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Human cytomegalovirus glycoprotein B (gB) plays a role in the fusion of the virion envelope with the host
cell membrane and in syncytium formation in infected cells. Hydrophobic sequences at the carboxyl terminus,
amino acids (aa) 714 to 771, anchor gB in the lipid bilayer, but the unusual length of this domain suggests that
it may serve another role in gB structure. To explore the function(s) of this region, we deleted aa 717 to 747
(gB AI mutation), aa 751 to 771 (gB AIl mutation), and aa 717 to 772 (gB AI-II mutation) and constructed a
substitution mutation, Lys-748 to Val (Lys748Val)-Asn749Ala-Pro750Ile (gB KNP™). Mutated forms of gB
were expressed in U373 glioblastoma cells and subjected to analysis by flow cytometry, confocal microscopy,
and immunoprecipitation. Mutations gB AI-II and gB AII alone caused secretion of gB into the medium,
confirming that aa 751 to 771 function as a membrane anchor. In contrast, mutations gB AI and gB KNP™
blocked cell surface expression and arrested gB transport in the endoplasmic reticulum (ER). Detailed
examination of gB Al and gB KNP™ with a panel of monoclonal antibodies showed that the mutated forms were
indistinguishable from wild-type gB in conformation and formed oligomers; however, they remained sensitive
to endoglycosidase H and did not undergo endoproteolytic cleavage. Analysis of protein complexes formed by
¢B and molecular chaperones in the ER showed that calnexin and calreticulin, lectin-like chaperones, bound
equal amounts of uncleaved wild-type gB, gB Al, and gB KNP™, but the glucose-regulated proteins 78 (BiP)
and 94 formed stable complexes only with the mutated forms, causing their retention in the ER. Our studies
show that aa 714 to 750 are key residues in the architecture of gB molecules and that the ER chaperones, which
facilitate gB folding and monitor the quality of glycoproteins, detect subtle changes in folding intermediates

that are conferred by mutations in this region.

Human cytomegalovirus (HCMYV) is a widespread infectious
agent that causes severe morbidity and mortality in congeni-
tally and perinatally infected newborns (34, 35, 52), immuno-
suppressed patients, including organ transplant recipients (27),
and patients with AIDS (13). HCMYV infection of the retina
affects 20 to 30% of patients with AIDS (14, 15, 21). Glyco-
protein B (gB) is the major target of neutralizing antibodies in
HCMV-infected patients (4, 6, 39). Analysis of the nucleotide
sequence of HCMYV strain AD169 indicates that open reading
frame ULS5S5 encodes the homolog of herpes simplex virus type
1 (HSV-1) gB (8). gB is the most highly conserved of the
herpesvirus glycoproteins, is required for virion infectivity (re-
viewed in reference 37), and functions in virion entry into cells
by promoting fusion of the virion envelope with the plasma
membrane (30, 56, 57).

HCMYV strain AD169 gB consists of a signal peptide (amino
acids [aa] 1 to 24), an ectodomain (aa 25 to 713), a hydropho-
bic carboxyl-terminal domain (aa 714 to 771), and an intracel-
lular charged carboxyl tail (aa 772 to 906). The ectodomain is
endoproteolytically processed between Arg-459 and Ser-460,
which is mediated by furin in a post-endoplasmic reticulum
(post-ER) compartment (51, 58). Following cleavage, the N-
and C-terminal products remain associated by disulfide link-
ages (50). The long hydrophobic domain near the carboxyl
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terminus, consisting of two hydrophobic segments separated by
3 aa, functions as a membrane anchor (51). Amino acid se-
quence analysis showed that this region is conserved among
gBs of the o, B, and +y herpesviruses (see Fig. 1A). We and
others have reported that truncation of the entire carboxyl
terminus and the hydrophobic region results in secretion of
HCMYV ¢B into the culture medium (42, 51). Analysis of the
secondary structure of HSV-1 gB predicted that the corre-
sponding hydrophobic carboxyl region crosses the membrane
three times (36); however, it was experimentally shown that
hydrophobic segment II (aa 751 to 771 [see Fig. 1B]) is suffi-
cient for membrane anchoring of HSV-1 gB (45) and HCMV
¢B (47). Thus, aa 714 to 750 may serve a role in the architec-
ture of gB that is distinct from membrane anchoring.

In this study, we explored the effect of changes in the car-
boxyl-terminal hydrophobic region of HCMV gB by analyzing
the processing and transport of gB with site-specific mutations
in this region. We showed that mutated forms lacking this
region are secreted into the medium and confirmed that hy-
drophobic segment II anchors gB in the plasma membrane.
Our studies revealed that hydrophobic segment I and the in-
tervening amino acids KNP play a central role in promoting
the transport of gB through the exocytic pathway. Mutations in
segment I and KNP arrested the transport of gB in the ER,
prevented cleavage, and promoted the formation of stable
complexes between gB and the ER chaperones glucose-regu-
lated protein 78 (GRP78) and GRP94. Our results indicate
that hydrophobic segment I and KNP are pivotal in the con-
figuration of gB and hence in its transport.



8030 ZHENG ET AL.

MATERIALS AND METHODS

Site-directed mutagenesis of HCMV gB and vector construction. The isolation
and cloning of the coding sequence for HCMV gB (strain AD169) as a 3.1-kb
Eagl fragment were reported previously (42). This sequence was cloned into
pBluescript (Stratagene) at the NotI site. For the convenience of site-directed
mutagenesis and complete DNA sequencing, a 443-bp EcoRI-Nsil fragment
containing the gB hydrophobic region was subcloned in pBluescript after the
appropriate modifications of multiple cloning sites (an NsiI linker was inserted at
the Kpnl cloning site). Site-directed mutagenesis was done by the Kunkel method
(26a). The uracil-containing single-stranded DNA was isolated from Escherichia
coli CJ236 after superinfection of M13KO7 helper phage (Bio-Rad). The oligo-
nucleotides were synthesized by the University of California San Francisco Bio-
molecular Resource Facility. T7 DNA polymerase was used to synthesize the
complementary DNA strand. After mutagenesis, the whole gB subclone was
sequenced by the dideoxy-chain termination method (49).

For in-frame deletion of the hydrophobic segments of gB, oligonucleotides
were designed to introduce Nrul sites at codons 716, 747, 751, and 772. The
oligonucleotide sequences and expected codon changes by this substitution mu-
tagenesis were as follows (the Nrul sites are underlined, and the substituted
sequences are in lowercase letters): 5'-CGCCCAGtcgcgaCATGAGGTC-3'
changed codon G-717 to R; 5'-GGGGTTTcgegaGAAGGTGGC-3' changed
codons L-747-K-748 to SR; 5'-GAAGGCTCgcgAGGGGTTTTTG-3’ changed
codons F-751-G-752 to SR; and 5'-CGCTGTCGcgaATAGATCAAATAA-3'
changed codon T-772 to S. The deletion of gB hydrophobic segments by the
introduction of two Nrul sites and subsequent ligation resulted in an in-frame
downstream coding sequence. For site-specific mutagenesis of aa 748 to 750,
oligonucleotide 5’-GGCTCCGAAtattgcaacGAGGAAGGTG-3" (the intro-
duced Sspl site is underlined) was designed to replace amino acids K-748-N-
749-P-50 with VAI (resulting in the mutant KNP™). The mutated gB coding
sequences in pBluescript were removed as an Eagl fragment to a eukaryotic
expression vector pRc/CMV (Invitrogen) at the NotI site under the control of the
HCMYV immediate-early gene promoter. For transient expression of mutant gB
protein in the T7 RNA promoter/T7 RNA polymerase system (28), an Ncol site
was introduced at the gB initial codon by oligonucleotide 5'-GGATTCCATGg
TCGTCGCGG-3' (the Ncol site is underlined). Then, the gB coding sequence
was cloned in the pTM1 vector at Ncol-Spel sites.

Cell cultures and stock viruses. U373MG, a glioblastoma cell line, was ob-
tained from the American Type Culture Collection (ATCC HTB17) and was
grown in Dulbecco’s minimum essential medium (DMEM)-high-glucose con-
taining 10% fetal calf serum (FCS) (Hyclone) and antibiotics. Recombinant
vaccinia virus vIF7-3 (28) was obtained from the American Type Culture Col-
lection, and viral stock was prepared and titrated in Vero cells.

DNA transfection and vaccinia virus infection. Polycation polymer polybrene
(Sigma) was used as an efficient transfection agent for glioblastoma cells. For
optimal transfection efficiency, 13 wg of polybrene, 6.5 pg of CsCl gradient-
purified DNA, and 5 X 10° PFU of recombinant vaccinia virus vITF7-3 were
mixed in 1 ml of culture medium and incubated with a confluent cell sheet (5 X
105) in a 35-mm-diameter well for 12 h. Then, the cells were treated for 2 min
with medium containing 30% dimethyl sulfoxide.

Immune reagents. Murine monoclonal antibodies (MAbs) to HCMV gB were
as described previously (30, 38, 42). Antibodies to protein chaperones (murine
MADb to GRP78, rat MAb to GRP94, and rabbit polyclonal antibody to the
carboxyl terminus of calnexin) were purchased from StressGen. Rabbit poly-
clonal antibody to calreticulin was purchased from Affinity BioReagents. Goat
anti-mouse immunoglobulin G (IgG) conjugated with fluorescein isothiocyanate
(FITC) or Texas red was purchased from Caltag. Goat anti-rat IgG conjugated
with Texas red and LcH agglutinin from plant lentil (Lens culinaris) conjugated
with FITC were purchased from E-Y Laboratories.

Immunofluorescence and confocal microscopy. Expression of HCMV gB was
detected by indirect immunofluorescence assays using murine MAbs (30, 38, 42).
At 24 h after transfection and infection with vaccinia virus vI'F7-3, U373 cells on
glass coverslips were fixed in 80% methanol at —20°C and reacted with the
individual MAbs or a pool of MAbs to gB in phosphate-buffered saline (PBS)
with 10% FCS (1:200) for 1 h at 37°C. Cells were washed in PBS three times, and
goat anti-mouse IgG conjugated with FITC or Texas red, diluted (1:200) in PBS
with 10% FCS, was added and incubated for 30 to 60 min at 37°C. Next, the cells
were reacted with antisera to calnexin, which was used as an ER marker, and this
was followed by reactions with Texas red-conjugated secondary goat anti-rat IgG
and FITC-conjugated LcH agglutinin, which was used as a Golgi marker. Cells
were examined for immunofluorescence with a Bio-Rad MRC600 confocal mi-
croscope.

Flow cytometry analysis. U373 cells stably transfected with the mutated gB
constructs were selected as described previously (56). The cells were detached
from the wells by using cell dissociation buffer (PBS based, enzyme free; GIBCO-
BRL). The pooled MAbs to HCMV gB were added (1:200) in PBS with 10%
FCS and incubated at 4°C for 1 h. The cells were washed in PBS, and FITC-
conjugated goat anti-mouse IgG was added (1:200) with 10% FCS and incubated
at 4°C for 30 min. Afterwards, the cells were washed in PBS, propidium iodide
was added to a final concentration of 2 wg/ml, and 10* cells per sample were
subjected to analysis in a FACS analyzer IV (Becton Dickinson, Mountain View,
Calif.).
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Radiolabeling and immunoprecipitation of proteins. U373 cells were trans-
fected using the polybrene method and infected with vIF7-3 as described above.
Immediately after dimethyl sulfoxide shock, cells were labeled with [*>S]Trans-
label (100 mCi/ml; specific activity, 10 wCi/ml; ICN) in methionine- and cysteine-
free DMEM without serum for 12 to 16 h. For pulse-chase experiments, cells
were incubated in DMEM supplemented with 10% FCS for 1.5 h to allow cells
to express gB after dimethyl sulfoxide shock. Then, cells were washed twice with
PBS and starved in methionine- and cysteine-free DMEM for 30 min at 37°C
before they were labeled for 30 min. Following extensive washing, the monolay-
ers were chased in DMEM containing 10% FCS and 10-fold concentrations of
unlabeled methionine and cysteine. Both medium and cell fractions were sus-
pended in PBS with 1% Nonidet P-40, 1% sodium deoxycholate, and 100 wg of
phenylmethylsulfonyl fluoride per ml. MAb CH177-3 was bound to protein
A-Sepharose CL-4B beads (Sigma) and used to immunoprecipitate HCMV gB
as described previously (38). Precipitated proteins were eluted in sample buffer
containing 2% sodium dodecyl sulfate (SDS) and 2% B-mercaptoethanol by
boiling for 5 min and were then analyzed by SDS-polyacrylamide gel electro-
phoresis (PAGE) (9% polyacrylamide) in gels cross-linked with diallyltartardia-
mide. For nonreducing gels, proteins were eluted at room temperature in 2% or
0.2% SDS without B-mercaptoethanol, with or without boiling for 3 min, and
analyzed by SDS-PAGE (7% polyacrylamide). The gels were dried and autora-
diographed on Kodak BioMAX film. The '*C-radiolabeled rainbow molecular
mass markers (Amersham) used were myosin (220 kDa), phosphorylase (97.4
kDa), bovine serum albumin (66 kDa), ovalbumin (46 kDa), and carbonic an-
hydrase (30 kDa).

For coimmunoprecipitation experiments, U373 cells were transfected and
infected as described above and then labeled for 12 h immediately after dimethyl
sulfoxide shock. In one mock-transfected sample, tunicamycin (1.5 pg/ml) was
added during transfection and radiolabeling. Cells were solubilized with 2%
CHAPS (3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propanesulfate) in HBS
(200 mM NaCl, 50 mM HEPES [N-2-hydroxyethylpiperazine-N’-2-ethanesulfon-
ic acid] [pH 7.5]) for 30 min on ice, and then apyrase (10 U/ml) and phenyl-
methylsulfonyl fluoride (100 wg/ml) were added. Murine MAb to GRP78, rat
MADb to GRPY4, and rabbit polyclonal antisera to calnexin and calreticulin were
diluted 1:200 for immunoprecipitation. Binding reactions of antibodies with
antigens were done at room temperature for 10 min, and then the immune
complexes were mixed with protein A-Sepharose CL-4B for 10 min and washed
five to six times in buffers containing 2% CHAPS in HBS. Calreticulin immu-
noprecipitates were passed through a 2 M sucrose cushion and then washed twice
with 2% CHAPS.

Carbohydrate analysis. Endoglycosidase H (endo H) and peptide-N-glycosi-
dase F (PNGase F) were used as instructed by the manufacturer (Boehringer
Mannheim). Immunoprecipitated proteins from approximately 10° transfected
cells were eluted in 50 mM sodium phosphate buffer (pH 6.0) containing 1%
SDS-2% B-mercaptoethanol and boiled for 5 min. Then, the denatured samples
were divided into three aliquots for endo H, PNGase F, or mock digestion. For
endo H digestion, samples were diluted to final concentrations of 0.1% SDS, 1%
B-mercaptoethanol, 100 wg of phenylmethylsulfonyl fluoride per ml, 0.5% Non-
idet P-40, and 50 mM sodium phosphate (pH 5.5); for PNGase F digestion, the
buffer was pH 7.2. Digestions were done at 37°C for 9 h with 5 mU of endo H or
1 U of PNGase F.

RESULTS

Site-directed mutagenesis of the hydrophobic domain of
HCMV gB. The carboxyl-terminal hydrophobic sequences
within the domain of the herpesvirus gB homologs are shown
(Fig. 1A and B). To explore the functions of the carboxyl-
terminal hydrophobic region of HCMV gB, we first con-
structed site-specific deletion and substitution mutations (Fig.
1C). The two hydrophobic segments, which are separated by
the amino acids Lys-Asn-Pro, were deleted separately or to-
gether by introducing two Nrul sites (TCG CGA) into the gB
gene at codons 716, 747, 751, and 772. The replacement of two
amino acid codons with TCG CGA, encoding Ser and Arg,
created an Nrul site. Cleavage of this site produced blunt ends,
which maintained the reading frame after the fragment was
deleted. Three deletion mutations were constructed: deletion
of hydrophobic segment I (aa 717 to 747) (gB AI), deletion of
hydrophobic segment II (aa 751 to 771) (gB AII), and deletion
of both hydrophobic segments (aa 717 to 772) (gB AI-II). As a
result of these deletions, Lys-748 was changed to Arg in the Al
mutation and Thr-772 was changed to Ser in the AIl mutation.
These conservative substitutions were not expected to change
the effects of the large deletions. Next, we constructed site-
specific mutations, which changed K-748 to V, N-749 to A, and
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FIG. 1. Sequences in the carboxyl-terminal hydrophobic region (aa 714 to
771) of HCMV gB. (A) Alignment of the hydrophobic sequences of human
herpesvirus gB homologs. HCMV gB hydrophobic segments I and II are indi-
cated with horizontal bars separated by KNP. HHV-6, human herpesvirus 6;
VZV, varicella zoster virus; EBV, Epstein-Barr virus; Consensus, most-con-
served amino acid residues. (B) Kyte-Doolittle hydropathy plot of the HCMV gB
hydrophobic region. (C) Mutations in the hydrophobic region of gB. Lines
indicate deletions; substitutions are underlined and indicated in boldface italic

type.

P-750 to I as described in the Materials and Methods section.
The three residues that separate hydrophobic segments I and
II, KNP, are of particular interest. K is positively charged, N is
highly hydrophilic, and P tends to break the membrane-span-
ning a-helix structure by favoring a B-turn structure (11). The
substitution of VAI for these three amino acid residues (yield-
ing the mutant KNP™) would result in a continuous hydropho-
bic sequence from aa 714 to 771.

Deletion of hydrophobic segment II alone or of I and II
together causes secretion of gB. In the first set of experiments,
we analyzed the synthesis of gB and determined whether the
mutated forms were secreted by immunoprecipitating gB from
cell extracts and culture fluids. U373 cells were transfected
with plasmid DNA encoding the gB constructs, infected with
vaccinia virus VI'F7-3, and the glycoproteins were precipitated
with a pool of MAbs to HCMV gB. Analysis of the immuno-
precipitates electrophoresed in denaturing SDS-PAGE gels
revealed that the expressed forms of gB were present in cell
extracts and that some were secreted into the culture medium,
depending on the mutation (Fig. 2). Cell extracts alone con-
tained wild-type (WT) gB (Fig. 2, lane 2) and the mutated
forms gB AI (Fig. 2, lane 4) and gB KNP™ (Fig. 2, lane 10),
whereas gB AIl and gB AI-II were present in the cell extracts
(Fig. 2, lanes 6 and 8) and also secreted into the culture
medium (Fig. 2, lanes 5 and 7). Deletion of segment II alone
was sufficient to release gB into the medium, which indicates
that hydrophobic segment II anchors gB in the membrane. In
this experiment (Fig. 2, lanes 5 to 8) and others (Fig. 5, lanes
7 to 12), it appeared that less gB AII than gB AI-II was secreted
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FIG. 2. Immunoprecipitation of WT gB and mutated forms gB AI, gB AII, gB
AI-AIl, and gB KNP™ from the medium (M) and cell extracts (C) of transfected
U373 glioblastoma cells. Radiolabeled proteins ([*>S]Trans-label) were boiled in
sample buffer with 2% SDS and B-mercaptoethanol and separated in denaturing
SDS-9% polyacrylamide gels. Uncleaved forms of gB are indicated with an
arrow (band 1); N-terminal (band 2) and C-terminal (band 3) endoproteolytic
products are also indicated. Molecular mass markers are indicated at the left in
kilodaltons.

into the medium. In addition to uncleaved gB molecules (band
1), WT gB and the AII and AI-II gB forms were cleaved into
N-terminal (band 2) and C-terminal (band 3) halves. The se-
creted gB forms AII and AI-II gB, with deletions of 21 and 56
aa, respectively, had higher apparent molecular masses (bands
1 and 3) than WT gB. Since WT gB has 21 potential N-
glycosylation sites, 20 in the ectodomain and 1 in the cytoplas-
mic tail (10), the decrease in electrophoretic mobility may
result from use of the N-glycosylation site at Asn-863 after
translocation of the mutated forms into the ER lumen.
Deletion of hydrophobic segment I and the site-specific mu-
tation KNP™ preclude gB transport. To study the intracellular
transport of the mutated forms of HCMV gB, we analyzed
transfected U373 cells by immunofluorescence confocal mi-
croscopy. The transfected cells were stained with the pool of
MADbs to gB and then with reagents to identify either ER or
Golgi. The ER was identified with a MADb to calnexin, a resi-
dent ER protein (12), and the Golgi complex was identified
with LcH agglutinin (43). We found that WT gB (Fig. 3A and
D) and the mutated forms gB AII (Fig. 3E and H) and gB AI-II
(Fig. 31 and L) stained predominantly with a strong perinuclear
pattern comparable to that of LcH agglutinin (Fig. 3C, G, and
K). Analysis of the immunofluorescence pattern of mutated gB
Al (Fig. 3M and P) and gB KNP™ (Fig. 3Q and T) showed that
they stained in a predominantly reticular pattern, which was
comparable to that of calnexin in the ER (Fig. 3N and R).
Comparison of the staining pattern of these mutated forms
with that of LcH agglutinin (Fig. 30 and Q) showed a distinct
dissimilarity, which suggested that gB Al and gB KNP™ were
not transported to the Golgi. Results of these experiments
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FIG. 3. Immunofluorescence confocal microscopy analysis of the pattern of staining of HCMV gB (A to D) and mutated forms gB AI (M to P), gB AII (E to H),
gB AI-AII (I to L), and gB KNP™ (Q to T) in transfected U373 cells reacted with a pool of MAbs to gB (HCMV gB), antisera to calnexin, a marker for ER, and LcH
agglutinin, a marker for Golgi. WT gB and the mutated forms are indicated on the left and right.

indicated that the mutated forms gB AII and gB AI-II, like WT
gB, were transported to the Golgi and suggested that gB Al
and gB KNP™ were predominantly retained in the ER and
could fail to reach the Golgi.

Since malfolded forms of viral glycoproteins are retained in
the ER by protein chaperones that facilitate folding and mon-
itor conformation (26, 31), we examined the integrity of
epitopes on the surface of gB Al and gB KNP™ with a panel of
MADbs to neutralizing epitopes on HCMV gB. We found that
WT gB and the mutated forms reacted by immunofluorescence
with a panel of 24 MAbs to conformational epitopes (data not
shown), indicating that most of the surface epitopes on gB
recognized by antibodies to important antigenic domains were
not altered by these mutations in the hydrophobic sequences.

It was recently reported that HCMV gB with a deletion
mutation in hydrophobic segment I was transported to the
plasma membrane when expressed constitutively in U373 cells
(47). In the present study, results of immunofluorescence con-
focal microscopy of the mutant forms gB AI and gB KNP™
suggested that their transport was arrested in the ER and that

they did not reach the Golgi and hence failed to reach the cell
surface. To determine whether these mutated forms were
transported to the plasma membrane, we selected U373 cells
that constitutively express WT gB, gB Al and gB KNP™, using
previously published procedures (56), and subjected these in-
tact cells to flow cytometry with the pool of MAbs to gB (Fig.
4). For these experiments, 40,000 to 60,000 cells (excluding
dead cells) were counted. These data showed that WT gB was
detected on the cell surface, as indicated by a mean fluores-
cence value of 159.4 (Fig. 4A). In contrast, the mutated forms
gB AI and gB KNP™ had mean fluorescence values of 10.1 and
8.5, respectively (Fig. 4C and D), which were comparable to
the negative control value 4.4 obtained with cells that did not
express gB (Fig. 4B). These results indicated that WT gB was
on the cell surface whereas the mutated forms gB AI and gB
KNP™ were not.

Together, results of immunofluorescence experiments and
flow cytometry on cells expressing gB Al and gB KNP™ showed
that deletion of hydrophobic segment I alone and mutations in
KNP abolished transport of gB to the cell surface and caused
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FIG. 4. Flow cytometry analysis of U373 cells constitutively expressing HCMV WT gB (A) and mutated forms gB AI (C) and gB KNP™ (D), labeled with a pool
of MADbs to gB. (B) Negative control. Mean fluorescence intensities are indicated. Counts, cell number counted; Fitc, fluorescence intensity.

retention of the mutated forms in the ER. Analysis of the
conformation of gB AI and gB KNP™ with a panel of MAbs to
epitopes on the surface of gB showed that no changes were
detected, which suggests that the mutations introduced subtle
alterations in the molecule. These findings indicate that hydro-
phobic segment I and KNP are critical elements which main-
tain the structural integrity of gB that is required for exit of the
glycoprotein from the ER.

The deletion of hydrophobic segment I and the KNP muta-
tion arrest gB in the ER and block cleavage and oligosaccha-
ride processing. In HCM V-infected cells, gB undergoes cleav-
age in a post-ER compartment (50, 51); both the intact and
cleaved forms are partially sensitive to endo H (38, 46). In the
next set of experiments, we studied the cleavage and processing
of the oligosaccharides on the mutated forms by digesting the
immunoprecipitated proteins with endo H, which cleaves high-
mannose-type N-glycans, and PNGase F, which cleaves all
N-glycans including complex structures formed in post-ER
compartments (53). For these experiments, cells were trans-
fected with the DNA constructs, and gB forms were immuno-
precipitated from the cell extracts and medium after 18 h,
treated with endoglycosidases, and then electrophoresed in
denaturing SDS-polyacrylamide gels. The results (Fig. 5) were
as follows.

(i) In cells expressing WT gB (Fig. 5, lane 1), the uncleaved
precursor (band 1) as well as N-terminal (diffuse band 2) and
C-terminal (band 3) cleavage products were formed. These gB
bands were partially sensitive to endo H (Fig. 5, lane 2). Only
bands 2 and 3 were deglycosylated further by PNGase F diges-
tion (Fig. 5, lane 3). After complete removal of the N-glycans,

both N- and C-terminal deglycosylated proteins appeared to
comigrate. This finding agreed with the calculated molecular
weights of deglycosylated N-terminal (aa 25 to 459) and C-
terminal (aa 460 to 906) halves of gB, which are 50,000 and
49,500, respectively.

(i) Comparison of precipitated gB AIl and gB AI-II from
culture medium (Fig. 5, lanes 7 and 13) and cell extracts (Fig.
5, lanes 10 and 16) showed some differences in oligosaccha-
rides. Like WT gB, these intracellular mutated forms were
cleaved, were partially sensitive to endo H (Fig. 5, lanes 11 and
17), and were further deglycosylated by PNGase F digestion
(Fig. 5, lanes 12 and 18). However, some heterogeneity in the
sensitivity of the intracellular forms of gB AII and gB AI-II to
endo H was observed. Following treatment, uncleaved gB (Fig.
5, lanes 10 and 16, bands 1) was resolved into two bands, one
that was highly endo H resistant (Fig. 5, lanes 11 and 17, band
1a) and another that was endo H sensitive (Fig. 5, lanes 11 and
17, band 1b). Analysis of the secreted forms of gB AIl and gB
AI-IT showed that they too were cleaved (Fig. 5, lanes 7 and 13)
but were only minimally sensitive to endo H (Fig. 5, lanes 8 and
14). In contrast, bands 1, 2, and 3 were fully sensitive to PN-
Gase F, as indicated by a dramatic shift in electrophoretic
mobility following digestion (Fig. 5, lanes 9 and 15). It should
be mentioned that PNGase F-treated forms of gB AIl and gB
AI-IT migrated more rapidly than PNGase F-treated forms of
WT gB, as was expected for the size of the deletion. This
finding indicated that the heterogeneous appearance of the
processed bands of these mutated forms resulted from differ-
ences in glycosylation patterns.

(iii) Analysis of precipitates from cells expressing gB AI (Fig.
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FIG. 5. Posttranslational processing of WT and mutated forms gB AI, gB All, gB AI-AIl, and gB KNP™ in transfected U373 cells. Radiolabeled proteins
([*>S]Trans-label) were immunoprecipitated from the medium or cell extracts with MAb CH177. Immunoprecipitates were boiled in the appropriate buffers, digested
with endo H or PNGase F or left untreated, and separated in denaturing SDS-9% polyacrylamide gels. Uncleaved gB molecules (band 1) and endoproteolytic products
of the N terminus (band 2) and C terminus (band 3) are indicated. Bands 1a and 1b indicate endo H digestion products. Mock, no DNA. Molecular mass markers are

indicated at the left in kilodaltons.

5, lane 4) and gB KNP™ (Fig. 5, lane 19) showed that only band
1 was present, which indicated that these mutated forms were
not cleaved. Notably, both gB Al and gB KNP™ were fully
sensitive to endo H (Fig. 5, lanes 5 and 20) but were not
digested further by PNGase F (Fig. 5, lanes 6 and 21). Inas-
much as HCMV gB contains 21 N-glycosylation sites, the very
slight differences in the migration of these mutated forms
could result from the removal of all residual N-linked saccha-
rides by PNGase F, whereas endo H does not remove the
N-acetylglucosamine linker from Asn residues. A slight differ-
ence in the migration of endo H- and PNGase F-treated un-
cleaved precursor of WT gB (band 1) was also observed (Fig.
5, lanes 2 and 3). The results of carbohydrate analysis agreed
with those of the flow cytometry and immunofluorescence
analyses, which showed that both the mutated forms, gB Al
and gB KNP™, failed to exit the ER and did not transit further
along the exocytic pathway. The finding that these mutated
forms of gB failed to undergo endoproteolytic cleavage and
remained endo H sensitive indicates that the deletion of hy-
drophobic segment I and the mutation in KNP between seg-
ments I and II alter the gB molecule, precluding exit of these
forms from the ER.

WT gB and mutated forms of HCMV gB bind to protein
chaperones in the ER. We previously reported that a mutated
form of HSV-1 gB which failed to react with MAbs to confor-
mational epitopes was arrested in the ER, where it formed
stable complexes with GRP78 (63) and GRP94 (44). The
present studies on the mutated forms of HCMV gB indicated
that the deletion of hydrophobic segment I and the site-specific
mutation in KNP result in sequestration of these mutated
forms in the ER. In addition to GRP78 and GRPY4, calnexin
and calreticulin, which are chaperones with lectin-like proper-
ties in the ER, bind glycosylated proteins, promote their fold-

ing (33, 40), and prevent the exit of unassembled monomers
and conformationally defective forms from the ER (43).

To determine whether mutations in the hydrophobic domain
alter the association of HCMV gB molecules with ER chap-
erones, we next investigated the binding of WT gB and the
mutated forms gB Al and gB KNP™ to protein chaperones by
coimmunoprecipitation experiments. U373 cells were trans-
fected with DNA, labeled for 12 h, and lysed with 2% CHAPS
to maintain the association of proteins in the complexes. Im-
munoprecipitates from equal numbers of cells were loaded
into each lane of SDS-polyacrylamide gels. The results (Fig. 6)
were as follows.

(i) Immunoprecipitates of WT, gB Al and gB KNP™ formed
by MAb CH177-3 from transfected-cell extracts showed that
the glycoproteins were expressed equally and contained com-
parable amounts of the WT and mutated forms (Fig. 6A, lanes
1 to 3). Faster-migrating cleavage products of WT gB were
observed (Fig. 6A, lane 1), whereas gB Al and gB KNP™ were
not cleaved (Fig. 6A, lanes 2 and 3). Three slightly faster-
migrating bands were detected in precipitates of the mutated
forms; their closely spaced, ladder-like appearance (Fig. 6A,
lanes 2 and 3, bands 1la to c) suggests they may be partially
glycosylated forms.

(ii) Analysis of immunoprecipitates of calnexin showed that
the synthesis of this chaperone was induced in tunicamycin-
treated, mock-transfected U373 cells (Fig. 6A, lanes 9 and 10).
WT gB and the mutated forms gB Al and gB KNP™ copre-
cipitated with calnexin in approximately equal amounts (Fig.
6A, lanes 6 to 8). gB Al having the large deletion of 30 aa (Fig.
6A, lane 7), migrated slightly faster than WT gB and gB KNP™
(Fig. 6A, lanes 6 and 8). We next determined whether calre-
ticulin bound to gB as calnexin did. In this separate experi-
ment, extracts of transfected cells were immunoprecipitated
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FIG. 6. Coimmunoprecipitation of molecular chaperones in the endoplasmic
reticulum with WT gB and mutated forms gB Al and gB KNP™. Transfected
U373 cells were radiolabeled with [3S]Trans-label for 12 h and lysed in 2%
CHAPS. A negative control sample was mock transfected alone (Mock). An-
other mock-transfected sample contained tunicamycin (Tunic.) (1.5 pg/ml) for
12 h prior to radiolabeling and was maintained at the same concentration during
radiolabeling. Lysates were divided into aliquots and immunoprecipitated with
antibodies (Ab) to gB (A and C), calnexin (A and C), calreticulin (C), GRP78
(B), and GRPY%4 (B). Precipitated proteins were boiled in SDS sample buffer
containing 2% SDS and B-mercaptoethanol and separated in SDS-9% polyacryl-
amide gels. HCMV gB is indicated with an arrow. Uncleaved gB molecules (band
1) and endoproteolytic products of the N terminus (band 2) and the C terminus
(band 3), as well as faster-migrating bands of mutated forms gB AI and gB KNP™
(bands 1a to c) are indicated. Molecular mass markers are indicated at the left
in kilodaltons.

with antibodies to calnexin and calreticulin; however, the lanes
containing gBAI (Fig. 6C, lanes 22, 25, and 29) were slightly
overloaded. With this taken into account, WT gB, gB Al, and
gB KNP™ coprecipitated in approximately equal amounts with
calreticulin (Fig. 6C, lanes 28 to 30). Notably, only the intact
form of WT gB and the mutated glycoproteins coprecipitated
with calnexin and calreticulin. The intensity of the gB band in
the calnexin precipitates (Fig. 6C, lanes 24 to 26) compared
with those of the calreticulin precipitates (Fig. 6C, lanes 28 to
30) suggested that more gB is bound to calnexin than to cal-
reticulin. Interestingly, trace amounts of calnexin were con-
tained in the calreticulin precipitates (Fig. 6C, lanes 28 to 30),
but no calreticulin was detected in the calnexin precipitates
(Fig. 6C, lanes 24 to 26), suggesting that the calreticulin-bound
¢B is also bound to calnexin. Results of these experiments
indicate that calnexin and calreticulin bind to nascent, intact
¢B molecules in the ER and confirm that cleavage occurs in a
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FIG. 7. Pulse-chase experiments of WT gB and mutated forms gB AI and gB KNP™ synthesized in transfected U373 cells. Cells were radiolabeled with
[**S]Trans-label for 30 min and chased for 0, 2, 4, 8, 18, and 28 h. HCMV gB was immunoprecipitated with MAb CH177. Precipitated proteins were boiled in SDS
sample buffer containing 2% SDS and B-mercaptoethanol and separated in SDS-9% polyacrylamide gels. Uncleaved gB molecules (arrow, band 1) and endoproteolytic
products of the N terminus (band 2) and C terminus (band 3) of WT gB as well as slightly faster-migrating bands of mutated forms (band 1a) are indicated. Mock,

no DNA. Molecular mass markers are indicated at the left in kilodaltons.

post-ER compartment. That WT gB and the mutated forms
coprecipitated with calnexin and calreticulin in approximately
equal amounts suggests that these chaperones bind transiently
to folding intermediates of these molecules and that the bind-
ing sites recognized on gB are unaltered by the Al and KNP™
mutations.

(iii) We found that tunicamycin treatment of mock-trans-
fected U373 cells induced the synthesis of GRP78 (Fig. 6B,
lane 15) as previously published (63). Analysis of precipitates
formed by GRP78 and GRP94 showed that different amounts
of WT gB, gB Al, and gB KNP™ coprecipitated with GRP78
(Fig. 6B, lanes 11 to 13) and GRP94 (Fig. 6B, lanes 16 to 18).
Only uncleaved molecules were associated with GRP78 and
GRPY4, as would be expected for gB complexes formed with
resident ER proteins. The proportions of the mutated gB
forms sequestered in precipitates with GRP78 (Fig. 6B, lanes
12 and 13) and GRPY4 (Fig. 6B, lanes 17 and 18) were greater
than those of WT gB (Fig. 6B, lanes 11 and 16). Enhanced
production of GRP78 was found in tunicamycin-treated, mock-
transfected cells. These results suggest that transient com-
plexes were formed between WT gB and GRP78 and GRPY%4,
whereas the mutated forms showed prolonged or stable asso-
ciation with these chaperones. The finding that the AI and
KNP™ mutations increase the association of mutated gBs with
GRP78 and GRP9%4 suggests that these mutations subtly mod-
ify the structure of gB. Inasmuch as the chaperones GRP78
and GRP94 monitor the quality of proteins in the ER and
block the transport of unassembled subunits and improperly
folded forms, it is likely that the accumulation of gB Al and gB
KNP™ in the ER stems from their sequestration into stable
complexes with these chaperones.

Mutated forms of gB sequestered in the ER were not de-
graded. We reported that the mutated form of HSV-1 gB with
altered conformation, mentioned above, coprecipitated with
GRP78 and GRPY4, was blocked from exiting the ER and was

rapidly degraded (31, 41). To determine whether the mutated
forms of HCMV gB that were associated with GRP78 and
GRPY4 were degraded in the ER, we performed pulse-chase
experiments. Transfected U373 cells expressing gB were pulse-
labeled for 30 min as described in Materials and Methods and
chased for intervals up to 28 h. The results (Fig. 7) were as
follows.

(i) WT gB made during the pulse was cleaved after 2 h of
chase (Fig. 7, lanes 1 to 3, bands 1 to 3). The intact precursor
(band 1), the 97-kDa N terminus (band 2), and the 55-kDa C
terminus (band 3) appeared to be slightly reduced after 8§ h.
Band 1, the only form present in the ER, was not degraded,
i.e., lost, but migrated slightly faster by 18 h. Presumably, this
resulted from trimming of the mannose-rich carbohydrates,
which occurs in proteins residing in the ER for a long period
(25). By 28 h, the intensity of the N- and C-terminal cleavage
products in post-ER compartments was diminished. Results of
these experiments show that the fraction of WT gB that is in
the ER for over 28 h is not degraded.

(ii) By contrast, the mutated forms gB AI and gB KNP™
were not cleaved and they accumulated stably in the ER (Fig.
7, lanes 7 to 18). The quantity of the uncleaved gB Al band was
relatively constant during the chase intervals (Fig. 7, lanes 8 to
12), but the KNP™ band was diminished somewhat by 18 h
although still present (Fig. 7, lanes 14 to 18). Like WT gB, both
mutated forms migrated slightly faster after 8 h. The results
show that these mutated forms of HCMV gB are not rapidly
degraded and appear to be quite stable in the ER. Compared
with our previous finding that a defective form of HSV-1 gB
lacking an important conformational domain on the surface of
the molecule is rapidly degraded (within 60 min) in the ER
(31), results of the present study suggest that some sequestered
proteins are degraded whereas others are not, and whether
degradation occurs could depend on the extent of the defect.
This result supports the idea that the ER contains subcompart-



VoL. 70, 1996

WT Al All AFII KNPM™ Mock
— /e
Boiling:

-+ -+ - o+ - o+ -+ -+
<
HMW = <1 .

HCMYV gB:

4

Dimer--‘.‘...’ .

220 —

'

Monomer - = & . .

97 —

1 23 4 5 67 8 9101112

FIG. 8. Immunoprecipitation of oligomers formed by WT and mutated forms
of gB. Transfected U373 cells were radiolabeled with [>*S]Trans-label, and gB
was immunoprecipitated with MAb CH177. Immunoprecipitates were eluted in
0.2% SDS without B-mercaptoethanol at room temperature (10 min). Eluates
were divided into equal samples and boiled for 3 min (+) or not boiled (—)
before separation in denaturing SDS-7% polyacrylamide gels. Monomeric and
dimeric forms of WT and mutated gB forms are indicated by filled arrowheads
to the left. <, HMW bands (lanes 3 and 9); Mock, no DNA. Molecular mass
markers are indicated at the left in kilodaltons.

ments, some in which proteins that are blocked from exit
accumulate and others in which they undergo rapid degrada-
tion (3, 24, 60).

Deletion of hydrophobic segment I and mutation of KNP
promote aggregation. HCMV gB forms a homodimer that is
assembled cotranslationally and undergoes relatively slow fold-
ing before exiting the ER (2, 7). To determine whether the
mutated forms of gB in transfected cells formed dimers, the
immunoprecipitated glycoproteins were analyzed in nonreduc-
ing 7% polyacrylamide gels (Fig. 8). We found that WT gB
formed dimers that remained intact with or without heat (Fig.
8, lanes 1 and 2). All the mutated forms of gB also assembled
into dimers, including the secreted forms, gB AII (lanes 5 and
6) and gB AI-II (lanes 7 and 8), and the mutated forms ar-
rested in the ER, gB Al (lanes 3 and 4) and gB KNP™ (lanes
9 and 10). These dimers too were resistant to heat, indicating
that the monomers were associated by covalent disulfide
bonds. It is notable that unheated samples of the mutated
forms gB AI (lane 3) and gB KNP™ (lane 9) contained an
additional high-molecular-weight band, designated HMW,
which migrated more slowly than the dimers. Band HMW was
absent from precipitates of WT gB and from heat-treated
samples of gB Al and gB KNP™. The protein profile in the
corresponding heat-treated samples showed that the intensity
of the monomeric gB band increased, which indicated that
band HMW comprises primarily gB aggregates. Our results are
consistent with the idea that gB oligomers assemble in the ER
and show that mutations in the hydrophobic domain do not
detectably alter oligomer formation but cause aggregation of a
fraction of the gB molecules.
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DISCUSSION

Role of the carboxyl-terminal hydrophobic domain of
HCMY gB. In this study, we analyzed the effect of site-specific
mutations in the carboxyl-terminal hydrophobic sequence (aa
714 to 771) of HCMV gB. This domain is separated into two
hydrophobic segments, I and II, by Lys-748-Asp-749—Pro-750
(KNP) (Fig. 1A). The deletion of hydrophobic segment II
alone (aa 751 to 771) resulted in secretion of the mutated
glycoprotein, which confirmed a recent report (47) that this
sequence functions as a membrane anchor. However, the de-
letion of hydrophobic segment I (aa 717 to 747) or the muta-
tion of KNP blocked the exit of gB from the ER and abrogated
its cell surface expression. Interestingly, gB AIl and gB AI-II
both lack the membrane anchor sequence and were secreted
from cells, but the finding that less gB AIl was released sug-
gests that the remaining segment I may hinder secretion or that
the spatial relationship between segments I and II may be
important for anchoring gB in the membrane. Immunoprecipi-
tation studies revealed that the molecular chaperones calnexin,
calreticulin, GRP78, and GRP94 formed complexes with gB
molecules in the ER. Whereas WT gB appeared to bind tran-
siently to these chaperones, complexes of gB Al and gB KNP™
with GRP78 and GRPY94 were detected in the ER, which
suggested that these associations were stable. Consequently, a
fraction of WT gB was present in the ER but disproportionate
amounts of gB Al and gB KNP™ accumulated and were re-
tained there. These arrested molecules were not endoproteo-
Iytically cleaved, a step in gB processing, which agrees with the
observation that the endoprotease is located in a post-ER
compartment (50, 58). Our results indicate that aa 717 to 747
maintain a critical feature that is required for the quality of gB
structure, permitting its release from GRP78 and GRP94 and
transit from the ER to the Golgi and cell surface.

Our results on the role of the hydrophobic domain at the
carboxyl terminus of HCMV gB agree with the analysis of a
comparable region of HSV-1 gB (Fig. 1A) (45). Segment 3 of
the 69-aa hydrophobic region of HSV-1 gB, which is equivalent
to HCMV gB segment II, is sufficient for stable membrane
anchoring. Mutated forms with deletions in segments 1 or 2,
which are equivalent to HCMV gB segment I, were not ex-
pressed on the cell surface; in addition, they failed to comple-
ment an HSV-1 gB-null mutant, suggesting that they had func-
tional defects as well. Our results differ in important aspects
from a report by Reschke et al. on mutated forms of HCMV
¢B with deletions in hydrophobic regions I and II (47). As in
our study, the deletion construct lacking hydrophobic region 11,
aa 751 to 771, was secreted into the medium, but their finding
that a deletion construct comparable to gB Al, lacking aa 714
to 747, was transported to the plasma membrane differs from
ours. In our hands, immunofluorescence confocal microscopy
and flow cytometry showed that gB Al was arrested in the ER.
This result was supported by endo H sensitivity and the failure
of this mutated form to undergo cleavage, which is a post-ER
step in gB processing (5, 58). Moreover, the observation that
increased amounts of GRP78 and GRP94 formed a complex
with gB Al strongly implies that, unlike WT gB, this mutated
form was sequestered in the ER. Reschke et al. (47) also found
that the deletion construct lacking hydrophobic region I of gB
was not cleaved, which suggested that it was not transported
from the ER to the Golgi. A possible explanation for the
discrepant finding in cell surface expression is that the surface
biotinylation reaction they used was not completely quenched
prior to Nonidet P-40 extraction or that the procedure itself or
the expression of these mutated forms damaged the cells. Un-
der these conditions, some intracellular gB would be labeled
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and result in precipitation of the intracellular forms of gB
during the subsequent streptavidin-mediated affinity precipita-
tion reactions. This seems a plausible explanation inasmuch as
the HCMV-infected cell controls showed that intact gB was
precipitated from the biotinylated sample by streptavidin even
though only the cleaved form, which is processed in a post-ER
compartment, should be available for biotinylation on the sur-
face of infected cells.

Molecular chaperones participate in folding of HCMYV gB. It
is widely accepted that molecular chaperones, which include
the soluble proteins GRP78, GRP94, and calreticulin and the
membrane-bound protein calnexin, among others, are compo-
nents of the quality control system in the ER that assists pro-
tein folding and precludes the exit of molecules that fail to
attain the proper conformation (reviewed in reference 20). It
has been well established that GRP78 and GRP94 bind tran-
siently to cellular and viral glycoproteins during the process of
folding and oligomerization (16) and bind stably to malfolded
proteins that fail to exit the ER (26). It is thought that these
chaperones prevent intramolecular and intermolecular inter-
actions caused by exposed hydrophobic sequences. Calnexin is
a lectin-like chaperone that binds to nascent glycoproteins in
the ER (1, 9, 12, 19, 33, 43). Calnexin assists in the folding of
monomeric influenza hemagglutinin subunits by binding par-
tially trimmed, N-linked oligosaccharides (9). Treatment of
cells with inhibitors of a-glucosidases blocks binding of caln-
exin to hemagglutinin and to vesicular stomatitis virus G, in-
dicating a requirement for glucose trimming of newly synthe-
sized carbohydrates (17). Calnexin binds Glc,Man,GlcNAc,
oligosaccharides as an initial step in recognizing unfolded gly-
coproteins in the ER (61). Both the reduced and the oxidized
forms of major histocompatibility complex (MHC) class I
heavy chain are recognized by calnexin, but it is not involved in
the assembly of class I molecules with B-2 microglobulin (55)
or the assembly of hemagglutinin homotrimers (54). It was
recently reported that calnexin assists in the folding of HCMV
¢B in infected cells (64). Calnexin associated transiently with
nascent gB molecules in the ER, binding the reduced form and
dissociating from the completely oxidized form. It is interesting
that MHC class I heavy chains and invariant chains of MHC
class II heterodimers that were associated with calnexin were
protected from rapid degradation; this revealed a central role
for calnexin in protecting unassembled molecules prior to for-
mation of protein complexes (22, 48). Calreticulin is a soluble
calcium-binding protein in the ER which is similar to calnexin
in sequence (12) and function (59). Like calnexin, calreticulin
plays an important role in the maturation and quality control
of newly synthesized cellular and viral glycoproteins (29, 32,
40).

Calnexin and calreticulin are components of a unique quality
control system, which assists in folding proteins and retains
intermediates in the ER (9, 17, 40). It was recently reported
that most of the human immunodeficiency virus gp160 mole-
cules bound to calreticulin are also bound to calnexin, but only
a portion of the gp160 associated with calnexin is bound to
calreticulin (32). Our observation that calnexin and calreticulin
both form complexes with uncleaved forms of HCMV gB sug-
gests that a fraction of the newly synthesized glycoprotein is
bound by both chaperones. Considerably more gB was present
in complexes with calnexin than with calreticulin, which sug-
gests that the chaperones have somewhat different substrate
specificities. Several reasons for the substrate selectivity of the
lectin-like chaperones have been suggested (40). Calnexin may
facilitate the initial folding steps, resulting in a more prolonged
association with calnexin than with calreticulin. Alternatively,
the soluble chaperone calreticulin may prefer soluble sub-
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strates, whereas calnexin may be better suited to interact with
membrane-bound glycoproteins. Another variable is the loca-
tion of the N-linked glycans, which could determine whether
they are more accessible to binding by calnexin (close to the
membrane) than calreticulin (far from the membrane).
Whether HCMYV gB forms complexes with several chaperones
simultaneously or participates in a series of sequential inter-
actions with one or more chaperones remains to be elucidated
in detailed pulse-chase experiments.

HCMYV gB forms disulfide-linked dimers cotranslationally in
the ER, which is followed by slow postdimerization folding
prior to exit from this subcellular compartment (2, 7). Results
of our experiments showed that both calnexin and calreticulin
form complexes with newly synthesized HCMV gB and also
with the mutated forms gB AI and gB KNP™ in the ER.
Although the rate of dissociation of the chaperones from gB
was not determined, this finding indicates that both these pro-
tein chaperones participate in gB folding and that the muta-
tions did not alter their recognition sites. Our results suggest
that gB molecules bound to calreticulin form complexes with
calnexin as well. The membrane-anchored calnexin could
tether regions of newly translated gB that are proximal to the
ER membrane, whereas calreticulin could bind later and in-
fluence folding of the lumenal portion of glycoprotein, com-
parable to the role postulated for these lectin-like chaperones
in the folding of vesicular stomatitis virus G (40) and human
immunodeficiency virus gp160 (32). Although HCMV gB Al
and gB KNP™ were retained in the ER, they did not undergo
degradation. It is possible that the association of calnexin with
glycans on the WT and mutated forms of gB protects them
from degradation, as has been shown for MHC class I mole-
cules and invariant chains of the MHC class II (22, 48).

Significantly more of the mutated forms of gB that were
retained in the ER formed complexes with the chaperones
GRP78 and GRP94 than did WT gB. In a study of HSV-1 gB,
we showed that GRP78 and GRP94 play an important role in
¢B folding (31) and that a mutated form, gB-(LK479), induced
the synthesis of GRP78 and GRP94, which formed more abun-
dant complexes with gB-(LK479), retaining the mutated form
in the ER (44, 63). Unlike the mutated forms of HCMV gB,
which had no detectable malfolding, HSV-1 gB-(LK479)
showed a defect in a major conformational region in the
ectodomain and was rapidly degraded in the ER. In the
present study, we demonstrated that GRP78 and GRP94 also
play an important role in the folding of HCMV gB and that
they monitor the exit of selected mutated forms of gB from the
ER. One sequence of events could be that GRP78 and GRP9%4
associate with nascent gB monomers, followed by calnexin and
calreticulin to assist conformation maturation, and that the
chaperones either dissociate from correctly folded forms or
bind stably to misfolded ones, sequestering them in the ER.
Sequential binding of GRP78 and calnexin to thyroglobulin
(23) and to vesicular stomatitis virus G (18) was important for
efficient folding of G protein and retention of partially folded
forms in the ER. Interestingly, HCMV gB Al and gB KNP™
showed no evident conformational defects, as indicated by
reactions with MAbs to HCMV gB. We conclude that the
subtle conformational changes resulting from mutations in hy-
drophobic domain I and KNP led to their sequestration in the
ER but not to rapid degradation.

The gB homolog is the most conserved gene in the herpes-
virus family, which is consistent with its essential function in
virus infectivity by promoting fusion of the virion envelope with
the plasma membrane. Hydrophobic segment I of the known
gB homologs is highly conserved (Fig. 1A). It was suggested
that hydrophobic segment I (aa 714 to 747) of HCMV gB has
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the potential to function in syncytium formation, on the basis
of the sequence similarity with viral fusion peptides (47). Part
of HCMV gB segment I (L-718~GAAGKAVGV-A-728), in
particular the glycines at positions 719, 722, and 726, is similar
to the fusion peptide (L-523-GAAGSTMGA-A-533) of HIV
gp160. However, when we replaced this sequence with aa 718
to 728 of HCMYV gB and analyzed syncytium formation by the
gp160 chimera using published procedures (62), this sequence
failed to induce fusion of cocultivated CD4* cells and pro-
duced results comparable to those obtained when a random
sequence (AGVDEDGLVRE) was substituted (65). Although
negative results are not conclusive, these experiments suggest
that segment I alone lacks syncytium-inducing activity. Also of
interest is the sequence Asp-749-Pro-750 separating hydro-
phobic segments I and II that is conserved among all herpes-
virus gB homologs (Fig. 1A). Asp is highly hydrophilic and Pro
tends to break the membrane-spanning o-helix structure by
favoring a B-turn structure (11). Substitution of the hydropho-
bic residues Val-Ala-Ile for aa 748 to 750 should result in a
continuous hydrophobic sequence from aa 714 to 771. This
substitution in gB KNP™ altered the relationship between hy-
drophobic segment I and segment II, the membrane anchor,
causing gB to be sequestered in the ER. Our findings indicate
that the structural organization of this region of gB is central to
the maturation and release of the folding intermediates from
the molecular chaperones GRP78 and GRP%4.

ACKNOWLEDGMENTS

These studies were supported by Public Health Service grants
EY10138 and EY11223 from the National Institutes of Health (L.P.)
and also by grant R94-SF-051 (L.P.) and a postdoctoral fellowship
(F94-SF-013) (Z.Z.) from the Universitywide AIDS Research Pro-
gram.

REFERENCES

1. Bergeron, J. J., M. B. Brenner, D. Y. Thomas, and D. B. Williams. 1994.
Calnexin: a membrane-bound chaperone of the endoplasmic reticulum.
Trends Biochem. Sci. 19:124-128.

2. Billstrom, M. A., and W. J. Britt. 1995. Postoligomerization folding of hu-
man cytomegalovirus glycoprotein B: identification of folding intermediates
and importance of disulfide bonding. J. Virol. 69:7015-7022.

3. Bonifacino, J. S., and S. J. Lippincott. 1991. Degradation of proteins within
the endoplasmic reticulum. Curr. Opin. Cell Biol. 3:592-600.

4. Boppana, S. B., M. A. Polis, A. A. Kramer, W. J. Britt, and S. Koenig. 1995.
Virus-specific antibody responses to human cytomegalovirus (HCMV) in
human immunodeficiency virus type 1-infected persons with HCMYV retinitis.
J. Infect. Dis. 171:182-185.

S. Britt, W. J., and L. G. Vugler. 1989. Processing of the gp55-116 envelope
glycoprotein complex (gB) of human cytomegalovirus. J. Virol. 63:403-410.

6. Britt, W. J., and L. G. Vugler. 1990. Antiviral antibody responses in mothers
and their newborn infants with clinical and subclinical congenital cytomeg-
alovirus infections. J. Infect. Dis. 161:214-219.

7. Britt, W. J., and L. G. Vugler. 1992. Oligomerization of the human cytomeg-
alovirus major envelope glycoprotein complex gB (gp55-116). J. Virol. 66:
6747-6754.

8. Chee, M. S., A. T. Bankier, S. Beck, R. Bohni, C. M. Brown, R. Cerny, T.
Horsnell, C. A. Hutchison, T. Kouzarides, J. A. Martignetti, E. Preddie, S. C.
Satchwell, P. Tomlinson, K. M. Weston, and B. G. Barrell. 1990. Analysis of
the protein-coding content of the sequence of human cytomegalovirus strain
AD169. Curr. Top. Microbiol. Immunol. 154:125-170.

9. Chen, W., J. Helenius, I. Braakman, and A. Helenius. 1995. Cotranslational
folding and calnexin binding during glycoprotein synthesis. Proc. Natl. Acad.
Sci. USA 92:6229-6233.

10. Cranage, M. P., T. Kouzarides, A. T. Bankier, S. Satchwell, K. Weston, P.
Tomlinson, B. Barrell, H. Hart, S. E. Bell, A. C. Minson, and G. L. Smith.
1986. Identification of the human cytomegalovirus glycoprotein B gene and
induction of neutralizing antibodies via its expression in recombinant vac-
cinia virus. EMBO J. 5:3057-3063.

11. Creighton, T. E. 1983. An empirical approach to protein conformation sta-
bility and flexibility. Biopolymers 22:49-58.

12. David, V., F. Hochstenbach, S. Rajagopalan, and M. B. Brenner. 1993.
Interaction with newly synthesized and retained proteins in the endoplasmic
reticulum suggests a chaperone function for human integral membrane pro-

MUTATIONS IN HCMV gB ALTER TRANSPORT 8039

tein IP90 (calnexin). J. Biol. Chem. 268:9585-9592.

13. Drew, L. 1988. Cytomegalovirus infection in patients with AIDS. J. Infect.
Dis. 158:449-456.

14. Drew, W. L., E. S. Sweet, R. C. Miner, and E. S. Mocarski. 1984. Multiple
infections by cytomegalovirus in patients with acquired immunodeficiency
syndrome. J. Infect. Dis. 150:952-953.

15. Freeman, W. R., D. E. Henderly, B. K. Lipson, N. A. Rao, and A. M. Levine.
1989. Retinopathy before the diagnosis of AIDS. Ann. Ophthalmol. 21:468—
474.

16. Gething, M. J., and J. Sambrook. 1992. Protein folding in the cell. Nature
(London) 355:33-45.

17. Hammond, C., I. Braakman, and A. Helenius. 1994. Role of N-linked oli-
gosaccharide recognition, glucose trimming, and calnexin in glycoprotein
folding and quality control. Proc. Natl. Acad. Sci. USA 91:913-917.

18. Hammond, C., and A. Helenius. 1994. Folding of VSV G protein: sequential
interaction with BiP and calnexin. Science 266:456-458.

19. Hammond, C., and A. Helenius. 1994. Quality control in the secretory path-
way: retention of a misfolded viral membrane glycoprotein involves cycling
between the ER, intermediate compartment, and Golgi apparatus. J. Cell
Biol. 126:41-52.

20. Helenius, A., T. Marquardt, and I. Braakman. 1993. The endoplasmic re-
ticulum as a protein folding compartment. Trends Cell Biol. 2:227-231.

21. Holland, G. N. 1994. AIDS: retinal and choroidal infections, p. 415-433. In
H. Lewis and S. J. Ryan (ed.), Medical and surgical retina: advances, con-
troversies, and management. Mosby, St. Louis.

22. Jackson, M. R., D. M. Cohen, P. A. Peterson, and D. B. Williams. 1994.
Regulation of MHC class I transport by the molecular chaperone, calnexin
(p88, TP90). Science 263:384-387.

23. Kim, P. S., and P. Arvan. 1995. Calnexin and BiP act as sequential molecular
chaperones during thyroglobulin folding in the endoplasmic reticulum. J.
Cell Biol. 128:29-38.

24. Klausner, R. D., and R. Sitia. 1990. Protein degradation in the endoplasmic
reticulum. Cell 62:611-614.

25. Kornfeld, R., and S. Kornfeld. 1985. Assembly of asparagine-linked oligo-
saccharides. Annu. Rev. Biochem. 54:631-664.

26. Kozutsumi, Y., M. Segal, K. Normington, M. J. Gething, and J. Sambrook.
1988. The presence of malfolded proteins in the endoplasmic reticulum
signals the induction of glucose-regulated proteins. Nature (London) 332:
462-464.

26a.Kunkel, T. A. 1985. Rapid and efficient site-specific mutagenesis without
phenotypic selection. Proc. Natl. Acad. Sci. USA 82:488-492.

27. Meyers, J. D. 1985. Cytomegalovirus infection after organ allografting, p.
201. In B. Roizman and C. Lopez (ed.), The herpesviruses. Plenum Publish-
ing Corp., New York.

28. Moss, B., O. Elroy-Stein, T. Mizukami, W. A. Alexander, and T. R. Fuertes.
1990. New mammalian expression vectors. Nature (London) 348:91-92.

29. Nauseef, W. M., S. J. McCormick, and R. A. Clark. 1995. Calreticulin
functions as a molecular chaperone in the biosynthesis of myeloperoxidase.
J. Biol. Chem. 270:4741-4747.

30. Navarro, D., P. Paz, S. Tugizov, K. Topp, J. LaVail, and L. Pereira. 1993.
Glycoprotein B of human cytomegalovirus promotes virion penetration into
cells, the transmission of infection from cell to cell, and fusion of infected
cells. Virology 197:143-158.

31. Navarro, D., I. Qadri, and L. Pereira. 1991. A mutation in the ectodomain
of herpes simplex virus 1 glycoprotein B causes defective processing and
retention in the endoplasmic reticulum. Virology 184:253-264.

32. Otteken, A., and B. Moss. 1996. Calreticulin interacts with newly synthesized
human immunodeficiency virus type 1 envelope glycoprotein, suggesting a
chaperone function similar to that of calnexin. J. Biol. Chem. 271:97-103.

33. Ou, W. J., P. H. Cameron, D. Y. Thomas, and J. J. Bergeron. 1993. Associ-
ation of folding intermediates of glycoproteins with calnexin during protein
maturation. Nature (London) 364:771-776.

34. Pass, R. F., A. M. August, M. Dworsky, and D. W. Reynolds. 1982. Cyto-
megalovirus infection in a day-care center. N. Engl. J. Med. 307:477-479.

35. Pass, R. F., S. Stagno, G. J. Myers, and C. A. Alford. 1980. Outcome of
symptomatic congenital cytomegalovirus infection: results of long-term lon-
gitudinal follow-up. Pediatrics 66:758-762.

36. Pellett, P. E., K. G. Kousoulas, L. Pereira, and B. Roizman. 1985. Anatomy
of the herpes simplex virus 1 strain F glycoprotein B gene: primary sequence
and predicted protein structure of the wild type and of monoclonal antibody-
resistant mutants. J. Virol. 53:243-253.

37. Pereira, L. 1994. Function of glycoprotein B homologues of the family
Herpesviridae. Infect. Agents Dis. 3:9-28.

38. Pereira, L., M. Hoffman, M. Tatsuno, and D. Dondero. 1984. Polymorphism
of human cytomegalovirus glycoproteins characterized by monoclonal anti-
bodies. Virology 139:73-86.

39. Pereira, L., S. Stagno, M. Hoffman, and J. E. Volanakis. 1983. Cytomega-
lovirus-infected cell polypeptides immune-precipitated by sera from children
with congenital and perinatal infections. Infect. Immun. 39:100-108.

40. Peterson, J. R., A. Ora, P. N. Van, and A. Helenius. 1995. Transient, lectin-
like association of calreticulin with folding intermediates of cellular and viral
glycoproteins. Mol. Biol. Cell 6:1173-1184.



8040

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

ZHENG ET AL.

Qadri, I., C. Gimeno, D. Navarro, and L. Pereira. 1991. Mutations in con-
formation-dependent domains of herpes simplex virus 1 glycoprotein B affect
the antigenic properties, dimerization, and transport of the molecule. Virol-
ogy 180:135-152.

Qadri, I, D. Navarro, P. Paz, and L. Pereira. 1992. Assembly of conforma-
tion-dependent neutralizing domains on human cytomegalovirus glycopro-
tein B. J. Gen. Virol. 73:2913-2921.

Rajagopalan, S., and M. B. Brenner. 1994. Calnexin retains unassembled
major histocompatibility complex class I free heavy chains in the endoplas-
mic reticulum. J. Exp. Med. 180:407-412.

Ramakrishnan, M., S. Tugizov, L. Pereira, and A. S. Lee. 1995. Conforma-
tion-defective herpes simplex virus 1 glycoprotein B trans-activates the pro-
moter of the grp94 gene that codes for the 94 kDa stress protein in the
endoplasmic reticulum. DNA Cell Biol. 14:373-384.

Rasile, L., K. Ghosh, K. Raviprakash, and H. P. Ghosh. 1993. Effects of
deletions in the carboxy-terminal hydrophobic region of herpes simplex virus
glycoprotein gB on intracellular transport and membrane anchoring. J. Vi-
rol. 67:4856-4866.

R L., M. Nelson, M. Neff, and T. C. Merigan. 1988. Characteriza-
tion of two different human cytomegalovirus glycoproteins which are targets
for virus neutralizing antibody. Virology 163:309-318.

Reschke, M., B. Reis, K. Noding, D. Rohsiepe, A. Richter, T. Mockenhaupt,
W. Garten, and K. Radsak. 1995. Constitutive expression of human cyto-
megalovirus glycoprotein B (gpULS55) with mutagenized carboxy-terminal
hydrophobic domains. J. Gen. Virol. 76:113-122.

Romagnoli, P., and R. N. Germain. 1995. Inhibition of invariant chain (Ii)-
calnexin interaction results in enhanced degradation of Ii but does not
prevent the assembly of alpha beta Ii complexes. J. Exp. Med. 182:2027—
2036.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467.
Spaete, R. R., A. Saxena, P. L. Scott, G. J. Song, W. S. Probert, W. J. Britt,
W. Gibson, L. Rasmussen, and C. Pachl. 1990. Sequence requirements for
proteolytic processing of glycoprotein B of human cytomegalovirus strain
Towne. J. Virol. 64:2922-2931.

Spaete, R. R., R. M. Thayer, W. S. Probert, F. R. Masiarz, S. H. Chamber-
lain, L. Rasmussen, T. C. Merigan, and C. Pachl. 1988. Human cytomega-
lovirus strain Towne glycoprotein B is processed by proteolytic cleavage.
Virology 167:207-225.

Stagno, S., R. F. Pass, M. E. Dworsky, R. E. Henderson, E. G. Moore, P. D.
Walton, and C. A. Alford. 1982. Congenital cytomegalovirus infection.
N. Engl. J. Med. 306:945-949.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

J. VIROL.

Tarentino, A. L., C. M. Gomez, and T. H. Plummer. 1985. Deglycosylation of
asparagine-linked glycans by peptide:N-glycosidase F. Biochemistry
24:4665-4671.

Tatu, U., C. Hammond, and A. Helenius. 1995. Folding and oligomerization
of influenza hemagglutinin in the ER and the intermediate compartment.
EMBO J. 14:1340-1348.

Tector, M., and R. D. Salter. 1995. Calnexin influences folding of human
class I histocompatibility proteins but not their assembly with beta 2-micro-
globulin. J. Biol. Chem. 270:19638-19642.

Tugizov, S., D. Navarro, P. Paz, Y. Wang, 1. Qadri, and L. Pereira. 1994.
Function of human cytomegalovirus glycoprotein B: syncytium formation in
cells constitutively expressing gB is blocked by virus-neutralizing antibodies.
Virology 201:263-276.

Tugizov, S., Y. Wang, 1. Qadri, D. Navarro, E. Maidji, and L. Pereira. 1995.
Mutated forms of human cytomegalovirus glycoprotein B are impaired in
inducing syncytium formation. Virology 209:580-591.

Vey, M., W. Schafer, B. Reis, R. Ohuchi, W. Britt, W. Garten, H. D. Klenk,
and K. Radsak. 1995. Proteolytic processing of human cytomegalovirus gly-
coprotein B (gpULS5) is mediated by the human endoprotease furin. Virol-
ogy 206:746-749.

Wada, L., S. Imai, M. Kai, F. Sakane, and H. Kanoh. 1995. Chaperone
function of calreticulin when expressed in the endoplasmic reticulum as the
membrane-anchored and soluble forms. J. Biol. Chem. 270:20298-20304.
Ward, C. L., S. Omura, and R. R. Kopito. 1995. Degradation of CFTR by the
ubiquitin-proteasome pathway. Cell 83:121-127.

Ware, F. E., A. Vassilakos, P. A. Peterson, M. R. Jackson, M. A. Lehrman,
and D. B. Williams. 1995. The molecular chaperone calnexin binds
Glc1Man9GIcNAc2 oligosaccharide as an initial step in recognizing un-
folded glycoproteins. J. Biol. Chem. 270:4697-4704.

Weiss, C. D., and J. M. White. 1993. Characterization of stable Chinese
hamster ovary cells expressing wild-type, secreted, and glycosylphosphati-
dylinositol-anchored human immunodeficiency virus type 1 envelope glyco-
protein. J. Virol. 67:7060-7066.

Wooden, S. K., L.-J. Li, D. Navarro, I. Qadri, L. Pereira, and A. S. Lee. 1991.
Transactivation of the grp78 promoter by malfolded proteins, glycosylation
block, and calcium ionophore is mediated through a proximal region con-
taining a CCAAT motif which interacts with CTF/NF-1. Mol. Cell. Biol.
11:5612-5623.

Yamashita, Y., K. Shimokata, S. Mizuno, T. Daikoku, T. Tsurumi, and Y.
Nishiyama. 1996. Calnexin acts as a molecular chaperone during the folding
of glycoprotein B of human cytomegalovirus. J. Virol. 70:2237-2246.
Zheng, Z., and L. Pereira. Unpublished observations.



