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The molecular mechanisms that underlie maturation and egress of Epstein-Barr virus (EBV) virions are
only partially characterized. We have recently shown that the BFRF1 gene, the EBV positional homolog of
herpes simplex virus type 1 and pseudorabies virus UL34, is expressed early during EBV lytic replication and
that it is found predominantly on the nuclear membrane (A. Farina, R. Santarelli, R. Gonnella, R. Bei, R.
Muraro, G. Cardinali, S. Uccini, G. Ragona, L. Frati, A. Faggioni, and A. Angeloni, J. Virol. 74:3235-3244,
2000). These data suggest that the BFRF1 protein might be involved in viral primary envelopment. To precisely
determine the function of this protein, we have constructed an EBV mutant devoid of the BFRF1 gene
(BFRF1-KO). 293 cells carrying BFRF1-KO showed no differences in comparison with wild-type EBV in terms
of DNA lytic replication or expression of late viral proteins upon induction of the lytic cycle. However, binding
assays and infection experiments using cell lines or human cord blood lymphocytes showed a clear reduction
in the viral mutant titers. Complementation experiments with BFRF1-KO and a BFRF1 expression vector
restored viral titers to levels similar to those for the wild-type control, showing that the modifications that we
introduced were limited to the BFRF1 gene. Electron microscopic observations showed that the reduction in
viral titers was due to sequestration of EBV nucleocapsids in the nuclei of lytically induced cells. This suggests
that BFRF1 is involved in transport of the maturing virion across the nuclear membrane. This hypothesis was
further supported by the observation that BFRF1 is present in maturing intracellular virions but not in their

extracellular counterparts. This implies that BFRF1 is a key protein for EBV maturation.

Epstein-Barr virus (EBV) is one of the eight known human
herpesviruses. This member of the gammaherpesvirus subfam-
ily infects B lymphocytes, in which it establishes a latent infec-
tion characterized by the expression of a limited set of viral
genes (25). Viral reactivation from the latent state either oc-
curs spontaneously or is induced by a variety of different stim-
uli (11, 30, 32, 49, 55), leading to viral lytic replication and
shedding of viral progeny. The EBV lytic program consists of
the sequential activation of three distinct classes of viral genes:
immediate early, early, and late. The two transactivators
BZLF1 (ZEBRA) and BRLF1 (Rta) are immediate-early
genes that can initiate the switch between latency and lytic
replication (14, 24, 41). Early genes are frequently but not
exclusively involved in viral DNA replication; these genes in-
clude, among many others, those for the viral DNA polymerase
(31) and its processivity factor BMRF1 (5), the bcl-2 homolog
BHREF1 (38), and the major DNA binding protein BALF?2 (8).
Late genes are known to encode predominantly structural pro-
teins, such as gp350/220, the most abundant glycoprotein of the
viral envelope. gp350/220 mediates the binding of the virus to
its cognate receptor CR2 (50). Herpesvirus DNA replication
and nucleocapsid assembly take place in the nucleus. In order
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to reach the extracellular environment, herpesviruses must
therefore traffic through several cellular membranes. This traf-
ficking is an active process that involves successive envelop-
ments and de-envelopments of the viral nucleocapsid. Two
herpesvirus proteins, the products of the UL34 and UL31
genes, have been shown to play an essential role during pri-
mary envelopment that is characterized by egress through the
inner nuclear membrane (reviewed in reference 34). UL34 and
UL31 are conserved among several human and animal herpes-
viruses, including herpes simplex virus type 1 (HSV-1), HSV-2,
pseudorabies virus (PrV), murine cytomegalovirus, and equine
herpesvirus 1 (15, 20, 26, 35, 36, 42-45, 47, 53-55).

We have recently identified and characterized the product of
the BFRF1 open reading frame (ORF), which is expressed
early in the viral replication process (1, 12). BFRF1 shows a
degree of homology to UL34, and both proteins are located in
the nuclear membrane of replicating cells, preferentially in
areas where budding of the nucleocapsids underneath occurs
(13, 15, 43). This suggests that BFRF1 indeed shares with
UL34 the same functions during viral maturation. However,
structural and positional homologies between alpha- and gam-
maherpesviruses are not necessarily equivalent to functional
identity. To unequivocally address this issue, we have con-
structed a recombinant EBV in which the BFRF1 gene has
been disrupted, and we report here the phenotype of this viral
mutant.
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FIG. 1. Mutant EBV lacking BFRF1. (A) Construction of the
BFRF1-negative EBV mutant. Homologous recombination between
the wild-type EBV genome and a linearized fragment carrying the
BamHI F region in which 634 bp of the BFRF1 gene was replaced by
the gene for the tetracycline resistance was performed in the recBCD
E. coli strain BJ5183. Clones carrying the recombinant EBV were
selected for chloramphenicol and tetracycline resistance. In order to
excise the Tet box, selected clones were transformed with a plasmid
encoding the Flp recombinase (pCP20) that recombined with the two
Flp recombination target (Frt) sequences flanking the Tet box. (B) Re-
striction fragment analysis of EBV BFRF1-KO DNA. The restriction
pattern of BFRF1-KO mutant DNA was compared to that of the
wild-type (wt) EBV DNA. The modified DNA pattern is indicated by
arrows. As expected from the predicted BamHI restriction pattern, the
deletion of the BFRF1 fragment led to a shift of the BamHI F region
with respect to that in the wild-type DNA. (C) Southern blot analysis
of 293-BFRF1-KO cell clones compared to 293-2089 cells carrying the
wild-type EBV genome. Genomic DNA from stably transfected clones
harboring the BFRF1-KO mutant was extracted and cleaved with
BamHI restriction enzyme. After agarose gel electrophoresis, South-
ern blot analysis was performed with a probe specific for the BFRF1
region and for the TR region. As expected, the BamHI F fragment
showed a shift due to the deletion in the BFRF1 gene. In contrast, the
TR fragment was unchanged, confirming that passaging in E. coli did
not reduce the number of repeats within the virus.
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MATERIALS AND METHODS

Cells. The 293 cell line is a human embryonic epithelial kidney cell line that
has been transformed by the introduction of the Ela and Elb genes from
adenovirus type 5 DNA (19). Raji is an EBV-positive human B-cell line derived
from a Burkitt’s lymphoma that carries a defective genome unable to replicate
viral DNA and to express late viral genes (40). DG75 is an EBV-negative human
Burkitt’s lymphoma cell line (2). 2A8 is an EBV-negative Akata cell clone, kindly
provided by J. Sixbey (6). HeLa is a human cervix adenocarcinoma cell line, and
HaCaT is an immortalized human keratinocyte cell line (3). All cell lines were
maintained in RPMI 1640 medium supplemented with 10% fetal calf serum.

Recombinant EBV plasmid. To generate a BFRF1-negative mutant, the
recBCD Escherichia coli strain BJ5183 (22) was transformed with the recombi-
nant EBV plasmid p2089. The prokaryotic backbone of this plasmid carries the
chloramphenicol resistance gene, the gene for the green fluorescent protein
(GFP), and the hygromycin resistance gene as a selectable marker in eukaryotic
cells (9). We used the pPGEM-BamF B95-8 EBV subclone, which contains the
BamHI F fragment (EBV coordinates 54853 to 62249), to construct the BFRF1
targeting vector. The BamHI F EcoRV-PmlI fragment containing the BFRF1
gene was replaced by tetracycline resistance gene flanked by Flp recombinase
binding sites from plasmid pCP16 (4) to yield pPGEM-F634TET. This plasmid
therefore carries a truncated version of the BFRF1 gene with a deletion of amino
acids 80 to 291 of the BFRF1 protein (EBV coordinates 58875 to 59493).
pGEM-F634TET was cleaved with BamHI to generate a fragment of 6,761 bp
consisting of the modified BFRF1 gene flanked by EBV-specific sequences. The
linearized plasmid was transformed into BJ5183 carrying p2089 to induce ho-
mologous recombination via EBV flanking regions. Bacterial clones were se-
lected with chloramphenicol (15 wg/ml) and tetracycline (10 wg/ml). Plasmid
DNAs from antibiotic-resistant clones were prepared and analyzed with different
restriction enzymes to identify clones with the correct recombination pattern.
The tetracycline resistance gene was removed by using the Flp recombinase
cloned onto the temperature-sensitive plasmid pCP20 (4), which also carries the
ampicillin resistance gene. After selection on chloramphenicol-ampicillin, the
bacterial clones obtained were incubated on chloramphenicol plates at 42°C to
induce the loss of the pCP20 plasmid. The resistant clones were subjected to
restriction analysis to confirm the correct restriction pattern. Recombinant DNA
from wild-type EBV was digested in parallel and provided an appropriate con-
trol. Plasmid DNA from a properly recombined clone was then electroporated
into recA E. coli strain DH10B (Invitrogen) for further propagation of the
recombinant EBV plasmid.

DNA transfection and selection of a stable transfectant. Cells were transfected
by using Lipofectamine (Invitrogen) as described elsewhere (23). Selection of
stable 293 cell clones carrying the EBV recombinant plasmid was performed with
hygromycin (100 pg/ml). Cell clones surviving selection were first checked for
GFP fluorescence and successively expanded for further investigation. The cell
lines were called 293-BFRF1-KO.

Southern blot analysis. DNA extraction, enzymatic cleavage, and hybridiza-
tion were performed as described previously (23). To analyze the BFRF1 gene,
we used a specific 618-bp probe as previously described (12). The terminal repeat
(TR) region was investigated by using the 3.7-kb Mlul fragment of p2124 (9).
The integrity of the BFRF1-contiguous ORF of BFRF2 was analyzed by South-
ern blotting with the Pmll/Xmnl fragment of the pGEM-BamHI F plasmid
(genomic coordinates 59797 to 60403) as a probe.

Plasmid rescue in E. coli. Circular EBV plasmid DNA was extracted from
293-BFRF1-KO cells as described previously (21). Extracted DNA was electro-
porated (1800 V, 25 mF, 100 W) into E. coli strain DH10B, and transformed
bacterial clones were selected on chloramphenicol plates.

Production of recombinant EBV particles. 293-BFRF1-KO cells carrying the
BFRF1-KO EBV genome and 293-2089 cells carrying the wild-type B95-8 EBV
genome were transfected with an expression plasmid carrying the BZLFI gene
under the control of the cytomegalovirus promoter. To this end, cells were
seeded in six-well cluster plates and transfected with 0.5 pg of BZLF1 per well
when they reached 70% confluence. To complement the phenotype of the
BFRF1-negative mutant, cells carrying the BFRF1-KO recombinant were co-
transfected with an expression plasmid carrying the BFRF1 gene and with the
BZLF1 expression plasmid (12). At 72-h posttransfection, viral supernatants
were harvested and filtered through a 0.8-wm-pore-size filter. Supernatants were
ultracentrifuged at 20,000 X g for 2 h, and the virus pellet was resuspended in
medium to obtain a 20-fold-concentrated solution ready to be used for infection
experiments.

Cell infection, B-lymphocyte immortalization, and PCR-mediated amplifica-
tion. Cell lines were infected with 1 ml of concentrated supernatant containing
either BFRF1 mutant viruses, complemented BFRF1 mutant viruses, or wild-
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FIG. 2. Expression of early and late proteins in lytically induced 293-BFRF1-KO cell lines. The results of an immunofluorescence assay
performed on lytically induced 293-2089, 293-BFRF1-KO, and BFRF1-complemented 293-BFRF1-KO cell lines are shown. Lytically induced
293-BFRF1-KO cells do not show any expression of BFRF1 (b) compared to the wild-type 293-2089 cells or to the BFRF1-complemented
293BFRF1-KO cells (a and c, respectively), while the expression of the immediate-early antigen Rta (e), as well as of the late antigens BLLF1 (h)
and BLRF2 (k), is still maintained in the 293-BFRF1-KO cell line at a level comparable to that in the wild-type or the BFRF1 complemented

293-BFRF1-KO cells.

type EBV. At 3 days postinfection, the percentage of GFP-positive cells was
determined by counting the fluorescent cells under an inverted UV microscope
and by fluorescence-activated cell sorter analysis (FACS). Primary B lympho-
cytes from umbilical cord blood were incubated overnight with 1 ml of filtered
supernatant, and 1.5 X 10° cells were plated on a 96-well cluster plate and fed
with fresh medium once a week. Ten outgrowing clones immortalized by using
wild-type EBV, 3 clones from BFRF1 mutant virus, and 10 clones from comple-
mented mutant virus were expanded for PCR analysis after DNA extraction.
PCR-mediated amplification of both the BFRF1 and EBER-1 genes was per-
formed with the following primers: BFRF1 up (5'-CCTAGATCTCGAGAATC

ATG-3'), BFRF1 d (5'-CCTGGAGAATTCCCGCTCCC-3'), EBER1 up (5'-A
GGACCTACGCTGCCCTAGA-3"), and EBER1 d (5'-AAAACATGCGGAC
CACCAGC-3') (12, 52).

Virion purification. Biochemical characterization of extracellular virions was
performed by precipitating viruses from infectious supernatants by using a poly-
ethylene glycol (PEG)-containing solution (0.5% [wt/vol] PEG 6000 in 5 M
NaCl). Viruses were further collected by centrifugation at 9,000 X g for 20 min.
To purify intracellular virions, lytically induced cells were extensively washed and
sequentially frozen in a dry ice bath and thawed at 37°C three times. Cells were
spun down at 5,000 X g for 10 min, and supernatants were filtered with a
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FIG. 3. Gardella gel analysis of unit-length EBV DNA in 293-
BFRF1-KO cells. Linear forms of the virus are detected in 293-
BFRF1-KO cells upon induction of the lytic cycle as well as in 293-2089
producing cells that were used as a positive control. This experiment
shows that BFRF1 deletion does not affect lytic viral DNA replication.

0.8-wm-pore-size filter. Viruses present in these supernatants were further PEG
precipitated as described for extracellular virions. Purified virions were sus-
pended and analyzed by Western blotting.

Immunofluorescence and binding assays. An indirect immunofluorescence
assay was performed as described previously (12). Antibodies specific to BFRF1
(monoclonal antibody E7), gp350/220, and EA-D (ABI); Rta (Argene Biosoft);
and BLRF?2 (a gift of G. Miller) were used at a 1:100 dilution. The binding assay
aims at detecting virions bound to the surface of Raji cells by immunofluores-
cence with a gp350/220-specific antibody, as previously described (7). Briefly,
Raji cells were incubated with different viral supernatants for 3 h at 4°C, washed
in phosphate-buffered saline, and fixed on glass slides by using acetone (15 min,
25°C). The slides were incubated with the monoclonal antibody directed against
gp350/220 for 1 h at 25°C. After extensive washings, bound gp350/220 antibody
was detected with a fluorescein-conjugated goat anti-mouse immunoglobulin G
antibody.

Gardella gel electrophoresis. Viral linear DNAs from different induced cell
lines were detected by using the agarose gel electrophoresis system described by
Gardella et al. (16). Cells (5 X 10°) were directly lysed in gel slots to avoid
shearing of viral DNA. Southern blot hybridization was performed with an
EBV-specific probe for TRs as described before (9).

Electron microscopy. Lytically induced cells were washed three times in phos-
phate-buffered saline and fixed with 2% glutaraldehyde in the same buffer at 4°C.
Samples were postfixed in 1% osmium tetroxide in veronal acetate buffer (pH
7.4) for 1 h at 25°C, stained with 0,1% tannic acid in the same buffer for 30 min
at 25°C and with uranyl acetate (5 mg/ml) for 1 h at 25°C, dehydrated in acetone,
and embedded in Epon 812. Thin sections were examined unstained or post-
stained with uranyl acetate and lead hydroxide.

RESULTS

Construction of a BFRF1-negative EBV mutant strain. The
EBYV mutant devoid of BFRF1 was constructed by homologous
recombination between the linearized BFRF1 targeting vector
and the wild-type EBV genome in the recA-positive, recBC-
negative E. coli strain BJ5183. After double selection for chlor-
amphenicol and tetracycline, single outgrowing bacterial colo-
nies were analyzed with several restriction enzymes, and
plasmids showing the expected recombination pattern were
selected for further manipulations (data not shown). The tet-
racycline resistance gene was then excised from the recombi-
nant EBV plasmid DNA by using the Flp recombinase (Fig.
1A). Plasmid DNA from this properly recombined viral mutant
clone was then electroporated into the recA E. coli strain
DH10B for further propagation. Figure 1B shows the BamHI
restriction patterns of both the BFRF1-negative mutant and
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the wild-type EBV DNA. As expected, the BFRF1-KO restric-
tion pattern shows a shift of the BamHI F fragment.

Establishment of a BFRF1-KO producer cell line. BFRF1
mutant EBV plasmid DNA was then transfected into 293 cells,
which are permissive for EBV replication, and subjected to
hygromycin selection. Hygromycin-resistant GFP-positive
clones, carrying the recombinant EBV genome, were further
expanded. Genomic DNA from selected hygromycin-resistant
clones was extracted, and the integrity of the BFRF1 locus was
analyzed by a Southern blot assay with a 618-bp probe span-
ning the BFRF1 ORF (Fig. 1C). Both the recombined BamHI
F fragment of the recombinant virus DNA and the wild-type
BamHI F were found to have the expected size. A nonspecific
band of approximately 5.5 kb is visible and probably represents
a degradation product. In addition, we wanted to ensure that
the recombinant BFRF1-KO carried an appropriate number of
TRs. This was confirmed by Southern blot analysis with a
TR-specific probe (Fig. 1C).

To further confirm the structural integrity of the BFRF1-KO
present in the selected 293 clones, plasmid DNA was extracted
and used to transform DH10B cells (21). Restriction enzyme
analysis confirmed that the 293 clones carried the intact
BFRF1-KO recombinant genome (data not shown).

Deletion of the BFRF1 gene does not interfere with expres-
sion of other viral genes. In order to test the ability of the
293-BFRF1-KO clones to support the lytic cycle of EBV, cells
were transiently transfected with a plasmid to obtain the het-
erologous expression of ZEBRA alone or in combination with
BFRF1. At 3 days posttransfection, the expression of some
important viral antigens was assessed by immunostaining. As
expected for the BFRF1-KO mutant, immunostaining per-
formed with anti-BFRF1 monoclonal antibody E7 (12) on in-
duced 293-BFRF1-KO cells did not yield any signal (Fig. 2b),
whereas BFRF1 expression was restored when BFRF1 was
complemented in trans (Fig. 2c). Transfection of BZLF1 alone
led to a clear expression of the immediate-early antigen Rta
(Fig. 2d to f) as well as of the late proteins gp350/220 (BLLF1)
(Fig. 2g to i) and BLRF2 (Fig. 2j to 1) in the induced 293-
BFRF1-KO cells. In these experiments, induced wild-type
EBV (293-2089 cells) or complemented 293-BFRF1-KO cells
provided the appropriate positive controls. Similar results were
obtained in Western blot analysis (data not shown) performed
on transiently transfected 293-BFRF1-KO cells. In addition, a
Gardella assay performed to investigate whether the deletion
of BFRF1 might affect viral replication in the recombinant
EBV excluded the possibility that the lytic program was inhib-
ited in 293-BFRF1-KO cells (Fig. 3). These experiments pro-
vide evidence that BFRF1 is not essential for the expression of
early and late viral genes and does not interfere with the lytic
replication program of viral DNA.

Supernatant from 293-BFRF1-KO cells has drastically de-
creased infection efficiency. We then investigated the ability of
the BFRF1-KO virus to infect a panel of cell lines, including B
cells such as Raji and 2AS; epithelial cells such as Hel.a,
HaCaT, and 293; and primary human cord blood B lympho-
cytes. At 3 days postinfection, GFP-positive Raji cells could be
observed after incubation with wild-type virus (Fig. 4a) or with
supernatant of BFRF1-complemented induced 293-BFRF1-
KO cells (Fig. 4c), but the infection efficiency was drastically
reduced when Raji cells were incubated with the recombinant
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FIG. 4. Infection of different cell types with supernatants from induced 293 cells containing wild-type EBV (2089+Z), BFRF1-KO (KO+2Z),
or complemented BFRF1-KO (KO+Z+F), as detected by GFP expression with an inverted epifluorescence microscope.

virus (Fig. 4b). GFP-positive 293 or 2A8 cells were observed
exclusively when wild-type virus stocks or BFRF1-comple-
mented recombinant EBV was used (Fig. 4d, f, g, and i),
whereas no positive cells could be detected after incubation
with supernatant of induced 293-BFRF1-KO cells (Fig. 4e and
h). The percentage of positive cells resulting from these infec-
tion experiments was further evaluated by FACS analysis, and
the results are given in Table 1.

The assumption that supernatants from 293-BFRF1-KO
cells had reduced virus titers was confirmed in transformation
assays with human cord blood B lymphocytes. As shown in
Table 2, the immortalization efficiency was 100% with wild-
type EBV, dropped drastically to 4.6% with the supernatant

TABLE 1. Infection of different cell lines with wild-type EBV,
BFRF1-negative EBV, and BFRF1-complemented EBV

Mean % (range) positive for*:

Cell line Wild-type EBY BFRFégl{c]gative BFRFl»cEr];l{)IIemented
Raji  27.9(224-334)  37(33-41) 3118 (27.5-34.86)
293 17.96 (16.4-19.52) 0 20.79 (18.62-22.96)
HacCat 0 0 0

HeLa 0 0 0

2A8  1436(1251-1621) 0 10.9 (9.8-12)

“ Percentages of GFP-positive cells observed after incubation with different
viral supernatants and FACS analysis. The values represent means from three
independent infection experiments.
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TABLE 2. Transformation frequencies of umbilical cord blood
lymphocytes after infection with EBV supernatants

Immortalization
efficiency (%)

No. of positive wells/no.

EBYV supernatant of wells plated

Wild type 64/64 100
BFRF1 negative 3/64 4.68
BFRF1 complemented 60/64 93.7

containing BFRF1-negative EBV, and was restored to 93.7%
with BFRF1-complemented EBV. DNA from immortalized
B-cell clones that were established after infection with wild-
type EBV (Fig. 5, lanes 1, 2, and 3), with complemented
BFRF1-KO EBV (lanes 4, 5, and 6), or with BFRF1-KO EBV
(lanes 7, 8, and 9) and control DNA from B95-8 cells (EBV
positive) or from DG75 cells (EBV negative) were amplified by
PCR with BFRF1-specific sequences. The BFRF1 primers are
located outside the deletion introduced in the mutant, and as
a result, wild-type virus and BFRF1-KO mutants generate
BFRF1 amplification products of different sizes. PCR ampli-
fication of the EBER-1 gene was performed as a control for
the presence of EBV in the immortalized clones (Fig. 5, lower
panel). As expected, amplification of DNAs obtained from all
immortalized clones with both set of primers showed the pres-
ence of EBV-specific sequences. PCR amplification with DNA
from B-cell lines established with virus stock containing wild-
type EBV (Fig. 5, upper panel, lanes 1 to 3) showed the
predicted 1,063-bp BFRF1 amplification product. In contrast,
clones generated with the BFRF1-KO EBV showed a trun-
cated BFRF1-specific amplification product, confirming that
they indeed carry this mutant virus (Fig. 5, upper panel, lanes
410 9).

Viral maturation is blocked in the absence of BFRF1. The
markedly reduced capacity of supernatants from 293-

2038 —
1638

1018 e

100bp
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TABLE 3. Binding of EBV supernatants on Raji cells

No. of fluorescent

% of cells with dots/cell

Virus supernatant

bound virus (mean + SD)*
B95-8 48.5 10.1 £29
p2089+Z 23 8927
BFRF1-negative EBV 4 2.6 = 1.8*
BFRF1-complemented EBV 25 9.2 £ 2.9%*

@ *versus **; P < 0.001 (Student’s ¢ test).

BFRF1-KO cells to infect various cell types could be due either
to a reduction in virus titers or to production of virus with
limited infectious potential. To test these hypotheses, we per-
formed a binding assay on Raji cells to monitor the amount of
virus bound from the different supernatants. The results of
viral binding are shown in Table 3, and immunofluorescence
images showing fluorescence dots possibly corresponding to
virions, or clusters on virions (7), bound on the plasma mem-
branes of Raji cells are shown in Fig. 6. In comparison to the
case for wild-type virus, both the percentage of cells with virus
bound on the cell surface and the number of fluorescent dots
per cell were markedly reduced after incubation with superna-
tants from the 293-BFRF1-KO cells. Supernatants from com-
plemented 293-BFRF1-KO cells had binding levels similar to
those for wild-type supernatant. These results suggest reduced
virus production in 293-BFRF1-KO cells.

To further assess the validity of this hypothesis, we directly
visualized viral replication in 293 cells carrying BFRF1-KO
virus or BFRF1-complemented BFRF1-KO virus by using
electron microscopy. Lytically induced 293-BFRF1-KO cells
contained numerous fully assembled, DNA-containing EBV
nucleocapsids in the nucleus (Fig. 7, left and center micro-
graphs) and virtually no virions in the cytoplasm. In contrast,

BFRF1

EBER-1 167 bp

FIG. 5. (Upper panel) PCR analysis for the BFRF1 gene of DNA from immortalized B-cell clones that were established after infection with
wild-type EBV (lanes 1 to 3), with complemented BFRF1-KO EBV (lanes 4 to 6), or with BFRF1-KO EBV (lanes 7 to 9) and of control DNA
from B95-8 cell lines (+) or from DG75 cell lines (—). (Lower panel) Control PCR analysis of the EBER-1 region.
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FIG. 6. Virus binding on the surface of Raji cells as detected by indirect immunofluorescence staining of the major envelope glycoprotein
gp350/220. (a) EBV from supernatant of B95-8 cells; (b) supernatant of induced 293-2089 cells; (c) supernatant of 293-BFRF1-KO cells; (d)
supernatant of BFRF1-complemented 293-BFRF1-KO cells. Bar, 10 pm.

BFRF1-complemented BFRF1-KO virions were readily visible searched for the presence of nuclear membrane duplications,
in the cytoplasm and in the extracellular environment (Fig. 7, as they represent a typical if not specific ultrastructural feature
right micrograph). In addition, only a few complemented nu- of active EBV lytic replication (10, 51). Whereas nuclear mem-
cleocapsids were present in the nucleus. We then further brane duplications were common in replicating complemented

BFRFI-KO +Z

FIG. 7. Ultrastructural observations of induced 293-BFRF1-KO cells and 293-BFRF1-KO cells complemented with BFRF1. Left and center
micrographs: numerous nucleocapsids are present in the nuclei of induced BFRF1-KO cells and are distributed mainly in the proximity of the
nuclear membrane (arrows). Insets show an higher magnification of fully assembled intranuclear nucleocapsids containing electron-dense material
corresponding to viral DNA. Right micrograph: few nucleocapsids (arrows) are visible in BFRF1-complemented cells. A typical multilayered
reduplication of the nuclear membrane (NM) is shown. An extracellular mature virion is shown at higher magnification in the inset. PM, plasma
membrane; Nu, nucleus. Bars, 1 um (0.1 pm in the insets).
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TABLE 4. Quantitation of ultrastructural modifications in 293 cells carrying wild-type virus (p2089), in 293-BFRF1 KO cells, and in BFRF1-
complemented cells®

No. of No. of % Length of duplicated nuclear
Cells nucleocapsids/10um? virions/10pum? membrane/length of nuclear
(nuclear area) (cytoplasmic area) membrane
BFRF1-KO+Z 3.72 = 1.74* 0.03 = 0.037 3.14 £2.02%
BFRF1-KO+Z+F 0.21 = 0.20** 0.23 £ 0.15FF 19.4 = 4.38%%
2089+Z 0.29 + 0.21%** 0.16 = 0.077F 6.53 = 1.88%%%

“ For each transfectant, 25 cell sections of cells positive for the presence of nucleocapsids in the nucleus were recorded with a charge-coupled device camera. A total
of 1,947.76 pm? of nuclear area, 2,051.1 pm? of cytoplasmic area, and 1,281.62 wm of nuclear membrane length were measured and analyzed. Results are means *
standard deviations. * versus **, P < 0.001; * versus ***, P < 0.001; ** versus ***, P not significant; { versus 1, P < 0.05; t versus 11, P < 0.05; 11 versus {1, not

significant; f versus £f, P < 0.0001; % versus 3%+, P < 0.001; £i versus fif, not significant.

293-BFRF1-KO cells, duplications were very rarely or never
observed in cells carrying the mutant virus (Fig. 7). The results
of these ultrastructural observations in comparison to those of
293 cells carrying wild-type p2089 virus are summarized in
Table 4. Taken together, these observations are consistent with
a block in primary egress with subsequent sequestration of
immature viruses in the nucleus.

The presence of BFRF1 in virions correlates with the viral
maturation stages. The results presented so far suggest a role
for BFRF1 in primary envelopment at the nuclear membrane.
We next analyzed, by Western blotting, at which stages of viral
maturation BFRF1 could be detected. To this end, cell-free
B95-8 viruses from infectious supernatants or intracellular
B95-8 viruses obtained from the producing cell line were pu-
rified, and protein extracts were analyzed by Western blotting.
Figure 8 shows that, as expected, BFRF1 is present in intra-
cellular virions and that no reactivity for BFRF1 was detect-
able in extracellular virions with a monoclonal antibody spe-
cific for BFRF1 (E7), whereas a strong positive signal was
visible after immunoblotting with a monoclonal antibody di-
rected against the known virion component BRLF2, confirm-
ing the presence of virions in the concentrated supernatant.
This finding confirms the results of previous immunogold
staining with an antibody specific to BFRF1 combined with
electron microscopy, which showed that BFRF1 is present in

Purified B95-8

virions
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«: BFRF1
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— 28
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FIG. 8. Western immunoblot analysis performed on purified viri-
ons. Fractions containing extracellular or intracellular purified virions
were probed with antibodies directed against BFRF1 and BLRF2 gene
products. An immunoblot of uninduced (—) and TPA-induced (+)
B95-8 cell extracts is shown as a control.

intracellular virions but is not a component of the mature
virion (13). These observations suggest that the de-envelop-
ment and reenvelopment model of herpesviral maturation
might apply also to EBV, as initially proposed by Gong and
Kieff (17).

DISCUSSION

In the present study, we have generated a recombinant EBV
strain devoid of the BFRF1 gene in order to understand the
function of the protein encoded by this gene in EBV biology.
We have analyzed the phenotype of this mutant in terms of
lytic replication, infection, and immortalization. The results of
this analysis provide strong evidence for a role of BFRF1 in
primary egress when the maturing virus particle first becomes
enveloped by crossing the nuclear membrane. This assertion is
based on the observed reduction in virus titers as assessed by
binding assays and on the observation that mutant virions
accumulate in the nucleus. In contrast, BFRF1 does not seem
to affect lytic DNA replication or nucleocapsid assembly. Sim-
ilarly, BFRF1 had no influence on the expression of a few late
structural proteins. However, since the full cascade of lytic viral
genes is far from being completely known, we cannot formally
exclude the possibility that the lack of BFRF1 may affect,
directly or indirectly, the expression of other viral genes. It is
important to note, however, that virus production was not
entirely inhibited, an observation that suggests that even if
BFRF1 greatly facilitates transport across the nuclear mem-
brane, it is not absolutely essential for this process. This ob-
servation may suggest that other viral proteins may partially
share the ability to get virions through the nuclear membrane
with BFRF1 (27, 29, 33, 37, 39). Alternatively, it is also possible
that immature virions could reach the cell cytoplasm by traf-
ficking through defects of the nuclear membrane. Once the
viral particles reach the cytoplasm, the events that lead to viral
maturation could take place, with subsequent release of the
virus into the extracellular environment. Our Western blotting
analysis of the expression of BFRF1 in virions at different
maturation steps shows that the protein is present in intracel-
lular virions, suggesting that BFRF1 is involved in the nuclear
membrane enveloping process, whereas it is absent from the
mature extracellular virion at a step when BFRF1 is apparently
no longer required. These observations are in line with our
previous work in which we could show that BFRF1 protein
localizes preferentially on the nuclear membrane (13) and that
it is an integral protein that is anchored in membranes through
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a transmembrane domain. The apparent discrepancy with our
initial observation that BFRF1 is a virion component (12)
could be explained by the fact that in that study we used virions
prepared from repeatedly frozen and thawed cells, and we
cannot exclude cellular contamination. The present results,
based on purified virus concentrated from infected-cell super-
natants, unequivocally demonstrate that BFRF1 is absent from
extracellular virions.

BFRF1 appears to be conserved among the herpesvirus fam-
ily, as BFRF1 shows significant DNA sequence homology with
UL34 from HSV-1 and PrV. BFRF1 is also the positional
homolog of UL34 in the EBV genome. The data gathered in
this study about the role of the BFRF1 protein during EBV
virus production indicate that this homology extends to the
functional level. UL34 from both HSV-1 and PrV has been
shown to be essential for primary virus egress from the nucleus,
in which the capsids acquire a first envelope which is subse-
quently lost in the cytoplasm (15, 20, 26, 34, 35, 4244, 47). A
tegument is then organized around the nucleocapsids, and
finally a second envelope is acquired during the steps that lead
to the release of extracellular mature virions (reviewed in ref-
erence 34). It therefore appears that the molecular mecha-
nisms that underlie virus maturation are conserved among
several members of different herpesvirus subfamilies. A recent
report described the effect of HSV-1 UL34 and UL31 gene
products on the nuclear lamina and on the host cell chromatin
(48). Similarly to HSV-1 UL34, BFRF1 interacts with nuclear
lamina components, as reported in the accompanying paper
(18). However, our ultrastructural analysis did not reveal dif-
ferences in chromatin distribution in the presence or absence
of BFRF1, suggesting that, in contrast to UL34, BFRF1 does
not play an essential role in chromatin exclusion from envel-
opment sites.

It has been suggested that UL34, in cooperation with UL31
and possibly other proteins, permits the anchorage of the viral
capsids to the inner nuclear membrane. This somehow facili-
tates the envelopment at the nuclear membrane and allows the
egress of the viral particles, which otherwise are too large to
freely leave the nucleus through the nuclear pori (43, 54). The
identification of viral proteins interacting with UL34, as well as
the study of their possible cellular partners in the nuclear
membrane components, would further help our understanding
of this complex process (35, 46). The search for additional viral
genes involved in virus maturation will be facilitated by the
observation that these genes appear to cluster together in a
particular segment of all herpesvirus genomes (15, 26, 34,
42-44, 47, 54). EBV BFLF2 is the positional homolog of
HSV-1 UL31 and is therefore likely to interact with BFRF1
during viral envelopment (28). Our results on characterization
of BFLF2 and on its interactions with BFRF1 and with the
nuclear lamina in infected cells are presented in the accompa-

nying paper (18).
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