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ABSTRACT Epstein-Barr virus (EBV) replicates its genome in the nucleus and undergoes
tegumentation and envelopment in the cytoplasm. We are interested in how the single-
stranded DNA binding protein BALF2, which executes its function and distributes pre-
dominantly in the nucleus, is packaged into the tegument of virions. At the mid-stage
of virus replication in epithelial TW01-EBV cells, a small pool of BALF2 colocalizes with
tegument protein BBLF1, BGLF4 protein kinase, and the cis-Golgi marker GM130 at the
perinuclear viral assembly compartment (AC). A possible nuclear localization signal (NLS)
between amino acids 1100 and 1128 (C29), which contains positive charged amino acid
1113RRKRR1117, is able to promote yellow fluorescent protein (YFP)-LacZ into the nucleus.
In addition, BALF2 interacts with the nucleocapsid-associated protein BVRF1, suggesting
that BALF2 may be transported into the cytoplasm with nucleocapsids in a nuclear
egress complex (NEC)-dependent manner. A group of proteins involved in intracellular
transport were identified to interact with BALF2 in a proteomic analysis. Among them,
the small GTPase Rab1A functioning in bi-directional trafficking at the ER-Golgi interface
is also a tegument component. In reactivated TW01-EBV cells, BALF2 colocalizes with
Rab1A in the cytoplasmic AC. Expression of dominant-negative GFP-Rab1A(N124I) dimin-
ished the accumulation of BALF2 in the AC, coupling with attenuation of gp350/220 gly-
cosylation. Virion release was significantly downregulated by expressing dominant-nega-
tive GFP-Rab1A(N124I). Overall, the subcellular distribution of BALF2 is regulated through
its complex interaction with various proteins. Rab1 activity is required for proper gp350/
220 glycosylation and the maturation of EBV.

IMPORTANCE Upon EBV lytic reactivation, the virus-encoded DNA replication machinery
functions in the nucleus, while the newly synthesized DNA is encapsidated and trans-
ported to the cytoplasm for final virus assembly. The single-stranded DNA binding protein
BALF2 executing functions within the nucleus was also identified in the tegument layer
of mature virions. Here, we studied the functional domain of BALF2 that contributes to
the nuclear targeting and used a proteomic approach to identify novel BALF2-interacting
cellular proteins that may contribute to virion morphogenesis. The GTPase Rab1, a master
regulator of anterograde and retrograde endoplasmic reticulum (ER)-Golgi trafficking,
colocalizes with BALF2 in the juxtanuclear concave region at the midstage of EBV reacti-
vation. Rab1 activity is required for BALF2 targeting to the cytoplasmic assembly compart-
ment (AC) and for gp350/220 targeting to cis-Golgi for proper glycosylation and virion
release. Our study hints that EBV hijacks the bi-directional ER-Golgi trafficking machinery
to complete virus assembly.
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Epstein-Barr virus (EBV) is a ubiquitous gamma herpesvirus that infects the majority of
people worldwide. The virion is composed of a 172-kb double-stranded DNA within

the icosahedral capsid, the host cell-derived lipid membrane bilayer containing multiple vi-
ral glycoproteins, and a protein-containing tegument layer in between. The viral and cellu-
lar proteins in the tegument are believed to be required for the next round infection (1).
EBV mainly infects B lymphocytes and epithelial cells via binding to specific receptors.
After receptor binding and viral glycoprotein-mediated membrane fusion, the nucleocap-
sid is translocated close to the nuclear pores, and the viral genome is injected into the nu-
cleus. The linear viral DNA is circularized through the terminal repeats (TR) into an episomal
form and maintained latently in the cell by EBNA-1 tethering to host metaphase chromo-
some during cell division (2). Latent EBV can be reactivated into lytic replication through
various signaling pathways, including histone deacetylase inhibitors, PKCd activators, or
direct expression of immediate early transactivators Zta or Rta (3–6).

Lytic EBV DNA replication is carried out by a viral DNA replication complex which
contains eight virus-encoded proteins, BZLF1 (oriLyt-binding protein), BRLF1 (immedi-
ate early transactivator), BALF5 (DNA polymerase), BMRF1 (DNA polymerase processiv-
ity factor), BALF2 (single-stranded DNA-binding protein), BBLF4 (helicase), BSLF1 (pri-
mase), and BBLF2/3 (helicase-primase-associated protein) (7, 8). In addition, we found
that EBV BKRF3-encoded viral uracil DNA glycosylase (UDG) contributes to EBV DNA
replication through physical interactions with proteins in the DNA replication complex
(9, 10). Intriguingly, by using sophisticated isotope-coded affinity tag (ICAT) analysis to
distinguish tegument proteins from envelope and capsid proteins, the DNA replication
complex-associated BMRF1 and BALF2, and BGLF4 protein kinases were also identified
as virion tegument proteins by mass spectrometry analysis (1).

The nuclear targeting of EBV DNA replication proteins involves modification of
nucleocytoplasmic transport and regulation of noncanonical nuclear targeting. For
example, we demonstrated that EBV uracil DNA glycosylase BKRF3 does not contain a
canonical nuclear localization signal (NLS) but is translocated into the nucleus through
its interaction with viral DNA polymerase processivity factor BMRF1 (10). In addition,
we found that BGLF4 kinase is imported into the nucleus through its direct interaction
with phenylalanine-glycine (FG) nucleoporins in an importin b-independent pathway
(11). Simultaneously, BGLF4 also promotes via unknown mechanisms the nuclear
import of other DNA replication proteins lacking canonical NLS, including primase,
helicase, and primase-associated factors and viral capsid protein BcLF1 (11).

Similar to herpes simplex virus 1 (HSV-1) and human cytomegalovirus (HCMV), after viral
DNA replication and encapsidation within the nucleus, the EBV nucleocapsids are exported
from the nucleus through the function of nuclear egress complex (NEC) BFRF1/BFLF2. Viral
tegumentation then occurs in the juxtanuclear region where the Golgi apparatus resides.
Multiple cellular and viral proteins required for the initiation of the next round of infection
are recruited into the tegument layer, and their specific interactions with proteins of the
Golgi-derived viral envelopes are required for final envelopment and the formation of
mature virions. Tegument proteins may be involved in targeting of viral DNA to the nu-
cleus in the next round of infection, recruitment of cellular molecular motors, regulation of
viral and host cellular gene and protein expression, and/or assembly of virions during
egress (12, 13). It has also been suggested that specific tegument proteins (e.g., BNRF1 of
EBV or ICP0 of HSV-1) may couple with viral immediate early genes (BZLF1 of EBV or newly
synthesized ICP0 of HSV-1) to eliminate the host defense system component protein ND10
for enhancing the infection efficiency (14).

Studies of alpha-herpesvirus HSV-1 suggested that the tegumentation process may
be separated into two distinct steps. The inner tegument proteins may attach to the
nucleocapsids in the nucleus before their nuclear egress. The outer tegument proteins
may be incorporated during the proposed budding into the trans-Golgi network (TGN)
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or possibly associate with the post-Golgi vesicles bound to the cytoplasmic tails of viral
envelope proteins (15). By using different concentrations of KCl to dissociate different
layers of the HSV virion structure, UL37p (homolog of EBV BOLF1), UL36p (EBV BPLF1), and
US3 protein kinase were found as the most abundant inner tegument proteins (16). Each
viral capsid contains 12 pentagram-shaped capsid vertex-specific components (CVSCs),
which are composed of a UL17 monomer, a UL25 (homolog of EBV BVRF1) dimer, and a
UL36 dimer of the capsid. The CVSCs function as hubs for protein-protein interactions that
are important for capsid assembly and for the package of viral genome in the nucleus. In
addition, UL36 also provides a foundation for the recruitment of outer tegument in the
cytoplasm; it binds the outer tegument protein UL48p (VP16), which in turn connects to
UL46p (VP11/12), UL47p (VP13/14), UL49p (VP22), and membrane-embedded envelope
proteins (15, 17). Nevertheless, capsid final envelopment is coupled with completion of the
outer tegument and incorporation of envelope proteins into the mature virion simultane-
ously at the cytoplasmic assembly compartment.

Knowledge regarding the specific regulation of the sorting of EBV proteins during
tegumentation is still limited. A recent study of B cells revealed that EBV acquires its
final envelope at intracellular membranes containing Golgi markers (18). Protein-pro-
tein interaction analysis found that the capsid-associated BGLF2 interacts with BBLF1,
which is a myristoylated viral tegument protein, possibly facilitating association of the
tegumented capsids with viral glycoprotein-embedded Golgi membranes during viral
budding (19). Our study of the structure and components of the EBV cytoplasmic as-
sembly compartment also showed that cellular organelle membranes are highly reor-
ganized into a distinct compartment in the juxtanuclear region at the midstage of lytic
replication, suggesting that the nuclear egress process directly links to the cytoplasmic
assembly compartment (Y.C. Dai et al., manuscript in preparation).

In this study, our aim is to investigate how the subcellular localization of EBV single-
stranded DNA binding protein BALF2 is regulated and how viral proteins with func-
tions in the nucleus are incorporated into the virion. BALF2 with a predicted size of
123 kDa is an essential replication factor stabilizing the single-stranded DNA at the viral
DNA replication fork during genome replication and forming complexes with DNA po-
lymerase and helicase in the nucleus. Intriguingly, BALF2 is packaged in the tegument
layer of mature virions (1). On the other hand, BALF2 was found by yeast two-hybrid
screening to interact with GM130, a cis-Golgi protein that acts as a tethering factor in
endoplasmic reticulum (ER)-Golgi vesicle trafficking, and other cellular cytoplasmic pro-
teins, including zyxin, which can regulate actin fiber reorganization and gene expres-
sion by shuttling from the focal adhesion complex to the nucleus (20, 21). It thus sug-
gests that BALF2 may have additional functions other than maintaining the viral DNA
replication fork during EBV replication. Here, we examine the nuclear targeting mecha-
nism of BALF2 and further explore its function using a proteomic approach to identify
BALF2-interacting viral and cellular factors that contribute to the viral tegumentation
and maturation processes.

RESULTS
A portion of BALF2 localizes to the juxtanuclear concave Golgi region of epi-

thelial TW01-EBV cells after Rta induction of the lytic cycle. To explore how the nu-
cleus-distributed EBV proteins are packaged into the tegument of mature virions, we moni-
tored the subcellular distribution of BALF2 during viral lytic replication. We considered that
the advantage of a large cytoplasmic space of epithelial cells may provide better resolution
of protein distribution during EBV replication. Therefore, the immediate early transactivator
Rta expression plasmid was transfected into EBV-positive epithelial TW01-EBV cells which
were derived from recombinant Akata EBV-converted NTUTW01 cells. The specificity of
monoclonal anti-BALF2 antibody OT13B was first confirmed in TW01-EBV cells by Western
blotting, showing detection of the expected band of 130 kDa at 48 h post-Rta-mediated
EBV reactivation (Fig. 1A). Weak signals of BALF2 and BMRF1 were detected in vector-trans-
fected TW01-EBV cells but not in NTUTW01 (TW01) cells, suggesting that a small portion of
TW01-EBV cells may undergo spontaneous lytic replication (Fig. 1A). In a kinetic analysis,
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FIG 1 The majority of BALF2 is detected in the nucleus, and a small portion of BALF2 localizes to the juxtanuclear concave region and colocalizes with
assembly compartment components at the mid-stage of EBV reactivation in TW01-EBV cells. (A) The specificity of BALF2 monoclonal antibody (OT13B) was
examined by immunoblotting of pSG5-Rta or pSG5 vector-transfected TW01-EBV cell lysates. A similar setting of transfected cell lysates of the parental
TW01 cells served the negative control. BRLF1 (Rta) and BMRF1 (EA-D) expression was detected as lytic markers. GAPDH served as the loading control. The
detection of slight signals of BMRF1 and BALF2 indicates that a small portion of TW01-EBV underwent spontaneous lytic reactivation. (B) The BALF2
expression levels were examined at 24, 48, and 72 h post-pSG5-Rta transfection into TW01-EBV cells. GAPDH served as the loading control. (C) The
distribution of BALF2 in TW01-EBV cells at 24, 48, and 72 h post-Rta transfection was detected by OT13B Ab and observed with confocal microscopy. Cell

(Continued on next page)
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BALF2 was detectable at 24 h posttransfection (hpt) and increased at 48 and 72 hpt
(Fig. 1B). By confocal microscopic analysis, we found that ca. 90% of cells show nuclear
expression of BALF2 at 24 hpt, while additional BALF2 signals in the perinuclear concave
region were detected in 45% of cells at 48 hpt and 42% of cells at 72 hpt (Fig. 1C). At 48
hpt, the cytoplasmic staining of BALF2 predominantly localized to the concave region lim-
ited by the kidney-shaped nucleus, which is very similar to the cytoplasmic assembly com-
partment (AC) described in cytomegalovirus-infected cells (22). At 72 hpt, the nuclear mor-
phology becomes irregular, coupling with the less compact staining of cytoplasmic BALF2
at AC and coinciding with the release of viruses from the cells (data not shown). We sug-
gest that a small portion of BALF2 may be transported into the cytoplasm through associa-
tion with nucleocapsids to the cytoplasmic AC. Because it was reported that EBV matures
at Golgi-related membranes (18, 23), we costained cells for BALF2 and cis-Golgi network
marker GM130 and the EBV tegument protein BBLF1 to examine if BALF2 translocated to
the Golgi membrane-associated compartment (Fig. 1D). Indeed, a portion of BALF2 colocal-
ized with GM130, the cytoplasmic tegument protein BBLF1, and BGLF4 protein kinase at
the concave juxtanuclear Golgi GM130 staining region (Fig. 1D, upper and middle panels),
which is very similar to the viral AC described in HCMV-infected cells (22). Our unpublished
data also found that the AC contains Golgi, and ER markers, suggesting that this compact
region is the viral cytoplasmic assembly compartment (Y.C. Dai et al., manuscript in prepa-
ration). The results suggest that BALF2 is translocated into the cytoplasm from the nucleus
at the mid- to late stage of EBV replication, possibly for its tegumentation into the virion.
Furthermore, we also observed the colocalization of BALF2 with viral protein kinase BGLF4,
which is also an intranuclear and a tegument protein (1, 24). Data here suggest that BALF2
with a nuclear distribution is possibly recruited to the AC through protein-protein
interaction.

To confirm the incorporation of BALF2 and BGLF4 within the virion, we purified EBV
particles from tetradecanoyl phorbol acetate (TPA)/sodium butyrate-induced B95-8
cells, which is a marmoset cell line that produce EBV efficiently, according to our previ-
ous protocol (24). After a sucrose gradient sedimentation, viral proteins, including gly-
coprotein gp350/220 (BLLF1), gp110 (BALF4), viral capsid VCA (BcLF1), BVRF1, BGLF4 ki-
nase, and BALF2, were detected in Western blotting, and the viral DNA was detected
by quantitative PCR (qPCR) to indicate the distribution of virions in each fraction
(Fig. 1E, panels a and b). BGLF4 kinase, major capsid protein BcLF1, gp110, and the cap-
sid-associated tegument protein BVRF1 were detected at fractions 4 to 7 and displayed
a peak distribution in fraction 7 (Fig. 1E, panel a). In addition to signals detected in frac-
tions 4 to 7, BALF2 was cofractionated with gp350/220 and a small amount of viral
DNA in fraction 2. Thus, fractions 2 and 7 were then observed under transmission elec-
tron microscopy (TEM) with uranyl acetate staining. The micrographs showed vesicle-
like structures with diameters around 50 nm in F2 (Fig. 1E, panel c), whereas virus par-
ticles (around 160 nm) with the capsid in the center and were observed in F7 (Fig. 1E,
panel d). Data thus suggested that BALF2 colocalizes with other viral tegument pro-
teins at the cytoplasmic assembly compartment in TW01-EBV cells and is incorporated
into mature virions. The cofractionation of BALF2 and gp350/220 may be incorporated
into those smaller defective vesicles through an unknown mechanism.

The amino acid motif 1113RRKRR1117 promotes nuclear targeting of BALF2.
Because several proteins within the EBV DNA replication compartment do not contain

FIG 1 Legend (Continued)
numbers with nuclear only (N) or partial cytoplasmic (N1C) distribution of BALF2 are indicated at the bottom. (D) The subcellular distribution of BALF2
and components in the cytoplasmic assembly compartment in TW01-EBV cells was detected by immunofluorescence staining and observed by confocal
microscopy. The slide-cultured TW01-EBV cells were harvested at 48 h post-pSG5-Rta or pSG5 transfection and stained with specific antibodies. BALF2
(green) was detected together with cis-Golgi marker GM130 (top panel), EBV tegument protein BBLF1 (middle panel), or BGLF4 (bottom panel). (E) EBV
virions were purified from TPA/sodium-induced B95-8 cells and subjected to a sucrose gradient fractionation. (a) Virion components, including BLLF1
(gp350/220), BcLF1 (VCA), BALF2 (single-stranded DNA [ssDNA] binding protein), BVRF1 (capsid associated tegument protein, DNA packaging factor), and
BGLF4 (protein kinase), were detected by immunoblotting with specific antibodies. (b) EBV genomic DNA was detected by qPCR amplification of BALF5 in
each fraction (bottom panel). (c and d) Fractions F2 and F7 from panel a were fixed and stained with 1% uranyl acetate and then observed under TEM at
200 kV and �12,000 magnification. In F2, the size of vesicle-like particles is small (;50 nm diameter). In F7, the virion size is around ;160 nm.
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canonical nuclear localization signals, we then examined the nuclear targeting control
of BALF2. Within the C terminus, a stretch of 5 positively charged amino acids was
identified between amino acids 1113 and 1117. We generated a carboxyl terminus de-
letion, BALF2D(1100-1128), to clarify the contribution of 1113RRKRR1117 in nuclear trans-
location of BALF2. In addition, all 5 positively charged amino acids were mutated into
alanines for the mutant designated BALF2(NLS5A). Similar to BALF2(D1100-1128),
BALF2(NLS5A) was distributed predominantly to the cytoplasm (Fig. 2A), suggesting
that 1113RRKRR1117 is the nuclear localization signal (NLS) of BALF2. Because some EBV
DNA replication-associated proteins are transported into the nucleus by interacting
with other NLS-containing viral proteins, we also cotransfected pCMV-Flag-BALF2 or
pCMV-Flag-BALF2(NLS5A) with a control vector or the pSG5-Rta plasmid into EBV-posi-
tive TW01-EBV cells and monitored whether Flag-BALF2(NLS5A) can be translocated
into the nucleus upon lytic cycle progression as indicated by the detection of viral pro-
tein kinase BGLF4. The results showed that Flag-BALF2 is continuously expressed in
the nucleus of TW01-EBV cells, whereas Flag-BALF2(NLS5A) is retained in the cyto-
plasm, even during Rta-induced lytic cycle progression (Fig. 2B and C). Thus, the nu-
clear targeting of BALF2 requires 1113RRKRR1117, even in the presence of other viral pro-
teins (Fig. 2D).

Nuclear targeting of BALF2 is importin-b dependent. To further examine whether
BALF2 nuclear targeting occurs through the importin-b-dependent mechanism, we took
advantage of the importin-b inhibitor importazole (IPZ), which blocks the interaction
between importin-b and Ran-GTP. A yellow fluorescent protein (YFP)-LacZ-NLS control
(25), which contains the SV40 large T antigen nuclear localization signal, was also included
for IPZ function control (Fig. 3A). The protein expression levels were similar in the presence
or absence of 40 mM IPZ. The nuclear targeting of both YFP-LacZ-NLS and Flag-BALF2
were attenuated by IPZ treatment, suggesting that the nuclear targeting of BALF2 occurs
through an importin-b-dependent pathway (Fig. 3B to D).

The C-terminal 1113RRKRR1117 of BALF2 can be transferred onto YFP-LacZ to
promote nucleus targeting. To further characterize whether amino acids 1110 to
1128 are sufficient for nuclear targeting, the C-terminal 29 amino acids AGLLLGGGGQG
SGGRRKRRLATVLPGLEV (C29 in short) were fused to an NLS reporter YFP-LacZ-express-
ing plasmid. The construct was designated YFP-LacZ-C29 (Fig. 3A). In transiently trans-
fected HeLa cells, the YFP-LacZ-C29 pattern was analyzed and compared to that of
YFP-LacZ-MYC and YFP-LacZ-NLS, (Fig. 3A, E, and F). Most cells expressing YFP-LacZ-
NLS showed nuclear distribution of YFP signals (92/101), whereas 98.2% (115/117) of
the YFP-LacZ-MYC-positive cells displayed a diffuse pattern in both nucleus and cyto-
plasm. The fusion of C29 of BALF2 promoted the shift of the YFP signals into the nu-
cleus (80/104), suggesting that C29 alone is sufficient for nuclear targeting (Fig. 3E and
F). In the presence of 20 mM or 40 mM importin-b inhibitor IPZ, 60.5% (69/114) and
74.5% (102/137) of YFP-LacZ-C29-expressing cells displayed cytoplasmic retention of
BALF2-C29-tagged YFP-LacZ. This result indicated that the C-terminal 29 amino acids is
critical for BALF2 nuclear localization in an importin-b-mediated manner. Similar pro-
tein expression levels were revealed by immunoblotting (Fig. 3G).

BALF2 interacts with nucleocapsid-associated protein BVRF1. We were then
interested in identifying the BALF2-interacting viral proteins that may facilitate its
incorporation into virions. In a previous single gene-to single gene-based yeast two-
hybrid screening of viral protein-protein interaction conducted by our collaborator
Hsiu-Ming Shih (at Academia Sinica, Taiwan), BALF2 was found to interact with the EBV
capsid-associated tegument protein BVRF1, which was proposed to help stabilize the
genome packaging into the procapsid. The BVRF1-interacting proteins identified in the
yeast two-hybrid screening are summarized in Fig. 4A. Here, the interaction was con-
firmed by the reciprocal detection of BALF2 and HA-BVRF1 in the immunocomplexes
from the 293T-transiently transfected lysates (Fig. 4B). In addition, we also confirmed
BVRF1-interacting proteins identified in yeast two-hybrid screening by coimmunopre-
cipitation of HA-BVRF1 transiently transfected TW01-EBV lysates, including EBV nuclear
egress complex (NEC) component BFRF1 and tegument protein BGLF4 kinase (Fig. 4C).
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In the confocal analysis, we were not able to detect BALF2 and BVRF1 at the same time
because both antibodies were derived from mouse. Nevertheless, we observed that a
portion of BALF2 was distributed to the center of the tegument protein BBLF1 cluster
region (Fig. 4D); similarly, BVRF1 was also detected in the same region at 48 h post-Rta
transfection (Fig. 4E). We propose that BALF2 and BGLF4 may be transported from the
nucleus to the cytoplasm through the interaction with the BVRF1-mediated complex
and NEC complexes.

BALF2 interacts with the cellular vesicular trafficking machinery. As described
in Fig. 1, at the mid- to late stage of EBV lytic replication in TW01-EBV cells, a minor
fraction of BALF2 was translocated from the nucleus to the cytoplasm, occupying the
juxtanuclear concave region, where the cytoplasmic AC is expected to reside. To fur-
ther explore the cellular factors involved in the cytoplasmic distribution of BALF2,
TW01-EBV cells were transfected with Flag-BALF2 and Rta-expressing plasmids for reac-
tivation. The cell lysates were harvested at 48 h post-Rta transfection and subjected to
immunoprecipitation against Flag followed, by mass spectrum analysis. The proteins

FIG 2 The C terminus basic amino acids of BALF2 are crucial for nucleus localization. (A) WT BALF2 encodes 1,128 amino acids, while
BALF2D1100-1128 indicates the deletion of 29 C-terminal amino acids, and BALF2(NLS5A) indicates 1113RRKRR1117 mutation to 5 alanines.
HeLa cells were transfected with pCMV-Flag-BALF2, pSG5-BALF2 DNLS (D1100-1128), or Flag-BALF2(NLS5A). The slides were harvested at
24 h posttransfection, and the distribution of BALF2 was detected with OT13B and observed under confocal microscopy. (B) TW01-EBV cells
were cotransfected with pSG5 or pSG5-Rta plus Flag-BALF2 or Flag-BALF2(NLS5A). The slides were harvested at 48 h posttransfection, and
the distribution of wild-type Flag-BALF2 or Flag-BALF2(NLS5A) was detected with anti-Flag antibody and observed with confocal microscopy.
Viral BGLF4 kinase was also detected with monoclonal Ab 2224 to indicate the lytic cycle progression and the kidney shape of the nucleus.
(C) The percentages of cells showing various subcellular distributions of BALF2 in panel B are shown as bar charts. (D) Expression levels of
Flag-BALF2 WT and Flag-BALF2(NLS5A) in panel B were analyzed by immunoblotting. After transfection of Rta-expressing plasmid, both Flag-
BALF2 WT and Flag-BALF2(NLS5A) expression levels increased, possibly due to stabilization by other viral proteins, while the BMRF1 and
BGLF4 expression levels were not affected by Flag-BALF2 or Flag-BALF2(NLS5A). GAPDH served as the loading control.
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detected in Flag-vector-transfected cells were subtracted from those identified in Flag-
BALF2-transfected cells. The remaining targets were subjected to analysis using the
STRING algorithm (https://string-db.org/).

The proteins involved in pathways identified in the Reactome Pathway Database
with a P value of ,0.05 were labeled on the Flag-BALF2-interacting protein-associated

FIG 3 BALF2 nuclear localization is importin-b dependent, and the carboxyl terminal 29 amino acids (aa) promote nuclear targeting of YFP-LacZ. (A)
Schematic diagram of YFP-LacZ-fusion proteins with Myc-tag, NLS of SV40 T antigen, or 29 C-terminal amino acids of EBV BALF2. (B) Slide-cultured HeLa
cells were transfected with YFP-LacZ-NLS or Flag-BALF2. At 6 h posttransfection, cells were treated with dimethyl sulfoxide (DMSO) or IPZ (40 mM). The
slides were harvested at 24 h posttransfection. The distribution of BALF2 was detected with anti-Flag antibody and observed by confocal microscopy. (C)
The quantified result of panel B is displayed as a 100% stacked column chart. (D) The expression levels of YFP-LacZ-NLS and Flag-BALF2 in panel B were
analyzed by immunoblotting. GAPDH served as the loading control. (E) In the fluorescence microscopy analysis, YFP-LacZ-MYC diffused in the whole cell
(115/117), whereas YFP-LacZ-NLS localized in the nucleus of most cells (92/101). YFP-LacZ-C29 predominantly distributed in the nucleus (80/104). In the
presence of 20 mM importin-b inhibitor IPZ, 60.5% of YFP-LacZ-C29 expressing-cells displayed partial cytoplasm retention of YFP signals. The YFP-LacZ-
fusion protein distribution patterns with or without IPZ treatment were analyzed. (F) The quantified data are showed in a stacked column chart. (G)
Expression levels of YFP-LacZ-fusion proteins were analyzed by immunoblotting.
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FIG 4 Interactions of BALF2 and BVRF1 are identified in yeast two-hybrid screening and confirmed
in coimmunoprecipitation. (A) The diagram depicts the interactions between BGLF4, BFRF1, BFLF2,
BVRF1, and BALF2 (amino acids 1 to 560) that were identified in a yeast two-hybrid screen. (B)
Coimmunoprecipitation of BALF2 and HA-BVRF1 using antibodies against hemagglutinin (HA),
BALF2, and glutathione S-transferase (GST; negative control) was carried out with HEK293T cell
lysates harvested at 48 h post-cotransfection of BALF2 and HA-BVRF1-expressing plasmids.
Immunoblotting was detected with BALF2 antibody and HA antibody. (C) TW01-EBV cells were
transfected with HA-BVRF1 for 4 h and treated with TPA (40 ng/mL)/sodium butyrate (3 mM) for
72 h. The immunocomplexes pulled down by BGLF4 antibody (2224) or BFRF1 monoclonal Ab (a
gift from Alberto Faggioni, Università La Sapienza, Italy) were analyzed by Western blotting with
HA antibody (HA.11), BGLF4 antibody (2616), or BFRF1 Ab. (D and E) TW01-EBV cells were seeded
on nonfluorescence slides (7 � 105 cells/10-cm dish) and then cultured overnight and transfected
with pSG5 or pSG5-Rta for induction. At 48 hpt, confocal images of the distribution of BALF2 (D)
and BVRF1 (E) were detected together with tegument protein BBLF1. The primary antibodies used
were BALF2 (OT13B, mouse) at a 1:800 dilution, BVRF1 (mouse) at 1:100, and BBLF1 (rabbit) at
1:100. Secondary antibodies were FITC conjugated anti-mouse IgG (1:100) and Rhodamine
conjugated anti-rabbit IgG (1:100).
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FIG 5 The BALF2 interactome is identified by mass analysis. (A) TW01-EBV cells were transfected with Rta and Flag-BALF2- or Flag-Tag-2B-expressing
plasmid. Immunoprecipitation against Flag was carried out at 48 h posttransfection. The BALF2-interacting proteins (N = 291 proteins) were defined

(Continued on next page)
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network (Fig. 5A). In addition to the expected proteins involved in gene expression,
DNA replication, and the cell cycle, several viral proteins, including BBLF2/BBLF3 (viral
primase-associated factor), BORF2/BaRF1 (ribonucleotide reductase), BALF5 (viral DNA
polymerase), BSLF1 (viral primase), BMLF1, BRLF1, BVRF2, BXRF1, BMRF1, EBNA1, and
LF3 were also pulled down by BALF2. Interestingly, a large group of the proteins identi-
fied fell under the category “coat protein complex I (COPI)-dependent Golgi-to-ER ret-
rograde traffic or COPI-mediated anterograde transport,” whereas some proteins are
known to be involved in neutrophil degranulation, RNA metabolism, or mitochondrial
protein import. The top 20 Flag-BALF2-involved pathways are listed in Fig. 5B in the
order of lower false-discovery rate. Notably, the pathway analysis revealed that BALF2
interacts with proteins participating in the COPI-dependent trafficking at the ER-Golgi
boundary, which is regulated by Rab1 (26, 27). Rab1 belongs to the Rab small GTPase
family with two isoforms, Rab1A and Rab1B. Similar to other Rab proteins, Rab1 cycles
between a GDP-bound state (inactive form) and a GTP-bound state (active form), based
on the activities of GTPase-activating proteins (GAPs) and GDP/GTP exchange factors
(GEFs). With 93% similarity on amino acid sequence, functions between Rab1A and
Rab1B in bidirectional ER-Golgi intermediate vesicle trafficking is indistinguishable. In
the mass analysis, the sequence coverage of Rab1 was 27%; thus, it is hard to distin-
guish between Rab1A from Rab1B (Fig. 5C).

BALF2 colocalizes with the GTPase Rab1A in the juxtanuclear concave region
of Rta reactivated TW01-EBV cells. In addition to the proteomic analysis, we also
noticed that Rab1A was found to be a cellular component in the EBV tegument layer in a
previous study (1). Rab1A is known to interact with its effector GM130 in cis-Golgi, and our
results confirmed that BALF2 and GM130 colocalized in TW01-EBV cells (Fig. 1D). We were
prompted to examine the role of Rab1A in the recruitment of BALF2 to the cytoplasmic AC
in the juxtanuclear concave region and virion release. Immunostaining and confocal micro-
scopic analysis revealed that endogenous Rab1A is targeted to the juxtanuclear concave
region of TW01-EBV cells, where it colocalizes with BALF2 at 48 h post Rta plasmid transfec-
tion (Fig. 6A). Joint clustering of GFP and BALF2 at this site became more prominent when
the Rta- and GFP-Rab1A-expressing plasmids were cotransfected into TW01-EBV cells in at
least 25 out of 30 cells. (Fig. 6B). The interaction between BALF2 and GFP-Rab1A was con-
firmed by coimmunoprecipitation with the anti-BALF2 antibody OT13B (Fig. 6C, lane 8). To
examine whether the colocalization of BALF2 and Rab1A at the viral AC requires other viral
factors, we coexpressed Flag-BALF2 and GFP-Rab1A in HeLa cells and could not observe ei-
ther the juxtanuclear clustering or the colocalization of these two proteins by immuno-
staining (Fig. 6D), suggesting that other viral factor(s) may cause the clustering of Rab1A in
the juxtanuclear region and help the targeting of BALF2 to the viral AC. Unlike the recipro-
cal coimmunoprecipitation of BALF2 and HA-BVRF1 in the 293T-transiently transfected
lysates (Fig. 4E), BVRF1 was not pulled down by BALF2 in Rta and GFP-Rab1A cotransfected
TW01-EBV cell lysates (Fig. 6C), possibly because the protein-protein interaction network
may be more complex in virus-replicating cells and could not be detected in the coimmu-
noprecipitation experiment all the time. Considering the data in Fig. 4, we postulate that a
portion of BALF2 is translocated into the AC through the interaction with BVRF1 on the
assembled nucleocapsids and transported into the cytoplasm in a nuclear egress complex
(NEC)-dependent manner. The membrane-associated Rab1A then helps to wrap tegument
components with the nucleocapsid for final envelopment.

Rab1A GTPase activity is essential for BALF2 targeting to the AC. To investigate
the contribution of Rab1A GTPase activity on the appropriate formation of the viral AC
and the targeting of BALF2 to this compartment, we cotransfected Rta-expressing plas-

FIG 5 Legend (Continued)
as proteins identified in the Flag-Tag-2B group subtracted from those in the Flag-BALF2 group. The BALF2 protein-protein interaction (PPI) network
was constructed using STRING database v11.0 and displayed using Cytoscape v3.8.0 with the ClueGO app. The represented pathways were enriched
using the Reactome database with a Benjamini-Hochberg adjusted P value of ,0.05. (B) Pathway enrichment analysis of the BALF2 interactome. The
x axis represents the P value, and the y axis is the top 20 pathways significantly enriched in BALF2 PPIs. (C) The sequence coverage of Rab1A and
scores are indicated.
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mid with GFP-C1, GFP-Rab1A, GFP-Rab1A(N124I) (a dominant-negative Rab1A mutant
lacking GTPase activity), or GFP-Rab1A(Q70L) (a constitutively active mutant of Rab1A)
into TW01-EBV cells. Western blot analysis indicated that the expression levels of viral
proteins, including BALF2, BMRF1 (EA-D), and viral glycoprotein protein BALF4 (gp110)
are similar in all settings (Fig. 7A). Because the maturation of EBV needs the final envel-
opment of nucleocapsids by viral glycoprotein-containing membranes, we also exam-
ined the expression pattern of gp350/220 (Fig. 7A, bottom panel). Typically, gp350/220
exhibits three bands in immunoblotting at 350 kDa, 220 kDa, and 165 kDa, which rep-
resent gp350, gp220, and their shared precursor, respectively (28). Indeed, we found
that the EBV glycoprotein gp350/220 (BLLF1) in the GFP-C1 vector-transfected cells dis-
played this typical pattern of three bands, i.e., gp350 (top open arrowhead), gp220
(bottom open arrowhead), and their common precursor (black arrowhead). The pattern
of gp350/220 in cells transfected with GFP-Rab1A or GFP-Rab1A(Q70L) exhibited
enhancement of the upper bands (Fig. 7A, lane 8), whereas the gp350/220 band of the

FIG 6 A subset of BALF2 colocalizes with Rab1A in the nuclear concave region in Rta-reactivated TW01-EBV
cells. (A) TW01-EBV cells were transfected with pSG5-Rta or pSG5. The distribution of BALF2 and endogenous
Rab1A in TW01-EBV cells was detected with mouse anti-BALF2 monoclonal antibody (OT13B) and rabbit anti-
Rab1A monoclonal antibody (Cell Signaling, D3X9S) and observed by confocal microscopy at 48 hpt. (B) The
distribution of BALF2 and GFP-Rab1A was detected with specific antibodies and observed by confocal
microscopy at 48 h post-Rta transfection in TW01-EBV cells. Cells with patterns of BALF2 localized in both the
nucleus and viral assembly compartment were 25 out of 30 of BALF2-positive cells. (C) Coimmunoprecipitation
of BALF2 and GFP-Rab1A using antibodies against BALF2, GFP, and GST was carried out using TW01-EBVcell
lysates harvested at 48 h posttransfection of the Rta-expressing plasmid. Immunoblotting was carried out with
BALF2 antibody or GFP antibody. The GFP-Rab1A band is indicated with a black arrowhead. (D) GFP-Rab1A and
Flag-BALF2 were coexpressed in HeLa cells. The distribution of Flag-BALF2 and GFP-Rab1A was detected with
Flag antibody and observed under confocal microscopy.
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lowest molecular weight was enhanced in GFP-Rab1A(N124I)-transfected cells (Fig. 7A,
lane 6), suggesting that Rab1A is also involved in the fully glycosylation of gp350/220.

Next, we examined the subcellular distribution patterns of BALF2 in Rta-reacti-
vated TW01-EBV cells in the presence of wild-type, dominant-negative, or constitu-
tive active forms of GFP-fused Rab1A at 48 h post-Rta transfection. We found that
BALF2 localized to the juxtanuclear concave region in most cells transfected with
GFP-C1 vector (89%), GFP-Rab1A (82%), or constitutively active GFP-Rab1A(Q70L)
(74%). Only a small subset of GFP-Rab1A(N124I)-transfected cells (11%) displayed
the distribution of BALF2 to this area, while the remaining 89% of cells displayed
more diffuse GFP-Rab1A signals with no BALF2 clustering to the nuclear concave

FIG 7 Expression of dominant-negative GFP-Rab1A(N124I) diminishes the clustering of BALF2 to the viral assembly compartment. (A) TW01-EBV cells were
cotransfected with pSG5-Rta or pSG5 plus GFP-C1, GFP-Rab1A, GFP-Rab1A N124I, or GFP-Rab1A Q70L. The cell lysates were harvested at 48 hpt. The
expression levels of viral proteins BALF2, BMRF1 (EA-D), BLLF1 (gp350/220), and BALF4 (gp110) and cellular proteins GM130 and Rab1A were detected with
BRLF1 antibody, BALF2 antibody, BMRF1 antibody, gp350/220 antibody, gp110 antibody, GM130 antibody, and Rab1A antibody in immunoblotting.
Transfected GFP, GFP-Rab1A, and BRLF1 (Rta) were also detected in the blotting. GAPDH served as the loading control. Proteins in the top panel were
displayed in regular 10% SDS-PAGE, whereas gp350/220 and gp110 were detected in immunoblotting after nonreducing 8% SDS-PAGE. Open arrowheads
indicate mature gp350 or gp220, while the solid arrowhead indicates the precursor of gp350/220. (B) The distribution of BALF2 with different GFP-Rab1A
constructs was observed by immunostaining and confocal microscopy at 48 h post cotransfection of Rta and GFP, GFP-Rab1A, GFP-Rab1A(N124I), or GFP-
Rab1A(Q70L). The percentages listed next to each group were calculated to indicate cells expressing BALF2 localized to the viral assembly compartment or
not over GFP1 GM1301 cells.
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region (Fig. 7B). The data here suggest that Rab1A activity promotes the recruit-
ment of BALF2 to the AC.

Rab1A GTPase activity is required for the recruitment of fragmented cis-Golgi
elements to the viral AC. It has been reported that EBV acquires the final envelope
in Akata cells by budding at intracellular compartments containing Golgi markers
(18). Because the complete glycosylation of gp350/220 occurs at the Golgi apparatus,
here, we further explored whether Rab1A is involved in BALF2 and gp350/220 target-
ing to the Golgi-related viral AC. The distributions of the cis-Golgi protein GM130
and gp350/220 in wild-type or mutant Rab1A-expressing cells were then examined.
Before EBV reactivation, the GM130 staining in GFP vector- and GFP-Rab1A-express-
ing cells manifested reticular patterns, while fragmentation of the cis-Golgi mem-
branes was observed in dominant-negative GFP-Rab1A(N124I). The enlargement of
Golgi cisternae was observed in cell-expressing constitutive active GFP-Rab1A(Q70L)
without Rta transfection (Fig. 8A), suggesting that proper Rab1 activity is required
for Golgi homeostasis (29). In the Rta-expressing cells, the Golgi apparatus is highly

FIG 8 Expression of GFP-Rab1(N124I) disrupts the Golgi structure and attenuates the recruitment of fragmented cis-
Golgi to the viral assembly compartment during EBV reactivation. (A) The distribution of cis-Golgi marker GM130
under the same setting as in Fig. 7B. The cis-Golgi compartments in wild-type and mutant GFP-Rab1A transfected
TW01-EBV cells are enlarged. In wild-type GFP-Rab1A transfected cells, 61% showed perinuclear Golgi staining after
Rta transfection, while 39% displayed disrupted Golgi structure distributed to the nucleus concave region after lytic
replication. The percentages listed under each group were calculated as cells expressing GM130 in the viral
assembly compartment or not over GFP positive cells. (B) A diagram indicating that EBV replication induces the
fragmented Golgi apparatus clustered at the juxtanuclear region and colocalized with wild-type GFP-Rab1A is
illustrated. In GFP-Rab1A (N124I) and Rta-transfected cells, GM130 staining indicates that the Golgi stack was
disrupted and became diffuse after Rta transfection in 92% of cells. Weak staining signals of GFP and GM130
colocalized in the nuclear concave region were observed in a few cells (8%). In GFP-Rab1A(Q70L)-transfected cells,
73% of cells displayed more significant Golgi fragmentation after Rta transfection. The percentages listed under each
group were calculated as cells expressing GM130 in the viral assembly compartment over GFP-positive cells.
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fragmented in the juxtanuclear region in 53% of GFP-transfected cells, in 39% of the
GFP-Rab1A, and in 73% of the GFP-Rab1A(Q70L)-transfected cells (as illustrated in
Fig. 8B). However, in dominant-negative GFP-Rab1A(N124I)-expressing cells, GM130
staining was barely detectable after Rta transfection (92% of cells), even if the juxta-
nuclear clustering of weak GFP-Rab1A signal was observed (8% of the cells), suggest-
ing that Rta induction in the presence of GFP-Rab1A(N124I) caused disappearance or
degradation of GM130. In cells expressing constitutively active GFP-Rab1A(Q70L),
GM130 localized to the juxtanuclear concave region and displayed a dispersed pat-
tern upon EBV reactivation (Fig. 8A), suggesting that excessive Rab1 activity enhan-
ces virus replication-mediated disruption of the Golgi apparatus.

Rab1A GTPase activity is required for proper glycosylation of gp350/220.
Under the same conditions, the localization of the EBV glycoprotein gp350/220 to the
viral AC was seen in 13%, 47%, or 20% of the GFP-vector-, GFP-Rab1A-, or GFP-Rab1A
(Q70L)-transfected TW01-EBV cells (Fig. 9A). In particular, gp350/220 was only weakly
detected in 6% of GFP-Rab1A(N124I)-expressing cells. Immunoblotting analysis of the
GFP-Rab1A(N124I)-expressing cells showed the enrichment of the gp350/220 band at
around 165 kDa, probably corresponding to the hypo-glycosylated precursor of
gp350/220 (Fig. 7A, black arrowhead). To further investigate whether this lowest-mo-
lecular-weight 165-kDa band of gp350/220 precursor is indeed an enriched hypo-gly-
cosylated form, we treated the EBV-reactivated TW01-EBV cells with brefeldin A (BFA),
which is an inhibitor of the assembly of COPI vesicle coats and may cause the Golgi ap-
paratus to collapse back to the ER (30). We then compared the patterns of gp350/220
in wild-type or mutant GFP-Rab1A-expressing cells. In response to BFA treatment, the
immature form of gp350/220 enriched in BFA-treated cells showed slower migration
than that of the 165-kDa precursor of gp350/220 (Fig. 9B, lanes 3, 6, 9, and 12). A previ-
ous study showed that, over time, retention of glycoproteins in the ER may undergo a
low level of O-linked glycosylation but fail to be processed to the mature form (29). We
speculated that the band with slower migration could be an immature O-linked glyco-
sylated form of gp350/220; it is similar to the case of pseudorabies virus gp50 in the
presence of BFA (31). In the presence of GFP-Rab1A(N124I), the band of gp350/220 is
most likely the nonglycosylated form (Fig. 9B, lane 8). Taken together, these results
suggest that the dominant-negative Rab1A disrupts the formation of the viral AC in
TW01-EBV cells by inhibiting the localization of the viral tegument protein BALF2 and
gp350/220 to the juxtanuclear concave Golgi area. In addition, the GTPase activity of
Rab1 is required for appropriate glycosylation of gp350/220.

Expression of dominant-negative Rab1A attenuates EBV virion release and
infectivity. To examine the role of Rab1A in EBV virion maturation and release, we meas-
ured the intracellular EBV genomic DNA replication and virion release in TW01-EBV cells by
transfecting the Rta-expressing plasmid together with the GFP vector or the various GFP-
Rab1A constructs. Immunoblotting revealed that protein levels of GFP-Rab1A(N124I) were
less if the same amounts of plasmid DNA were transfected into TW01-EBV cells (Fig. 10A,
lanes 5 and 6). Therefore, we transfected 1 or 2 mg of GFP-Rab1A(N124I) and 1 mg of GFP,
GFP-Rab1A, or GFP-Rab1A(Q70L) into TW01-EBV cells (Fig. 10A). At similar expression levels,
the intracellular EBV genomic DNA copy number in GFP-Rab1A(N124I)-transfected cells
was similar to other constructs (Fig. 10B, 2 mg), while virion release from GFP-Rab1A
(N124I)-transfected cells was attenuated (Fig. 10C, 2mg).

In order to demonstrate the dominant-negative effect of Rab1A(N124I) on virion infec-
tivity, 293/rM81, which is a 293-derived line containing a recombinant M81 EBV strain that
was cloned with an F-factor and the GFP gene (32), was used for virus production to super-
infect Raji cells. To this end, 293/rM81 cells were transfected with Zta and gp110 expression
plasmids to induce lytic replication and virion release in the presence of vector or various
GFP-Rab1A constructs. Immunoblotting revealed that protein levels of GFP-Rab1A(N124I)
were less than the GFP-Rab1A wild type (WT) or Q70L when the same amounts of plasmid
DNA were transfected into 293/rM81 cells (Fig. 10D). The protein levels of Zta, Rta, BMRF1,
BALF2, gp110, and BcLF1 (VCA) were similar by GFP-Rab1A(N124I) expression. Notably,
gp350/220 was significantly reduced in the presence of dominant-negative Rab1A(N124I)

BALF2 and Rab1 in EBV Assembly Compartment Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.04369-22 15

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04369-22


FIG 9 Expression of GFP-Rab1(N124I) interferes with glycoprotein gp350/220 maturation and targeting to the viral assembly compartment.
(A) The distribution of EBV glycoprotein gp350/220 under the same setting as in Fig. 7B. The percentages listed under each group were
calculated as cells expressing a shown pattern of gp350/220 over GFP1 cells. (B) TW01-EBV cells were cotransfected with plasmids expressing
Rta and GFP-C1, GFP-Rab1A, GFP-N124I, or GFP-Q70L. TW01-EBV cells transfected with the Rta-expressing plasmid or vector were treated
with DMSO or brefeldin A (1mg/mL) at 24 hpt, and cell lysates were harvested after another 24 h of incubation. Expression of BLLF1 (gp350/
220) and BALF4 (gp110) were analyzed by nonreducing 8% SDS-PAGE followed by immunoblotting at 48 h posttransfection. Hypo-
glycosylated gp350/220 (about 165 kDa) is indicated with a black arrowhead, while glycosylated gp350 and gp220 are indicated with open
arrowheads. Lanes 3, 6, 9, and 12 were treated with brefeldin A (1mg/mL) for Golgi disruption at 24 h post-Rta transfection.
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FIG 10 Expression of GFP-Rab1(N124I) in TW01-EBV and 293/rM81 cells attenuates EBV release and infectivity. (A) TW01-EBV cells were
transfected with pSG5-Rta or pSG5 plus GFP, GFP-Rab1A, GFP-Rab1A(N124I), or GFP-Rab1A(Q70L) using Lipofectamine 2000. The cell lysates
were harvested for immunoblotting at 48 hpt. The expression levels of Rta, GM130, endogenous Rab1A, BALF2, and wild-type, dominant-
active, or constitutive GFP-Rab1A in TW01-EBV cells were detected by GFP antibody, BRLF1 antibody, BMRF1 antibody, and Rab1A antibody.
Gp110 and gp350/220 were analyzed by 8% SDS-PAGE (bottom panels). (B) The intracellular EBV genomic DNA copy numbers of TW01-EBV
cells were analyzed by q-PCR at 48 hpt of Rta and GFP-C1 vector or GFP-Rab1A constructs. (C) The released EBV virion DNA in the medium
in the same setting was analyzed by q-PCR at 48 hpt. The representative data from 4 independent experiments are displayed. (D) 293/rM81
cells were cotransfected with Zta and gp110 expression plasmids or pSG5 control plus GFP, GFP-Rab1A, GFP-Rab1A(N124I), or GFP-Rab1A

(Continued on next page)
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in 293/rM81 cells (Fig. 10D, lane 6). In qPCR analysis, intracellular EBV genomic DNA copy
numbers of GFP-Rab1A(N124I) cells were about half those of the other groups at 72 h post-
transfection (Fig. 10E), while virions released from GFP-Rab1A(N124I)-transfected 293/rM81
cells were significantly attenuated (Fig. 10F). Then equal volumes of virus supernatant from
the GFP-Rab1A-transfected groups were used to superinfect Raji cells and cultured for
72 h. GFP-positive Raji cells were analyzed by flow cytometry (Fig. 10G), and the percent-
age of GFP-positive cells correlated well to the released copy numbers detected by qPCR
in Fig. 10H. In the presence of GFP-Rab1A(N124I), there were very few GFP-positive Raji
cells in the superinfection, which may be due to the low expression level of gp350/220
(Fig. 10D, lane 6). Overall, Rab1 activity is required for EBV glycoprotein gp350/220 matura-
tion and virus infectivity.

Because Rab1A and Rab1B share 93% amino acid identity, we also tried to knock
down Rab1A, Rab1B, or both by a small interfering RNA (siRNA) approach to examine
their possible distinctive functions in TW01-EBV cells. Our results indicate that after Rta
transfection, the virus release was only significantly diminished in double knockdown
cells, but not in single knockout cells, suggesting that there are redundant functions of
Rab1A and Rab1B in promoting EBV maturation (data not shown).

DISCUSSION
Subcellular distribution of BALF2 is regulated through protein-protein interac-

tions, and Rab1A is essential for AC formation and final envelopment of EBV. A
hypothetic model of nuclear targeting of BALF2 and the contribution of Rab1A in EBV
assembly compartment formation and virion release is schematically summarized to-
gether with the study of HCMV AC (22) and some of our unpublished data (Y.C. Dai et
al., manuscript in preparation) in Fig. 11. At the early phase of EBV reactivation, BALF2
is imported into the nucleus through the canonical nuclear targeting mechanism,
where it functions in viral DNA replication (step a). After EBV genome replication, newly
synthesized DNA is encapsidated into procapsids, after which the nucleocapsids are
exported to the cytoplasm through nuclear egress complexes with an ESCRT-depend-
ent pathway (step b9) or an alternative pathway involving envelopment and deenvel-
opment (step b). We propose that the intranuclear BALF2 may associate with the nu-
cleocapsids, possibly via BVRF1 interaction, to be transported into the cytoplasm in a
BFRF1/BFLF2 nuclear egress complex (NEC)-dependent manner. Simultaneously, newly
synthesized precursors of gp350/220 are transported from ER to cis-Golgi via the ER-
Golgi intermediate compartment (ERGIC) by Rab1-regulated trafficking, undergoing
further glycosylation in the Golgi apparatus (step c) or in the ERGIC-derived vesicles
(colored in blue) enriched in the juxtanuclear concave area (step d). Subsequently, the
nucleocapsids arriving in the cytoplasm undergo final envelopment, which may
require the interaction between the nucleocapsid-associated BALF2, other viral and
cellular tegument proteins, and Rab1-associated ERGIC-derived membranes (step e). At
this step, the fragmented Golgi-derived membranous structure forms a large viral as-
sembly compartment with various viral and cellular factors. The mature virions are
then released to the extracellular space via an exocytosis mechanism (step f). Thus,
both BALF2 and Rab1 are incorporated into the tegument layer of mature virions. The
reorganized ER structure surrounding the Golgi apparatus was drawn according to

FIG 10 Legend (Continued)
(Q70L) using TransIT-LT1. Cell lysates were harvested for immunoblotting at 72 hpt. The expression levels of Zta, Rta, BMRF1, BALF2, and
wild-type, dominant-active, or constitutive GFP-Rab1A in 293/rM81 cells were detected using specific antibodies. For detecting gp350/220,
gp110, and BcLF1, lysates were displayed in nonreducing 8% SDS-PAGE. (E) The intracellular EBV genomic DNA copy number of 293/rM81
cells was analyzed by q-PCR at 72 hpt of Zta, gp110, and GFP-C1 vector or GFP-Rab1A constructs. (F) The released EBV virion DNA of the
same setting was analyzed with q-PCR at 72 hpt. (G) Culture supernatants from the experiment in panel D were filtered through a 0.45-mm
filter, and that same volume of filtered viral supernatant was added to Raji cells and incubated for 72 h in duplicated wells. The percentages
of Raji cells expressing GFP were determined through flow cytometry. The results of one experiment are presented. The horizontal axis
represents the forward scatter area (FSC-A), and the vertical axis indicates the intensity of GFP fluorescence (GFP-A). The GFP positivity
threshold was determined according to the noninduction control (C1-pSG5). Experimental results are presented using the mean with
standard deviation (SD) as the bar graph in panel H.
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Fig. 8 and confocal analysis in our other study for the organization of assembly com-
partments with different organelle markers (Y.C. Dai et al., manuscript in preparation).

The replication process of herpesviruses not only involves a cascade of regulation
of viral gene expression for viral DNA replication and synthesis of structural proteins,
but also needs to hijack and modify various cell machineries to overcome the spatial
and physical barriers of the cell. During lytic replication, components of the EBV-
encoded DNA replication complex need to be transported into the nucleus for viral ge-
nome replication. Interestingly, several viral proteins building this replication complex
do not contain a nuclear localization signal. For example, the EBV-encoded DNA poly-
merase BALF5 and viral uracil DNA glycosylase BKRF3 need to associate with the DNA

FIG 11 A hypothetical diagram of the BALF2 subcellular distribution during virus replication and the role of
Rab1A in the assembly of EBV viral particles. The top part, above the dotted line, indicates early steps of EBV
reactivation. (a) BALF2 is translated from the ER and transported into the nucleus through a canonical
importin-b-dependent mechanism. (b) At the mid- to late stage of EBV replication, viral DNAs are
encapsidated into procapsids, and the nucleocapsids are egressed from the nucleus through either a
primary envelopment and deenvelopement process (b) or a nuclear egress complex and ESCRT-dependent
mechanisms (b9). (c) After synthesis on the ER membrane, gp350/220 was transported through Rab1-
mediated vesicle transport to the cis-Golgi apparatus for proper glycosylation. (d) Fragmented Golgi and
Golgi-derived vesicles with membrane-associated gp350/220 may target the viral assembly compartment.
(e) Rab1 interacts with GM130 and anchors on the cis-Golgi membranes and Golgi-derived vesicles. The
membrane-associated Rab1 helps the engulfment of nucleocapsids or nucleocapsids containing vesicles
through interaction with a BALF2-associated protein-protein interaction. (f) The mature virion with
tegument (yellow regions) may be released through exocytosis.
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polymerase processivity factor BMRF1 to be transported into the nucleus (10, 33),
whereas the primase-associated proteins, including BSLF1, BBLF2/3, and BBLF4, are
guided into the nucleus by BGLF4 kinase via a mechanism that remains unclear (11).
Our results here revealed that the nuclear import of BALF2 is mediated by its C-termi-
nal NLS and the canonic importin-dependent nuclear localization pathway. Fusion of
29 C-terminal amino acids of BALF2 can also target LacZ into the nucleus (Fig. 2 and 3).

We were curious about the subcellular distribution BALF2 at different stages of EBV
lytic replication and how BALF2 is incorporated into virions. We also confirm that some
BALF2-associated proteins, which were identified in a yeast two-hybrid screening, may
contribute to the transport of BALF2 to the AC and the mid-stage of virus replication.
We suggest that the interaction with capsid-associated tegument protein BVRF1 may
lead to the nucleocytoplasmic transport of nucleocapsid-associated BALF2 through the
NEC BFRF1/BFLF2-dependent remodeling of nuclear membrane (Fig. 4A). The subse-
quent EBV BGLF4 kinase-mediated nuclear lamin A/C phosphorylation and the partial
disassembly of nuclear lamina may then promote the nuclear egress process. A similar
protein-protein interaction was also observed in HCMV nuclear egress. In coimmuno-
precipitation and immunogold staining for electron microscopy (EM) observation, the
HCMV NEC component pUL53 (the homolog of EBV BFLF2) was found to be directly
associated with the viral kinase UL97 and the association of both nuclear capsids and
NEC proteins at nuclear lamina budding sites (34). Here, we demonstrated that BVRF1
coimmunoprecipitated BFRF1 and BGLF4 (Fig. 4C), and the distribution of BALF2 and
BVRF1 in the juxtanuclear AC of Rta reactivated TW01-EBV cells (Fig. 4D and E). This
indicates that a complex viral protein-protein interacting network may ensure the suc-
cessful assembly of viral tegument components. However, some of these interactions
may be transient for subsequent interactions, or the large protein-interacting complex
may prevent the coimmunoprecipitation of individual interacting protein pairs.

In the search for cellular proteins that can facilitate the incorporation of BALF2 into
the tegument, we found an interesting group of proteins that are involved in COPI-de-
pendent Golgi-to-ER retrograde traffic. Because GTPase Rab1A participates in ER-Golgi
trafficking and maintenance of the Golgi structure, we explored the contribution of
Rab1 in viral morphogenesis further. Our data demonstrated that Rab1 is required for
BALF2 targeting to the AC, the maturation of the glycoprotein gp350/220, as well as
the release of mature virions from TW01-EBV cells. As Rab1A is a specific marker of the
ER-Golgi intermediate compartment (ERGIC) (35), our results suggest that the AC of
EBV could be an ERGIC-derived structure. In addition, the AC also contains GM130,
which is generally considered a cis-Golgi marker but is also present in the ERGIC (35,
36). Notably, the expression of dominant-negative Rab1A interfered with the targeting
of viral proteins to the juxtanuclear concave region where the AC resides, as indicated
by localization of the EBV tegument protein BALF2 and glycoprotein gp350/220. In
addition, the expression of dominant-negative Rab1A may also reduce the transport
of mature viral particles and additional releasing processes (Fig. 9A) and the reduction
of virion release (Fig. 10C and F). We propose that the viral assembly compartments of
EBV and HCMV may be structurally similar and both be derived from the ERGIC mem-
branes surrounding the microtubule-organizing center (MTOC)/centrosome (36). The
nucleocapsid-associated BALF2 may recruit Rab1-bound ERGIC membranes directly or
indirectly and subsequently help the closure of the EBV envelope and the incorpora-
tion of BALF2 and Rab1 into the tegument layer (Fig. 11). It remains unclear whether
the virions containing BALF2 and Rab1 are the residual components from intracellular
assembly of mature virions or have specific functions for the next round of infection.
As a master regulator of membrane transport and tethering during ER-Golgi trafficking
and autophagy (37), Rab1 has been shown to be involved in the maturation and secre-
tion of several viruses, such as HSV-1 (38, 39). Zenner and coworkers investigated 37
TBC (Tre-2, Bub2 and Cdc16) domain-containing Rab GAPs to screen for their abilities
to inhibit HSV-1 replication. Among these candidates, overexpression of TBC1D20 and
RN-tre caused a reduction of HSV-1 virus titer, and therefore their targets, Rab1 and
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Rab43, were picked up for siRNA knockdown experiments and glycosylation pattern
analysis of the viral glycoproteins. They demonstrated that Rab1A depletion reduces
the glycosylation of glycoprotein D (gD), but not of gB or gH, while Rab1B depletion
alone exerted minor effects on the glycosylation of these three HSV-1 glycoproteins.
However, depletion of both Rab1A and Rab1B abolished the glycosylation of all of
them (gD, gB, and gH) (39). In addition, Rab1 has been demonstrated to play important
roles in the replication of other enveloped viruses, including hepatitis C virus (HCV)
(40), HIV-1 (41), vaccinia virus (42), and classical swine fever virus (43). Interestingly,
Rab1 mediates the glycosylation of HIV-1 gp41, but not gp160, indicating that not all
viral glycoproteins depend on Rab1 for their maturation (41). Taken together, Rab1A
and Rab1B possess high similarity and may have partial redundant effects on the gly-
cosylation of viral glycoproteins. Our results revealed that the dominant-negative
Rab1A abolished the maturation of EBV glycoprotein gp350/220 and reduced mature
virion release and the infection of Raji cells.

Notably, several Rab proteins besides Rab1A were detected in our mass spectrum
analysis of BALF2-interacting proteins, including Rab7A, Rab13, Rab14, Rab18, and
Rab21. This suggests that BALF2 behaves as a component of viral DNA replication com-
plex in the nucleus, as well as an adaptor protein in the cytoplasm for hijacking Rab-
mediated intracellular trafficking processes as a tegument protein. These Rab proteins
are known to function in post-Golgi or Golgi bypass trafficking, such as autophago-
some-lysosome fusion (Rab7A) (44), Golgi-endosome trafficking (Rab14) (45), endocytic
recycling (Rab13 and Rab21) (46, 47), transport to specific plasma membrane domains
(Rab13) (48), or ER-lipid droplet communication (Rab18) (49). However, only Rab1A was
identified as a component of the mature EBV virion (1), suggesting its role in tegu-
mentation and final EBV envelopment. It is worth mentioning that Rab7A-mediated
autophagosome-lysosome fusion is blocked during the EBV lytic cycle to promote
virus replication (50) and virion production (51). One possibility is that early autopha-
gosome-like membrane structures may be used as precursors for the viral envelope
and that late autophagosome-lysosome fusion is prevented by viral factors(s).

In summary, our study reveals how the viral single-stranded DNA binding protein
BALF2 is targeted to different subcellular compartments at different stages of virus lytic
replication. The tegumentation and final envelope of EBV required the coordination of
glycoprotein-associated membrane structures in a Rab1A-dependent manner. Thus,
studies of BALF2 and other Rab proteins may lead to further insights regarding viral-
host cell interplay and the role of secretory and endocytic pathways in the EBV life
cycle.

MATERIALS ANDMETHODS
Cell culture and treatment. EBV-positive TW01-EBV cells, which were derived from NTUTW01

(abbreviated as TW01) (52) converted with recombinant Akata strain EBV (53), were used. TW01-EBV cells
were cultured in RPMI 1640 medium (HyClone) supplemented with 8% fetal bovine serum (GC13475273,
SH30084.03, HyClone), penicillin (100 U/mL), streptomycin (100 mg/mL), and 2 mM L-glutamine at 37°C
with 5% CO2. HeLa cells and 293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
HyClone) supplemented with 10% fetal bovine serum, penicillin (100 U/mL), streptomycin (100 mg/mL),
and 2 mM L-glutamine at 37°C with 5% CO2. EBV-positive B95-8 and Raji cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum, penicillin (100 U/mL), streptomycin (100 mg/
mL), and 2 mM L-glutamine at 37°C with 5% CO2. EBV reactivation in TW01-EBV cells was induced by
transfection of BRLF1 (Rta) expression plasmid pSG5-Rta or by treatment of 1.25 mM trichostatin A (TSA;
T8552, Sigma). Brefeldin A (B7651, Sigma) was used to treat Rta-transfected TW01-EBV cells at a concen-
tration of 1 mg/mL for Golgi disruption at 24 h post-Rta transfection. 293/rM81 cells were obtained from
H. J. Delecluse (German Cancer Research Center (DKFZ), Heidelberg, Germany) (32) and cultured in RPMI
1640 medium (HyClone) supplemented with 10% fetal bovine serum, hygromycin (100 mg/mL), penicil-
lin (100U/mL), streptomycin (100 mg/mL), and 2 mM L-glutamine at 37°C with 5% CO2.

Plasmids. pSG5-BALF2 (pYC5) was derived from pRTS12, M-ABA strain BALF2 driven by SV40 pro-
moter (a gift from Diane Hayward, Department of Pharmacology and Molecular Sciences, Johns Hopkins
School of Medicine, USA) (54), by reverse mutagenesis with primers LMRC681, LMRC682, LMRC683, and
LMRC684 to obtain the B95-8 strain BALF2 coding sequence with 7 synonymous substitution sites. For
BALF2 deletion mutants, the original constructs were generated in pSG5 backbone, and later mutants
were cloned into pCMV-Flag for equal detection sensitivity of mutant proteins. Primers LMRC707 and
LMRC711 for pSG5-BALF2(D1100-1128) (pYC6) were used, and the PCR products were digested with
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EcoRI and BamHI and cloned into EcoRI and BamHI sites of pSG5. pCMV-Flag-BALF2 (pYC11) was derived
from pYC5 by cloning the PCR product with primers LMRC707 and LMRC758 into EcoRI and HindIII sites
of pCMV-tag2B. pCMV-Flag-BALF2(D1100-1128) (pYR1) was derived from pYC6 using LMRC707 and
LMRC1111. pCMV-Flag-BALF2(NLS5A) (pYCS5) was derived from pYC11 using single primer-base muta-
genesis using primer LMRC914 to mutate BALF2 amino acids 1113 to 1117 from RRKRR into AAAAA. To
confirm the ability of BALF2 C-terminal amino acids 1100 to 1128 (BALF2-C29) for nuclear localization,
BALF2-C29 was fused with YFP-LacZ to generate pEYFP-LacZ-C29 (pYYC302) plasmid. Briefly, BALF2-C29
cDNA fragment was amplified with primers LMRC1140 and LMRC1141, in the flanking of 59-NheI and 39-
HindIII restriction enzyme cutting sites. The NLS positive-control pEYFP-LacZ-NLS, containing the SV40
NLS, (kindly provided by Mitsuhiro Kawata, Kyoto Prefectural University of Medicine, Japan) was linear-
ized by double digestion with SpeI and HindIII to remove the NLS sequence. The restriction enzyme-
digested cDNA insert was purified and ligated in-frame with the C terminus of YFP-LacZ in the linearized
vector. For NLS negative-control pEYFP-LacZ-MYC (pYYC301) construction, the NLS (PKKKRKVEAY) was
replaced by a synthesized SpeI-XhoI-HindII (LEEAY) adaptor (forward-oligonucleotide LMRC1143,
reverse-oligonucleotide LMRC1144) and in-frame with C-terminal Myc tag.

GFP-Rab1A was described previously (55). GFP-C1 is a GFP-expressing plasmid (GenBank accession
no. U55763; Clontech, Mountain View, CA). Dominant-negative Rab1A defective in guanine nucleotide
binding was constructed based on the backbone of GFP-Rab1A, with an asparagine to isoleucine substi-
tution at amino acid 124 (N124I, nucleotides AAC to ATC). Constitutively active Rab1A, defective in GTP
hydrolysis, contains a glutamine to leucine substitution at amino acid 70 (Q70L, nucleotides CAA to
CTG). GFP-Rab1A(N124I) and GFP-Rab1A(Q70L) were constructed using single primer-based mutagene-
sis with primer LMRC1069 (according to Nevo-Yassaf’s design) (56) or primer LMRC1070 (according to
Ishida’s design) (57) and GFP-Rab1A as the template. The sequence of each primer is listed in Table 1.
For induction of rM81 virus production, p509 (BZLF1 expression plasmid, derived from the EBV B95.8
strain driven by cytomegalovirus [CMV] promoter) and p2670 (BALF4 expression plasmid, which encodes
the gp110 glycoprotein, both from H. J. Delecluse, Germany), were used.

Antibodies. Primary antibodies used in protein detection, including Western blotting (WB) and im-
munofluorescence assay (IF), included BALF2 (OT13B; 1:80,000 in bovine serum albumin [BSA] for WB
and 1:800 in BSA for IF) (58), Rta (37-1H10; 1:1,000 in skim milk for WB) (59), GFP (GTX113617, GeneTex;
1:1,000 in skim milk for WB), gp350/220 (72A1, ATCC, Manassas, VA; 1:5 in BSA for WB and undiluted for
IF), BMRF1 (88A9; 1:100 in skim milk for WB) (60), gp110 (L2) (61), BGLF4 (2224, 1:100 in BSA for IF; 2616,
1:1,000 for WB), and BVRF1 mouse antiserum (1:200 in BSA for WB). The anti-BcLF1 rabbit antiserum was
provided by Yasushi Kawaguchi (The Institute of Medical Science, the University of Tokyo). For cellular
proteins, GM130 (610822, BD; 1:1,000 in skim milk for WB and 1:100 in BSA for IF), Rab1A (GTX101454,
GeneTex; 1:1,000 in skim milk for WB and D3X9S, Cell Signaling; 1:800 for IF), Rab1B (GTX32825,
GeneTex; 1:1,000 in skim milk for WB), Flag-M2 (F3165, Sigma; 1:1,000 in skim milk for WB and 1:100 in
BSA for IF), HA (16B12, Covance; 1:2,000 in skim milk for WB), and GAPDH (Biodesign; 1:80,000 in skim
milk for WB) were used. The secondary antibodies used in protein detection, including Western blotting
and immunofluorescence assay, are listed as follows: horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (115-035-146, Jackson ImmunoResearch; 1:10,000 for WB), HRP-conjugated goat anti-
rabbit IgG (AP132P, Millipore; 1:10,000 for WB), fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG antibody (115-095-003, Jackson ImmunoResearch; 1:100 in phosphate-buffered saline [PBS]
for IF), Rhodamine-conjugated goat anti-mouse IgG (115-295-146, Jackson ImmunoResearch; 1:100 in
PBS for IF), and rhodamine-conjugated goat anti-rabbit IgG (111-295-144, Jackson ImmunoResearch;
1:100 in PBS for IF). The HRP-conjugated secondary antibodies were diluted in TBST buffer (100 mM Tris
[pH 7.4], 9% [wt/vol] NaCl, and 2% [vol/vol] Tween 20) for Western blotting.

Preparation of antiserum against BVRF1. A single colony of pET30a-His-BVRF1-transformed
Escherichia coli BL21(DE3) (a gift from Hsiu-Ming Shih, Academia Sinica, Taiwan) was cultured in LB broth

TABLE 1 List of primers used in this research

Primer Sequence
LMRC681 59-gtggccaaggtggcccccctcaaggagttccca-39
LMRC682 59-ggcgaggcatgcgcctcgctgactagggacg-39
LMRC683 59-caactttatcagcgtggccgagccggtca-39
LMRC684 59-aagcgccgtctggccaccgttctccccggac-39
LMRC713 59-ccagaacagcttcatctcggtccctgtcccca-39
LMRC707 59-ggaattcatgcagggtgcacagactagcg-39
LMRC711 59-cggatccctacgaggcctgcgacgc-39
LMRC758 59-cccaagcttctagacctcgagtccggggaga-39
LMRC914 59-gcagggctccgggggcgcagccgcggccgccctggccaccgttctcc-39
LMRC1069 59-gtcagatcgcatttgatccctaccaacaact-39
LMRC1070 59-gtgattgttcgaaatctttccaggcctgctgtgtcccatatt-39
LMRC1111 59-ccaagctttaataagatctggatcc-39
LMRC1140 59-tgggctagcgccgggctgctgctgggtg-39
LMRC1141 59-cgtaagcttcgacctcgagtccggggag-39
LMRC1143 59-ctagtggatctctcgagga-39
LMRC1144 59-agcttcctcgagagatcca-39
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containing 50 mg/mL kanamycin and 1% glucose overnight at 37°C and subsequently expanded into
fresh medium according the protocol suggested by the Novagen pET expression manual. In brief, the
culture was treated with IPTG (isopropyl-b-D-thiogalactopyranoside; 0.1 mM) and incubated at 24°C for
3 h, and the bacteria were pelleted by centrifugation and resolved in bacterial lysis buffer (20 mM imid-
azole, 50 mM NaH2PO4, 300 mM NaCl [pH 8.0]) with lysozyme (1 mg/mL) on ice for 30 min subsequent
to sonication. The recombinant protein in the soluble fraction was purified with Ni-NTA beads (Qiagen).
The His-BVRF1 protein was eluted with elution buffer (50 mM NaH2PO4, 30 mM NaCl [pH 8.0], 250 mM
imidazole). For mouse immunization, 30 mg of purified His-BVRF1 was mixed with the same volume of
complete Freund’s adjuvant (Sigma) by vortexing for 10 min and injected subcutaneously to female
BALB/c mice. The mice were then boosted with same amounts of antigen every 2 weeks. Antisera were
collected and verified for antibody titers with 40 ng/mL tetradecanoylphorbol acetate (TPA) and 3 mM
sodium butyrate (SB)-treated TW01-EBV cell lysates.

Transfection. TW01-EBV or HeLa cells were transfected with Lipofectamine 2000 (LF 2000; Invitrogen
Co.) following the manufacturer’s instructions. Plasmids were transfected with Lipofectamine 2000 at a plas-
mid DNA (mg)Lipofectamine (mL) ratio of 2:3. The medium was refreshed at 6 h posttransfection, and the cells
were incubated at 37°C with 5% CO2 for the indicated time. For rM81 virus production, 293/rM81 cells were
transfected with TransIT-LT1 at a plasmid (mg)/TransIT-LT1 (mL) ratio of 1:3. The medium was refreshed at 16
hpt, and the cells were incubated at 37°C with 5% CO2 for the indicated time.

In the analysis of importin-b-mediated nuclear transport, 2 � 106 HeLa cells were seeded onto silane
coating microslides (no. SM5116, Muto Pure Chemicals Co., Ltd.) in 10-cm petri dishes and incubated for
24 h before transfection. Cells were transfected with 10 mg pEYFP-LacZ-serial plasmids by using TransIT-
LT1 (Mirus Bio) according to the manufacture’s instructions. Then, 6 h posttransfection, culture medium
was replaced by fresh 10% fetal bovine serum (FBS)-DMEM with or without IPZ, and the cells were incu-
bated for another 18 h. Cells on slides were then fixed with 4% paraformaldehyde-PBS at room tempera-
ture (RT) for 20 min, washed with PBS 3 times, and subjected to immunofluorescence analysis.

Western blotting. TW01-EBV, HeLa, or 293/rM81 cells were harvested by scraping in phosphate-buf-
fered saline (PBS; 0.8% NaCl, 0.02% KCl, 0.144% Na2HPO4, 0.024% KH2PO4, adjusted to pH 7.2), followed
by centrifugation to harvest the cell pellets and lysis in RIPA buffer (1% NP-40, 50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 0.5% deoxycholate, 0.1% SDS with 1 mM Na3VO4, 50 mM NaF, and 1� protease inhibitor
(no. 11 873 580 001, Roche) and resolved by SDS-PAGE). Immunoblotting was performed as previously
described (60) with Plus-ECL substrate (no. NEL103E001EA, Perkin Elmer).

Immunofluorescence assay. TW01-EBV or HeLa cells were seeded on glass slides in 10-cm dishes.
After treatment or transfection, the slides were harvested at the indicated time points and washed with
PBS, followed by fixation with 4% paraformaldehyde for 20 min at room temperature. Cells were washed
with PBS for 5 min 3 times and permeabilized with 0.4% Triton X-100 in PBS for 5 min, followed by
another 3 times of 5-min PBS washes. The cells on slides were then blocked with 1% BSA in PBS for
30 min and incubated with primary antibodies at 37°C for 1.5 h or at 4°C overnight followed by 3 times
of 5-min PBS washes at room temperature. The slides were then incubated with secondary antibody at
37°C for 1.5 h, washed 3 times with PBS, and stained with Hoechst 33258 (Sigma; 1:5,000 in PBS) at room
temperature for 5 min. With the mounting medium (H-1000, Vector Laboratories) covering, the slides
were observed under a fluorescence microscope or confocal microscope (Zeiss AxioImager.Z2, LSM880
and LSM780, Cell Imaging Core of the First Core Labs, National Taiwan University College of Medicine).

Virion purification and analysis. The virus purification protocol was previously established in our
laboratory (24). B95-8 cells were cultured in 400 mL of RPMI at saturated density and treated with 40 ng/
mL TPA and 3 mM SB for 72 h. Cell pellets were removed by centrifuging the culture medium at
8,600 � g for 30 min at 4°C. The supernatant was then centrifuged at 20,000 � g for 1.5 h at 4°C using a
JLA-16.250 rotor (Beckman) to pellet the viral particles. The pellet was then resuspended in TNE buffer
(500 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl [pH 7.4]) and layered on 25% to 65% (wt/vol) discontinuous
sucrose-TNE gradient followed by ultracentrifugation with an SW41 Ti rotor (Beckman) at 25,000 � g for
4.5 h at 4°C (brake low). The solution was collected from top to bottom with each fraction of 0.9 mL and
kept at 4°C before analysis. The virions in each fraction were detected with qPCR. In brief, a 49-mL aliquot
of each fraction was mixed with 2 mL DNase I (1 u/mL) (Thermo Fisher, EN0521) and 0.2 mL 10� reaction
buffer and then incubated at 37°C for 1 h, followed by heat inactivation at 70°C for 30 min to remove vi-
rion-free DNA. The samples were then treated with buffer containing 4 mM EDTA, 0.1% SDS, and 5 mg
proteinase K and incubated at 37°C overnight to digest viral proteins. The viral DNA was then extracted
by phenol-chloroform extraction followed by ethanol precipitation. To analyze viral proteins in different
fractions, 850 mL of each fraction was subjected to ultracentrifugation at 21,300 � g for at least 2 h at
4°C. The pellets were resuspended in 50 mL of TNE buffer and agitated at 750 rpm for 30 min. Then,
10mL of each sample was applied to SDS-PAGE for Western blotting with specific antibodies. For detect-
ing gp350/220 and gp110, cell lysates were prepared in sample buffer without reducing agent.

Transmission electron microscopy for virus particles. For TEM sample fixation, 20 mL (about 5 mg
protein weight) of sucrose gradient fraction was mixed with an equal volume of 4% paraformaldehyde and
incubated for 30 min at room temperature. Negative-glow discharge of a Formvar-carbon-coated grid was
performed with a GloQube Plus glow discharge system (Quorum Technologies, UK), using 20 mA for 30 s at
0.25 mbar. Paraformaldehyde-fixed suspensions were placed on the grid and incubated for 5 min. The vesi-
cle-attached grid was washed with double-distilled water (ddH2O) 3 times. The samples were stained by add-
ing a drop of 1% uranyl acetate for 1 min and then washed with ddH2O 5 times. After drying for 4 h, samples
were examined with a Tecnai G2 F20 transmission electron microscope (FEI, USA) at 200 kV.

rM81 virus preparation and Raji superinfection. For rM81 virus production, 293/rM81 was induced
by transfection of BZLF1 expression plasmid (p509) and BALF4 expression plasmid (p2670). The medium was
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replaced with fresh RPMI medium at 16 h posttransfection. EBV viral supernatants were harvested after incu-
bation for 4.5 days, and cell debris was removed by centrifuging at 300 � g for 10 min. The culture superna-
tants were then filtered with a 0.45-mm filter. The virus was stored at 4°C. For Raji superinfection, 7.5 � 104

cells/well of Raji cells were seeded in 12-well plates and cultured with the same volume of rM81 EBV and
incubated for 72 h.

Flow cytometry. After EBV superinfection of Raji cells, flow cytometry was used to analyze the infec-
tivity of EBV by measuring the percentage of Raji cells which express GFP. Infected cells were harvested
and resuspended in 1.5 mL of fixing buffer (2% FBS, 2 mM EDTA, and 0.5% paraformaldehyde in PBS)
and then assessed by reading on the BD LSRFortessa flow cytometer (1st CORE, College of Medicine,
National Taiwan University) with BD FACSDiva software.

Mass spectrum analysis. To identify possible BALF2-interacting proteins, pCMV-Flag-BALF2 or pCMV-
tag2B was transfected into TW01-EBV cells with pSG5-Rta to induce EBV replication. At 48 h posttransfection,
cells were washed 3 times with PBS. The cell pellets were lysed with NP-40 lysis buffer (1% NP-40, 50 mM Tris,
pH 8.0, 150 mM NaCl, 2 mM EDTA, and 1 mM Na3VO4) at 3 rpm and 4°C for 2 h. After genomic DNA fragmen-
tation by sonication, the lysates were precleared by incubation with protein A Mag Sepharose beads (GE
Healthcare, 28-9440-06) with rotation at 4°C for 40 min. Precleared lysates were incubated with anti-Flag-M2
antibody (Sigma, F3165) at 4°C for 18 h. The Flag-antibody immune-complexes were precipitated by incuba-
tion with protein A Mag Sepharose beads at 4°C and 3 rpm for 4 h. The beads were washed with NP-40 lysis
buffer at 4°C, with 2 additional washes with PBS at 4°C. Beads were resuspended in the protein sample buffer
and boiled at 95°C for 10 min for SDS-PAGE analysis and subjected to the in-gel digestion procedure to pre-
pare tryptic peptides for the mass spectrometric analysis. Liquid chromatography tandem mass spectrometry
(LC-MS/MS) analysis was performed on an Orbitrap Fusion mass spectrometry (Thermo Scientific, USA)
equipped with a nano-electrospray ion source (New Objective, Woburn, MA). The liquid chromatographic
separation was performed on a self-packed reversed-phase C18 capillary column (75 mm interior diameter
[i.d.] by 200 mm, 3 mm, 100 Å) at a flow rate of 300 nL/min using 0.1% formic acid in water as mobile phase
A and 0.1% formic acid in 80% acetonitrile as mobile phase B. The MS/MS RAW files were converted to mgf
format using MSConvert (v3.0.9134; ProteoWizard) and subjected to Mascot (v2.3; Matrix Science, USA) for
MS/MS ion search. The protein sequence database of Homo sapiens and was obtained from UniProt for MS/
MS data analysis and the detailed protein annotation. The search parameters included an error tolerance for
precursor ions and the MS/MS fragment ions in spectra of 10 ppm and 0.6 Da, respectively. The enzyme cut-
ting site was set at the C-terminal of lysine and arginine with two missed cleavages. The variable posttransla-
tional modifications in the search parameters were assigned to include oxidation of methionine and carbami-
domethylation of cysteine. Peptides were identified with a false-discovery rate (FDR) of,1%.

Coimmunoprecipitation assay. TW01-EBV cells were seeded in 10-cm petri dish and cotransfected
with plasmids expressing GFP-Rab1A and Rta or vector controls with TransIT-LT1 transfection reagent
(Mirus, MIR2304) following the manufacturer’s manual. At 48 h posttransfection (hpt), cell pellets were
lysed with 1 mL RIPA lysis buffer mix (1% NP-40, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% deoxycho-
late, 0.1% SDS with 1 mM Na3VO4, 50 mM NaF and 1� protease inhibitor) at 4°C with rotation at for 2 h.
Precleared lysate containing 500 mg protein was subjected to immunoprecipitation with 1 mg anti-
BALF2 (OT13B) or anti-GFP (GTX113617, GeneTex) at 4°C overnight. The immunocomplexes were col-
lected and washed twice with NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 2 mM EDTA, 50 mM Tris-HCl,
pH 8.0, with 1� protease inhibitor) and once with PBS. All the precipitates were subjected to SDS-PAGE,
and precleared lysates containing 10 mg of protein were loaded as 2% input.

Intracellular DNA isolation. TW01-EBV or 293/rM81 cells were harvested and lysed with digestion
buffer (50 mM Tris-HCl, pH 8.0, 0.125 mg/mL proteinase K, 0.1% SDS, 10 mM EDTA, pH 8.0) and incu-
bated at 55°C for 3.5 h. The cell pellets were passed through 20-gauge needles 20 times. The lysates
were supplemented with 0.5 mg/mL of RNase A and incubated at 55°C overnight. The DNA was purified
with phenol-chloroform extraction followed by ethanol precipitation and resuspended in H2O.

Virion DNA isolation. The culture medium of TW01-EBV cells after reactivation was harvested and
passed through a 0.45-mm polyethersulfone (PES) membrane (Millipore, SLHP033RS). Filtered culture
medium (50 mL) was treated with 2 U DNase I (Thermo Fisher, EN0521) per reaction at 37°C for 1 h, fol-
lowed by 70°C heat inactivation for 30 min to remove virion-free DNA. The sample was then treated
with 50 mg/mL protease K at 50°C for 1 h, followed by 75°C heat inactivation for 30 min.

Quantitative PCR. The qPCR protocol was described previously (62). Briefly, the samples were quanti-
fied using PCR-coupled SYBR green I dye (Invitrogen) to detect the EBV BamHI W fragment or BALF5 (the pri-
mers were forward 59-CCCTGTTTATCCGATGGAATG-39 and reverse 59-GGGTGACGAGGATGGAAA-39) and
human b globin (HBG). The standard curve for qPCR was generated by a 10-fold serial dilution of a mixture
of 104 copies of genomic DNA of 293TetER cells and 5� 106 copies of purified EBV bacmid DNA.
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