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Alphaherpesvirus glycoproteins gE and gI form a noncovalently associated hetero-oligomeric complex, which
is involved in cell-to-cell spread. In the absence of gI, feline herpesvirus (FHV) gE is transport incompetent and
fully retained in the endoplasmic reticulum. Here, we assess the effect of progressive C-terminal truncations
of FHV gI on the biosynthesis, intracellular transport, and function of the gE-gI complex. The truncated gI
proteins were coexpressed with gE in the vaccinia virus-based vTF7-3 expression system. The results were
corroborated and extended by studying FHV recombinants expressing truncated gI derivatives. The following
conclusions can be drawn. (i) Deletion of the cytoplasmic tail, the transmembrane region plus the C-terminal
half of the ectodomain of gI, does not affect intracellular transport of gE. Apparently, the N-terminal 166
residues of gI constitute a domain involved in gE-gI interaction. (ii) A region mediating stable association with
gE is located within the N-terminal 93 residues of gI. (iii) The cytoplasmic domain of gI is not essential for
gE-gI-mediated cell-to-cell transmission of FHV, as judged from plaque morphology. Deletion of the cytoplasmic tail of gI reduced plaque size by only 35%. (iv) Recombinants expressing the N-terminal 166 residues of
gI display a small-plaque phenotype but produce larger plaques than recombinants with a disrupted gI gene.
Thus, a complex consisting of gE and the N-terminal half of the gI ectodomain may retain residual biological
activity. The implications of these findings for gE-gI interaction and function are discussed.
either glycoprotein display a small-plaque phenotype (3, 12, 21,
28, 30, 32, 40, 48) and are impaired in virus-induced cell-cell
fusion (3, 11–13, 48). The mechanism of cell-to-cell spread is
by no means understood at the molecular level, but this mode
of infection differs in several respects from entry via the extracellular route. It apparently entails the transfer of virus across
cell junctions in a manner resistant to neutralizing antibodies
(12). Moreover, viruses deficient in either gE or gI bind to and
enter the target cell with an efficiency equal to and with kinetics similar to those of the parental wild-type virus (3, 12, 48).
We have recently identified the genes for gE and gI of FHV
and characterized their expression products both in infected
cells and in the vaccinia virus vTF7-3 expression system (30).
FHV gE and gI show all the characteristics of class I membrane proteins. In accordance with findings made for other
alphaherpesviruses (43, 44, 47), the FHV proteins become
N-glycosylated and oligomerize shortly after synthesis in the
endoplasmic reticulum (ER) (30). The resulting gE-gI complex
is then transported through the Golgi apparatus to the plasma
membrane, concomitantly acquiring extensive posttranslational modifications, including O-glycosylation. In the absence
of gE, gI is also transported to the plasma membrane, albeit
inefficiently. Transport of FHV gE, however, is dependent on
the presence of gI. gE, when expressed in the absence of gI, is
fully retained in the ER. Similarly, in cells infected with a
gI-deficient recombinant FHV only the endoglycosidase Hsensitive 83-kDa ER species is produced and maturation of gE
does not occur (30). Here, we have studied gE-gI interaction in
further detail. By C-terminal deletion mutagenesis of gI, we
show that the N-terminal half of the gI ectodomain is sufficient

The Alphaherpesvirinae subfamily, a group of large enveloped DNA viruses, comprises several important pathogens of
mammals and birds (for a review, see reference 35). Among
these are herpes simplex virus and varicella-zoster virus affecting humans, pseudorabies virus affecting swine, bovine herpesvirus 1 affecting cattle, and feline herpesvirus (FHV), the causative agent of feline rhinotracheitis (for a review, see reference
33). The viral genome is linear, 130 to 150 kb in length, and
contains more than 75 genes, a number of which encode glycoproteins. Several glycoprotein species have been shown to be
essential for the infection of cultured cells. For example, gB,
gH, and gL are involved in entry and mediate pH-independent
fusion of the viral envelope with the plasma membrane of the
target cell (for a review, see reference 39).
Membrane glycoproteins gE and gI are commonly regarded
as “dispensable,” as their genes can be deleted from the viral
genome with little or no effect on replication in vitro (3, 12, 28,
32, 40, 45). However, they do play an important role in vivo.
Mutant viruses lacking gE and/or gI are attenuated and, both
in the natural and in heterologous hosts, produce smaller primary lesions, cause milder clinical signs, and exhibit decreased
neurovirulence compared to the wild-type virus (8, 9, 12, 13,
16, 23, 24, 31, 34, 40, 41, 43, 45).
gE and gI form a noncovalently associated hetero-oligomeric complex (22, 30, 43, 44, 47, 49). Although its precise
function is unknown, there is ample evidence that gE-gI promotes cell-to-cell transmission. Typically, viruses deficient in
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TABLE 1. Oligonucleotide primers
Primer

Nucleotide sequence (59 to 39)

Gene

Positiona

Polarity

370
547
617
698
699
700

atacttaatatgtcgtcgatagcc
tatgaattcttaggatgtgtttatggaaag
atattaatcagctttgttattatgg
taggatcctaatatatttataaacaaata
taacgcgttaatatatttataaacaaataaaat
tgaatagtagaacttgatga

gI
gI
gI
gI
gI
gE

29–15
340–357
438–456
1153–1173
1153–1177
46–65

1
2
2
1
1
2

a
Numerical position on the genome of FHV B927 as counted from the
initiation codon of the gE or gI gene.

to induce gE maturation, thus defining a gI domain involved in
gE-gI complex formation. The effect of C-terminal deletions in
gI on cell-to-cell transmission is discussed.
MATERIALS AND METHODS
Cells, viruses, antisera, and plasmids. Cells were maintained in Dulbecco’s
modified Eagle’s medium (Gibco BRL, Life Technologies, Inc.) supplemented
with 10% fetal calf serum and 100 IU of penicillin and 100 mg of streptomycin
per ml (DMEM–10% FCS). FHV strain B927 (19) was obtained from D. A.
Harbour and propagated in Crandell feline kidney (CRFK) cells (American
Type Culture Collection). Recombinant vaccinia virus vTF7-3, expressing the
bacteriophage T7 RNA polymerase (18), was obtained from B. Moss and propagated in RK-13 cells. Transient expression experiments were performed in
OST7-1 cells (15). The monospecific rabbit antisera against FHV gE (Ra-agE)
and gI (Ra-agI), the polyclonal cat antiserum against FHV (Cat-aFHV), and
plasmids pBS-gE and pBS-gI have all been described previously (30).
Recombinant DNA techniques. Recombinant DNA techniques were performed according to the methods of Sambrook et al. (37) and Ausubel (2).
Sequence analysis was performed with the T7 sequencing kit (Pharmacia Biotech). PCR was performed as described previously (36) with the thermostable
DNA polymerase of Thermus aquaticus (Promega) according to the instructions
of the manufacturer.
Deletion mutagenesis of pBS-gI. Plasmid pBS-gI was constructed by inserting
the PCR-amplified FHV gI gene into EcoRV-digested pBluescript SK2 (pBSSK2) downstream of the T7 promoter. pBS-gIDM and -DB were made by cutting
pBS-gI with either MluI (position 497) or BamHI (position 926), respectively,
and with XbaI at a site downstream of the gI gene within the polylinker region
of pBS-SK2. The 39 recessive ends were filled in by using the large fragment of
DNA polymerase I and then joined by blunt-end ligation. pBS-gIDXb was created by directly ligating the XbaI site at position 1122 of the gI gene to the XbaI
site in the polylinker region. pBS-gIDC was made by ligating the ClaI site at
position 635 of the gI gene to the ClaI site in the polylinker region. pBS-gIDN
and pBS-gIDP were constructed by cutting pBS-gI with either NdeI (position
601) or PmlI (position 277), respectively, and with SmaI at a site in the polylinker
region. Prior to ligation, the 39 recessive end generated by NdeI was made blunt
ended by using the large fragment of DNA polymerase I. pBS-gIDXh was
constructed by fusing the blunted XhoI site at position 206 to the blunted BamHI
site in the polylinker region. Finally, pBS-gI119 and pBS-gI152 were constructed
by amplifying nucleotides 29 through 357 and 29 through 456 of the gI gene,
respectively, by PCR with oligonucleotide primers 370 and 547 or 617 (Table 1).
The PCR products were cloned into EcoRV-digested pBS-SK2. As a result of
the deletions and the nucleotide changes made, termination codons were created
immediately downstream of each of the truncated gI genes. A sequence analysis
of the relevant regions of each construct confirmed that no inadvertent changes
had been introduced during cloning or during PCR amplification.
Transfection of vTF7-3-infected cells and metabolic labeling. Subconfluent
monolayers of OST7-1 cells grown in 35-mm-diameter dishes were washed once
with DMEM and infected with vaccinia virus vTF7-3 at a multiplicity of infection
of 3 in DMEM at 37°C. One hour postinfection (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 a 5-min incubation at room temperature, 500 ml of DMEM was added and
incubation was continued at 37°C. At 2 h p.i., the incubation temperature was
lowered to 32°C. From 4 to 5 h p.i., the cells were incubated with 1 ml of
minimum essential medium with Earle’s salts, lacking cysteine and methionine
(Gibco BRL, Life Technologies, Inc.). Then, 100 mCi of Redivue PRO-MIX
[35S] cell labeling mixture (35S[Met1Cys]; 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-diameter dishes were washed once with DMEM and infected with
either wild-type FHV strain B927 or recombinant FHV at a multiplicity of

infection of 5 at 37°C. At 1 h p.i., the culture supernatant was replaced by
DMEM–10% FCS and the incubation was continued. Metabolic labeling was
done as described for vTF7-3-infected cells, except that the methionine and
cysteine depletion procedure and subsequent labeling procedures were performed 2 h later and at 37°C.
RIPA and SDS-PAGE. Metabolically labeled cells were washed once with
ice-cold phosphate-buffered saline (PBS) and then lysed on ice in 600 ml of lysis
buffer (20 mM Tris-Cl [pH 7.5], 1 mM EDTA, 100 mM NaCl, 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 and 4°C. Of the
supernatant, 200 ml was mixed with 1 ml of Detergent Mix (50 mM Tris-Cl [pH
8.0], 62.5 mM EDTA, 0.4% sodium deoxycholate, 1% Nonidet P-40), sodium
dodecyl sulfate (SDS) was added to a final concentration of 0.25% unless indicated otherwise, and incubation was performed for 15 min on ice. Subsequently,
the antisera were added (Cat-aFHV and Ra-agE: 3 ml; Ra-agI: 5 ml) and the
mixtures were incubated for 16 h at 4°C. Immune complexes were collected with
50 ml of a 10% (wt/vol) suspension of formalin-fixed Staphylococcus aureus cells
(Pansorbin; Calbiochem) in Detergent Mix. After a 30-min incubation at 4°C,
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). Treatment of immunoprecipitated proteins with
endoglycosidase H (Endo-H; Boehringer Mannheim) was performed according
to the method of Machamer et al. (26). Finally, the proteins were taken up in 30
ml of Laemmli sample buffer containing 5% b-mercaptoethanol, heated for 5 min
at 95°C, and analyzed in SDS-polyacrylamide gel electrophoresis (PAGE) gels.
Construction of FHV recombinants. FHVDgI-LZ has been described previously (30). In this mutant, the gI gene has been disrupted by replacing nucleotides 203 to 923 with an expression cassette consisting of the LacZ gene under
the control of the encephalomyocarditis virus (EMCV) internal ribosomal-entry
site (IRES). To restore the gI locus of FHVDgI-LZ or to introduce a gI gene
truncated either at nucleotide position 498 (gIDM) or 927 (gIDB), we constructed the transfer vectors pUS1, pUS1-gIDM, and pUS1-gIDB. pUS1 contains
a 7-kb EcoRV-BamHI fragment spanning the genes for gD, gI, gE, US8.5, and
US9 and approximately 2 kb of the terminal repeat sequence (38, 46).
pUS1-gIDM was constructed by replacing the sequences between the MluI site
in the gI gene and the XmaI site upstream of the gE gene by an MluI-XmaIdigested PCR product which had been generated by amplifying the gE-gI intergenic region with oligonucleotide primers 699 and 700 (Table 1). This product
contained a newly created MluI site at its 59 end immediately followed by the
authentic termination codon of the gI gene. pUS1-gIDB was constructed similarly, i.e., by replacing the sequences between the BamHI site in the gI gene and
the XmaI site with a BamHI-XmaI-digested PCR product which had been generated with oligonucleotide primers 698 and 700 (Table 1). A sequence analysis
of the relevant regions of pUS1-gIDM and pUS1-gIDB showed that these plasmids had the desired structure and that no inadvertent mutations had been
introduced during the cloning procedures.
To generate recombinant viruses FHV-gIrev, FHV-gIDM, and FHV-gIDB, 106
CRFK cells, seeded in 35-mm-diameter dishes, were subjected to cotransfection
with approximately 6 50 ng of FHVDgI-LZ DNA and 1 to 2 mg of transfer vector
DNA. The tissue culture supernatants were harvested 7 days after transfection,
and plaque assays were performed. Recombinant viruses that had lost the
EMCV IRES-LacZ expression cassette were identified by in situ staining of
plaques with X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) as a
substrate and were plaque purified three times prior to the preparation of virus
stocks. In each case, proper insertion of the genes was confirmed by Southern
blot analysis.
Plaque assays and immunohistochemistry. Confluent monolayers of CRFK
cells grown in 35-mm-diameter dishes were washed with DMEM and infected
with 50 to 100 PFU of either wild-type FHV B927 or recombinant FHV at 37°C.
At 1 h p.i., the cells were washed three times with PBS and a solid-phase overlay
of 2 ml of DMEM–10% FCS containing 1.5% agar was applied. Incubation was
continued at 37°C. At 72 h p.i., the cells were fixed with 1 ml of 9% paraformaldehyde for 1 h at room temperature. Subsequently, the overlay was removed and
the cells were washed with PBS–10 mM glycine. The cells were permeabilized
with 1% Triton X-100 and then incubated with Cat-aFHV, diluted 1:500 in
PBS–0.5% Tween 80–5% FCS. Bound antibodies were detected by peroxidase
staining with horseradish peroxidase-conjugated goat anti-cat immunoglobulin G
(Cappel), diluted 1:500, as a conjugate and 3-amino-9-ethylcarbazole as a substrate. To determine the average plaque size, 25 randomly chosen plaques were
measured along the x and y axes at a 20-fold magnification. The average plaque
size in millimeters squared was then calculated from the mean radius (r) by using
the term pr2.

RESULTS
A gI derivative truncated at residue 166 induces intracellular transport of gE. To identify domains in gI required for the
formation and intracellular transport of the gE-gI hetero-oligomer, we constructed a set of expression plasmids encoding gI
derivatives with progressive C-terminal deletions (Fig. 1). The
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FIG. 1. Construction of a set of expression plasmids encoding gI derivatives with progressive C-terminal deletions. The upper panel shows a schematic representation of the gI gene as cloned in plasmid pBS-gI. The gene is represented by an open box. The hatched regions indicate the nucleotide sequences coding for the
N-terminal signal peptide and the transmembrane region. Restriction sites are abbreviated as follows: Xh, XhoI; P, PmlI, M, MluI; N, NdeI; C, ClaI; B, BamHI; Xb,
XbaI. The bacteriophage T7 RNA polymerase promoter is represented by a black box. The arrow indicates the direction of transcription. The lower panel shows the
structures of the various gI deletion constructs and the sizes of the encoded polypeptides, which include the predicted cleavable N-terminal signal sequence. Also
summarized are the effects of the gI mutations on the binding to and the maturation of gE. aa, amino acids.

truncated gI genes were tested for proper expression in the
vaccinia virus-based vTF7-3 system (18). vTF7-3-infected
OST7-1 cells were transfected with plasmid DNA at 1 h p.i.
and labeled with 35S[Met1Cys] from 5 to 6 h p.i. Cell lysates
were subjected to immunoprecipitation with an antiserum directed against residues 20 to 36 of gI (Ra-agI), and the immunoprecipitates were analyzed in SDS–15% PAGE gels. In the
case of gIDXb, -DB, and -DP single products of the anticipated
sizes of 65, 58, and 7.5 kDa, respectively, were found (Fig. 2a).
The detection of the 6-kDa gIDXh protein was somewhat unexpected. pBS-gIDXh encodes a protein of this size, but this
product contains no Met or Cys residues other than the initiator Met at its N terminus. It would thus appear that the
gIDXh protein seen in Fig. 2a still retained its signal peptide.
Perhaps, because of its small size, gIDXh becomes trapped in
the translocon and is not released into the lumen of the ER

(10). Expression of gIDM and gI-152 yielded four products
each. Treatment with Endo-H revealed that these represent
differentially glycosylated protein species (Fig. 2b and data not
shown). Potential N-glycosylation sites are present in gI at
amino acid positions 44, 65, and 117. Apparently, the 17- and
15-kDa products of gIDM and gI-152, respectively, represent
the nonglycosylated protein backbones, whereas the Endo-Hsensitive larger products carry either one, two, or three Nlinked glycans. As illustrated for gIDM (Fig. 2b), the gI derivatives did not acquire Endo-H resistance following a 2-h chase
and, like the membrane-anchored intact gI, were not efficiently
transported from the ER in the absence of gE.
Each of the truncated gI proteins was coexpressed with gE.
Metabolic labeling was performed for 1 h, followed by a 2-h
chase to allow for complex formation and intracellular transport. RIPA was performed now with a gE-specific rabbit anti-

FIG. 2. Biosynthesis of C-terminally truncated gI derivatives as studied by heterologous expression. (a) Monolayers of OST7-1 cells were infected with vaccinia virus
vTF7-3 and transfected with plasmid DNA encoding either full-length gI (gI) or the truncated gI derivatives, gIDXb, -DB, -DM, -152, -DP, and -DXh. Cells were
metabolically labeled with 35S[Met1Cys] from 5 to 6 h p.i., and cell lysates were subjected to RIPA with the gI-specific antiserum, Ra-agI. (b) Biochemical analysis
of gIDM. vTF7-3-infected OST7-1 cells were mock transfected or transfected with pBS-gIDM and were metabolically labeled as described above. The cells were
harvested either immediately after labeling (pulse) or after a 2-h chase (chase). gIDM, immunoprecipitated with Ra-agI, was either treated with Endo-H (1) or mock
treated (2). Note that the Endo-H-deglycosylated 18-kDa form of gIDM still carries N-acetylglucosamine moieties and thus migrates slightly slower than the
unglycosylated 17-kDa form. The proteins were separated in SDS–15% PAGE gels. Molecular sizes are in kilodaltons (K).
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FIG. 3. Coexpression of gE and C-terminally truncated gI derivatives in
vTF7-3-infected cells. vTF7-3-infected OST7-1 cells were transfected with plasmid pBS-gE and each of the pBS-gI derivatives listed in Fig. 1. The cells were
metabolically labeled from 5 to 6 h p.i., followed by a 2-h chase. Cell lysates were
subjected to RIPA with the gE-specific rabbit antiserum, Ra-agE. Samples were
analyzed in SDS–7.5% PAGE gels. Only the results obtained for gI and gIDXb,
-DB, -DM, -152, -DP, and -DXh are shown. Arrowheads indicate the immature
83-kDa ER form (i gE) and the Endo-H-resistant, mature 95-kDa gE species
(m gE). Molecular sizes are in kilodaltons.

serum (Ra-agE), and the precipitated proteins were analyzed
in SDS–7.5% PAGE gels. Maturation of gE, i.e., the conversion of the Endo-H-sensitive 83-kDa species into the Endo-Hresistant 95-kDa form, was interpreted to indicate the formation of a gE-gI hetero-oligomer and its subsequent transport
from the ER to the Golgi apparatus (Fig. 3; summarized in Fig.
1) (30). The deletion of the C-terminal 11 residues of gI, as in
gIDXb, the complete cytoplasmic tail, as in gIDB, or even the
transmembrane region plus up to one-third of the ectodomain,
as in gIDC and gIDN (data not shown), did not affect intracellular transport of gE. In fact, the N-terminal 166 amino acid
residues of gI, represented by gIDM, proved to be sufficient to
induce gE maturation (Fig. 3). However, maturation of gE no
longer occurred in the presence of gI derivatives truncated at
residue 152 (gI-152; Fig. 3) or at positions closer to the N
terminus.
gIDP, a gI derivative truncated at amino acid residue 93,
binds to gE but does not induce its release from the ER. One
obvious explanation for the failure of gI-152 and the smaller gI
derivatives to induce gE maturation was that these truncated
proteins were no longer able to bind to gE. However, it was
also possible that binding to gE did occur but that the resulting
hetero-oligomers were recognized as misfolded by the ER
quality control system and therefore were retained in the ER
(14). Indeed, in a RIPA performed on lysates of cells coexpressing gI-152 and gE, a 28-kDa protein was coprecipitated
with the 83-kDa gE species (Fig. 4a, left lane). This product
corresponded to the fully glycosylated gI-152 species. Analysis
of the samples in SDS–15% PAGE gels revealed coprecipitation also of the three smaller gI-152 species (data not shown).
In the 7.5% PAGE gels these products were not resolved but
rather migrated in the dye front. Consistent with these findings, in RIPAs with the gI-specific antiserum, the 83-kDa gE
species was coprecipitated with gI-152 as well as with gI-119
and gIDP. However, gE was not coprecipitated with gIDXh
(Fig. 1 and 4a). gIDP contains cysteine residues at positions 79
and 91. Theoretically, the coprecipitation of gE could have
resulted from illegitimate intermolecular disulfide bonding.
However, gE was also coprecipitated with gIDPC0, a gIDP
derivative in which both Cys residues had been replaced by Ser
residues through PCR mutagenesis (Fig. 4a, right lane). Finally, to exclude the possibility that the coprecipitation merely
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resulted from aspecific binding to the antibodies or from an
artifactual gE-gI interaction occurring subsequent to cell lysis,
gE and gI-152 were expressed separately after which cell lysates were mixed and subjected to RIPA. As shown in Fig. 4b,
the anti-gI serum only detected gI-152 products, whereas the
anti-gE serum only detected gE. These results indicate that a
gI derivative truncated at residue 93 can still bind to gE but
that the resulting complex does not leave the ER.
Biochemical analysis of FHV recombinants expressing gIDB
and gIDM. To corroborate the observations made for the heterologous vTF7-3 expression system, we constructed FHV recombinants expressing gIDB and gIDM. To this end, we made
use of FHVDgI-LZ, an FHV strain B927 recombinant in which
residues 203 through 923 of the gI gene had been replaced by
an EMCV IRES-LacZ expression cassette (Fig. 5a) (30). The
disrupted gI locus of FHVDgI-LZ was restored by homologous
recombination with transfer vectors carrying either the intact
gI gene or truncated genes encoding gIDB or gIDM. The
genomic structures of the resulting FHV recombinant viruses,
FHV-gIrev, FHV-gIDB and FHV-gIDM, are depicted schematically in Fig. 5a.
To test for expression of the gI mutants and for gE maturation, CRFK cells were infected and metabolic labeling was
performed with 35S[Met1Cys] from 7 to 8 h p.i.. Cells were
harvested either immediately or after a 2-h chase, and cell
lysates were subjected to RIPA with the gI- or gE-specific
antisera. Cells infected with FHVDgI-LZ were taken along as
a negative control. As shown in Fig. 5b, the reintroduced gI
genes were properly expressed and in all cases products of the
anticipated size were found (for comparison, see Fig. 2a). In
cells expressing gIDM, each of the three N-glycosylated species
was detected, but the biglycosylated form was most abundant.
Maturation of gE occurred in cells infected with FHV-gIrev,
-gIDB, and -gIDM, but not in cells infected with FHVDgI-LZ
(Fig. 5c). In cells infected with FHV-gIrev or -gIDB, the immature gE species was converted into the 95-kDa mature form.

FIG. 4. Coprecipitation of gE and C-terminally truncated gI derivatives. (a)
gE was coexpressed with gI-152, gI-119, gIDP, gIDXh, and gIDPC0 in vTF7-3infected OST7-1 cells. The cells were metabolically labeled from 5 to 6 h p.i.,
followed by a 2-h chase. The cell lysates were subjected to RIPA with either
Ra-agE (agE) or Ra-agI (agI). The samples were analyzed in an SDS–7.5%
PAGE gel. Arrowheads indicate the immature, 83-kDa ER form of gE and the
triglycosylated species of gI-152, migrating immediately above the dye front. The
leftmost lane is an overexposure of the adjacent lane to show the coprecipitation
of gI-152 with gE in a RIPA with Ra-agE. The products of 59 and 55 kDa
represent vaccinia virus products nonspecifically binding to the immunosorbent
(30). (b) vTF7-3-infected cells, transfected with either pBS-gE or pBS-gI-152,
were metabolically labeled from 5 to 6 h p.i. Cells were lysed in 0.5 times the
volume used in standard assays, and the lysates were mixed 1:1 and subsequently
subjected to RIPA with Ra-agE and Ra-agI. The samples were analyzed in an
SDS–10% PAGE gel. Molecular sizes are in kilodaltons.
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FIG. 5. Biochemical analysis of FHV recombinants expressing C-terminally truncated gI derivatives. (a) Schematic representation of the gI loci in the unique short
regions of FHV-gIDM, FHV-gIDB, FHV-gIrev, and FHVDgI-LZ. The genes for gD, gI, gE, and b-galactosidase (LacZ) are depicted as open boxes. The hatched box
represents the IRES of EMCV. Arrows indicate the direction of transcription. X and B indicate XhoI and BamHI restriction sites, respectively. (b) Expression of
truncated gI proteins in FHV-infected cells. Monolayers of CRFK cells were infected with either FHV strain B927 (WT), FHV-gIrev (rev), FHV-gIDM (DM),
FHV-gIDB (DB), or FHVDgI-LZ (DgI). The cells were metabolically labeled from 7 to 8 h p.i. and lysed as described in Materials and Methods. To dissociate gE-gI
complexes, SDS was added to the lysates to a final concentration of 1.5% and the lysates were incubated for 5 min at 95°C prior to RIPA with Ra-agI. The samples
were analyzed in an SDS–15% PAGE gel. Arrowheads indicate the mono-, bi-, and tri-N-glycosylated forms of gIDM. The 80- to 100-kDa smears observed in lanes
WT and rev represent mature gI species. Previously, we failed to detect mature gI in FHV-infected cells (30). However, Ra-agI does recognize mature gI; because of
the heterogenous posttranslational modifications, the detection of this product is obscured in SDS–7.5% PAGE gels. (c) Maturation of gE in FHV-infected cells
expressing truncated gI proteins. CRFK cells were infected and metabolically labeled as described above. After the labeling, the cells were harvested either immediately
(pulse) or after a 2-h chase (chase). Cell lysates were subjected to RIPA with Ra-agE. The samples were analyzed in an SDS–7.5% PAGE gel. Arrowheads indicate
the immature (i gE) and mature (m gE) forms of gE. Molecular sizes are in kilodaltons.

Mature gE, immunoprecipitated from lysates of FHV-gIDMinfected cells, produced a more diffuse band in SDS–7.5%
PAGE gels (Fig. 5c). Apparently, the gE-gIDM complex is
transport competent, but gE acquires more extensive posttranslational modifications.
Effect of C-terminal gI deletions on plaque size. FHVDgILZ exhibits a small-plaque phenotype (30). To determine whether this defect was restored in the revertant FHV-gIrev and to
study the plaque morphologies of FHV-gIDM and -gIDB,
plaque assays were performed in CRFK cells. Plaques were
visualized immunohistochemically with an FHV-specific feline
hyperimmune serum (Fig. 6a). The plaque sizes (in millimeters
squared) were measured and compared to those of wild-type
FHV strain B927 and recombinant FHVDgI-LZ (Fig. 6b).
FHV-gIrev produced plaques indistinguishable from those of
wild-type strain B927. FHV-gIDB produced plaques much
larger than those of FHVDgI-LZ, but about 35% smaller than
those of wild-type FHV. In contrast, FHV-gIDM produced
small plaques, which were only about 25% the size of those
of wild-type FHV. On average, however, the plaques of
FHVgIDM were larger than those of FHVDgI-LZ.
DISCUSSION
We have previously reported that, in the absence of gI, FHV
gE is transport incompetent and fully retained in the ER (30).
Here, we have exploited this feature to study gE-gI interaction
in more detail and have assessed the effects of C-terminal
deletions in gI on the biosynthesis, intracellular transport, and
function of the gE-gI complex. Results, obtained by vTF7-3driven expression of cloned genes, were corroborated and extended by studying FHV recombinants expressing truncated gI
derivatives. Our data suggest that the N terminus of gI represents the business end of the molecule.
Comparative amino acid sequence analysis revealed that
most of the sequence conservation among alphaherpesvirus gI
proteins is in the N-terminal half of the ectodomain (1, 27). We
now show that this region of gI comprises a domain intimately
involved in gE-gI interaction. This conclusion is based upon
the observation that FHV gI derivative gIDM, which is trun-

cated at residue 166, can assemble into a transport-competent
complex with gE. Protein folding and oligomerization in the
ER are facilitated and controlled by foldases and molecular
chaperones. The latter proteins associate transiently with folding and assembly intermediates and, more permanently, with
misfolded products or incomplete subunits of oligomeric complexes. In general, only properly folded proteins and fully assembled oligomers are allowed to proceed to the Golgi complex and beyond (14, 20, 42). Apparently, the interaction with
gIDM is sufficient to release gE from its chaperone(s); i.e., the
C-terminal half of the gI ectodomain, the transmembrane anchor, and the cytoplasmic tail are not required for this process.
How the dissociation of gE is brought about is not known.
gIDM may directly compete with chaperones for gE binding.
Alternatively, the interaction with gIDM may cause an essential conformational change in gE.
Complex formation per se is not sufficient to trigger intracellular transport. The gI-152 product, which is only 14 residues shorter than gIDM, and even gIDP, which is truncated at
residue 93, still associate with gE, as demonstrated by coimmunoprecipitation. However, the resulting complexes are retained in the ER. Our findings confirm and extend observations by Basu et al. (5); on the basis of deletion and linker
insertion mutagenesis of herpes simplex virus gI, these authors
suggested that a region comprising residues 43 to 192 (corresponding to residues 38 to 233 of FHV gI) complexes with gE.
Under the assumption that the overall protein structure of gI
has been conserved during alphaherpesvirus divergence, our
findings would suggest that a region mediating stable association with gE is located between residues 38 and 93. It is not
known which regions of gE bind to gI. For HSV gE, a region
comprising residues 183 to 288 (corresponding to residues 153
to 255 of FHV gE) has been implicated in the gE-gI interaction
(4). It remains to be determined whether this part of gE, which
is highly conserved (1), binds to the N-terminal domain of gI.
Truncation of gI at residue 166 does not interfere with complex formation and subsequent intracellular transport, but it
does have an effect on the posttranslational modification of gE.
In cells expressing gIDM, a mature gE species of 95 to 100 kDa
was found instead of the typical 95-kDa form (Fig. 3 and 5c).
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FIG. 6. Plaque morphology of FHV recombinants expressing C-terminally
truncated gI species. (a) Monolayers of CRFK cells, grown in 35-mm-diameter
dishes were infected with 50 to 100 PFU. One hour p.i., a solid-phase overlay was
applied, and incubation was continued for 72 h at 37°C. The monolayers were
paraformaldehyde fixed, the overlay was removed, and the plaques were visualized immunohistochemically. Magnification, 2.3. (b) Quantification of plaque
size. For each recombinant, 25 randomly chosen plaques were measured along
the x and y axes at a 20-fold magnification to determine the mean diameter. The
average plaque size in millimeters squared was then calculated from the mean
radius (r) by using the term pr2. The histogram shows the plaque sizes of the
FHV mutants relative to that of parental FHV strain B927 (WT). Standard
deviations are indicated by bars. The experiment was performed three times in
two feline cell lines (CRFK and IRC5 cells), yielding essentially identical results.
The results of a typical experiment are presented.

J. VIROL.

Apparently gE, when in a complex with gIDM, acquires additional posttranslational modifications. Experiments in which
gE was treated with peptide:N-glycosidase F indicate that the
increase in apparent molecular weight is caused by a more
elaborate decoration of N-glycans (29). Presumably, the Nglycans involved are inaccessible to further processing in the
authentic gE-gI complex. These findings are not unprecedented. Aberrant posttranslational processing has also been
seen for varicella-zoster virus gE and gI when they are expressed separately (47) and for FHV gI produced in the absence of gE (30).
Several lines of evidence suggest that gE-gI is critically involved in cell-to-cell transmission (3, 11–13, 39, 48). Mutant
viruses deficient in gE and/or gI exhibit a small-plaque phenotype, yet are reportedly similar to the wild type with regard to
kinetics of entry, growth rate, and yield of extracellular virus (3,
12, 28, 29, 48). Recombinant FHVDgI-LZ, in which the gI gene
has been disrupted by the insertion of an EMCV IRES-LacZ
expression cassette, produces plaques only 15% the size of
those of the parental virus. In revertant FHV-gIrev, plaque
morphology was fully restored to that of wild-type FHV.
Plaque morphology was also restored in an FHVDgI-LZ derivative which had been complemented allotopically by inserting a functional gI gene into the thymidine kinase locus
(29). These observations provide formal evidence that the
small-plaque phenotype of FHVDgI-LZ is caused by the disruption of the gI gene and not by “nearest neighbor effects,”
such as down-regulation of gD expression (46). Moreover,
these findings provided a basis to test the effects of C-terminal
deletions in gI on cell-to-cell transmission as measured by
plaque size. Like the gI proteins of other alphaherpesviruses,
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FHV gI possesses a relatively large cytoplasmic tail, 73 residues
in length. However, this domain can be deleted—as in FHVgIDB—without much effect on plaque size. We therefore conclude that the cytoplasmic tail of gI is not essential for gE-gImediated cell-to-cell spread, at least not under our in vitro
conditions. In contrast, the deletion of the C-terminal 218
residues, as in gIDM, resulted in a dramatic decrease in plaque
size. The most obvious explanation for these findings is that gI
sequences downstream of residue 166, for example, the transmembrane region, are required for efficient cell-to-cell spread.
Theoretically, the loss in function may also have resulted from
the altered posttranslational modifications of gE. It is of note,
however, that the plaques produced by FHV-gIDM were consistently larger than those produced by gI-deficient FHVDgILZ. Interestingly, this difference was even more pronounced
when gIDM was expressed allotopically. From these results, it
would appear that the gE-gIDM complex retains residual biological activity and, thus, that membrane anchoring of gI is not
essential for function. These findings and their implications
will be described in more detail elsewhere (29).
The gE-gI complex is a virulence factor and as such plays an
important role in alphaherpesvirus pathogenesis. Although for
some alphaherpesviruses gE-gI may be involved in immune
evasion by acting as an Fc receptor (4–7, 17, 22, 25), its main
function appears to be to promote cell-to-cell spread. The
molecular mechanism of this process remains to be resolved.
As has been speculated (3, 12), gE-gI may be involved in
interactions at the plasma membrane and, by binding to a
specific ligand in the plasma membrane of adjacent cells, may
facilitate viral transmission via the contact route. Further studies on the biosynthesis of gE-gI may provide additional clues as
to its function and may perhaps even lead to the development
of new antiherpetic drugs.
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