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All gammaherpesviruses encode a glycoprotein positionally homologous to the Epstein-Barr virus gp350 and
the Kaposi’s sarcoma-associated herpesvirus (KSHV) K8.1. In this study, we characterized the positional
homologous glycoprotein of bovine herpesvirus 4 (BoHV-4), encoded by the Bo10 gene. We identified a 180-kDa
gene product, gp180, that was incorporated into the virion envelope. A Bol0 deletion virus was viable but
showed a growth deficit associated with reduced binding to epithelial cells. This seemed to reflect an interaction
of gp180 with glycosaminoglycans (GAGs), since compared to the wild-type virus, the Bol0 mutant virus was
both less infectious for GAG-positive (GAG™) cells and more infectious for GAG-negative (GAG™) cells.
However, we could not identify a direct interaction between gp180 and GAGs, implying that any direct
interaction must be of low affinity. This function of gp180 was very similar to that previously identified for
the murid herpesvirus 4 gp150 and also to that of the Epstein-Barr virus gp350 that promotes CD21™ cell
infection and inhibits CD21™ cell infection. We propose that such proteins generally regulate virion
attachment both by binding to cells and by covering another receptor-binding protein until they are
displaced. Thus, they regulate viral tropism both positively and negatively depending upon the presence

or absence of their receptor.

Many viruses use a single glycoprotein for both cell binding
and membrane fusion. Herpesviruses are more complex. Three
proteins—gB, gH, and gL—form a core fusion machinery con-
served in the Alpha-, Beta-, and Gammaherpesvirinae subfam-
ilies (21). Most herpesviruses also encode at least one addi-
tional receptor-binding protein that is more specific for a given
virus subfamily. For example, herpes simplex virus first at-
taches to cells by gB or gC binding to the heparan sulfate
moieties of the cell surface proteoglycans. gD must then bind
for fusion to occur (47).

Our understanding of gammaherpesvirus glycoprotein func-
tions is more limited. This is due to the fact that the human
gammaherpesviruses Epstein-Barr virus (EBV) and Kaposi’s
sarcoma-associated herpesvirus (KSHV) show limited lytic
growth in vitro. Nevertheless, understanding how viral glyco-
proteins function is important for vaccination and for the de-
velopment of neutralizing antibodies. While gB, gH, and gL
are probably the key partners of the gammaherpesvirus mem-
brane fusion machinery (22, 39, 41), the function of accessory
entry proteins is less clear. EBV gp350/220 is a highly glycosyl-
ated membrane protein that adopts its 2 differently sized forms
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by alternative splicing (23). It is the most abundant protein in
the virion envelope, binds to complement receptor 2 (CD21)
on B cells (40, 49), and is a target for antibodies that neutralize
B cell infection (53). Soluble recombinant gp350 can also in-
hibit EBV infection of CD21-positive (CD21") cells (36). EBV
lacking gp350/220 is poorly infectious for B cells (24, 46) yet
infects CD21-negative (CD21 ") epithelial cells better than the
wild-type virus does (46). Virions treated with some antibodies
against gp350/220 also show enhanced epithelial cell infection
(54). The KSHYV positional homolog of gp350/220, K8.1, also
has 2 alternatively spliced forms (5). Both bind to cell surface
heparan sulfate (HS) (2) and are thought to be involved in the
initial steps of virion attachment. However, as for EBV gp350/
220, K8.1 is dispensable for viral entry (33).

The difficulties of manipulating EBV and KSHV make re-
lated animal gammaherpesviruses important tools for deduc-
ing viral gene functions and their place in pathogenesis. Two
of the best-established experimental models are provided by
murid herpesvirus 4 (MuHV-4) and bovine herpesvirus 4
(BoHV-4). BoHV-4 infects healthy cattle worldwide and cattle
with a variety of diseases (50). It readily propagates in cell
culture and replicates in a broad range of host species both in
vitro and in vivo. Recent viral genome sequencing (60) and
bacterial artificial chromosome (BAC) cloning (12) have en-
hanced its value as an experimental model.

The positional homologs of K8.1 are M7 in MuHV-4, en-
coding gp150, and Bol0 in BoHV-4. The MuHV-4 gp150 is
part of a multiprotein entry complex (19) and an immunodom-
inant virion antibody target (14). However, gp150-specific an-
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tibodies do not neutralize. Instead, they strongly enhance Fc
receptor-dependent infection (42). While gp150 seems to bind
only weakly to glycosaminoglycans (GAGs) (6), the gp150~
virus phenotype provides strong functional evidence for an
important interaction (6, 10, 11, 15). While wild-type (WT)
MuHV-4 infection is highly dependent on HS, gp150 knock-
outs are hardly dependent on HS at all, suggesting that a
gp150-GAG interaction relieves a constitutive gp150-mediated
inhibition of virion binding. The GAG-independent binding is
presumably protected by gp150, thereby providing a mecha-
nism of efficient virion release and antibody evasion. However,
further studies are needed to determine whether this kind of
binding regulation is a general feature of gammaherpesvirus
biology.

The BoHV-4 Bol0 seems to be more closely related to the
KSHYV K8.1 than to the MuHV-4 M7. Sequence analysis shows
that BoOHV-4 Bol0 gene potentially comprises two exons that
would together encode a protein with a length similar to that of
K8.1 (30). In this study, Bol0 gene expression was character-
ized, and virus lacking this gene was produced, allowing us to
analyze Bo10 gene function in the context of viral replication.
Our results showed that Bo10 encodes a viral envelope protein
involved in virion attachment. They suggested further that
Bo10 regulates another viral binding interaction to make it
essentially dependent on GAG.

MATERIALS AND METHODS

Cells and virus. Madin-Darby bovine kidney (MDBK) cells (ATCC CCL-22),
embryonic bovine trachea (EBTr) cells (ATCC CCL-44), CHO-K1 (ATCC CCL-
61), and the glycosaminoglycan (GAG)-deficient mutant CHO-K1-pgs-A745
(ATCC CRL-2242) cells were cultured in Dulbecco’s modified Eagle medium
(Invitrogen) containing 10% fetal calf serum (FCS), 2% penicillin-streptomycin
(Invitrogen), and 1% nonessential amino acids (Invitrogen). Bovine peripheral
blood mononuclear cells (PBMC) were prepared as described elsewhere (17)
and cultured in RPMI Glutamax medium containing 10% FCS, 2% penicillin-
streptomycin (Invitrogen), 1% essential amino acids (Invitrogen), 1 mM sodium
pyruvate, 25 mM HEPES, and 50 uM 2-mercaptoethanol. The BoHV-4 V. test
strain initially isolated from a case of orchitis (51) and a derived recombinant
strain, called V. test EGFP Xho I (EGFP stands for enhanced green fluorescent
protein) (hereafter called WT eGFP) (16), were used throughout.

Determination of Bol0 kinetic class of transcription. The experiments deter-
mining the kinetic class of transcription of Bol0 were performed as described
elsewhere (34). Briefly, subconfluent monolayers of MDBK cells were infected
with BoHV-4 V. test strain at a multiplicity of infection (MOI) of 1 PFU/cell.
Four hours before infection, cycloheximide (CHX) (100 wg/ml) or phosphono-
acetic acid (PAA) (300 pg/ml) was added to the culture medium to inhibit de
novo protein synthesis or viral DNA polymerase activity, respectively. Eighteen
hours after infection, cytoplasmic RNA was extracted, purified, and treated for
reverse transcription-PCR (RT-PCR). The ¢cDNA products were amplified by
PCR using primers specific for Bo5 encoding BoHV-4 major immediate-early
transcript (IE) (57), ORF21 encoding thymidine kinase expressed as an early
gene (E) (27), ORF22 encoding glycoprotein H (gH) expressed as a late gene (L)
(31) and Bo10-specific primers (Bo10 23-43 [5'-TCATACATTCAAATTGCAT
GC-3'] and Bo10 839-818 [5'-CATTGAATGAGAACAAACACG-3')).

Production of rabbit polyclonal anti-Bol0 antibodies. Anti-Bo10-c15 poly-
clonal mono-specific antibodies were produced by Sigma Genosys (Pampisford,
United Kingdom). On day 0, equal volumes of diluted bovine serum albumin
(BSA)-conjugated peptide (1 mg/ml) and Freund’s complete adjuvant were
emulsified and injected subcutaneously into the rabbits at three different sites
(200 pg/rabbit). On days 14, 28, 42, 56, and 70, each rabbit was immunized again
with 100 pg of peptide (1 mg/ml) emulsified with incomplete Freund’s adjuvant.
Serum samples were collected on day 77.

Western blotting. Cells or virions were lysed and denatured by heating (95°C,
5 min) in SDS-PAGE sample buffer (31.25 mM Tris-HCI [pH 6.8], 1% [wt/vol]
SDS, 12.5% [wt/vol] glycerol, 0.005% [wt/vol] bromophenol blue, 2.5% [vol/vol]
2-mercaptoethanol). Proteins were resolved by electrophoresis on Mini-
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PROTEAN TGX (Tris-glycine extended) precast 7.5% resolving gels (Bio-Rad)
in SDS-PAGE running buffer (25 mM Tris base, 192 mM glycine, 0.1% [wt/vol]
SDS) and transferred to polyvinylidene difluoride membranes (Immobilon-P
transfer membrane with 0.45 uM pore size; Millipore). The membranes were
blocked with 3% nonfat milk in phosphate-buffered saline (PBS) containing
0.1% Tween 20 (PBS-0.1% Tween 20), and then incubated with anti-Bo10-c15
rabbit antibodies or anti BoHV-4 polyserum in the same buffer. Bound antibod-
ies were detected with horseradish peroxidase-conjugated goat anti-rabbit IgG
polyclonal antibody (PAb) (Dako Corporation), followed by washing in PBS—
0.1% Tween 20, development with enhanced chemiluminescence (ECL) sub-
strate (GE Healthcare), and exposure to X-ray film.

5" RACE. The 5’ end of the Bol0 mRNA was mapped by rapid amplification
of cDNA ends (RACE) (5'/3' RACE kit second generation; Roche Diagnostics).
The RACE primers were Bo10 900-878 (5'-TCATAATAAATTATATCCCTG
AC-3") for cDNA synthesis and Bo10 839-818 (5'-CATTGAATGAGAACAAA
CACG-3’) for PCR amplification [paired with a primer matching the 5’ poly(A)
cDNA tail added by terminal deoxynucleotide transferase]. Both gene-specific
primers were in exon 2, which encodes the amino acids recognized by the
anti-Bo10-c15 immune serum. The PCR product was sequenced to locate the 5’
poly(A) tail.

Production of a BoHV-4 Bo10 deletion and revertant strains. A BoHV-4 V.
test strain deleted for nucleotides 43 to 608 of the Bo10 gene (Bol0 Del) was
produced by homologous recombination (34). The restriction fragment EcoRI-B
(containing Bo10) of the V. test strain genome was cloned into the pGEM-T
Easy vector (Promega), resulting in pGEM-T Easy/EcoRI-B. This vector was
then digested with HindIII and religated, resulting in pGEM-T Easy/EcoRI-B
HinDIII. An enhanced green fluorescent protein (eGFP) expression cassette was
then produced by PCR using the forward primer 5'-GCATGCACGCGTAATC
AATTACGGGGTCATTAG-3" with SphI-Mlul sites (in italic type) and nucle-
otides 15 to 35 of the pEGFP-C1 vector (Clontech) (GenBank accession number
U55763) and the reverse primer 5'-TTCGAACGCGTTAAGATACATTGATG
AG-3" with MIul-NspV sites (in italic type) and nucleotides 1640 to 1624 of
pEGFP-C1. A modified version of the pEGFP-C1 vector in which most of the
multiple cloning site had been deleted by digestion with BglIl and BamHI was
used as template. The PCR product was cloned into the pPGEM-T Easy vector by
TA cloning (Promega). The eGFP cassette released by NspV and SphI digestion
was then cloned into pGEM-T Easy/EcoRI-B HinDIII, resulting in pGEM-T
Easy/EcoRI-B HinDIII del Bo10 in which most of the Bo10 gene is replaced by
the eGFP expression cassette. The latter plasmid was digested by Mscl and
Xmnl, and the resulting fragment was used to generate the Bol0 Del V. test
strain by homologous recombination in EBTr cells. Finally, a revertant strain
(Bo10 Rev) was produced based on the same approach using the MscI-XmnI
fragment of the pGEM-T Easy/EcoRI-B HinDIII vector as the recombination
cassette.

Southern blotting. Southern blot analysis of viral DNA digested with HindIII
was performed (12) with probes corresponding to the entire Bo10 open reading
frame (ORF) (exon I-intron-exon II) or to the deleted part of the V. test Bo10
ORF or the eGFP ORF.

Virus purification. BoHV-4 strains grown on MDBK cells were purified as
follows. Virions were harvested from infected MDBK cell supernatants by ul-
tracentrifugation (100,000 X g, 2 h); infected-cell debris was then removed by
low-speed centrifugation (1,000 X g, 10 min). Virions were then centrifuged
through a 20 to 50% (wt/vol) potassium tartrate gradient in PBS (100,000 X g,
2 h). Virions were recovered from the gradient, washed, and concentrated in PBS
(100,000 X g, 2 h).

Virion digestion with proteinase K. Purified virions resuspended in PBS were
subjected to proteinase K (Sigma) treatment (final concentration of 1 pg/ul) in
the presence or absence of Triton X-100 (Sigma) (0.1% [vol/vol]) for 1 h at 56°C
before Western blotting.

Growth curves. The growth kinetics of mutant and revertant viruses were
compared to those of the WT virus. Cell cultures were infected at a multiplicity
of 0.05 (multistep assay) or 5 (one-step assay). After 1 h of adsorption, the cells
were washed and then overlaid with minimal essential medium (MEM) contain-
ing 5% FCS. Supernatants of infected cultures and/or infected cells were har-
vested at successive intervals, and the amount of infectious virus was determined
by plaque assay on MDBK cells (12).

Indirect immunofluorescence staining of adherent cells. Cells were fixed in
PBS containing 4% (wt/vol) paraformaldehyde (Merck) for 10 min on ice and
then for 20 min at 20°C. After the cells were washed with PBS, they were
permeabilized in PBS containing 0.1% (wt/vol) saponin (Sigma) at 37°C for 10
min. Immunofluorescence staining (incubation and washes) was performed in
PBS containing 10% FCS (vol/vol) and 0.1% (wt/vol) saponin. Samples were
incubated at 37°C for 45 min with mouse monoclonal antibody MAb 35 raised
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FIG. 1. The Bol0 gene is expressed as a late gene and encodes a 180-kDa protein. (A) Determination of Bo10 kinetic class of transcription.
MDBK cells were mock infected or infected with BoHV-4 V. test strain in the absence (/) or presence of CHX or PAA. Twenty-four hours
postinfection, expression of immediate-early BoS, early ORF21, and late ORF22 and Bo10 was studied using an RT-PCR approach as described
in Materials and Methods. mRNA and cDNA represent PCR products generated when reverse transcriptase was omitted from the reaction
mixtures and RT-PCR products, respectively. Amplification of viral genomic DNA is provided as control. UI and Neg. represent uninfected cell
samples and PCR negative controls, respectively. The locations of the marker sizes (in base pairs) are indicated to the right of the gel. (B) Predicted
product of expression of BoOHV-4 Bo10 gene. Signal peptide and transmembrane (TM) regions were identified with SignalP and TMHMM software
programs, respectively (http:/www.expasy.ch/tools/). The sequence of the peptide used for rabbit immunization is shown below the map. Cyt.,
intracytoplasmic region. (C) Immunization with Bol0-c15 peptide elicited antibody response against the peptide. The antipeptide antibody
responses were determined for two immunized rabbits by indirect immunofluorescence staining of permeabilized cells and FACS analysis as
described in Materials and Methods. (D) Detection of specific BOHV-4 protein by the anti-Bo10-c15 serum. MDBK cells were left uninfected or
infected with the WT V. test strain of BoHV-4 (1 PFU/cell). Forty-eight hours later, cells were scraped off the plate, and Western blotting was
carried out as described in Materials and Methods. The positions of molecular mass (MM) standards (in kilodaltons) are shown to the left of the
gel. The open and filled triangles indicate the specific 180-kDa protein and a background band, respectively.

against BoOHV-4 gB. After three washes, samples were incubated at 37°C for 30
min with Alexa Fluor 568-conjugated goat anti-mouse (GAM) IgG (2 pg/ml;
Invitrogen). Fluorescence was then visualized with a Leica TCS/SP microscope
and a Leica DC300F charge-coupled-device (CCD) camera system.

Plaque size. MDBK cells grown on coverslips were infected with BoHV-4 and
then overlaid with MEM containing 10% FCS and 0.6% (wt/vol) carboxymethyl-
cellulose (CMC) (medium viscosity) (Sigma) in order to obtain isolated plaques
(34). At successive intervals after infection, the plaques were stained by indirect

immunofluorescence staining using MADb 35. Images were captured with a Leica
TCS/SP microscope and a CCD camera system (DC 300F, IMS50, version V1.20;
Leica). For each virus, 30 plaques were measured, and the plaque area was
determined with AnalySIS 3.2 software (Soft Imaging System).

Transmission electron microscopy. Cells were washed with PBS and fixed
directly in the dish in cacodylate buffer containing 2.5% glutaraldehyde and 2%
paraformaldehyde. The cells were then scraped off and prepared for electron
microscopy. Epon blocks and sections were prepared as described elsewhere
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FIG. 2. Production of a recombinant BoHV-4 strain deleted for Bo10. Using the BoHV-4 V. test strain as the parental strain, a recombinant BoHV-4
strain deleted for Bo10 and a derived revertant strain were produced by homologous recombination. (A) Recombination cassettes were constructed. The
HindlIII restriction map of the entire BoOHV-4 V. test strain is shown at the top. Letters were assigned to the different restriction fragments according to
their lengths, as described by Bublot et al. (4a). Most of Bo10 exons 1 and 2 were replaced by an eGFP expression cassette as described in Materials and
Methods. prDNA, polyrepetitive DNA; CMV IE promoter, cytomegalovirus immediate-early promoter; SV40 pA, simian virus 40 pA. (B) Bo10 Del and
Bo10 Rev strains were then characterized by a combined restriction endonuclease and Southern blotting approach. The DNA of the parental strain V.
test and the derived recombinant strains Bol0 Del and Bol0 Rev were analyzed by HindIII restriction and further tested by Southern blotting using
probes corresponding to the entire V. test Bol0 ORF or to the eGFP ORF or to the deleted part of the V. test Bol0 ORF. The asterisk and arrows
indicate the restriction fragments containing the entire Bol0 and eGFP ORFs, respectively. Marker sizes (in kilobase pairs) are indicated on the left.
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FIG. 3. gp180 detection in infected cells and virions. (A) MDBK cells were either mock infected or infected with the WT, Bo10 Del, or Bo10
Rev virus strain (1 PFU/cell). At 24 h postinfection, the cells were fixed and stained with either preimmune serum or anti-Bo10-c15 serum for
FACS analysis as described in Materials and Methods. Alexa 633, Alexa Fluor 633. (B and C) Detection of specific BOHV-4 protein by the
anti-Bo10-c15 serum. Infected MDBK cells (48 h, 1 PFU/cell) (B) or purified virions (5 X 10° virions per lane) (C) were subjected to Western
blotting with anti-Bo10-c15 serum as described in Materials and Methods. The position of a MM standard is shown. Open and filled triangles
indicate the specific 180-kDa protein and a background band, respectively. (D) BoHV-4 WT purified virions (5 X 10° virions per lane) were treated
with proteinase K (pK) in the presence (+) or absence (—) of Triton X-100 (TX-100) (0.1% [vol/vol]) and then subjected to Western blotting with
anti-Bo10-c15 serum as described in Materials and Methods. The open and filled triangles indicate the specific 180-kDa protein and the protected
C-terminal end of gp180, respectively. The positions of MM standards (in kilodaltons) are shown to the left of the gels in panels B to D.

(37). Sections were analyzed using a Technai Spirit transmission electron micro-
scope (FEI, Eindhoven, Netherlands), and electron micrographs were taken
using a bottom-mounted 4,000- by 4,000-pixel Eagle camera (FEI).

Enzymatic digestion of GAGs from cellular surface. Adherent cells were
washed two times with PBS and then incubated in 20 mM Tris-HCl (pH 7.5), 50
mM NaCl, 4 mM CaCl,, 0.01% BSA containing either heparinase II (5 U/ml)
(Sigma) or chondroitinase ABC (5 U/ml) (Sigma) for 2 h at 37°C.

Sodium chlorate. Sulfation was inhibited by sodium chlorate treatment (1, 26,
43). MDBK cells were cultured in MEM supplemented with 10% FCS, 2%
penicillin-streptomycin (Invitrogen), 1% essential amino acids (Invitrogen), and
different concentrations (0 to 100 mM) of sodium chlorate. In some experiments,
10 mM sodium sulfate was added to replenish sulfate to the cells. After overnight
culture, cells were processed for virus infectivity.

Flow cytometry. Cells exposed to eGFP* viruses were washed in PBS and
analyzed directly for green channel fluorescence (13). For intracellular staining,
cells were fixed in 1% paraformaldehyde (30 min at room temperature) and then
permeabilized with 0.1% saponin. The cells were incubated (1 h, 4°C) with either
anti-Bo10-c15 rabbit antibodies or BoOHV-4 gp8-specific MAb 103 (8) followed
by Alexa Fluor 633-conjugated goat anti-rabbit PAb or Alexa Fluor 633-conju-
gated goat anti-mouse PAb (Invitrogen). The cells were then washed and ana-
lyzed in a FACSAria cell sorter (Becton Dickinson).

Silver staining. Samples were electrophoresed on NuPAGE Novex 4 to 12%
precast Bis-Tris polyacrylamide gels (Invitrogen) before silver staining (Silver-
Xpress silver staining kit; Invitrogen).

RESULTS

Bo10 is expressed as a late gene during BoHV-4 infection.
We first wanted to know how the Bo10 gene (GenBank acces-
sion number Z84818) was transcribed during BoHV-4 infec-
tion. The Bo10 gene is predicted to contain an intron (30), with
the spliced mRNA encoding a 273-amino-acid (aa) protein
with a signal sequence and membrane anchor. We used RT-
PCR with primers spanning the putative intron to look for
evidence of splicing. cDNA from BoHV-4-infected MDBK
cells gave rise to a 738-bp PCR product (Fig. 1A), corresponding
to the expected size of the spliced mRNA. (An unspliced PCR
product would be 816 bp.) No product was seen with mock-
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infected cells. DNA sequencing confirmed that the 738-bp prod-
uct was from Bo10 with a splice as predicted (data not shown).

Next, CHX and PAA were used to identify the kinetic class
of Bo10 transcription. Bo10 expression was prevented by both
CHX and PAA, indicating that it is a late gene. Bo5 (868 bp),
ORF21 (499 bp), and ORF22 (564 bp) were used as controls;
the results presented in Fig. 1A confirmed that they are im-
mediate-early, early, and late genes, respectively. The absence
of contaminant viral DNA in the mRNA preparations was
confirmed by a lack of PCR product without reverse transcrip-
tase. The size of the Bo5 RT-PCR product was also consistent
with its known mRNA splicing (868 bp rather than 1,140 bp).

Detection of a BoHV-4 protein encoded by Bol0. Bol0-
specific polyclonal antibodies were generated by immunizing
rabbits with a bovine serum albumin-conjugated peptide
(KTSNYKNYSQGYNLL) from the C-terminal cytoplasmic
tail of the predicted Bol0 gene product (Fig. 1B). To confirm
that the serum recognized a viral gene product, we performed
indirect immunofluorescence staining and fluorescence-acti-
vated cell sorting (FACS) analysis of MDBK cells either mock
infected or infected with WT virus. Figure 1C shows positive
albeit weak recognition of the WT virus-infected cells.

To identify the protein recognized by the anti-Bo10-c15 se-
rum, Western blotting was performed on MDBK cells infected
with WT virus. A protein with an apparent molecular mass
(MM) of 180 kDa, hereafter called gp180, was detected under
reducing conditions (Fig. 1D). No such protein was detected
in mock-infected cells. The predicted MM of the Bol0 gene
product is 24.9 kDa, so this result suggested that either the
mRNA includes additional exons or that the protein runs ab-
errantly on SDS-polyacrylamide gels or that it undergoes ex-
tensive posttranslational modification. 5’ RACE identified the
5" Bo10 AUG as that predicted by the sequence with GenBank
accession number Z84818. Extensive glycosylation seemed the
most likely explanation for the high MM of the Bol0 gene
product. This hypothesis can be related to the sporadic detec-
tion of some proteins with MMs ranging from 63 kDa to 180
kDa, which likely represent some glycosylation intermediates
(data not shown). It is noteworthy that this serum detected a
cellular background band in both mock- and BoHV-4-infected
cells that did not interfere with gp180 detection.

Bo10 is a structural protein that is nonessential for BoHV-4
replication in vitro. To establish the functional importance of
Bo10 in virus replication, a mutant virus and revertant were
produced (Fig. 2) as described in Materials and Methods. In
the mutant, most of Bol0 exons 1 and 2 was replaced by an
eGFP expression cassette (Fig. 2A and B). The predicted mo-
lecular structures of the recombinant strains were confirmed by
restriction mapping and Southern blotting (Fig. 2B). The mu-
tated region was also checked by DNA sequencing (data not
shown) and found to be correct.

To confirm a lack of gp180 in cells infected with the Bo10
Del virus, we performed indirect immunofluorescence and
Western blotting with the anti-Bo10-c15 serum. As seen in Fig.
3A and B, both approaches confirmed that the mutant did not
express gpl80. By analogy with the positional homologs of
other viruses, gp180 would be expected to be a virion compo-
nent. To test this hypothesis, we purified virions on tartrate
gradients before Western blotting. As with infected cells, we
observed a band at 180 kDa for both WT and Bol0 Rev

J. VIROL.

A Supernatant Cell associated
9 *k 9
8 8
=7 a7
E - E
36 /ﬁ ° S 6
[ o-g |
o 5 o 5
bl ’ -~
24 ’ - W 24
=3 - B -3
- Bo10 Del
2 - Bo10 Rev 2
1 T T T 1 1 1
2 4 6 8 8
Days p.i.
B Supernatant
- kK _|
€ €
3 o 2 3
2 64 s a
o o
2 P 2
=)} i - WT o
o N\ o)
— Jodl -O- Bo10Del -

=& Bo10 Rev
5 T T T

0 1 2 3
Days p.i.
C 14
B wT
- O Bo10 Del
E 0.1 O BotoRev
©
o
[
g 0.014
o
ks
[e%

2 4 6 8
Days p.i.

FIG. 4. Effect of Bol0 deletion on BoHV-4 replication in vitro. (A
and B) MDBK cells grown in 6-well cluster dishes were infected at an
MOI of 0.05 in a multistep assay (A) or at an MOI of 5 in a one-step
assay (B) as described in Materials and Methods with BoHV-4 wild-
type V. test, Bo10 Del, and Bo10 Rev. Supernatant of infected cultures
and infected cells were harvested at different times (days) postinfection
(p.i.), and the amount of infectious virus was determined by plaque
assay on MDBK cells. For supernatants, time zero p.i. is retitration of
the inoculums to ensure that similar amounts of virus were put on the
cells. Plaques were visualized by immunofluorescence staining as
described in Materials and Methods. The data presented are the
averages * standard errors of the means (SEMs) (error bars) for
triplicate measurements. The data were analyzed by two-way analysis
of variance (ANOVA) and Bonferroni posttests. Statistical significance
is indicated as follows: *, P < 0.05; *%, P < 0.01; *%%, P < 0.001.
(C) Bol10 deletion has no effect on BoHV-4 plaque size. MDBK cells
grown on coverslips were infected with BoHV-4 wild type V. test, Bo10
Del, and Bol0 Rev strains and then overlaid with MEM containing
CMC as described in Materials and Methods. At successive intervals
after infection, plaques were revealed by indirect immunofluorescence
staining using MAb 35 (recognizing gB) and Alexa Fluor 568-conju-
gated goat anti-mouse IgG as the primary and secondary antibodies,
respectively. The pictures of plaques were captured with a CCD cam-
era and analyzed with AnalySIS 3.2 software (Soft Imaging System) in
order to determine plaque area. Each value presented is the average =
SEM (error bars) for the measurement of 30 plaques. The data were
analyzed by two-way ANOVA and Bonferroni posttests, and no sig-
nificant difference was observed.
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FIG. 5. The Bo10 deletion phenotype is not associated with a virion release deficit. (A) Electron microscopy of virus-infected cells. MDBK cells
were infected (24 or 48 h; 1 PFU/cell) with WT or Bo10 Del virus as indicated. The pictures shown are representative of at least 10 sections per
sample. For each time point, two different pictures at different magnifications are provided. (B) Fluid-phase virus spread. A total of 2 X 10° infected
MDBK cells (MOI of 0.5) or 2 X 10° uninfected MDBK cells were seeded either on a 6-cm-diameter dish or in a 3.5-cm-diameter dish placed inside
the first one. The cells were therefore separated by a physical barrier but connected by medium so that virus could not spread directly from the
infected to the uninfected population but only via their common supernatant. After 48 h, the cells were harvested and analyzed for eGFP
expression (eGFP + cells, eGFP-expressing cells). The data presented are the averages plus SEMs (error bars) for triplicate measurements and
were analyzed by ¢ test. The values for the WT eGFP and Bo10 Del virus strains were not significantly different.

virions. In Fig. 3C, the cellular protein recognized by the Bo10
antiserum (Fig. 3B) was lacking, consistent with virion purifi-
cation. To demonstrate that gp180 is in the viral envelope, we
treated purified virions with proteinase K in the presence or
absence of Triton X-100. A protected fragment was observed
only without detergent, consistent with gp180 being a type I
transmembrane protein. The weak band observed with Triton
X-100 suggested only some nonspecific protein degradation
and did not affect the conclusion that gp180 is a component of
the BoHV-4 virion envelope.

In order to address the role of Bol0 in BoHV-4 lytic infec-
tion, one-step and multistep growth assays were performed
with WT, Bo10 Del, and Bol0 Rev viruses on MDBK cells.
The Bo10 Del virus grew to lower titers than WT or Bo10 Rev
virus did in both single-step and multistep growth assays (Fig.

4A and B). The growth deficit was similar in supernatant and
cell-associated virus fractions. Plaque sizes under semisolid
medium were similar, suggesting that cell-to-cell virus spread
was intact (Fig. 4C). Taken together, these results indicated
that the Bo10 gene encodes a viral envelope protein that is not
essential for BoHV-4 replication in vitro but that the absence
of Bo10 impaired infection by cell-free virions.

The Bol0 deletion phenotype is not associated with a de-
tectable deficit in virion release. Because deletion of MuHV-4
gp150, one of the best-characterized positional homologs of
Bo10, is associated with poor virion release (6), one possible
explanation for the observed growth deficit of the Bol0 Del
virus was poor virion release from infected cells. However,
electron microscopy (Fig. 5A) did not show Bo10 Del virions
piled up on the plasma membrane as it had for MuHV-4.
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FIG. 6. Infectivity assays with Bo10 Del BoHV-4 mutant. (A) MDBK
cells were exposed to eGFP-expressing (¢eGFP +) wild-type virus (WT
eGFP) or Bol0 Del BoHV-4 strain (0.5 PFU/cell) for the times indi-
cated and then washed with PBS and cultured overnight. Viral infec-
tion was assayed 18 h later by flow cytometry for eGFP expression. The
data presented are the average = SEMs for triplicate measurements.
The data were analyzed by two-way ANOVA and Bonferroni posttests.
The values for WT eGFP-infected cells were significantly different
(P < 0.001) from the values for the Bo10 Del strain as indicated ().
(B) MDBK cells were exposed to WT eGFP or Bol0 Del BoHV-4
strain (0.5 PFU/cell) for the times indicated and then washed either
with PBS (pH 7.4) or with isotonic (pH 3) buffer (acid wash). Viral
infection was assayed by measuring eGFP expression 18 h later as for
panel A.

We also conducted an experiment similar to that performed
by de Lima et al. (6) to demonstrate the release deficit of
gp150-deficient MuHV-4 (Fig. 5B). MDBK cells were seeded
on either side of a separating barrier (a small “inner chamber”
dish inside a larger “outer chamber”). Only the cells in the
inner chamber were infected. After 2 h, the infected cells were
washed with PBS, and medium was added to cover both mono-
layers and the divide between them. Thus, virus could spread
from cell to cell within the infected population but could reach
the uninfected population only via fluid-phase spread. In con-
trast to what was observed for MuHV-4, there was no differ-
ence in the spread of the WT and Bo10 Del viruses. A release
deficit seemed therefore unlikely to account for the reduced
growth of the Bo10 Del virus.

Kinetics of Bo10-deficient virion uptake. It was also possible
that Bo10 Del replication deficit could be due to impaired virus
binding. We tested this by incubating MDBK cells with e GFP-
expressing WT virus or Bo10 Del BoHV-4 virus (0.5 PFU/cell)
for various times before washing the input virus off with PBS.
The number of infected cells (eGFP™) was determined by flow
cytometry 18 h later (Fig. 6A). It should be noted that in
plaque assays of virus stocks, the viral inoculum was not re-
moved so as to minimize any undertitering of Bol0-deficient

J. VIROL.

viruses due to slow attachment. When the viral inoculum was
removed, it was clear that the Bol0 Del virus was slower to
attach than the WT virus. The deficit was equivalent whether
the cells were washed with PBS (pH 7.4) to remove unbound
virions or with acid (pH 3) (Fig. 6B) to also inactivate any virions
that had not penetrated the plasma membrane. (BoHV-4 enters
MDBK cells through endocytosis [C. Lété, unpublished data].)
Thus, Bo10 Del virions appeared to be impaired in cell binding.

GAG interaction in BoHV-4 Bo10 Del infection. By analogy
with HHV-8 K8.1 envelope glycoprotein, BoHV-4 gp180 could
be involved in GAG interaction. Therefore, we tested the
GAG dependence of WT virus and Bol0 Del BoHV-4 infec-
tions. As the Bol0 Del strain shows impaired binding, it was
not possible to have equivalent percentages of eGFP-positive
cells after 18 h of infection (one round of infection). We
therefore present our results as the percentage of maximal
infection with each virus. Compared to the WT virus, Bo10 Del
viruses were approximately 10-fold-more resistant to inhibition
by soluble heparin (Fig. 7A). Heparinase treatment of cells
similarly inhibited WT virus infection much more than Bo10
Del infection (Fig. 7B). In contrast, removing chondroitin sul-
fate did not affect MDBK infection by either WT or Bo10 Del
viruses (Fig. 7B). Together, these results suggested that the
defect of gp180-deficient BoHV-4 was in GAG binding.

The specificity of GAG-protein interactions often depends
on sulfation (20, 55). To clarify whether GAG sulfation is
differentially required for WT or Bo10 Del virus infection, we
treated MDBK cells with the reversible sulfation inhibitor so-
dium chlorate (1) (Fig. 7C). This did not affect cell viability as
analyzed by propidium iodide exclusion (data not shown) but
substantially reduced MDBK infection by WT BoHV-4. Bo10
Del virions were significantly less affected. Importantly, for
both strains, the phenomenon was reversed by the addition of
exogenous (10 nM) sodium sulfate (Fig. 7D). It is noteworthy
that exogenous sodium sulfate increased MDBK infection by
WT eGFP compared to no treatment but did not affect MDBK
infection by the Bo10 Del strain (P < 0.01). This phenomenon
possibly reflects better binding of the WT eGFP virions when
sulfation of heparan sulfate is increased. These results estab-
lished that GAG sulfation is critical for WT BoHV-4 infection
and that Bol0 Del BoHV-4 is substantially less affected.

Since the BoHV-4 gp8 has been shown to bind heparinlike
moieties (56), a possible explanation for the Bo10 Del pheno-
type was decreased gp8 expression. However, immunofluores-
cence staining showed that MDBK cells infected with either
the WT or Bo10 Del virus strain expressed similar levels of gp8
(Fig. 7E).

Enhanced infection of GAG-deficient cells by the BoHV-4
Bo10 Del strain. We further explored the apparently decreased
GAG dependence of BolO-deficient BoHV-4 by infecting
CHO-K1 fibroblasts competent or not competent for GAG
expression (Fig. 8A). Bo10 Del viruses infected GAG™ CHO
cells similarly to WT virus but infected GAG™ CHO cells much
better.

To discriminate between cell binding and penetration, we
incubated CHO GAG" and CHO GAG™ cells with eGFP-
expressing WT or Bol0 Del BoHV-4 (1 PFU/cell) for various
times before PBS or acid washing. The number of infected cells
(eGFP™") was determined by flow cytometry 18 h later (Fig.
8B). (The titers of the virus inputs were determined on MDBK
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FIG. 7. gp180 is one of the BoHV-4 proteins interacting with heparan sulfate (HS). (A) WT eGFP or Bol0 Del BoHV-4 virions were
preincubated with increasing amounts of soluble heparin for 2 h at 37°C. Viruses and heparin were then added to MDBK cells (MOI of 0.5
PFU/cell). Eighteen hours later, viral eGFP expression was assayed by flow cytometry. Each value is expressed as a percentage of the eGFP
expression with untreated virus (no treatment [no ttment]). The data presented are the averages = SEMs (error bars) for triplicate measurements
and were analyzed by two-way ANOVA and Bonferroni posttests. Statistical significance was indicated as follows: =, P < 0.01; =, P < 0.001.
(B) Cell surface HS or chondroitin sulfate (CS) was enzymatically removed from MDBK cells after treatment with heparinase II or chondroitinase
ABC (Ch. ABC), respectively. WT eGFP or Bo10 Del BoHV-4 was then added for 2 h on ice before extensive PBS washing to remove unbound
virions. Eighteen hours later, viral eGFP expression was assayed by flow cytometry. Each value is expressed as a percentage of eGFP expression
with untreated cells shown in the leftmost pair of bars. The data presented are the averages = SEMs (error bars) for six measurements and were
analyzed by two-way ANOVA and Bonferroni posttests. Heparinase II treatment of the cells resulted in a significantly lower level of infection by
the B010 Del virus than by the WTeGFP virus (P < 0.001), as indicated (**x*). (C and D) Sulfation inhibition causes less entry of Bo10 Del virions
than of WT virions. MDBK cells were cultured overnight in the presence of indicated amounts of sodium chlorate (NaClO;). The cells were then
infected with WT eGFP or Bol0 Del BoHV-4 strain (MOI of 0.5 PFU/cell). Eighteen hours later, viral eGFP expression was assayed by flow
cytometry. Each value is expressed as a percentage of the eGFP expression with untreated cells. The data presented are the averages = SEMs
(error bars) for four measurements and were analyzed by two-way ANOVA and Bonferroni posttests. Statistical significance is indicated as follows:
sk, P < 0.001. (C) Addition of sodium sulfate (10 mM) restores WT eGFP and Bo10 Del infectivity. MDBK cells were cultured overnight with
the indicated concentrations of sodium chlorate (NaClO5) and/or sodium sulfate (Na,SO,). The cells were then infected with WT eGFP or Bo10
Del BoHV-4 strain (MOI of 0.5 PFU/cell). Eighteen hours later, viral eGFP expression was assayed by flow cytometry. Each value is expressed
as a percentage of the eGFP expression with untreated cells. The data presented are the averages = SEM:s for triplicate measurements and were
analyzed by two-way ANOVA and Bonferroni posttests, Statistical significance is indicated as follows: #*x, P < 0.001. (E) MDBK cells were left
uninfected (filled histogram) or infected (1 PFU/cell) with either the WT eGFP or Bo10 Del strain of BoHV-4. Each population was then analyzed
by flow cytometry for BOHV-4 gp8 (MAb 103) expression as described in Materials and Methods.

cells, as CHO cells are not permissive for BOHV-4.) In contrast GAG™ cells to become acid wash resistant. Thus, the better
to CHO GAG™ cells, the mutant virus entered CHO GAG™ infection of CHO GAG™ cells by Bo10 Del virions appeared
cells better than the WT virus did. The ~6 h for which the to reflect better cell binding, rather than better penetration.
mutant virions remained susceptible to acid washing was In vivo, BOHV-4 infects monocytes, which are however
comparable to the time taken for WT virions infecting CHO relatively GAG deficient (28). We therefore compared the
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0.001.

capacity of WT or Bol0 Del viruses to infect those cells ex
vivo. While WT viruses infected bovine CD14" cells very
poorly, Bo10 Del viruses infected them much better (Fig. 8C
and D).

Comparison of structural proteins of the different strains.
In view of the impaired capacity of Bo10 Del BoHV-4 to infect
GAG" cells, its enhanced capacity to infect GAG-deficient
cells could potentially have been due in part to undertitration
of virus stocks. However, immunoblots of virion lysates (Fig.
9A) showed that Bol0 Del and WT eGFP virus stocks had
equivalent protein contents for a given titer. We were also not

able to see any difference in particle counts by electron mi-
croscopy (EM) on equivalent virus stocks.

Some minor differences in proteins at 70 to 90 kDa were
detected between WT and Bol0 Del virus stocks. Additional
silver staining established that all the bands present in WT and
Bol0 Rev stocks were also present in the Bol0 Del stock.
Thus, while minor but systematic quantitative differences were
hard to exclude, in our experience, the variation observed was
no greater than the variation seen normally between different
stocks of the same virus. Such differences can result from
minor contamination of virion stocks with infected-cell debris.
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Possibly, it can also result from protein degradation. Certainly,
it seemed clear that the enhanced infection of GAG-deficient
cells by Bol0 Del BoHV-4 could not be attributed to an in-
creased virus input relative to the WT virus.

DISCUSSION

In this study, we characterized the BoHV-4 Bol0 gene, a
positional homolog of the EBV gp350 and KSHV KS8.1 genes.
Our results showed that Bo10 is expressed as a late gene and
encodes a 180-kDa protein. A Bol0 mutant virus was viable
but showed a growth deficit. This was not associated with a
defect in cell-cell spread or viral release. Instead, gp180-defi-
cient virions appeared slower than the WT virions to attach to
GAG™ cells. Bo10 disruption also reduced the normal depen-
dence of BoHV-4 on GAGs for efficient infection, such that
gp180-deficient virions were more resistant to inhibition by
soluble heparin and showed enhanced infection of GAG-defi-
cient cells. Several hypotheses could explain these observa-
tions. One hypothesis is that some additional modifications on
other structural proteins were induced by the Bol0 deletion.
However, by analogy with MuHV-4 gp150, we propose that
BoHV-4 gp180 regulates virion attachment to cells by covering
a GAG-independent cell-binding epitope until displaced from
that site by interaction with GAGs. Though the Bol0 Del
virions would not necessarily bind more readily. Indeed, the
cellular ligand might not become optimally available until
heparan sulfate (HS) or other cellular ligand is engaged. For
example, if gp180 binding signals to infected cells, it might lead
to receptor recruitment/capping.

A possible rationale for this arrangement would be for gp180
to protect an otherwise vulnerable virion entry protein from

antibody. Herpesviruses are generally transmitted from immu-
nologically primed hosts as cell-free virions and so need to
avoid neutralization by the host antibody response. The
MuHV-4 gp150/BoHV-4 gp180 mechanism could allow key
epitopes to be revealed only at the cell surface or even after
endocytosis, thereby restricting the opportunities for neutral-
izing antibodies to bind. A very low affinity GAG interaction
may be important for this, because it would help to avoid
triggering by soluble GAGs. This seems to apply to gp150 and
gp180, as neither binds to GAG™ cells as an Fc fusion protein
(data not shown). A requirement for high avidity would limit
gp150/gp180 displacement to after attachment, for example
after BoOHV-4 GAG binding via gp8. One prediction would be
that BoHV-4 antibodies specific for the covered epitope should
neutralize gp180-deficient virions but not the WT virions.

If BoHV-4 gp180 has to be displaced from its inhibitory site
to reveal GAG-independent entry epitopes, this raises the
question as to how BoHV-4 normally infects GAG-deficient
cells. In vitro, this is generally inefficient (Fig. 8). However, in
vivo BoHV-4 is readily recovered from monocytes (3, 9, 32)
that are naturally HS deficient (6, 28). Direct cell-cell spread is
a possible infection route, as observed for other herpesviruses
(7, 35), that could be less dependent on GAG due to a lower
need to attach cell-free virions. It is also possible that BoHV-4
produces gp180-deficient virions in vivo from some specific cell
types, much as EBV from epithelial cells is more B cell tropic
(4), perhaps by not splicing the Bol0 mRNA. BoHV-4 could
also access GAG-deficient cells by transfer from the surfaces of
GAG™ cells, similar to the epithelial infection route proposed
for EBV (46). Finally, gp180-specific antibodies could make
WT virions free of HS dependence by patching gp180 in the
virus envelope as proposed for gp350/220 (54).
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TABLE 1. Comparison of the different gammaherpesvirus K8.1 homologs
; Rhadinoviruses”
Characteristic Lympr_ll(I)_cl:rVy[:‘tf virus
) HHV-8 MuHV-4 SaHV-2 BoHV-4

Gene name BLLF1 K8.1 M7 ORFs1 Bol0
Protein name gp350 K8.1 A gpl50 ORF51 gp180
Protein characteristics”

Length (no. of aa) 886 228 483 269 273

Protein type Type I Type I Type 1 Type 1 Type I

Predicted mass (kDa)* 90 222 47.4 27.7 25

Observed mass (kDa 350 (52) 68-72 (59) 150 (48) 52 (38) 180

Glycosylation?
N-glycosylation sites

O-glycosylation sites

Presence in virion

Neutralizing antibody

30 potential sites
(confirmed)* (45)

140 potential sites
(confirmed) (45)

Yes (25)

Yes for B cell

4 potential sites
(confirmed) (58)

12 potential sites
(confirmed) (58)

Yes (29)

Yes (in heterologous

3 potential sites

98 potential sites

Yes (48)

No (14) (immunodominant

7 potential sites

(confirmed) (38)
34 potential sites
Yes (38)

No (polyserum) (38)

7 potential sites

123 potential sites

Yes

No (polyserum)

target infection (53), no
for epithelial cells

(4

model) (44)

Deleted strain viability Viable (24) Viable (33)
Putative function in
virus entry
Attachment of virion Attachment of virion to

heparan sulfate (2)

Attachment of virion
to B cell receptor
CR2/CD21 (49)

Triggering cell entry

Inhibition of virus entry Inhibits virus entry
in CD21- cells

(40)

protein —immunological
decoy) (14)

Viable (6) Viable

Attachment of virion
to heparan sulfate
(38)
Triggers GAG™ cell entry
through GAG
interaction (6, 10)
Inhibits virus entry in
GAG™ cells (6, 10)

Triggers GAG™ cell
entry through
GAG interaction

Inhibits virus entry
in GAG™ cells

“ HHV-4 and HHV-8, human herpesvirus 4 and 8, respectively; MuHV-4, murid herpesvirus 4; SaHV-2, saimiriine herpesvirus 2; BoHV-4, bovine herpesvirus 4.
> When 2 forms of the protein exist, only the characteristics of the predominant form are reported.

¢ Predicted with the Compute pI/Mw tool on the ExPaSy proteomics server.
“ Predicted with NetNGlyc 1.0 and NetOGlyc 3.1 servers.
¢ (confirmed), that type of glycosylation has been experimentally confirmed.

gpl80 restricting GAG-independent virion binding could
also be a mechanism of virion release. This appeared to oper-
ate for MuHV-4 by infected cells having decreased GAG ex-
pression (6). Herpesviruses could also do this by releasing
GAG-binding glycoprotein fragments (10, 40, 43), including
the BoHV-4 gp8 (8). This could explain why we did not detect
a release deficit of gp180-deficient virions.

It is intriguing why the various gp180 positional homologs
of different gammaherpesviruses are so diverse. Nevertheless,
they all appear to be type I transmembrane proteins and have
a heavily O-glycosylated stalk (Table 1). Our results suggest
further that they are also related in function. Thus, they seem
both to bind to a receptor and to block infection of cells that do
not express this receptor (6, 48; this study). Therefore, we
hypothesize that these proteins provide a glycan shield inde-
pendent of cell binding (51) that could help to protect vulner-
able virion epitopes as reported for the MuHV-4 gB N-termi-
nal domain (18). Thus, their diversity could to a degree reflect
immune selection. In conclusion, BoHV-4 Bol0 encodes a
180-kDa viral envelope protein that contributes to virus entry
being dependent on GAG. We hypothesize that it acts by
hiding a critical cell-binding epitope on virions until displaced
by GAG, as proposed for MuHV-4 gp150. We hypothesize that

all these homologs have an important role in regulating gam-
maherpesvirus tropism through both positive and negative ef-
fects.
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