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The biosynthesis of glycoproteins E and I of feline herpesvirus was studied by using the vaccinia virus vTF7-3
expression system. gE and gI were synthesized as N-glycosylated, endoglycosidase H (EndoH)-sensitive pre-
cursors with Mrs of 83,000 and 67,000, respectively. When coexpressed, gE and gI formed sodium dodecyl
sulfate-sensitive hetero-oligomeric complexes that were readily transported from the endoplasmic reticulum
(ER). Concomitantly, the glycoproteins acquired extensive posttranslational modifications, including O gly-
cosylation, leading to an increase in their apparent molecular weights to 95,000 and 80,000 to 100,000 for gE
and gI, respectively. In the absence of gE, most gI remained EndoH sensitive. Only a minor population became
EndoH resistant, but these molecules were processed aberrantly as indicated by theirMrs (100,000 to 120,000).
By immunofluorescence microscopy, gI was detected primarily in the ER but also at the plasma membrane. gE,
when expressed by itself, remained EndoH sensitive and was found only in the ER and the nuclear envelope.
These results were corroborated by studying the biosynthesis of gE in feline herpesvirus (FHV)-infected cells.
In cells infected with wild-type FHV, gE acquired the same co- and posttranslational modifications as during
vTF7-3-driven expression. However, an FHV mutant lacking gI failed to produce mature gE. We conclude that
gE is retained in the ER, presumably by associating with molecular chaperones, and becomes transport
competent only when in a complex with gI.

Feline herpesvirus 1 (FHV), a member of the Alphaherpes-
virinae subfamily, is the etiologic agent of feline viral rhinotra-
cheitis (for a review, see reference 54). In adult cats, FHV
replication is usually restricted to the upper respiratory tract
and conjunctiva. The virus establishes neural latency in the
trigeminal ganglion (27, 48, 52), from which recrudescent re-
spiratory and ocular infections may arise. In kittens, FHV may
cause generalized infections sometimes involving osseous pa-
thology with widespread necrosis in the growth regions of the
skeleton (54).
FHV infection can be well controlled by vaccination, and

this may explain why, in contrast to other alphaherpesviruses
such as herpes simplex virus (HSV), pseudorabies virus (PRV),
and varicella-zoster virus (VZV), FHV has long received little
attention. Recently, the potential use of FHV in live recombi-
nant vaccines has sparked renewed interest (10, 51, 68). More-
over, FHV provides an attractive system to study herpesvirus-
host interactions in the natural host. In contrast to HSV and
PRV, FHV is very species specific and replicates only in felid
cells (54). Thus, FHV is also an interesting model with which
to study factors that determine host and cell tropism.
The FHV genome is about 126 kb in length (29) and appears

to be largely colinear with those of other alphaherpesviruses. A
number of FHV genes have been identified, including those for
glycoproteins gB (44, 60), gC (71), gD, gE, and gI (61, 72). The
first three glycoproteins mediate attachment of the virion to
the host cell and penetration (for a review, see reference 62).
The role of gE and gI is more elusive. For all alphaherpesvi-
ruses studied thus far, these proteins are dispensable for viral
entry and replication (3, 24, 45, 50, 64). Although gE and gI are
often regarded as accessory proteins, they are of crucial im-

portance during natural infection. Mutants lacking gE and/or
gI are severely crippled, producing smaller lesions at the pri-
mary site of infection and exhibiting reduced neuronal spread
(3, 7, 8, 15, 16, 23, 37, 38, 47, 55, 64, 70).
There is ample evidence that gE and gI can form a complex

(35, 73, 76), most likely a heterodimer (70). In the case of HSV
type 1 and VZV, both gE and the gE-gI complex display Fc
receptor activity (4, 5, 18, 36, 42). It has long been thought that
gE and gI are primarily involved in immune evasion by pro-
tecting against complement-mediated cytolysis and virolysis
(19, 25, 65). However, for other alphaherpesviruses, such as
PRV (76), binding of immunoglobulin G (IgG) by gE-gI could
not be shown. Furthermore, it is becoming increasingly clear
that gE and gI play a pivotal role in cell-to-cell spread both in
vitro and in vivo (3, 7, 15, 16, 23, 37, 38, 47, 75). Herpesvirus
mutants lacking gE and/or gI characteristically display a small-
plaque phenotype when grown in tissue culture (3, 15, 45, 50).
The mechanism of cell-to-cell spread is still unknown but may
entail controlled local fusion of cell membranes (3, 12, 62). In
addition to gE and gI, several other proteins are involved, e.g.,
gB, gK, the gH-gL complex, and the presumptive cytoplasmic
protein UL24 (12, 62).
gE and gI of HSV and VZV, when individually expressed in

heterologous expression systems, are readily transported from
the endoplasmic reticulum (ER) to the plasma membrane (5,
18, 42, 73). In PRV, export of gE and gI from the ER is
inefficient unless both proteins are present (70). Here, we
present the first biochemical characterization of FHV gE and
gI. We provide evidence that both in the heterologous vaccinia
virus vTF7-3 expression system and in FHV-infected cells,
gE-gI interaction is required to allow exit of gE from the ER.

MATERIALS AND METHODS

Cells, viruses, and antisera. Cells were maintained in Dulbecco’s modified
Eagle’s medium (Gibco BRL, Life Technologies, Inc.), supplemented with 10%
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fetal calf serum and 100 IU of penicillin and 100 mg streptomycin per ml
(DMEM–10% FCS). FHV strain B927 (28) was obtained from D. A. Harbour
and propagated in Crandell feline kidney (CRFK) cells (American Type Culture
Collection) (11). The virus was plaque purified three times before virus stocks
were prepared. Recombinant vaccinia virus vTF7-3 expressing the bacteriophage
T7 RNA polymerase (26) was obtained from B. Moss. The virus was propagated
in Ost7-1 cells (22) and BHK-21 cells (American Type Culture Collection).
A mouse monoclonal antibody directed against bovine protein disulfide

isomerase (PDI) was provided by S. Fuller. The polyclonal rabbit serum directed
against a-mannosidase II (46) was a gift from K. Moremen. The rabbit antipep-
tide serum against the mouse hepatitis virus M protein was described previously
(56).
Recombinant DNA techniques. Recombinant DNA techniques were per-

formed according to Sambrook et al. (58) and Ausubel et al. (2). Sequence
analysis was performed with the T7 sequencing kit (Pharmacia Biotech). PCR
was performed as described previously (57) by using the thermostable DNA
polymerase of Thermus aquaticus (Promega) according to the instructions of the
manufacturer.
Cloning and sequence analysis of the FHV strain B927 genes for gE and gI. To

clone the gE gene, PCR was performed on total DNA extracted from FHV-
infected cells by using degenerate oligonucleotide primers 346 and 348. These
primers were designed to correspond to two short amino acid motifs, six residues
each, that are conserved in the gE proteins of HSV type 1, PRV, VZV, and
equine herpesvirus type 1 (Table 1). A product with the anticipated size of 0.2 kb
was obtained. This product, confirmed to be derived from the gE gene by
sequence analysis, was then used as a probe in a Southern blot analysis of FHV
genomic DNA. A 2-kb EcoRI-SalI fragment containing the complete gE gene
was identified and cloned into pUC20 (Boehringer Mannheim). For expression
studies, a 1.6-kb XmaI-SalI fragment was subcloned into pBluescript KS(1)
(Stratagene), yielding pBS-gE. While this work was in progress, the complete
nucleotide sequence of the unique short region of FHV strain C27 was published
(61). This sequence was used to design specific oligonucleotide primers 369 and
370 (Table 1) to PCR amplify the gI gene by using total DNA extracted from
FHV-infected cells as a template. The resulting 1.2-kb PCR product was cloned
into EcoRV-digested pBluescript SK(2) downstream of the T7 promoter, yield-
ing pBS-gI.
The nucleotide sequences of the genes for gE and gI were determined for both

orientations and analyzed with the PC-DOS HIBIO DNASIS software (41) from
Pharmacia Biochemicals.
Preparation of monospecific rabbit antisera against gE and gI and a cat

antiserum against FHV. To prepare an antiserum against gE, residues 765 to
1137 were PCR amplified with oligonucleotide primers 374 and 379 (Table 1).
The PCR product was cut with BamHI and EcoRI and inserted into pGEX-2T
(Pharmacia Biotech). The resulting construct was used to express amino acid
residues 255 to 328 of gE as a glutathione S-transferase fusion protein in Esch-
erichia coli PC2495 (59). The expression product was purified from sodium
dodecyl sulfate (SDS)-polyacrylamide gels as described previously (39). To ob-
tain an antiserum directed against the amino terminus of FHV gI, the synthetic
peptide MB108 (NH2-VYRGDHVSLHVDTSSGFC-COOH; residues 20 to 36)
was coupled to keyhole limpet hemocyanin as described previously (30); the
C-terminal cysteine was added to facilitate the coupling. New Zealand White
rabbits were immunized subcutaneously with 100 mg of either glutathione S-
transferase–gE fusion protein or keyhole limpet hemocyanin-coupled peptide as
described previously (9).
Polyclonal antisera directed against FHV were obtained by oronasal infection

of two 15-week-old cats with 106 PFU of FHV B927 in 0.5 ml of phosphate-
buffered saline (PBS). At 47 days postinfection (p.i.), virus inoculation was
repeated, and the cats were bled at day 75.
Transfection of vTF7-3-infected cells and metabolic labeling. Subconfluent

monolayers of Ost7-1 and BHK-21 cells in 35-mm dishes were washed once with
DMEM and infected with vaccinia virus vTF7-3 at a multiplicity of infection of
3 in DMEM at 378C. At 1 h p.i., the cells were washed with DMEM and
transfected with plasmid DNA as follows. A transfection mixture consisting of 2
to 5 mg of plasmid DNA, 500 ml of DMEM, and 10 ml of Lipofectin (GIBCO
BRL, Life Technologies, Inc.) was added to the monolayers. After 5 min of
incubation at room temperature, 500 ml of DMEM was added and incubation

was continued at 378C. At 2 h p.i., the incubation temperature was lowered to
328C. From 4 to 5 h p.i., the cells were incubated with minimum essential
medium with Earle’s salts, lacking cysteine and methionine (GIBCO BRL, Life
Technologies, Inc.). Then, 100 mCi of 35S in vitro labeling mix (Amersham) was
added to the culture medium and the incubation was continued for 1 h. The cells
were harvested either immediately or after a 2-h chase with DMEM–10% FCS
containing 5 mM (each) L-methionine and L-cysteine.
Metabolic labeling of FHV-infected cells. Subconfluent monolayers of CRFK

cells in 35-mm dishes were washed once with DMEM and infected with FHV
strain B927 at a multiplicity of infection of 5 at 378C. At 1 h p.i., the culture
supernatant was replaced by DMEM–10% FCS and the incubation was contin-
ued. Metabolic labeling was done as described for vTF7-3-infected cells, except
that the methionine and cysteine depletion and subsequent labeling procedures
were performed 4 h later and at 378C.
RIPA and SDS-gel electrophoresis. Metabolically labeled cells were washed

once with ice-cold PBS and then lysed on ice in 600 ml of lysis buffer (20 mM
Tris-Cl [pH 7.5], 1 mM EDTA, 100 mMNaCl, 1% Triton X-100) containing 1 mg
of pepstatin A, 40 mg of aprotinin, and 1 mg of leupeptin per ml. Nuclei and cell
debris were pelleted for 1 min at 10,000 3 g at 48C. Of the supernatant, 200 ml
was mixed with 1 ml of detergent mixture (50 mM Tris-Cl [pH 8.0], 62.5 mM
EDTA, 0.4% sodium deoxycholate, 1% Nonidet P-40), SDS was added to a final
concentration of 0.25% unless indicated otherwise, and incubation was per-
formed for 15 min on ice. Subsequently, the antisera were added (Cat-aFHV,
Ra-agE, and Ra-aM, 3 ml each, and Ra-agI, 5 ml) and the mixtures were
incubated for 16 h at 48C. Immune complexes were collected with 50 ml of a 10%
(wt/vol) suspension of formalin-fixed Staphylococcus aureus cells (Pansorbin;
Calbiochem) in the detergent mixture. After 30 min of incubation at 48C, they
were washed three times with radioimmunoprecipitation assay (RIPA) buffer (10
mM Tris-Cl [pH 7.4], 150 mM NaCl, 0.1% SDS, 1% sodium deoxycholate, 1%
Nonidet P-40) and finally resuspended in 30 ml of Laemmli sample buffer con-
taining 5% b-mercaptoethanol. The samples were heated for 5 min at 958C
before analysis in SDS-polyacrylamide gels.
Endoglycosidase treatment of immunoprecipitates. Immunoprecipitated FHV

proteins were treated with endoglycosidase H (EndoH; Boehringer Mannheim)
as described by Machamer et al. (43). Treatment with endoglycosidase F/N-
glycosidase F (GlycoF; Boehringer Mannheim) was performed as described by
de Vries et al. (14).
Indirect immunofluorescence. BHK-21 cells grown on 12-mm-diameter gela-

tin-coated coverslips were infected with vTF7-3 and transfected as described
above. At 6 h p.i., cells were fixed with 3% paraformaldehyde and either per-
meabilized as described by Opstelten et al. (53) or left untreated for surface
immunofluorescence. They were then incubated with cat anti-FHV serum, di-
luted 1:50 in PBS–10 mM glycine–5% FCS, and stained with fluorescein isothio-
cyanate-(FITC)-conjugated goat anti-cat IgG (Cappel) that had been diluted
1:100. For double staining, the cells were subsequently incubated with either the
PDI-specific monoclonal antibody (diluted 1:40) or the a-mannosidase II-specific
rabbit serum (diluted 1:500) and then stained with tetramethyl rhodamine iso-
thiocyanate-(TRITC)-conjugated goat anti-mouse IgG (1:100; Cappel) or
TRITC-conjugated goat anti-rabbit IgG (1:100; Cappel). The cells were embed-
ded in FluorSave reagent (Calbiochem) and examined with an Olympus BH2-
RFCA microscope.
Construction of the FHVDgI-LZ recombinant. A 3.9-kb EcoRV-SalI fragment

of the FHV strain B927 genome containing the genes for gI and gE and the 39
end of the gD gene (61) was cloned into pUC20. The 0.7-kb XhoI-BamHI
fragment comprising residues 203 to 923 of the gI gene was excised and replaced
by a 4.1-kb XhoI-BamHI fragment derived from pTNZ1 (66) carrying the lacZ
reporter gene downstream of the internal ribosomal entry site of encephalomyo-
carditis virus, thus yielding transfer vector pFHVDgI-LZ. CRFK cells were co-
transfected as follows. Two hundred fifty nanograms of pFHVDgI-LZ and 50 ng
of FHV DNA, diluted in water to a volume of 100 ml, were mixed with 75 ml of
DMEM and 25 ml of Lipofectin (GIBCO BRL, Life Technologies, Inc.). After 15
min of incubation at room temperature, 800 ml of DMEM was added and the
transfection mixture was applied to a subconfluent monolayer of cells grown in
a 35-mm dish. The cells were incubated at 378C for 16 h after which the tissue
culture supernatant was replaced by 2 ml of DMEM–10% FCS. The culture
medium was harvested 5 days after transfection and used for a plaque assay.

TABLE 1. Oligonucleotide primers

Primer Nucleotide sequence (59 to 39)a Gene Positionb Polarity

346 TG(C/T)AG(C/T)TT(C/T)ACNTCNCC gE 790–806 1
348 AC(A/G)AANAC(A/G)TA(C/T)AANCC gE 992–1008 2
369 ATATTAGGTTTCTTCGTTAATTAC gI 1158–1181 2
370 ATACTTAATATGTCGTCGATAGCC gI 29–15 1
374 CATGCCGGATCCTGTCTACATCCGGAAG gE 762–781 1
379 AAGTATGAATTCGTACAACCCAGAAGCGTTG gE 966–985 2

a N, an equimolar mixture of all four nucleotides.
b Numerical position on the genome of FHV strain B927 counted from the initiation codon of gE or gI.
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Plaques containing recombinant FHV were identified by in situ staining with
X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) (Boehringer Mann-
heim), and recombinant virus was purified to homogeneity as described previ-
ously (71). Correct insertion of the expression cassette was confirmed by South-
ern blot analysis using 32P-labeled probes specific for the gI gene or lacZ.
Nucleotide sequence accession numbers. The sequences in this study were

assigned EMBL accession numbers X98448 and X98449.

RESULTS

Cloning of the FHV genes for glycoproteins E and I. The
FHV strain B927 genes for gE and gI were cloned and se-
quenced. FHV gE and gI are 532 and 384 residues in length,

respectively (Fig. 1) and have all the characteristics of class I
membrane proteins. gE contains 12 cysteine residues, 10 of
which are located in the putative ectodomain and thus are
possibly involved in disulfide bond formation. There are five
and nine predicted sites for N- and O-linked glycosylation (32),
respectively. Residues 399 to 420 form a potential transmem-
brane domain. gI contains eight and seven predicted sites for
N- and O-linked glycosylation, respectively, and five cysteine
residues, four of which are in the ectodomain. Nucleotide
sequence comparison revealed some major differences from
the sequence of FHV strain C27 published by Spätz et al. (61).
There were four nucleotide substitutions in the gE gene, two of
which result in amino acid changes in the ectodomain (G-
1003A and E-3783Q; Fig. 1a). More importantly, in the
B927 gI sequence there are two frameshifts at nucleotide po-
sitions 843 and 909. Consequently, the amino acid sequence
predicts a transmembrane region (amino acids 290 to 311)
which is lacking in the sequence determined by Spätz et al.
(61). Finally, these authors apparently missed a 42-nucleotide
EcoRI fragment (nucleotides 1051 to 1092) encoding part of
the cytoplasmic tail of gI. The FHV strain B927 sequences thus
conform to those recently published for FHV strain G2620
(72), except for four amino acid substitutions (gI, S-1863P
and Q-2603K; gE, L-1023F and T-3463I).
Expression of the gE and gI genes in the vaccinia virus

vTF7-3 system. The biosynthesis of gE and gI was studied by
using the vaccinia virus vTF7-3 expression system (26). Plas-
mids carrying the genes for gE and gI downstream of the T7
promoter were transfected into vTF7-3-infected Ost7-1 cells.
The proteins were metabolically labeled during a 1-h pulse and
immunoprecipitated with an FHV-specific cat serum. Polypep-
tides with Mrs of 83,000 and 67,000 were found for gE and gI,
respectively (Fig. 2). Products of this size were also obtained
when synthetic T7 transcripts encoding gE and gI were trans-
lated in rabbit reticulocyte lysates in the presence of dog pan-
creas microsomes (data not shown). The 83,000-molecular-
weight (83K) product was recognized by a rabbit antiserum
raised against amino acid residues 255 to 328 of gE (Fig. 2).
Upon treatment with EndoH, gE and gI were trimmed to Mrs
of 72,000 and 46,000, respectively (Fig. 3a). For gI, this size
closely corresponds to the predicted size of the protein back-
bone (42 kDa). EndoH-treated gE migrated more slowly than
anticipated; its predicted size was 58.5 kDa.
Intracellular transport of gE and gI. The intracellular trans-

FIG. 1. Amino acid sequences of gE (a) and gI (b) of FHV strain B927.
Presumptive N-terminal signal sequences (67) and transmembrane domains (21)
are underlined. Arrowheads indicate predicted clevage sites. Potential N-glyco-
sylation sites in the presumptive ectodomains are indicated by boxed asparagine
residues. Potential O-glycosylation sites (32) are indicated by encircled serine
and threonine residues. Asterisks indicate cysteine residues potentially involved
in disulfide formation.

FIG. 2. Radioimmunoprecipitation of vTF7-3-expressed gE and gI. vTF7-3-
infected cells were mock transfected (m) or transfected with either pBS-gE (gE)
or pBS-gI (gI) at 1 h p.i. and metabolically labeled from 5 to 6 h p.i. Cell lysates
were subjected to immunoprecipitation by using either rabbit preserum, a rabbit
serum raised against residues 255 to 328 of gE (Ra-agE), or serum from a cat
experimentally infected with FHV (Cat-aFHV). The samples were analyzed in
an SDS–7.5% PAGE gel. Molecular sizes are in kilodaltons.
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port of gE and gI was studied biochemically and microscopi-
cally. Independently expressed gE remained fully EndoH sen-
sitive during a 2-h chase (Fig. 3a). Immunofluorescence
microscopy (IF) to determine its intracellular location revealed
a reticular cytoplasmic staining colocalizing with that of PDI,
an ER-resident protein (Fig. 4a and b). gE was also present in
the nuclear envelope. We did not observe gE-specific staining
of the Golgi complex or of the plasma membrane. When ex-
pressed separately, most gI remained EndoH sensitive (Fig.
3a). During a 2-h chase, a small fraction of gI was transported
from the ER and acquired EndoH resistance concomitant with
an increase in molecular weight. These products migrated in
SDS-polyacrylamide gel electrophoresis (PAGE) gels as a dif-
fuse smear with apparent molecular weights ranging from
100,000 to 120,000 (Fig. 3b). gI was detected by IF not only in
the ER but also at the plasma membrane (Fig. 4c, d, and g). gI
was also found by confocal IF in a compartment devoid of PDI,

suggestive of the Golgi complex (data not shown). When gE
and gI were expressed separately, their ER forms showed a
subtle yet reproducible decrease in apparent molecular weight
after the 2-h chase (Fig. 3a and c).
Upon coexpression of gE and gI, the EndoH-sensitive spe-

cies disappeared during a 2-h chase and EndoH-resistant prod-
ucts with apparent molecular weights of 80,000 to 100,000 were
found with the FHV-specific cat serum (Fig. 3a). The gE-
specific rabbit antiserum precipitated an EndoH-resistant
product with an apparent molecular weight of about 95,000,
corresponding to the upper part of the 80 to 100K smear (Fig.
5). The mature gI species migrated in SDS-PAGE gels as a
smear of 80 to 100K (described below). The 100 to 120K
species, seen in cells expressing only gI, were not observed
(Fig. 3b). The coexpressed FHV proteins were detected by IF
in the Golgi complex (Fig. 4e and f). These data suggested that
gE exits from the ER only in the presence of gI and that

FIG. 3. (a) Intracellular transport of FHV gE and gI in the vTF7-3 expression system. vTF7-3-infected cells were transfected with pBS-gE (gE) or pBS-gI (gI) or
cotransfected with both plasmids (gE 1 gI). Mock-transfected cells were used as a negative control (mock). The cells were metabolically labeled from 5 to 6 h p.i. and
either harvested immediately (pulse) or after a 2-h chase (chase). Cell lysates were subjected to RIPA with the Cat-aFHV serum. To monitor ER-to-Golgi transport
the immunoprecipitates were treated with EndoH (1) or left untreated (2). Arrowheads on the left indicate the positions of the ER forms of gE and gI and those
of their EndoH digestion products, gE9 and gI9. (b) Aberrant processing of gI. gI was expressed in the vTF7-3 system either separately (gI) or together with gE (gE 1
gI). The proteins were metabolically labeled for 1 h, subjected to a 2-h chase, immunoprecipitated with Cat-aFHV, and either treated with EndoH (1) or left untreated
(2). Panels a and b were derived from the same gel. (c) Maturation of gE and gI cannot be induced by other glycoproteins. gE and gI were coexpressed with the Gs
protein of equine arteritis virus. The FHV proteins were immunoprecipitated with Cat-aFHV. Intracellular transport was monitored by treatment of immunoprecipi-
tates with EndoH. The samples were analyzed in SDS–7.5% PAGE gels. As a control for Gs expression, lysates were also subjected to RIPA with a rabbit antiserum
against Gs (Ra-aGs). These samples were analyzed in SDS–12.5% PAGE gels. Molecular sizes are in kilodaltons.
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efficient intracellular transport of gI requires the presence of
gE.
To determine whether gI specifically induces intracellular

transport of gE, pBS-gE was cotransfected with the empty
pBluescript vector or with vectors carrying the Gs protein of
equine arteritis virus (14) or the hemagglutinin-esterase gene
of bovine torovirus (10a). We found that maturation of gE
occurred exclusively in the presence of gI. In cells cotrans-
fected with pBluescript or coexpressing bovine torovirus hem-
agglutinin-esterase (data not shown) or equine arteritis virus
Gs (Fig. 3c), only the immature, EndoH-sensitive gE species
was seen after a 2-h chase. Similarly, efficient transport of gI
occurred only in the presence of coexpressed gE (Fig. 3c).
Identification of mature forms of gI. Detailed analysis of the

mature forms of gI and gE was hampered by their extensive
posttranslational modifications and by the lack of a proper
gI-specific antiserum. An N-terminal antipeptide serum raised
against residues 20 to 36 of gI readily precipitated immature gI
but not the mature forms. Only after prolonged exposure of
gels were mature gI species observed, ranging in size from
80,000 to 100,000 kDa (data not shown).
In an attempt to optimize immunodetection, gI was provided

with an epitope tag by exchanging its C-terminal 10 residues
for the C-terminal 22 residues of the M protein of mouse
hepatitis virus strain A59 (13). In pulse-labeled cells coexpress-
ing gE and the gI-M chimera, a 67K product comigrating with
authentic immature gI was detected with a mouse hepatitis
virus M-specific antipeptide serum (data not shown). After a
2-h chase, a heterogeneous smear consisting of products with

molecular weights of 80,000 to 100,000 was found, apparently
representing mature gI-M (Fig. 5a).
Coprecipitation of gI and gE. gE and gI of either HSV,

PRV, or VZV form a hetero-oligomeric complex which can be
precipitated by using antisera raised against either of the two
proteins (35, 73, 76). Our anti-gE serum detected only gE (Fig.
2 and 5). However, RIPA with this serum required the pres-
ence of 0.25% SDS, i.e., conditions under which the gE-gI
complex is likely to dissociate. To study complex formation, gE
and gI-M were coexpressed and RIPA was performed by using
the anti-M serum either in the absence or presence of SDS
(Fig. 5). In the absence of SDS, coprecipitation of gE was
observed and both the mature 95K species and its 83K precur-
sor were detected (Fig. 5b). The precipitation of gE was not
caused by nonspecific binding, since gE coexpressed with au-
thentic gI was not detected by the anti-M serum (Fig. 5c). Also,
coprecipitation of gI-M and gE was not observed when lysates
had been incubated at 958C in the presence of 1.5% SDS prior
to RIPA (Fig. 5b, rightmost lane). These results indicated that
coexpressed FHV gE and gI assemble into an SDS-sensitive
complex and that complex formation occurs in the ER.
A considerable proportion of gI-M remained EndoH sensi-

tive (Fig. 5). This, however, was not due to the addition of the
epitope tag. Complete maturation of gE and gI was observed
only when the proteins were expressed in the proper ratio. If
either one was expressed in excess, the surplus was retained in
the ER. This is illustrated for gI-M in Fig. 5d. Again, these
findings are consistent with the formation by gE and gI of a
complex with a fixed stoichiometry.

FIG. 5. Coexpression of gE and gI-M. (a) gI-M induces maturation of gE. vTF7-3-infected cells were cotransfected with pBS-gE and pBS-gI-M and metabolically
labeled for 1 h; this was followed by a 2-h chase. Lysates were subjected to RIPA with the Cat-aFHV serum (aF), the Ra-agE serum (agE), and a rabbit antipeptide
serum raised against the C-terminal 18 residues of mouse hepatitis virus M (aM). RIPA was performed in the presence of 0.25% SDS. (b) Coprecipitation of gE and
gI-M. Lysates were prepared as described above. RIPA was performed with the Ra-aM serum (aM) under one of three sets of conditions: in the absence of SDS (left
lane), in the presence of 0.25% SDS (middle lane), or after heating at 958C for 5 min in the presence of 1.5% SDS (final SDS concentration, 0.25%). (c) Coprecipitation
of gE and gI-M is not caused by nonspecific binding of gE to the Ra-aM serum. To test for nonspecific binding of gE to the Ra-aM serum, lysates of cells coexpressing
gE and authentic gI were subjected to RIPA with the Ra-aM serum in the absence of SDS (aM). To test for gE expression, RIPA was also performed with Ra-agE
(agE). The samples were analyzed in SDS–7.5% PAGE gels. The 55 and 59K polypeptides represent vaccinia virus products nonspecifically binding to the
immunosorbent. (d) Overexpressed gI-M is retained in the ER. vTF7-3-infected cells transfected with 1.5 mg of pBS-gE were cotransfected with either 1.5 or 0.75 mg
of pBS-gI-M thus varying the relative expression levels of gE and gI-M. Cells were metabolically labeled for 1 h and then subjected to a 2-h chase. Cell lysates were
subjected to RIPA with the Ra-aM serum (aM) in the presence of SDS. The immature ER gI species (i gI) and the mature gI-M species (m gI) are indicated. Molecular
sizes are in kilodaltons.

FIG. 4. Localization of FHV gE and gI by IF. BHK-21 cells grown on 12-mm-diameter gelatin-coated coverslips were infected with vTF7-3 and transfected with
either pBS-gE (a and b), pBS-gI (c, d, and g), or both (e, f, and h). At 6 h p.i. the cells were fixed with 3% paraformaldehyde and either permeabilized for internal
immunofluorescence (a through f) or left untreated for surface immunofluorescence (g and h). Cells were stained for FHV proteins with the Cat-aFHV serum and
FITC-conjugated goat anti-cat IgG antibodies (green fluorescence). IF detection of PDI (b and d) and a-mannosidase II (f) was performed with TRITC-labeled
conjugates (red fluorescence).
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Posttranslational modification of gE and gI. Maturation of
gE and gI was accompanied by a considerable increase in
apparent molecular weight. To test whether this was caused
exclusively by modification of the N-linked glycans, immuno-
precipitates were treated with GlycoF. In addition to the un-
glycosylated core proteins, gE and gI species with molecular
weights of 78,000 and 52,000 respectively, were found (Fig. 6a).
The latter products presumably correspond to mature forms of
gE and gI, suggesting that both proteins undergo additional
modifications.
To confirm these results, the vTF7-3-expressed FHV pro-

teins were metabolically labeled in the presence of deoxyman-
nojirimycine (DMJ). This sugar analog inhibits the processing
of N-linked oligosaccharides but does not affect protein trans-
port (6). Thus, the N-linked sugar chains remain EndoH sen-
sitive and can be removed to reveal additional posttransla-
tional modifications. EndoH treatment of coexpressed gE and
gI, pulse labeled in the presence of DMJ, yielded four products
with Mrs of 78,000, 72,000, 52,000, and 46,000, as detected by
the cat anti-FHV serum (Fig. 6b). The 78 and 72K species were
recognized by the rabbit anti-gE serum (Fig. 6b). The 72 and
46K species correspond to the unglycosylated core proteins of
gE and gI, respectively. After a 2-h chase, mainly the 78 and
52K products were detected, again indicating that these corre-
spond to mature forms of gE and gI. The most likely interpre-
tation is that gE and gI also acquire O-glycans. Indeed, when
the proteins were labeled in the presence of the O-glycosyla-
tion inhibitor phenyl-a-N-acetylgalactosaminide (PAGA) (40),
the apparent molecular weights of mature gE and gI were
reduced by approximately 6,000 (Fig. 6c).
Biosynthesis of gE in FHV-infected cells. To corroborate our

observations, we studied the biosynthesis of gE in FHV-in-
fected cells. In CRFK cells infected with FHV strain B927, gE
was also made as an EndoH-sensitive 83K precursor which was
converted into a 95K EndoH-resistant form during a 2-h chase
(Fig. 7a). Upon metabolic labeling in the presence of DMJ and
after EndoH treatment, a 78K gE species was found, suggest-
ing that gE acquired posttranslational modifications similar to

those in the vTF7-3 system (Fig. 7a). Thus, the biosynthesis of
gE was essentially identical in vTF7-3- and FHV-infected cells,
although maturation occurred slightly faster in the latter.
We then asked whether intracellular transport of gE in

FHV-infected cells also depended on the presence of gI. To
this end, an FHV recombinant, FHVDgI-LZ, was constructed
in which the XhoI-BamHI fragment of gI (nucleotide residues
203 to 923) had been replaced by an expression cassette con-
sisting of the internal ribosomal entry site of encephalomyo-
carditis virus and the lacZ reporter gene (Fig. 7c). Recombi-
nant viruses, identified by X-Gal staining, displayed a small-
plaque phenotype (data not shown). By using the gI-specific
antipeptide serum, gI was detected in pulse-labeled cells in-
fected with the parental strain B927 but not in cells infected
with FHVDgI-LZ. After a 2-h chase, mature gE was detected
in B927-infected cells. In cells infected with FHVDgI-LZ, how-
ever, only immature gE was found (Fig. 7a and b). As for
vTF7-3-expressed gE, a subtle decrease in apparent molecular
weight occurred during the chase.

DISCUSSION

We have studied the biosynthesis of gE and gI of FHV both
by vTF7-3-driven expression of their cloned genes and in FHV-
infected cells. FHV gE and gI are made as N-glycosylated
precursors and, when coexpressed, form a hetero-oligomeric
complex. Complex formation occurs in a pre-Golgi compart-
ment, most likely the ER. The gE-gI complex is SDS sensitive,
indicating that the glycoproteins are held together through
noncovalent interactions. Upon release of gE-gI from the ER,
the glycoproteins undergo extensive posttranslational modifi-
cations, including the processing of N-linked oligosaccharides
and the addition of O-linked oligosaccharides. O-linked glyco-
sylation of gE and gI was also reported for VZV (73).
The biosynthesis of vTF7-3-expressed gE was essentially

identical to that in FHV-infected cells. The immature and
mature gE species produced in the vTF7-3 system were also
found in FHV-infected cells. Consistently, pulse-chase exper-

FIG. 6. Posttranslational modifications of FHV gE and gI. (a) Removal of N-linked glycans by GlycoF. Lysates of vTF7-3-infected cells coexpressing gE and gI-M
were labeled for 1 h and then subjected to a 2-h chase. gI and gE were immunoprecipitated with the Ra-aM (aM) and Ra-agE (agE) sera, respectively, in the presence
of 0.25% SDS. The immunoprecipitates were treated with GlycoF (1) or left untreated (2). The arrowheads and the bracket indicate the mature forms of gI and gE
(m gI and m gE), their immature precursors (i gI and i gE), and the fully deglycosylated precursors (i gI9 and i gE9). The mature forms of gI and gE from which the
N-glycans have been removed by GlycoF are also indicated (m gI9 and m gE9). (b) Metabolic labeling in the presence of DMJ. vTF7-3-infected cells coexpressing gE
and gI were labeled for 1 h in the absence (2) or presence (1) of 1 mM DMJ and harvested either immediately (pulse) or after a 2-h chase (chase). The lysates were
subjected to RIPA using Cat-aFHV or Ra-agE. The immunoprecipitates were treated with EndoH to remove N-linked glycans (1) or left untreated (2). Arrowheads
indicate the 78K and 72K species corresponding to mature and immature forms of gE, respectively, and the 52K and 46K species corresponding to mature and immature
forms of gI, respectively. (c) Metabolic labeling in the presence of PAGA. vTF7-3-infected cells coexpressing gE and gI-M were labeled for 1 h and then subjected to
a 2-h chase in the absence (2) or presence (1) of 2 mM PAGA. gE and gI were immunoprecipitated with the Cat-aFHV serum. The samples were analyzed in
SDS–7.5% PAGE gels. Molecular sizes are in kilodaltons.
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iments in which the glycoproteins were labeled in the presence
of the mannosidase II inhibitor DMJ suggested that vTF7-3-
and FHV-expressed gEs acquire the same posttranslational
modifications. The maturation of gE was slightly faster in
FHV-infected cells, probably as a consequence of the differ-
ence in incubation temperatures during FHV and vTF7-3 in-
fection, i.e., 37 and 328C, respectively. Unfortunately, we were
not able to monitor the fate of gI in FHV-infected cells be-
cause of the lack of a proper antiserum. An antipeptide serum
raised against the N terminus of this protein efficiently precip-
itated the ER species but failed to detect mature gI. The
analysis of PRV gI was hampered by similar problems (70).
Possibly, the antibody binding sites were shielded by the pro-
cessing or addition of oligosaccharides.
Our observations concerning processing and complex for-

mation thus confirm and extend those previously made for gE
and gI of PRV, HSV, and VZV. Separate expression of FHV
gE and gI revealed some interesting differences, however. gE
and gI of HSV and VZV, when expressed separately, are
readily transported from the ER to the plasma membrane (5,
18, 42, 73). In contrast, gI of FHV is transported inefficiently in
the absence of gE: only a minor amount escapes from the ER,
and these gI molecules are processed aberrantly, as indicated
by their increased Mrs (100,000 to 120,000). gE, when ex-
pressed by itself, remained fully EndoH sensitive. Mature gE
species were not detected by RIPA, not even after prolonged

fluorography. By IF, gE was detected only in the nuclear en-
velope and in the ER and appeared to be absent both from the
Golgi apparatus and at the cell surface. The ER retention of
FHV gE was not an artifact of the vTF7-3 expression system:
FHVDgI-LZ, an FHV mutant lacking gI, failed to produce
mature gE. Both in vTF7-3- and in FHVDgI-LZ-infected cells,
the ER species of gE showed a subtle decrease in size after a
2-h chase. Removal of the N-glycans with EndoH revealed that
this was not caused by modification of the protein moieties but
by processing of oligosaccharides. Presumably, the shift in ap-
parent molecular weight results from the trimming of mannose
residues. This phenomenon is associated with prolonged ER
retention and has been proposed to prelude protein degrada-
tion (63). Our combined data strongly suggest that intracellular
transport of gE requires a specific interaction with gI, i.e., gE
becomes transport competent only when in the gE-gI complex.
Our results are reminiscent of those found for gE and gI of
PRV (70).
It remains an open question why FHV gE is only transported

as part of a gE-gI complex, while for other alphaherpesviruses
maturation of gE can occur independently of gI (5, 18, 42, 70,
73). It is possible that during natural infection, complex for-
mation occurs very efficiently and that, even in the case of HSV
and VZV, only small amounts of the individual glycoproteins
leave the ER. These would merely be dead-end products. Al-
ternatively, for some viruses gE and gI may have functions

FIG. 7. The biosynthesis of gE in FHV-infected cells. (a) Cells infected with FHV at a multiplicity of infection of 5 were metabolically labeled from 9 to 10 h p.i.
in the absence (2) or presence (1) of DMJ. The cells were harvested either immediately (pulse) or after a 2-h chase (chase). gE was immunoprecipitated with Ra-agE.
Immunoprecipitates were treated with EndoH (1) or left untreated (2). (b) Biosynthesis of gE in FHVDgI-LZ-infected cells. (Left panel) Cells infected with
FHVDgI-LZ were metabolically labeled and harvested either immediately (p) or after a 2-h chase (c). gE was immunoprecipitated with Ra-agE (agE). (Right panel)
As a control, RIPA was performed on lysates of cells infected with the parental strain, FHV strain B927 (wt), or its gI-defective derivative FHVDgI-LZ (DgI) by using
the gI-specific rabbit antipeptide serum (agI). The samples were analyzed in SDS–7.5% PAGE gels. Molecular sizes are in kilodaltons. (c) Construction of FHVDgI-LZ.
The lower panel shows the genomic region of FHV containing the genes for gD, gI, and gE. The genes are shown as boxes. The gI gene was knocked out via homologous
recombination between the FHV B927 genome and transfer vector pFHVDgI-LZ. Thus, the internal 0.7-kb XhoI (X)-BamHI (B) fragment of gI was replaced by an
expression cassette consisting of the encephalomyocarditis virus internal ribosomal entry site (IRES) and the lacZ reporter gene.
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different from those of their hetero-oligomer. In this respect, it
is of interest that gE and gE-gI of HSV both can act as Fc
receptors (5) but differ in their binding preference for com-
plexed versus noncomplexed IgG (18). Also, it has been sug-
gested that PRV mutants lacking gE are less neurovirulent
than those lacking gI (37, 38).
ER retention of incomplete oligomeric complexes has been

described for many glycoproteins, including various viral mem-
brane proteins (for a review, see reference 17). The molecular
chaperones calnexin and calreticulin play a pivotal role in this
process (31, 33, 49). These chaperones are structurally related
and are thought to interact with their ligands via similar mech-
anisms. The binding of calnexin has been studied in the most
detail and apparently involves recognition of both carbohy-
drate and protein determinants (1, 69, 74). We assume that gE
and gI are retained in the ER by calnexin and calreticulin.
Indeed, individually expressed gE can be coprecipitated with
calnexin (45a). Further experiments are in progress to identify
the chaperone(s) involved in ER retention of gE and gI.
The results obtained for FHVDgI-LZ indicate that other

FHV glycoproteins were not able to compensate for the loss of
gI and induce gE maturation. Assistance in the transport of
incompletely assembled monomers by proteins other than
their authentic partners would be unusual but not unprece-
dented. The alphaherpesvirus glycoproteins gH and gL also
form a hetero-oligomeric complex, and the latter is required
for gH transport (20, 34). Remarkably, however, in the case of
VZV, transport of gH could also be induced by either gE or gI
(20).
Although there is ample evidence for a role in cell-to-cell

transmission (3, 15, 75), the function of the gE-gI complex
remains to be elucidated. Is gE-gI involved in receptor binding
as recently proposed (15) and if so, what is its ligand? It would
be interesting to determine whether FHV gE-gI can substitute
for the homologous complex of other alphaherpesviruses and
whether it would function in a host cell-specific manner. Our
data provide a framework for future experiments to answer
such questions.
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