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In the absence of glycoprotein I (gI), gE determines
bovine herpesvirus type 5 neuroinvasiveness
and neurovirulence

A Al-Mubarak and SI Chowdhury

Department of Diagnostic Medicine/Pathobiology, College of Veterinary Medicine, Kansas State University,
Manhattan, Kansas, USA

Bovine herpesvirus type 5 (BHV-5) is an alphaherpesvirus that causes fa-
tal encephalitis in calves. Envelope glycoproteins E (gE) and gI of alphaher-
pesviruses are important for the pathogenesis in vivo. Previously the authors
determined that BHV-5 gE is important for BHV-5 neurovirulence. To deter-
mine the role of gI in BHV-5 neurovirulence, the authors have constructed
gI-deleted and gI-revertant BHV-5 and analyzed their neuropathogenic prop-
erties in a rabbit seizure model. Following intranasal infection, 40% of the
rabbits infected with the gI-deleted virus showed severe neurological signs.
gI-deleted BHV-5 invaded all the central nervous system (CNS) structures in-
vaded by the gI-revertant BHV-5; however, the number of neurons infected by
the gI-deleted virus was similar or slightly reduced (two to four fold). Thus,
the gI-deleted virus retained significant neurovirulence and/or neuroinvasive
properties when compared with the gE-deleted BHV-5. Pulse-chase analysis re-
vealed that the gE of gI-deleted virus was processed to a larger and a diffused
94- to 100-kDa protein (instead of 94 kDa). The 94- to 100-kDa protein was
processed in the Golgi with delayed kinetics but it was endoglycosidase H (En-
doH) resistant. In cells infected with gI-deleted virus, there was a reduction in
cell-surface gE expression compared to wild-type, which correlated to reduced
amount of gE processed in the Golgi. The authors believe that in the absence of
gI, BHV-5 gE is sufficient for BHV-5 neurovirulence. Journal of NeuroVirology
(2004) 10, 233–243.
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Introduction

Bovine herpesvirus type 5 (BHV-5) is a neuroviru-
lent alphaherpesvirus that causes fatal encephalitis
in calves (Belknap et al, 1994; D’Offay et al, 1993).
Bovine herpesvirus type 1 (BHV-1) is associated with
abortions, respiratory infections (subtype 1.1), and
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genital infections (subtype 1.2) in cattle (Wyler et al,
1989), but does not cause encephalitis (Belknap et al,
1994). Both BHV-1 and BHV-5 are neurotropic viruses
and they establish latency in the trigeminal ganglion
(TG) following intranasal and conjunctival inocula-
tion (Ashbaugh et al, 1997; Rock et al, 1986). In a
rabbit seizure model, BHV-1.1 and BHV-5 infections
are distinguished by their differential neuropatho-
genesis (Chowdhury et al, 1997). When inoculated
intranasally, BHV-5 invades the brain via the olfac-
tory pathway and produces acute neurological signs
that are comparable to those seen in calves; however,
in BHV-1–inoculated rabbits, the virus does not in-
vade the central nervous system (CNS), and no neu-
rological signs develop (Lee et al, 1999).

The glycoprotein E and I (gE/gI) homologues in
alphaherpesviruses, including BHV-5, form a non-
covalently linked hetero-oligomer complex that is
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required for gE and gI maturation. Together, they form
a functional unit that serves as immunoglobulin G Fc
receptor (Johnson and Feenstra, 1987; Johnson et al,
1988; Litwin et al, 1992), and is required for cell
to cell spread in vitro (Dingwell and Johnson, 1998;
Dingwell et al, 1995) and neurovirulence in vivo
(Enquist et al, 1999). In pseudorabies virus (PRV) and
herpes simplex virus type 1 (HSV-1), gE- or gI-null
mutants have significantly reduced neurovirulence
and their ability to infect second- and third-order
neurons after nasopharyngeal and ocular infection is
significantly reduced (Card et al, 1992; Card and En-
quist, 1995; Dingwell et al, 1995; Husak et al, 2000).
In PRV, in addition to gE and gI, Us9-null mutants
have significantly reduced neurovirulence in the rat
eye model (Brideau et al, 2000; Card et al, 1992; Kri-
tas et al, 1994, 1995; Mulder et al, 1994). In a rabbit
seizure model, Us9-deleted BHV-5 infects the olfac-
tory receptor neurons (first-order) but failed to travel
anterogradely to the bulb after intranasal inocula-
tion (Chowdhury et al, 2002), and gE-deleted BHV-5
infects the olfactory receptor neurons but have re-
stricted anterograde transport to the bulb (second-
order neurons) and have severely reduced ability to
infect third-order neurons (Chowdhury et al, 2000).
The role of gI in BHV-5 neuropathogenesis has not
yet been determined.

In this study, we investigated the role of gI in BHV-5
neuropathogenesis. We determined the nucleotide
sequence of the BHV-5 gI open reading frame (ORF)
and compared it with the published coding sequence
for the gI ORFs of a Brazilian BHV-5 strain (Delhon
et al, 2003) and BHV-1 (Leung-Tack et al, 1994). We
generated gI-deleted BHV-5 and analyzed its neu-
ropathogenicity in a rabbit seizure model. Further,
the processing and surface expression of gE in the
gI-deleted virus was analyzed.

Results

Analysis of BHV-5 gI ORF and comparison
of predicted amino acid sequence of BHV-5
and BHV-1 gI gene
The BHV-5 gI ORF is 387 residues in length, whereas
predicted BHV-1 gI ORF contains 382 amino acids.
Alignment of the predicted amino acid sequence of
the BHV-5 gI ORF with the corresponding sequence
of BHV-1.1 showed 80% identity and 82% similar-
ity (Figure 1). The sequence analysis show that the
BHV-5 gI has all the characteristics of class I mem-
brane protein. Residues 1 to 18 form a signal sequence
with a potential consensus cleavage site (Figure 1)
and the residues 302 to 323 form a potential trans-
membrane domain (Figure 1).

The alignment showed that 12 cysteine residues
(one cysteine residue present in the putative sig-
nal sequence will be cleaved off and has not been
counted) are conserved between the two gI se-
quences. Four cysteine residues are present in the

Figure 1 Comparison of the predicted amino acid sequences of
the BHV-5 gI with the predicted amino acid sequence of BHV-1 gI.
The predicted amino acid sequence of BHV-1 and BHV-5 gIs were
aligned by using the GCG Gap program. Thirteen conserved cys-
teine residues are marked by boxes. N-linked glycosylation sites
are underlined and potential O-linked glycosylation sites are indi-
cated (∗). The presumptive signal sequences and transmembrane
anchor sequences are shown by broken boxes, respectively.

extracellular domain, two in the transmembrane do-
main, and the rest are in the cytoplasmic domain
(Figure 1). A dileucine motif within the cytoplas-
mic domain is conserved in both the sequences.
The BHV-5 gI has two potential N-linked glycosy-
lation sites (residues N68 to V71 and N274 to S277)
and 12 potential O-linked glycosylation sites (Fig-
ure 1). In comparison, BHV-1 gI contains one poten-
tial N-linked glycosylation site and eight potential
O-linked glycosylation sites (Figure 1). In addition, a
region immediately upstream of the transmembrane
domain of BHV-5 gI, E247 to Q291 (Figure 1), show
divergence from the predicted gI sequences for BHV-
1. Comparison of predicted gI amino acid sequences
between strain TX89 (this study) and Brazilian BHV-
5 strain SV507/99 (Delhon et al, 2003) revealed only
two amino acid differences, in the case of TX89 strain,
A228 and T279 are replaced with T and A, respectively.

Construction and analysis of a BHV-5 gI-deleted
(BHV-5 gI�) and BHV-5 gI-revertant (BHV-5 gIR)
recombinant viruses
The DNA from BHV-5gI� enhanced green fluores-
cent protein (EGFP) and wild-type BHV-5 was ana-
lyzed by Southern blot hybridization to confirm the
intended deletion of gI coding sequences. To ascer-
tain that the phenotype of the deletion mutant was
due solely to deletion of the gI gene, BHV-5 gI dele-
tion was restored to wild type (BHV-5gIR) by DNA
fragment spanning the gI-flanking and gI ORF–coding
sequences (see Figure 8A). The presence of gI-coding
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Figure 2 Characterization of gI-deleted and gI-reverted BHV-5
viruses by immunoprecipitation (A and B) and immunoblotting
(C). For immunoprecipitation, mock- and virus-infected MDBK
cells were labeled with [35S]methionine-cysteine for 10 h. Deter-
gent extracts were prepared and immunoprecipitated with (A) gI-
specific and (B) gE-specific polyclonal rabbit antibody (Whitbeck
et al, 1996). Mature gE (gE), mature gI (gI), precursor gE (pgE), and
precursor gI (pgI) protein bands are marked. A 45-kDa proteolytic
cleavage fragment (gIC 45) of mature gI is indicated. Note that the
mature gE expressed by the gI-deleted BHV-5 is a diffuse band
with approximate molecular mass 94 to 100 kDa. (C) Immunoblot-
ting analysis of BHV-5 wild-type, BHV-5 gI-deleted, and BHV-5
gI-revertant viruses. For immunoblotting, cocktail of gI-specific
polyclonal rabbit antibody (Whitbeck et al, 1996) and BHV-5 gC-
specific monoclonal antibody 8B1 (Chowdhury, 1995) was used.
Note that in the gI-deleted BHV-5, gI-specific bands are lacking but
the 94 to 96-kDa BHV-5 gC-specific band is present.

sequence in the wild-type BHV-5 but not in the
BHV-5gI� EGFP indicated that the gI ORF–coding se-
quences have been deleted in the recombinant BHV-
5gI� EGFP virus (data not shown). Consistent with
this finding, 62-kDa, 46-kDa, and 45-kDa gI-specific
bands (see below) were absent in the gI-deleted virus–
infected cell lysates when immunoprecipiated or im-
munoblotted with anti-gI antibody (Figures 2A, C,
respectively). However, the gI-specific antibody im-
munoprecipitated five proteins produced in BHV-5–
infected cells (94-, 86-, 62-, 46-, and 45-kDa bands).
The gE/gI homologs in alphaherpesviruses are coim-
munoprecipitated with gE- and/or gI-specific serum
(Montalvo et al, 1985; Whitbeck et al, 1996; Yao
et al, 1993; Zuckermann et al, 1988). The 94-kDa
and 86-kDa bands represent mature and precursor
gE, respectively (Al-Mubarak et al, 2004; Chowd-
hury et al, 2000). The 62-kDa mature gI (gI), 46-kDa
precursor gI (gI), and 45-kDa proteolytic cleavage
product of the mature gI (gIC 45) bands are gI-
specific bands (see below). These bands were absent
in the lysates of gI-deleted virus when immunopre-
cipitated with gI-specific antibody (Figure 2A). How-
ever, when immunoprecipiated with a gE-specific
antibody (Figure 2B), only the gE precursor (86
kDa) and mature gE-specific diffused band (94 to
100 kDa) were precipitated from the infected cell
lysates of gI-deleted BHV-5. These results con-
firmed that in BHV-5gI� virus, the gE gene is in-

tact but was processed to a larger size protein (see
below).

Growth properties and plaque size of BHV-5
gI-deleted virus in Madin-Darby bovin kidney
(MDBK) cells
The growth properties and plaque size phenotypes
of gI-deleted BHV-5, gE-deleted BHV-5, gI-reverted
BHV-5, and wild-type BHV-5 were compared as de-
scribed previously (Chowdhury et al, 2000). The gI-
and gE-deleted BHV-5 grew with wild-type growth ki-
netics (data not shown). Both the gI- and gE-deleted
BHV-5 viruses produced smaller plaques compared
to wild-type; however, the gE-deleted virus produced
smaller plaques when compared to that of gI-deleted
BHV-5 (data not shown).

Synthesis and processing of gE/gI and gE in cells
infected with BHV-5 wild-type and BHV-5gI�
viruses
Immunoprecipitation and pulse-chase analysis of
the wild-type BHV-5–infected cell proteins with gE-
specific antibody show that gE/gI complex forma-
tion occured during the 30-min pulse (Figure 3). The
dominant bands observed immediately after pulse (0-
min sample) were the 86-kDa and 46-kDa forms of
gE and gI, respectively. The 94-kDa mature gE and
62-kDa mature gI bands detected also at 0 time, as
faint bands, were nearly equal by 30 min of chase
to their respective 86-kDa (gE precursor) and 46-kDa
(gI precursor) form. At the 120-min chase, the ma-
ture gE (94-kDa) and gI (62-kDa) bands became dom-
inant, whereas the gE precursor (86-kDa) and gI pre-
cursor (46-kDa) bands diminished significantly. The

Figure 3 Autoradiograph showing pulse-chase analysis of gE in
wild-type BHV-5 and in gI-deleted BHV-5-infected cell lysates. In-
fected MDBK cells were pulse-labeled for 30 min in 100 μCi of
[35S]cysteine and methionine per ml beginning at 6 h post infec-
tion. Cell monolayers were then washed twice with serum-free
DMEM and were incubated in complete growth medium with-
out labeled cysteine and methionine. Detergent extracts were pre-
pared from identical samples harvested at times ranging from
0 to 240 min following the labeling period. Extract were then sub-
jected to immunoprecipitation with gE-specific rabbit antiserum
and analyzed by SDS-PAGE. Mock, BHV-5, and BHV-5 gI� (left
most three lanes) represent cell lysates after steady-state labeling
10 h beginning at 6 h post infection.
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86-kDa and 46-kDa gE and gI precursors, respectively,
are processed in the endoplasmic reticulum (ER) and
the 94-kDa and 62-kDa mature gE and gI, respec-
tively are processed further within the Golgi (this
study; Al-Mubarak et al, 2004). In addition, a diffuse
band with an approximate molecular mass 45-kDa
appeared by 120 min of chase (Figure 3). The 45-kDa
band is a proteolytically cleaved product of the ma-
ture BHV-5 gI (Al-Mubarak et al, 2004).

To determine the synthesis and processing of gE
in BHV-5 gI-deleted virus, similar pulse-chase and
immunoprecipitation analysis with gE-specific anti-
body was performed and the results were compared
with that of wild-type gE (Figure 3). At 0 time, only
the 86-kDa ER-processed gE was detectable in the
lysate of BHV-5 gI-deleted virus. The processed gE of
the gI-deleted BHV-5 (94- to 100-kDa band) became
detectable after a 120-min chase whereas the 94-kDa
wild-type processed gE band became dominant at the
30-min chase. In the case of gI-deleted BHV-5, the
amount of gE processed to its mature form was con-
siderably reduced compared to the BHV-5 wild-type
virus even after a 240-min chase (Figure 3). How-
ever, after steady-state 10 h of labeling, the amount
of mature gE in the gI-deleted virus was increased
considerably, though not up to the wild-type level.
At this time, still a considerable amount of precursor
gE was retained in the ER of the cells infected with
the gI-deleted virus, whereas in the case of wild-type,
gE precursor form was barely detectable (Figure 3).
Interestingly, the molecular mass of the mature gE
of BHV-5 gI-deleted virus produced a diffuse band
ranging from 94 to 100 kDa (Figure 3). Therefore, the
mature gE form of gI-deleted virus had heterogenous
products with higher molecular mass. In addition,
the maturation kinetics was delayed and the amount
of mature gE was reduced relative to the wild-type
virus.

Analysis of gE/gI processing in wild-type
BHV-5–infected and gE processing in
BHV-5gI�–infected cell lysates by glycopeptidase
F(GlycoF) and endoglycosidase H (EndoH)
treatment
The gE and gI precursors are predicted to ac-
quire EndoH-sensitive, N-linked glycosylation in the
ER, whereas the mature form of gE and gI (Golgi-
modified) are predicted to contain EndoH-resistant,
N-linked oligosaccharides. As a control, both the ER-
and the Golgi apparatus–modified N-linked oligosac-
charides can be removed by GlycoF. Maturation
of gE in the gI-deleted virus was accompanied by
a considerable increase in the apparent molecular
mass. To test whether this was caused exclusively
by modification of the N-linked glycans or due to
additional processing in the Golgi, steady-state and
30-min pulse-chase–labeled BHV-5 wild-type– and
BHV-5gI�–infected cell extracts were immunopre-
cipitated, as above, by gE-specific antibody. The im-
munoprecipitates were treated with EndoH (steady-

Figure 4 Endoglycosidase (Endo)H and glycopeptidase (Glyco)F
digestion analysis of gE in BHV-5 and BHV-5 gI-deleted viruses.
For EndoH digestion (A), infected MDBK cells were labeled steady-
state or pulse-labeled for 30 min and chased for 30 min. Lysates of
[35S]methionine-cysteine–labeled cells were immunoprecipitated
with gE-specific polyclonal rabbit serum and adjusted to 0.5%
SDS. Samples were boiled for 10 min and digested with EndoH (+)
as described in Materials and Methods. Samples were analyzed
by SDS-PAGE (10% gel). For control, untreated samples (−) are
shown. Mature ([) and precursor (�) gE expressed by wild-type and
gI-deleted viruses are indicated. For GlycoF digestion (B), MDBK
cells were labeled steady-state. Immunoprecipitated lysates were
adjusted to 0.5%, boiled for 10 min, and digested with GlycoF as
described in Materials and Methods. Samples were analyzed by
SDS-PAGE (10% gel) as above. For control, untreaded samples are
shown. Thin arrows indicate the shift in size of mature gE and gI
bands after GlycoF digestion. Note that 94-kDa and 94- to 100-kDa
mature gE bands of wild-type and gI-deleted viruses, respectively,
are partially sensitive/resistant to GlycoF digestion.

state and 30-min pulse-chase samples) or with Gly-
coF (steady-state samples) as described in Materials
and Methods. The results show that in the steady-
state samples of wild-type and gI-deleted viruses, the
94-kDa and 94- to 100-kDa mature gE bands, respec-
tively, were resistant to EndoH digestion (Figure 4A)
but they were partially sensitive to GlycoF diges-
tion (Figure 4B). The 86-kDa, ER-processed gE bands
of wild-type and gI-deleted viruses were sensitive
to both EndoH and GlycoF, resulting in slightly
faster-migrating (approximately 1-kDa smaller) bands
(Figure 4A, B). Therefore, the 94- to 100-kDa mature
gE band of the gI-deleted BHV-5 was processed in the
Golgi. Noticeably, a considerable amount of the 86-
kDa EndoH-sensitive precursor gE of the gI-deleted
virus was retained in the ER, whereas in the wild-type
the precursor gE was barely detectable. In the 30-min
pulse-chase samples of gI-deleted virus, mature gE
(94- to 100-kDa) was also resistant to EndoH diges-
tion, whereas the 86-kDa precursor gE was sensitive
to EndoH digestion (Figure 4A). These results indi-
cated that a proportion of the 86-kDa ER-processed
gE of gI-deleted virus is transported to the Golgi and
are processed further.

The results of GlycoF digestion also showed that
the 94-kDa wild-type gE (Golgi-processed) and the
94- to 100-kDa gE band of gI-deleted BHV-5 (Golgi-
processed) were not fully sensitive to GlycoF diges-
tion and resulted in a 90-kDa (for wild-type gE) and
diffused band with approximate molecular mass 90
to 94-kDa (for gI-deleted BHV-5) (Figure 4B). In the
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GlycoF control, RNase B was fully sensitive to Gly-
coF (data not shown). The most likely interpretation
of these results is that mature gE in wild-type and
in gI-deleted BHV-5 acquired O-glycans in the Golgi
or other post-translational modifications that are not
altered by GlycoF. Therefore, the gE synthesized by
gI-deleted virus is transport competent and was mod-
ified in the Golgi. However, it may have acquired het-
erogenous and/or additional post-translational modi-
fications, resulting in a diffused band ranging from 94
to 100 kDa. Taken together the results of gE processing
in the gI-deleted virus and the growth properties of
gE- and gI-deleted viruses, it is concluded that even
though the gE/gI interaction was necessary for the
proper processing/glycosylation of the gE, this inter-
action is not important with respect to virus growth
in tissue culture.

Surface expression of gE in wild-type and
gI-deleted viruses
To confirm the results of pulse-chase and EndoH re-
sistance of gE expressed in gI-deleted BHV-5, we then
asked whether the processed gE reached the cell sur-
face. Confocal microscopy images show that gE is ex-
pressed on the surface of BHV-5gI�–infected MDBK
cells; however, the amount is less relative to the wild-
type gE surface expression (Figure 5).

Pathogenicity of BHV-5 gI-deleted and BHV-5
gI-revertant viruses in rabbits
In the initial survival experiment, three out of six
rabbits (50%) infected with BHV-5gI� had severe
neurological signs (seizures) between 8 and 11 days
post infection (dpi) and they were euthanized. The re-
maining three rabbits showed mild neurological signs
and did not develop seizures. They were euthanized
at 12 dpi. Their brains were processed for immuno-
histochemistry. In the second experiment, six rabbits
were inoculated with gI-deleted BHV-5 and four rab-
bits were inoculated with BHV-5 gI-revertant (BHV-5
gIR). Two out of six rabbits (33%) infected with gI-
deleted BHV-5 developed severe neurological signs
by 10 dpi and two out of four rabbits (50%) infected

Table 1 Summary of clinical signs and virus isolation

Virus isolation
PFU,b

Animal Neurological nose, Olfactory Anterior Posterior
Virus no. signsa 3 dpi bulb cortex cortex

BHV-5gI� (expt. 1) 6 Severe (3) NDc NDc NDc NDc

BHV-5gI� (expt. 2) 6 Severe (2) 1.6 × 103 +e(2) ++d(3) +++(4)
BHV-5gIR 4 Severe (2) 1.8 × 103 +e(2) ++e(3) +++(4)

aNumbers in parenthesis indicate number of animals showing clinical signs or brain segments positive for virus isolation.
bAverage PFU.
cND, not determined.
dMid range.
eHigher end.
1–190 PFU/g (+), 200–1990 PFU/g (++), >2000 PFU/g (+++).

Figure 5 Surface expression of gE in cells infected with wild-type
and gI-deleted BHV-5 viruses. MDBK cells were infected with wild-
type (MOI of 5) and gI-deleted BHV-5 (MOI of 10). Fixed and perme-
abilized cells were reacted with rabbit anti gE polyclonal antibody
and stained with Cy2- or Cy5-conjugated donkey anti-rabbit IgG
for wild-type and gI-deleted BHV-5, respectively. Samples were
examined with a BioRad MRC1024Es confocal laser scanning mi-
croscope. Confocal images were collected with a 60× objective
using a 488-nm laser line for excitation and a 522-nm emission
filter, with the phase-contrast mode of BioRad LaserSharp imaging
program. Arrows point to surface labeling.

with gI-revertant virus showed severe neurological
signs by 10 dpi. All the rabbits were euthanized on
10 dpi or when the animals showed severe neurolog-
ical signs. Brains were sectioned and processed for
virus isolation as described earlier (Chowdhury et al,
1997). Virus isolation results are shown in Table 1.
The amount of virus isolated from the rabbits infected
with gI-deleted BHV-5 was slightly reduced when
compared with the rabbits infected with gI-reverted
BHV-5 (approximately similar amount from olfac-
tory bulb, twofold less from anterior cortex and sim-
ilar amount from posterior cortex). gI-deleted BHV-5
grew efficiently in the naso-olfactory mucosa and the
amount of virus shed was comparable to that shed
by rabbits infected with gI-reverted BHV-5 (Table 1).
Statistical analysis (Microsoft Excel) of the number
of rabbits showing severe neurological signs in the
gI-deleted and gI-reverted groups did not reveal a sig-
nificant difference (P > .01).

Spread of the gI-deleted BHV-5 in the CNS
following intranasal infection was evaluated by
immunostaining and compared with that of the
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Figure 6 Localization of viral antigen in brain sections. Animals
were inoculated intranasally with either gI–deleted or gI–revertant
BHV-5 as described in Materials and Methods. The animals were
euthanized on days 6, 8, and 10 days post infection or when they
showed neurological signs. The brains were processed for im-
munohistochemical analysis as described in Materials and Meth-
ods. Representative sections of the olfactory bulb (OB), anterior
olfactory nucleus (AON), and piriform cortex (PIR) are shown. Sec-
tions shown are form day 10 post infection. For OB, insets show
magnified areas marked (→).

Figure 7 Localization of viral antigen in representative sections
showing the amygdala (AMYG), hippocampus (HIPPO), and cin-
gulate cortex (CG). Sections shown are from day 10 post infection.

Table 2 Summary of viral spread in the brain after intranasal
inoculation

Presence and location of viral antigena

Virus OB AON PIR HIPPO AMYG CG

BHV-5gIR ++b ++++d ++++d ++++c ++++d +++b

BHV-5gI� ++b ++++b ++++c +++c ++++c ++c

aIndicated as 1 to 25 (+), 30 to 150 (++), 160 to 500 (+++), or 550
to 3000 (++++) labeled neurons per field at a magnification of×5.
bLower end of the range.
cMid range.
dHigher end of the range.
OB, olfactory bulb; AON, anterior olfactory nucleus; PIR, piriform
cortex; HIPPO, hippocampus; AMYG, amygdala; CG, cingulate cor-
tex. Scores for BHV-5gIR and wild-type are average of six rabbits
and for each segment five sections were counted (30 slides for each
section). Scores for BHV-5gI� are average of 10 rabbits and for each
brain segment five sections (total 50 sections) were analyzed.

BHV-5 gI-revertant. Virus-specific antigens were de-
tected in the olfactory bulb (second-order neurons) at
6 dpi. By 8 to 10 dpi, infected neurons were detected
in the anterior olfactory nucleus (third-order neu-
rons) and in piriform cortex, amygdala, hippocam-
pus, and frontal and cingulate cortices (fourth and/or
fifth order neurons). The number of neurons infected
by gI-deleted BHV-5 were approximately similar (in
olfactory bulb and piriform cortex), three- to fourfold
less (in anterior olfactory nucleus and hippocampus),
and twofold less (in amygdala and cingulate cortex)
when compared with the gI-revertant virus (Figures 6,
7, Table 2). The gI-deleted virus spread to the hip-
pocampus and cingulate cortex (fifth-order neuronal
connection) but compared to the gI-revertant BHV-5,
there were similar or two- to fourfold less number
of infected neurons for the gI-deleted BHV-5. Taken
together, these results show that the number of in-
fected neurons for the gI-deleted virus was slightly
lower but they were sufficient to produce severe
neurological signs in 40% (50% in the first exper-
iment and 33% in the second experiment) rabbits
(Table 1).

Discussion

We conducted this study to determine the role of
the gI gene in BHV-5 neuropathogenesis and neu-
rovirulence using a rabbit seizure model. The BHV-5
gI sequence of an American strain (TX89) was de-
termined and the predicted amino acid sequence of
the gI was compared with those of BHV-1 gI and gI
of a Brazilian BHV-5 strain. We generated a BHV-
5 gI-deleted recombinant virus and investigated the
neurovirulence and neuroinvasive properties of the
gI-deleted and gI-revertant BHV-5 viruses in a rab-
bit seizure model (Chowdhury et al, 1997). The pro-
cessing and maturation of gE in the gI-deleted virus
was characterized and compared with that of the
wild-type BHV-5. The studies demonstrated that gE
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expressed by the gI-deleted BHV-5 is processed in the
Golgi to a higher molecular mass protein and that the
gI-deleted BHV-5 retained significant neurovirulence
and neural spread within the brain.

The results of pulse-chase experiment showed that
although the gE expressed by the wild-type virus is
processed to a 94-kDa protein, mature gE of the gI-
deleted virus is processed to a larger and diffused
protein of 94- to 100-kDa molecular mass. In addition,
the kinetics of gE maturation was delayed and the
amount of mature gE was reduced in the gI-deleted
virus. Even though with time a considerable amount
of precursor gE of gI-deleted virus was transported to
the Golgi and processed to its mature EndoH-resistant
form, a noticeable amount of precursor gE was still
detectable in the gI-deleted BHV-5 after 10 h of la-
beling, whereas in the wild-type, the precursor gE
was barely detectable. These results suggested that,
like in other alphaherpesviruses, including BHV-1,
the export of gE from the ER to the Golgi is ineffi-
cient unless gI is present (Enquist et al, 1999; Mallory
et al, 1997; Whitbeck et al, 1996; Yao et al, 1993).
Consistent with this finding, a reduced amount of
gE reached the cell surface in cells infected with gI-
deleted BHV-5 when compared to wild-type BHV-5–
infected cells. Both the gEs (expressed by wild-type
and gI-deleted viruses) were partially sensitive to
GlycoF digestion, which indicated that, like in other
alphaherpesviruses, the gE might have acquired ad-
ditional O-glycans in the Golgi (Cohen et al, 1997;
Yao et al, 1993).

Noticeably, gE expressed in the gI-deleted BHV-5
attained a larger molecular mass. In BHV-1 and PRV,
gE is also processed in the Golgi with a delayed ki-
netics when expressed without a gI, but it is not
known to acquire a larger molecular mass (Whitbeck
et al, 1996). In BHV-1, the first 246 amino acids of
gE are important for the complex formation with the
gI (Tyborowska et al, 2000) and in HSV-1, predicted
amino acid residues 183 to 288 mediate complex for-
mation with the gI (Basu et al, 1995). In BHV-5, the
amino-terminal third of the gE is predicted to be im-
portant for the gE/gI complex formation (Al-Mubarak
et al, 2004). Because the precursor gEs of wild-type
and gI-deleted BHV-5 have identical molecular mass
and the gE-gI complex is formed prior to the post-
translational modifications in the Golgi (Al-Mubarak
et al, 2004), the larger molecular mass of the mature
gE expressed by the mutant virus is presumably due
to additional glycosylation. It is possible that in the
presence of gI, potential glycosylation sites present
in the gE amino-terminal region, important for the
complex formation, are not available within the Golgi
for further processing, when the gE is complexed
with the gI. But in the absence of gI, they become
available for further processing, resulting, in a pro-
tein with a larger molecular mass. Indeed, predicted
amino acid sequence analysis for potential glycosyla-
tion sites show that within the first 246 amino acids
of BHV-5 gE, there are five potential O-glycosylation

sites (S83, T220, T222, S226, T231) and one poten-
tial N-glycosylation sites (N150) (Chowdhury et al,
2000). The BHV-1 gE predicted amino acid sequence
lacks the corresponding potential O-glycosylation
sites (Chowdhury et al, 2000). Accordingly, BHV-1
gE, when expressed without the gI, is processed to its
normal 92-kDa size but with a slower kinetics. There-
fore, it is possible that in the absence of gI, additional
O-glycosylation sites noted above for BHV-5 gE are
accessible for further processing in the Golgi and ac-
quire additional O-glycans, which could account for
the larger BHV-5 gE when expressed without the gI.
Similar phenomenon was also observed in the case of
varicella-zoster virus (VZV) when gE was expressed
alone either from a gE-expressing plasmid clone (Yao
et al, 1993) or by a gI-deleted virus (Cohen et al, 1997),
resulting in a slightly larger gE.

In rabbits, gI-deleted BHV-5 retains significant neu-
rovirulence and its neural spread is identical to
the gI-revertant BHV-5. In case of gI-deleted BHV-5,
about 40% of rabbits show severe neurological signs,
whereas for gI-reverted BHV-5, about 50% of rab-
bits show severe neurological signs. Virus recovered
from the brains and nasal swabs also showed that the
rabbits infected with BHV-5 gI-deleted virus yielded
a very similar amount compared to the BHV-5 gI-
revertant virus. Earlier, we have reported that 70% to
80% of rabbits infected with wild-type BHV-5 show
severe neurological signs (Lee et al, 1999) and that
rabbits infected with gE-deleted BHV-5 do not show
severe neurological signs at all (Chowdhury et al,
2000). Unlike gI-deleted BHV-5, gE-deleted BHV-5
replication within the brains of infected rabbits was
significantly reduced when compared with the gE-
reverted BHV-5 (Chowdhury et al, 2000). The dif-
ferences in the number of animals showing severe
neurological signs when infected with the gI-deleted,
gI-reverted, and wild-type BHV-5 were not statisti-
cally significant.

Based on the immunohistochemistry data, the gI-
deleted BHV-5 virus invaded first-, second-, third-,
and fourth-order neurons in the olfactory pathway.
But fewer neurons (ranging from similar to fourfold
less) were infected when compared with rabbits in-
fected with the BHV-5 gI-revertant virus. However,
in the case of gE-deleted BHV-5, the neural spread
of the virus was reduced significantly (Chowdhury
et al, 2000). Together, our data suggest that in the ab-
sence of gI, gE is sufficient to retain BHV-5 neurovir-
ulence and neural spread. However, in the absence of
gE, BHV-5 gI is not sufficient to retain the neurovir-
ulence and neural spread of the virus (Chowdhury
et al, 2000).

In PRV, both gE and gI deletion results in signif-
icant reduction in the neurovirulence of the virus
(Husak et al, 2000; Kimman et al, 1992; Kritas et al,
1994, 1995; Whealy et al, 1993). Even though the gE-
deleted PRV is more attenuated than the gI-deleted
virus (Kritas et al, 1994, 1995), both in pigs and in
a rat eye model, the gI-deleted PRV was attenuated
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significantly when compared with the wild-type
(Card and Enquist, 1995; Husak et al, 2000; Kritas
et al, 1994, 1995). In contrast, the BHV-5 gI-deleted
virus retains significant neurovirulence.

Like in other alphaherpesviruses, both the gE-
(Chowdhury et al, 2000) and gI-deleted BHV-5 (this
study) forms small plaque phenotype in vitro and
the gI-deleted virus forms slightly larger plaques than
that of gE-deleted BHV-5. However, unlike other al-
phaherpesviruses, neural spread and neurovirulence
of the gI-deleted BHV-5 was indistinguishable from
the wild-type BHV-5. This in vivo neurovirulent phe-
notype for the gI-deleted BHV-5 was unexpected and
it does not fit to our current view on gE/gI functions in
alphaherpesviruses and their interdependence both
in vitro and in vivo. Therefore, one might question
our results in light of gI’s role in vivo. A PRV recombi-
nant expressing BHV-1 gI alone spread anterogradely
to visual centers in rats and does not require its obli-
gate partner BHV-1 gE, but a PRV expressing BHV-1
gE did not show similar spread phenotype (Knapp
et al, 1997). In this instance, gE and not the gI was
dispensable in vivo, but it does clearly indicate that
even though the gE/gI functions are conserved among
the alphaherpesviruses, there are subtle differences
between the alphaherpesviruses in their role in vivo.

In HSV-1, one of the suggested functions of gI was
to modify HSV-1 gE in its affinity for binding to IgG
(Johnson and Feenstra, 1987; Johnson et al, 1988). Fc
receptor activity of PRV gE/gI (Favoreel et al, 1997)
and VZV gE/gI (Litwin et al, 1992) has also been re-
ported, but we and others were unable to show any Fc
receptor activity of the BHV-1 and BHV-5 gE-gI com-
plex (Chowdhury et al, 2000; Whitbeck et al, 1996).
It is possible that gE-gI complex formation is neces-
sary for the wild-type level gE processing; however, a
small quantity of processed BHV-5 gE is sufficient for
BHV-5 neural spread and neurovirulence in rabbits.
Similarly in PRV, a small quantity of gE in the virus
envelope was also sufficient for anterograde neural
spread and neurovirulence (Tirabassi et al, 1997).

Based on a structural analysis of alphaherpesvirus
gD, gG, and gI sequences, it has been proposed that
gG and gI of alphaherpesviruses are related to gD and
that they have been derived from a common ancestor
(McGeoch, 1990). Therefore, in the absence of gI, an-
other glycoprotein i.e., gD, may compensate for the
neurovirulence and cell-to-cell spread function of gI
in vivo. Even though this hypothesis has yet to be
tested for BHV-5 and other alphaherpesviruses, it is
possible that indeed there is an evolutionary relation-
ship of these proteins.

Materials and methods

Virus strain and cell lines
BHV-5 TX89 strain (Chowdhury et al, 1997) was
used in this study. The viruses were propagated and
titrated in MDBK cells grown in Dulbecco modified

Figure 8 BHV-5 genomic structure and schematic map of gI dele-
tion plasmid. The genomic organization of BHV-5 depicted at the
top consists of unique long (UL) and unique short (US) regions and
two repeat regions (IR and TR). (A) Location of the gI and flanking
genes. (B) A restriction site map of the1.58 kb XhoI and StyI frag-
ment. (C) Genomic organization of the mutant pBHV-5gI� clone
showing the replacement of the entire gI ORF with EGFP gene.

Eagle’s medium (DMEM) supplemented with heat-
inactivated 10% fetal bovine serum.

Cloning and sequencing of the BHV-5 gI gene
The authors have previously cloned the BHV-5 9.6-
kb StuI/StuI fragment containing the region spanning
from BHV-5 gG to Us9 and its 170-bp downstream
sequences (pKS-95-15) (Figure 8). The nucleotide se-
quence of BHV-5 gD and gE genes, flanking the BHV-
5 gI gene homolog, has been previously determined
in the authors’ laboratory (Abdelmagid et al, 1995;
Chowdhury et al, 2000). The gI gene is located
within the 1.58-kb XhoI/StyI subfragment of pKS95-
15. To determine the gI gene coding sequence, we
first cloned the 1.58-kb XhoI/StyI fragment into
XhoI/XbaI sites of pGEM-7Z, resulting in plasmid
clone pBHV-5gI. A restriction map of the cloned frag-
ment was constructed, and subclones spanning the
entire fragment were generated. The DNA sequence
was determined by the Iowa State University se-
quencing facility.

Sequence analysis
The sequences obtained from subclones spanning the
entire gI coding region were assembled using the se-
qaid II sequence analysis software as reported before
(Chowdhury et al, 2000). The predicted amino acid
sequences of BHV-5 gI and BHV-1 gI (Leung-Tack
et al, 1994) were aligned using the GCG BestFit
program (Genetic Computer Group) (gap weight, 8;
length weight, 2). Hydropathicity analysis (Kyte and
Doolittle, 1982) was performed using a 9–amino
acid window. The prediction of signal sequence
was determined using the Signal Prediction program
from the World Wide Web (Signal Prediction, V2.0,
http://www.cbs.dtu.dk/cgi-bin/nph) (Nielsen et al,
1997).

Construction of gI deletion plasmid
For the construction of the BHV-5gI deletion vec-
tor, the gI upstream and downstream flanking regions
were generated by polymerase chain reaction (PCR).
Using primer pairs P1 (CCCAGAATTCCGCCCGCT-
CCGAGCGCCGC), P2 (GCGCGGTACCTTTATCTCCC-



BHV-5 gE in neurovirulence
A Al-Mubarak and SI Chowdhury 241

GCCC-CGCGCA),and P3 (GCGTGGATCCGTCTGTC-
TCGGTTTCTGCGC), P4 (AGTTAAGCTTGACGACG-
CTGTGTGGACTCTCC) and pKS95-15 DNA as a tem-
plate, 1.9-kb and 2.15-kb fragments, respectively,
were amplified. These primer pairs incorporated
EcoRI-KpnI (P1 and P2, respectively) and BamHI-
HindIII (P3 and P4, respectively) at the 5′ and 3′
ends of the respective amplified fragment (under-
lined sequences represent the restriction sites). Af-
ter PCR amplification, the P1-P2 and P3-P4 products
were digested with EcoRI-KpnI and BamHI-HindIII
enzymes, respectively, and cloned into the EcoRI-
KpnI and BamHI-HindIII sites of plasmid pGEM-
3Z (Promega, Madison, WI). The resulting clone
(pBHV-5gI� 5′3′) lacked the entire gI ORF, but it
contained the gI upstream gD sequences and gI
downstream gE-flanking sequences located imme-
diately adjacent to the KpnI and BamHI sites, re-
spectively. The pEGFP/C1 (Clontech Lab.) plasmid
containing the EGFP gene cassette was modified by
deleting sequences, spanning XhoI (blunt) to BamHI
(blunt) sites, in the multiple cloning site, with result-
ing plasmid pEGFP/C1-collapse. To insert the EGFP
gene cassette at the BamHI site of gI deletion vec-
tor, pBHV-5gI� 5′3′ was digested with BamHI, blunt
ended, and a 1.7-kb AseI (blunt)/MluI (blunt) frag-
ment (containing the entire GFP) from pEGFP/C1-
collapse was inserted and religated. The resulting
plasmid pBHV-5gI GFP� lacks the entire gI ORF and
the GFP gene is flanked by the gI upstream and down-
stream sequences (Figure 8).

Generation of recombinant viruses
gI-deleted GFP-expressing BHV-5 (BHV-5gI� GFP):
To generate a gI-deleted BHV-5 recombinant, full-
length wild-type BHV-5 and linearized pBHV-5gI�
GFP DNA was cotransfected into MDBK cells as de-
scribed earlier (Chowdhury et al, 2000). Recombi-
nant viruses expressing GFP were plaque purified by
agar overlay and by identifying green fluorescence
plaques under a fluorescent microscope. They were
then further characterized by Southern blot (using gI
ORF sequences as a probe) and by immunoblotting
using gI-specific antibody (Whitbeck et al, 1996).

gI-revertant mutant of BHV-5 (BHV-5gIR): To de-
termine the specificity of the gI deletion, BHV-5 gI-
revertant virus was generated by cotransfection of
full-length BHV-5gI�GFP virus DNA and the lin-
earized pKS95-15 DNA (containing the entire gI gene
and its flanking gD and gE sequences) into MDBK
cells. Nonfluorescent plaques were plaque purified
and analyzed by Western blotting for wild-type gI
expression.

Preparation of radiolabeled mock- and
virus-infected cell lysates and immunoprecipitation
For steady-state labeling, confluent MDBK cells were
infected with wild-type BHV-5 and recombinant
BHV-5gI�GFP, at multiplicity of infection (MOI) of

5 for 6 h prior to labeling with [35S]methionine-
cysteine. Mock infections with virus-free medium
were always included in the analysis. Lysates
were collected at 16 h post infection in extrac-
tion buffer (40% w/v suspension) as described ear-
lier (Chowdhury et al, 2000). Immunoprecipitation
and sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed as described
previously (Chowdhury et al, 2000).

Pulse-chase analysis
Confluent MDBK cells were infected with wild-type
BHV-5 and recombinant BHV-5gI�GFP at MOI of 5
PFU per cell. At 4 h post infection, complete growth
medium (DMEM, 5% fetal bovine serum) was re-
placed with serum- and cysteine-methionine–free
medium (Sigma, St. Louis, Mo.). At 6 h postinfection,
the medium was replaced with cysteine-methionine-
free medium containing 1% serum, and 100μ Ci of
[35S]methionine-cysteine per milliliter. The infected
cells were incubated at 37◦C for 30 min. At the end
of the labeling period, the cells were washed twice
in prewarmed (37◦C) serum-free medium and were
either harvested immediately (0-min chase) or in-
cubated at 37◦C in complete growth medium for
an additional 15 to 240 min. At the end of each
of the chase periods, individual samples were pro-
cessed as previously described (Chowdhury et al,
2000) and radioactively labeled infected cell lysates
were immunoprecipitated with gE-specific antibody
and analyzed by SDS-PAGE as described previously
(Chowdhury et al, 2000).

GlycoF and EndoH digestion
The immunoprecipitated viral proteins were released
from the Sepharose beads with immobilized pro-
tein A by boiling in 20 μl of 0.5% SDS and 1% β-
mercaptoethanol for 10 min. The supernatants were
transferred to fresh tubes. For GycoF digestion, the
supernatants were adjusted to 50 mM sodium phos-
phate (pH 7.5), 1% NP-40, and incubated with 1000 U
of GlycoF (New England Biolab) in a total volume of
26 μl for 1 h at 37◦C. For EndoH digestion, the su-
pernatants were adjusted to 50 mM sodium citrate
(pH 5.5) and incubated with 100 U of EndoH (New
England Biolab) in a total volume of 22.2 μl for 1
h at 37◦C. The digested samples were subjected to
SDS-PAGE and labeled proteins were visualized via
autoradiography.

Western blot analysis
Cellular extracts and purified virion lysates were
electrophoresed on a 10% SDS polyacrylamide gel
and transferred to nitrocellulose membrane. Proteins
were visualized by using rabbit polyclonal antibodies
as described previously (Chowdhury et al, 2000).

Indirect immunofluorescence
MDBK cells grown on chamber slides were infected
with gI-deleted or wild-type BHV-5. At 10 h post
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infection, cells were fixed with 3.5% neutral buffered
formaldehyde (20 min), permeabilized with 0.5%
Igepal CA 630 (Sigma). After blocking with 5%
horse serum in phosphate-buffered saline for 1 h
at room temperature, they were then incubated for
2 to 3 h at room temperature with rabbit anti-gE-
specific antibody, washed, and stained with Cy2- or
Cy5-conjugated donkey anti-rabbit IgG (Jackson Im-
mune Res), for wild-type and gI-deleted BHV-5,
respectively. The slides were cover slipped with
gel/mount (Biomeda Corp, Foster city, CA).

Animal experiments
Four-week-old New Zealand white rabbits weighing
500 to 600 g (Myrtles Rabbitry, Thomson Station, TN)
were used. Rabbits were maintained in laboratory
isolation cages in our vivarium throughout the ex-
periments, with food and water freely available. All
procedures were approved by the Kansas State Uni-
versity Animal Care and Use Committee.

A rabbit seizure model described previously
(Chowdhury et al, 1997; Lee et al, 1999) was used
to compare the neuropathogenic properties of gI-
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