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FIG. 4. Schematic representation of the HCMV genome and
localization of the 92env gene. For the entire genome, the restriction
sites are given for the enzymes HindIII and EcoRI. The 6.5-kb
Hindlll R fragment is drawn on an expanded scale, including a few
relevant restriction endonuclease sites. The hatched area indicates
the coding region for the 92env reading frame; the stippled area
corresponds to the open reading frame of the 28-kDa phosphopro-
tein (pp28). The directions of transcription for the pp28 and 92env
genes are indicated by the arrows.
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GGCCTCATCTACCCCATCGTGCAGTACGATACCTTCCTCAGCAACGAATACCGCACCGGCATCAGCTGGTCGTTCGGCATGCTCTTTTTCATATGGGCCANucleotide sequence of the HCMV genomic region encoding
92env. The nucleotide sequence of the 1.7-kb XbaI-SmaI
segment within HindIII-R was determined (Fig. 5). During
our work with the phosphoprotein pp28, which is located
adjacent to the potential reading frame (Fig. 4), we had
encountered problems, including deletions and recombina-
tions, when small DNA fragments from this region were
subcloned into various vectors. Therefore, we chose as a
strategy a combination of sequencing available plasmids and
double-stranded sequencing with synthetic primers. The
1.7-kb SmaI-XbaI fragment contained an open reading frame
of 1,116 bp. At the 5' end, between nucleotides 1355 and
1382, this frame showed 100% homology with the cDNA.
The stretch of adenosine residues that was present in the
cDNA sequence was not present in the genomic DNA. This
indicates that the ATTAAA motif between nucleotides 1474
and 1479 in fact represents the poly(A) signal for the 92env
reading frame (6). According to the cDNA sequence, the
poly(A) tail is added to the RNA at position 1599. Interest-
ingly, the poly(A) signal for the 28-kDa phosphoprotein is
located at the identical position, but on the opposite DNA
strand (Fig. 5). The AUG codon at position 267 follows the
known rules for effective translational start sites (33). There
is no convincing sequence motif for TATA and CAAT
boxes, respectively, within 300 bp upstream of that AUG.
The primary translation product of the 92env frame is a
protein 372 amino acids in length with a calculated molecular
size of 42,860 Da. It should be mentioned that a second open
reading frame is located within this DNA fragment. Starting
at nucleotide 557 and ending at nucleotide 1243, this frame
has the capacity to code for a protein 27 kDa in size. It is,
however, most probably not translated into a polypeptide
since computer analyses of the codon frequency and rare
codon usage showed that it is not representative of HCMV
genes (data not shown).

Identification of the 45-kDa structural protein as the trans-
lation product of the 92env reading frame. In order to
determine the viral protein encoded by the 92env reading
frame, a monospecific antiserum against a procaryote-ex-
pressed part of the polypeptide was generated. A 520-bp
PvuII-SmaI fragment (Fig. 4) encoding the last 72 amino
acids of the 92env frame was inserted into the vector
pBD2IC20H. In this plasmid, a fusion protein can be syn-
thesized that contains 375 amino acids of ,B-galactosidase
and the foreign sequence. The insertion of the HCMV DNA
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FIG. 5. Nucleotide sequence of the 1.7-kb XbaI-SmaI fragment
coding for the 92env protein. The area of homology between the
cDNA and the genomic nucleotide sequence is indicated by the
boldface line (nucleotides 1356 to 1499). The boxed nucleotides
ATTAAA represent the poly(A) signal of the 92env gene; the dashed
line indicates the AATAAA poly(A) signal of the 28-kDa phos-
phoprotein (pp28) on the complementary strand. The amino acid
sequence of the 92env translation product is given in the one-letter
code below the nucleotide sequence.

led to the formation of a polypeptide which was recognized
specifically by the anti-envelope serum (data not shown).
The fusion protein was used to immunize rabbits. After four
booster injections, the specificities of a preimmune serum
and the immune sera were tested in Western blots with
extracellular HCMV particles as the antigen. The immune
serum specifically recognized a viral polypeptide 45 kDa in
size (Fig. 6). The weaker reactions with polypeptides of 65
and 30 kDa were considered nonspecific since they were also
observed with the preimmune serum. This result confirms
that the 45-kDa structural protein reacting with the anti-
envelope serum is encoded by the 92env reading frame.

Analysis of the 92env transcript and time of appearance.
The size of the 92env-specific transcript was determined in
Northern blot analyses. Total cellular RNA from AD169-
infected fibroblasts was isolated, separated on 1.5% dena-
turing agarose gels, and hybridized with [oL-32P]dATP-la-
beled DNA fragments spanning the entire HindIII-R region.
Two major transcripts of 1.3 and 1.5 kb were observed in
RNA preparations isolated late in the course of the infection.
As previously shown, the 1.3-kb RNA, detected by the
probes pHM2 and pHM9, respectively, corresponds to the
pp28 transcript (46). The probe pHM9 hybridized to both the
1.3- and the 1.5-kb RNAs (Fig. 7). The plasmid pHM10
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FIG. 6. Confirmation of the 45-kDa envelope protein as the
translation product of the 92env reading frame. A rabbit antiserum
raised against a recombinant protein containing the last 72 amino
acids of the 92env gene product was analyzed in a Western blot with
HCMV particles as antigens. Lanes: 1, preimmune serum (diluted
1:100); 2, anti-92env serum (diluted 1:200). Sizes are given in
kilodaltons.

detected only the 1.5-kb RNA. Taken together with the
nucleotide sequence data of the 92env cDNA, this result
suggests that the pp28 RNA and the 92env transcript,
respectively, terminate in the same area between nucleotides
1400 and 1500 and that the 92env reading frame is tran-
scribed into an abundant 1.5-kb RNA late in the course of
the infection. Northern blot analyses with strand-specific
probes confirmed that both transcripts have an opposite
orientation (data not shown). No such signal was observed
with RNA preparations from immediate-early or early times
of infection (data not shown).
Computer analysis of the 92env protein and comparison

with homologous polypeptides of other human herpesviruses.
Hydrophobicity analysis by the method of Kyte and Doolit-
tle (34) revealed stretches of hydrophilic amino acids at both
termini of the protein. At the amino terminus, the first 12
amino acids are mainly hydrophilic, and the carboxy-ter-
minal part consists of approximately 40 highly hydrophilic
residues. Between these hydrophilic regions, the 92env
protein contains several clusters of hydrophobic amino acids
framed by short stretches of hydrophilic residues. Eight
hydrophobic domains of the 92env protein consist of at least
20 mainly nonpolar amino acids. Twenty amino acids are
thought to be sufficient to span the 3-nm thickness of the
lipid bilayer (2, 58). The overall structure resembles that of
an intrinsic membrane protein, containing multiple mem-
brane-spanning domains. Five potential N-glycosylation
sites of the form N-X-T/S were identified at amino acids 29,
58, 115, 170, and 215; three sites are located within predicted
transmembrane domains.
The translation product of the 92env reading frame was

compared with proteins of other human herpesviruses by
using the UWGCG program Gaps. Homologous counter-
parts were identified in all human herpesviruses whose
nucleotide sequences have been completed (4, 15, 44). The

EL

FIG. 7. The 92env reading frame is transcribed into a 1.5-kb late
RNA. (A) Total RNA was isolated from HCMV-infected fibroblasts
72 h after infection. The RNA was separated on a 1.5% agarose gel,
transferred to nitrocellulose membranes, and hybridized with vari-
ous plasmids representing the entire Hindlll R fragment. Lanes 1 to
5 correspond to the plasmids pHM1, pHM2, pHM9, pHM10, and
pHM4, respectively. (B) The 92env open reading frame is indicated
by the hatched area. Sizes are given in kilobases.

greatest homology was observed with the BBRF3 gene
product of EBV (23%), followed by UL10 of HSV-1 (21%)
and ORF50 of varicella-zoster virus (VZV) (19%). Although
the sequences are not highly conserved, they have a number
of features in common: (i) a short hydrophilic N-terminal
region of approximately 20 amino acids and a larger hydro-
philic carboxy-terminal part (25 to 120 amino acids); (ii) eight
stretches of hydrophobic sequences, each one long enough
to cross the membrane, interrupted by short hydrophilic
motifs; (iii) a conserved arrangement with adjacent genes in
EBV, VZV, and HSV-1 (see Discussion).

HCMV / 4 , ; t t^
(IMP) |i

EBV a
(BBRF3)h rd -v ( [(5

aI. s as.a'

the50hooogu eaigfrmsinEV(BR3, Z OR5)

and HSV-1 (UL10). The algorithm of Kyte and Doolittle (34) was
used, with a sliding window set to 11 amino acid residues. The scales
below the plots give the positions of the respective amino acid
sequences.
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FIG. 9. Conservation of the gene blocks containing the genes coding for the homologous IMPs among the human herpesviruses. The open
reading frame and the direction of transcription for the glycoprotein H (gH), the exonuclease (Exo), the major capsid protein (MCP), and the
membrane protein (IMP) are indicated. Data are derived from Baer et al. (EBV) (4), Davison and Taylor (VZV) (16), McGeoch et al. (HSV)
(44), Chee et al. (HCMV MCP) (11), and Cranage et al. (HCMV gH) (14).

DISCUSSION

In this study, we have described the identification of the
gene coding for a 45-kDa envelope protein of HCMV. Until
final agreement has been reached on the nomenclature of
HCMV-encoded polypeptides, we propose to term this
protein IMP (for integral membrane protein).
An immunoreactive lambda gtll recombinant was initially

isolated with the aid of an antiserum raised against solubi-
lized proteins from envelopes of purified virions and NIEPs.
The antiserum recognized mainly six polypeptides of 200,
170, 160, 75, 58, and 45 kDa.
The reactivity of the serum includes polypeptides that

have been identified in the envelope of HCMV before, i.e.,
the 200-, 160-, 170-, and 58-kDa proteins (5, 20, 24, 55, 56).
The 75-kDa protein could correspond to the 70-kDa glyco-
protein, which is able to bind wheat germ agglutinin (5). A
polypeptide of 45 kDa has not been described as a constitu-
ent of the viral envelope of HCMV. This could be a result of
the extraction and detection methods used in this study. In
contrast to previous investigations, which used Triton X-100
for the solubilization of envelope material, we used a com-
bination of Nonidet P-40 and sodium deoxycholate. In
addition, in previous studies the envelope polypeptides were

metabolically labeled with [3H]glucosamine (19, 24, 56) or

detected by their affinity for lectins (5). Envelope proteins
that are not modified by sugars or that are insoluble in Triton
X-100 could not have been detected by these analyses. With
the exception of the major glycoprotein gpS8, the antiserum
against envelope material did not recognize to a significant
extent the other identified glycoproteins of HCMV to which
monoclonal antibodies have been raised, namely glycopro-
tein H (14, 51), gp47 to gpS2 (23), and gp65 (8). We also did
not observe a reaction with the high-molecular-weight pro-

tein, which is complexed to gpS8 via disulfide bonds (7).
Whether this is a result of low antigenicity of these polypep-

tides in rabbits and/or a small amount of the respective
glycoproteins in the envelope material has not been deter-
mined.
The coding sequence for the IMP is located within the long

segment of the viral genome in the center of HindIII-R. The
gene has a primary translation product of 42.8 kDa, provided
that splicing does not occur. The carboxy-terminal part of
the reading frame was expressed in E. coli as a P-galactosi-
dase fusion protein and used to raise a monospecific antise-
rum in rabbits. This antiserum identified a 45-kDa viral
polypeptide as the gene product, a protein which was also
reactive with the anti-envelope serum.

Upon computer analysis, the IMP showed some charac-
teristic features (Fig. 8). The N-terminal region consists of a
short hydrophilic sequence and resembles the hydrophobic
signal sequences usually found in membrane-bound glyco-
proteins and considered to be necessary for the translocation
of the growing polypeptide chain across membranes (43).
The hydropathicity plot of the entire protein shows eight
sections of hydrophobic residues, each representing a poten-
tial membrane-spanning domain. The hydrophobic stretches
are interrupted by hydrophilic amino acids, a feature char-
acteristic of membrane-spanning proteins. The actual topol-
ogy of the protein within the membrane, however, cannot be
deduced from computer predictions; it has to be determined
experimentally. Such experiments are currently in progress.
The carboxy-terminal part is remarkably hydrophilic and
acidic. Of the last 50 amino acids, 26 have charged side
chains, and of the last 14 amino acids, 12 are negatively
charged. The high percentage of hydrophilic residues at the
C terminus might explain the antigenicity of this part of the
molecule, which was deduced from the fact that the expres-
sion of nine amino acids in the lambda gtll recombinant was
sufficient for it to be recognized by the anti-envelope serum.
The isolation of lambda gtll recombinants expressing only a
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few amino acids for foreign sequences does not seem to be
an unlikely phenomenon since we reported previously the
isolation of a cDNA clone expressing nine amino acids of
gp58 of HCMV (39).
The IMP shows homology to predicted translation prod-

ucts from EBV, HSV-1, and VZV. These proteins have also
been suggested to be membrane associated but to our
knowledge have not been identified as constituents of the
respective viruses (4, 15, 44). In general, they have a similar
distribution of hydrophilic and hydrophobic residues across
the molecule. Differences are mainly restricted to the vari-
able length of the hydrophilic carboxy-terminal part of the
proteins. For HCMV, this part contains 50 residues,
whereas in HSV-1 the carboxy-terminal 120 amino acids are
strongly hydrophilic (Fig. 8).
The IMP gene is transcribed into a 1.5-kb RNA which was

detectable only late in the course of infection. The tran-
scripts for the homologous reading frames in EBV and
HSV-1 have also been determined to be late (4, 45).
With increasing sequence data available, it becomes ap-

parent that the various human herpesviruses contain not
only homologous genes but also, in some areas of the
genome, a conserved gene arrangement (16). This has been
shown for the genomic area encoding the DNA polymerase,
the major glycoprotein, and a DNA-binding protein (32).
Other areas of the genome, such as the entire Us region of
HCMV, do not show any homology to the other herpesvi-
ruses (60). The IMP of HCMV and its homologs in EBV,
HSV, and VZV are conserved in a block that includes the
genes coding for glycoprotein H, the major capsid protein,
and the exonuclease. However, the gene for the major
capsid protein is inverted in orientation in HCMV compared
with the orientation in the other viruses (Fig. 9). Although it
has not been proven experimentally, we conclude that the
HCMV exonuclease gene is located between the major
capsid protein and the IMP. In fact, there is a reading frame
upstream of pp28 which shows homology to the BGLF5 of
EBV (46), a suggested exonuclease (16). The high degree of
conservation during evolution of the alpha-, beta-, and
gammaherpesviruses suggests that these gene blocks reflect
important functional domains.

In summary, we have identified a structural protein of
HCMV which shows several membrane-spanning domains
representing a type of protein not detected before as a
constituent of HCMV envelopes. The conservation of the
gene among four human herpesviruses indicates an impor-
tant function in the replication cycle of the virus. As a part of
the viral envelope, this protein most likely represents a
target for the immune system. Experiments are currently in
progress to establish the role of IMP in the humoral and
cellular immune responses.
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