection) and was detected on less than 1%
of cells at 48 h. By 72 h approximately 80% of cells showed
surface staining, and by 96 h this was detected on all the
cells. In contrast, a monoclonal antibody (HCMV-37) spe-
cific for HCMV gB (8) showed specific surface membrane
staining of HCMV-infected cells as early as 24 h after
infection. No staining was seen on uninfected cells with
either antibody. In permeabilized HCMV-infected cells,
HCMV-16 antibody showed strong cytoplasmic staining.
Nuclear membrane staining was also present, although it
was not as prominent as that in the HCMV-gH-VAC-
infected cells. In addition, most cells showed a very promi-
nent cytoplasmic inclusion body that was not seen in the
recombinant vaccinia virus-infected cells. Since HCMV-
infected cells are known to display avid Fr receptors,
another -Yl monoclonal antibody with specificity for the
influenza virus Ml protein (kindly provided by J. Yewdell)
was used as a further control. Although this antibody reacted
with cytoplasmic vesicle-like bodies, the distribution and
intensity of staining was quite different from that with
HCMV-16.
HCMV-gH is a target for neutralizing antibody. Monoclo-

nal antibody HCMV-16 (ascites fluid) was shown to neutral-
ize HCMV infectivity strongly in vitro, both in the presence
and absence of rabbit complement (Fig. 6). This is in
contrast to the complement-dependent neutralization seen
with two monoclonal antibodies with specificity for
HCMV-gB.
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FIG. 5. Cellular localization of HCMV-gH studied by immunofluorescence on recombinant vaccinia virus- and HCMV-infected cells.
Monoclonal antibody HCMV-16 was reacted with either nonpermeabilized (a) or permeabilized (d) CV1 cells infected with HCMV-gH-VAC
or with nonpermeabilized (b) or permeabilized (e) HCMV-infected MRC5 cells. (c and f) Nonpermeabilized and permeabilized HCMV-
infected MRC5 cells, respectively, stained with a ylY monoclonal antibody with specificity for influenza virus Ml protein as a control for Fc
binding. The antibody reaction was detected with fluorescein-conjugated rabbit anti-mouse immunoglobulin antiserum.

DISCUSSION
An open reading frame within the HindIII L fragment of

the HCMV genome has a predicted primary translation
product of 84.4 kDa. This product has the properties of a
transmembrane glycoprotein. The gene product was ex-
pressed by recombinant vaccinia virus and identified by
immunoprecipitation as an 86-kDa protein. The predicted
translation product showed weak homology with gH of HSV
type 1 and the homologous proteins in EBV and VZV. The
view that this gene product is the HCMV-gH homolog is
supported by the conserved features of the primary amino
acid sequence, the conserved size of the protein, and the
position of the gene with respect to adjacent conserved open
reading frames.

HCMV-gH has an epitope that is a target for in vitro
neutralization of virus infectivity, as shown by the potent
complement-independent activity seen with a gH-specific
murine monoclonal antibody. The complement indepen-
dence is in contrast to five anti-HCMV gB monoclonal
antibodies studied in this laboratory which neutralize the
virus infectivity only in the presence of complement. While
these observations are consistent with those of Rasmussen
et al. (31-33), who have also described a monoclonal anti-
body directed against an 86-kDa HCMV glycoprotein dis-
playing complement-independent neutralizing activity, it has
yet to be determined whether these proteins are the same.
Both the monoclonal antibody and polyclonal antisera

used in this study precipitated polypeptides of approxi-
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FIG. 6. In vitro complement (C')-independent neutralization of
HCMV infectivity with an anti-HCMV gH monoclonal antibody.
Virus was incubated with monoclonal antibody HCMV-16, mono-

clonal antibody HCMV-37, or monoclonal antibody HCMV-39; the
last two have specificities for HCMV gB, both in the presence and
absence of added rabbit complement. Residual nonneutralized virus
was assayed by plaque formation in MRC5 cells, and the percent
plaque reduction was calculated.

mately 86 kDa from HCMV and recombinant vaccinia virus-
infected cell lysates, although minor variations in mobility
were detected. These differences were not due to the host
cell, since gH precipitated from recombinant vaccinia virus-
infected MRC5 cells was indistinguishable fromn that from
CV1 cells (data not shown). We believe that the 86-kDa
species represents a glycosylated form of the gH gene

product since in the presence of tunicamycin a protein of this
relative molecular mass was no longer seen. Our inability to
detect a protein in the presence of tunicamycin suggests that
the precursor form of gH may be unstable in the absence of
N-linked carbohydrate. Alternatively, the antigenic determi-
nant on gH seen by the monoclonal antibody and polyclonal
antiserum may be dependent upon the presence of carbohy-
drate.

Results of immunofluorescence studies indicated that
there are differences in cellular localization. On the basis of
the reaction with monoclonal antibody HCMV-16, no evi-
dence of cell surface expression of gH was obtained in the
recombinant vaccinia virus-infected cell. This is in marked
contrast to results obtained with HCMV-gB (8) and other
viral glycoproteins expressed in vaccinia virus, in which the
foreign protein is distributed normally in the cells infected
with the virus recombinant (2, 35, 36, 41, 42, 44). The failure
to obtain surface expression of the HCMV-16 epitope in
HCMV-gH-VAC-infected cells, together with the pro-
nounced nuclear membrane staining, suggests that there is a
block in the transport ofgH to the cell surface. Additionally,
the prominent intensely stained cytoplasmic body in HCMV-
infected cells was absent in recombinant vaccinia virus-
infected cells. The finding of only one body per cell and its
positioning adjacent to the nuclear membrane suggests that
this may be the Golgi complex. Although the HCMV-
infected cell Fc-binding activity seen with rabbit serum is
also associated with this cytoplasmic body (unpublished
data), an unrelated -Yl murine monoclonal antibody gave a

quantitatively and qualitatively different staining pattern
from that seen with a HCMV-gH-specific monoclonal anti-
body (Fig. 5).

While the translocation of viral glycoproteins to specific
cellular compartments is generally determined intrinsically,
as suggested by results of experiments in which either
heterologous virus vectors or transfection was used to

introduce virus genes into cells (for example, see Gething
and Sambrook [14] and vaccinia virus recombinants [see
above]), it is possible that the cellular distribution of the gene
products may also be influenced by other factors. The
kinetics of processing of cloned gene products, and hence
their transport, may differ from those in infected cells, as has
been shown for HSV type 2 gD (17). Johnson and Smiley (17)
have also suggested that the distribution of the glycoprotein
may be influenced by the presence of other viral gene
products. Furthermore, mutants of HSV have been isolated
that exhibit greatly reduced cell surface expression of viral
glycoproteins, despite normal levels of glycoprotein synthe-
sis (27), and the coding region involved has recently been
sequenced and found to be conserved in EBV (28). It is
therefore conceivable that the normal transport of HCMV-
gH by the Golgi complex to the cell surface requires other
HCMV-specific gene products; indeed, HCMV infection is
known to modify the ultrastructure of the Golgi complex
(37). It is equally possible that the vaccinia virus infection
produces an intracellular environment that is detrimental to
the proper processing of HCMV-gH, the proper transloca-
tion of HCMV-gH, or both.
Homologs ofHSV type 1 gH have been found in members

of the alpha, beta, and gammaherpesvirus subgroups (15, 24;
this report); and it is therefore probable that, together with
gB, gH will be found in all herpesviruses. The functions of
gH are unknown, but HSV type 1 antibody to gH efficiently
neutralizes virus infectivity in the absence of complement
and prevents the intercellular spread of infectivity, implying
that there is a role for gH in virus entry and exit or in the
formation of intercellular junctions (6, 15). Similar observa-
tions have been made with antibody against the VZV homo-
log (19). Efficient neutralization of infectivity by antibody to
the HCMV homolog suggests that the gH function is con-
served among the herpesvirus subgroups, and it now appears
likely that gH represents a neutralizing target in all herpes-
viruses.
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ADDENDUM

Rassmussen et al. (33) described a monoclonal antibody,
1G6; that precipitated a glycoprotein of HCMV that they
referred to as p86. We have used antibody 1G6 (a gift from
L. Rassmussen) to immunoprecipitate the HCMV glycopro-
tein expressed by the recombinant vaccinia virus HCMV-
gH-VAC described in this report. The HCMV glycoprotein
whose sequence and expression we describe here and which,
on the basis of amino acid homology, we have called
HCMV-gH, therefore corresponds to the polypeptide spe-
cies designated p86 by Rassmussen et al. (33).
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