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ABSTRACT

Host chromatin assembly can function as a barrier to viral infection. Epstein-Barr virus (EBV) establishes latent infection as
chromatin-assembled episomes in which all but a few viral genes are transcriptionally silent. The factors that control chromatin
assembly and guide transcription regulation during the establishment of latency are not well understood. Here, we demonstrate
that the EBV tegument protein BNRF1 binds the histone H3.3 chaperone Daxx to modulate histone mobility and chromatin as-
sembly on the EBV genome during the early stages of primary infection. We demonstrate that BNRF1 substitutes for the repres-
sive cochaperone ATRX to form a ternary complex of BNRF1-Daxx-H3.3-H4, using coimmunoprecipitation and size-exclusion
chromatography with highly purified components. FRAP (fluorescence recovery after photobleaching) assays were used to dem-
onstrate that BNRF1 promotes global mobilization of cellular histone H3.3. Mutation of putative nucleotide binding motifs on
BNRF]1 attenuates the displacement of ATRX from Daxx. We also show by immunofluorescence combined with fluorescence in
situ hybridization that BNRF1 is important for the dissociation of ATRX and Daxx from nuclear bodies during de novo infection
of primary B lymphocytes. Virion-delivered BNRF1 suppresses Daxx-ATRX-mediated H3.3 loading on viral chromatin as mea-
sured by chromatin immunoprecipitation assays and enhances viral gene expression during early infection. We propose that
EBV tegument protein BNRF1 replaces ATRX to reprogram Daxx-mediated H3.3 loading, in turn generating chromatin suitable
for latent gene expression.

IMPORTANCE

Epstein-Barr Virus (EBV) is a human herpesvirus that efficiently establishes latent infection in primary B lymphocytes. Cellular
chromatin assembly plays an important role in regulating the establishment of EBV latency. We show that the EBV tegument
protein BNRF1 functions to regulate chromatin assembly on the viral genome during early infection. BNRF1 alters the host cel-
lular chromatin assembly to prevent antiviral repressive chromatin and establish chromatin structure permissive for viral gene

expression and the establishment of latent infection.

C ellular chromatin assembly is a highly regulated process re-
quired for the control of programmed gene expression and
genome stability (reviewed in reference 1). DNA viruses that enter
the nucleus are subject to chromatin assembly and chromatin
structures that regulate viral gene expression and replication. Cell-
mediated chromatin assembly may also function to resist viral
infection (2, 3). To ensure the expression of viral genes essential
for productive infections, viruses encode numerous factors that
counteract cellular antiviral resistances such at chromatin-medi-
ated silencing (4, 5). The mechanisms of viral modulation of chro-
matin assembly are not completely understood and may be differ-
ent for each virus and their respective infection strategies.
Almost all viruses that enter the nuclear compartment interact
with prominent nuclear structures referred to as the promyelo-
cytic leukemia nuclear bodies (PML-NBs; also called ND10) (4, 6,
7). PML-NBs are interferon-inducible structures that frequently
form adjacent to viral genomes that just entered the nucleus. The
PML protein forms a major structural component of the PML-
NBs that typically also include Sp100, Daxx, and ATRX (7). They
are disrupted by a variety of virus-encoded proteins, strongly sug-
gesting that PML-NBs are involved in antiviral resistance (8).
Most virus-targeted PML-NB components, such as Daxx, ATRX,
and Sp100, are involved in chromatin regulation and gene repres-
sion. Sp100 represses gene expression from foreign DNA (9, 10).
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Daxx is a transcription corepressor that interacts with cellular
transcription factors (11-15) and heterochromatin associated fac-
tors such as histone deacetylases and DNA methyltransferase 1
(15-18). ATRX, a protein with a SWI/SNF-like ATPase motif
(19), is associated with the establishment of heterochromatin (20,
21). More recently, Daxx has been found to form with ATRX a
chromatin remodeling complex that acts as a histone chaperone of
the histone variant H3.3 (22, 23). Histone H3.3 is loaded on chro-
matin in a DNA replication-independent manner, while H3.1 is
typically assembled by CAF-I during DNA replication (24). H3.3
can be loaded onto transcriptionally active regions by the histone
chaperone HIRA (25). In contrast, Daxx and ATRX have been
found to load histone H3.3 onto pericentric and subtelomeric
chromatin (26) and are associated with the silencing of transcrip-
tion from these regions. Furthermore, Sp100, Daxx, and ATRX
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have been reported to orchestrate host-induced repression of
viral gene expression shortly after viral entry. PML and Sp100
represses herpes simplex virus 1 (HSV-1) gene expression (27),
whereas Daxx and ATRX have been reported to confer hetero-
chromatic markers on viral genomes of both human cytomeg-
alovirus (HCMYV) and adenovirus type 5 (Ad5) (28, 29).

Epstein-Barr virus (EBV) is a human gammaherpesvirus asso-
ciated with several malignancies, including Burkitt’s lymphoma
and nasopharyngeal carcinoma (reviewed in reference 30). EBV is
notable for its propensity to establish latent infections in human B
lymphocytes where the viral genome persists as a chromatinized
episome expressing only a few viral genes (reviewed in references
31 and 32). It is thought that viral chromatin assembly during
primary infection is an important regulator of early viral gene
expression and the establishment of successful latent infection
(33). The establishment of EBV latency requires chromatin con-
trol in order to limit viral gene expression to a small number of
latency-associated genes. However, little is known of how this la-
tent infection is established upon the early stages of primary in-
fection, which has been referred to as the pre-latent phase (34).
Viral chromatin assembly and epigenetic programming are thought
to initiate during this prelatency phase.

The EBV-encoded tegument protein BNRF1 is among the most
abundant viral proteins brought into host cells by the infecting viri-
ons (35). Itisa member of a highly conserved family found in all gam-
maherpesviruses, including KSHV ORF75 (36), MHV68 ORF75¢
(37), and HVS ORF3 (38). Each family member contain sequence
homology to the cellular purine biosynthesis enzyme phosphoribo-
sylformylglycineamide amidotransferase (FGARAT). However, no
enzymatic activity of these viral FGARAT-homology proteins have
been reported. All studied homologs have been reported to disrupt
different components of PML-NB. EBV BNRF1 was previously re-
ported to be important for EBV early infection (39). We recently
found that BNRF1 dissociates ATRX from Daxx and promotes viral
gene expression during primary infection (40). Here, we investigate
whether BNRF1 modifies the histone H3.3 chaperone function of
Daxx. We show that while displacing ATRX from Daxx, BNRF1
forms a stable complex with the histone chaperone complex consist-
ing of Daxx and histone variant H3.3 and H4, displacing ATRX. Con-
sequently, BNRF1 increases histone H3.3 dynamics in the nucleus.
During the prelatency phase of EBV infection, the tegument-deliv-
ered BNRF1 promotes viral gene expression, increases the presence
of transcriptionally active histone marker H3K4 trimethylation
(H3K4me3), and prevents the deposition of histone H3.3, Daxx, and
ATRX on latency control elements. We propose that BNRF1 replaces
the chaperone-guiding function of ATRX to allow productive chro-
matin assembly on EBV genomes during primary infection of B lym-
phocytes, in turn allowing the expression of viral latent genes and the
establishment of latent infection.

MATERIALS AND METHODS

Ethics statement. Human donor blood was collected from anonymous
adult donors by the Wistar Institute phlebotomy lab and approved by the
Wistar Institute Institutional Review Board. Written informed consent
was provided by study participants.

Cells. 293T cells were grown in Dulbecco modified Eagle medium
(DMEM; Mediatech Corning) with 11% fetal bovine serum (FBS; Atlanta
Biologicals), 20 mM GlutaMAX (Gibco), 100 U/ml penicillin, and 100 pl/ml
streptomycin. Mutu I and EBV-negative Akata cells were grown in RPMI
1640 medium (Mediatech Corning) supplemented with 11% FBS. African
green monkey (Vero) cells were maintained in DMEM with 5% FBS. All cells
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were grown in a 5% CO, incubator at 37°C. 293/EBV-wt and 293/ABNRF1
cells were grown in DMEM with 10% FBS and 100 wg/ml hygromycin to
ensure bacmid retention. Primary B cells were isolated from donated human
blood by density gradient centrifugation with Ficoll-Paque Plus (GE Health-
care), followed by use of a Dynabeads Untouched Human B cell isolation kit
(Invitrogen) or EasySep Human B cell enrichment kit (Stemcell Technolo-
gies). Mutu I and EBV-negative Akata cells are EBV-positive and -negative
(respectively) Burkitt’s lymphoma cell lines.

Plasmids. pcDNA3-HA-Daxx was a generous gift from Hsiu-Ming
Shih (41). FLAG-BNRFI expression vector was constructed as described
previously (40). Daxx and BNRF1-FGARAT domain deletions were pro-
duced by site-directed mutagenesis (40). The Daxx interaction domain
(DID; amino acids [aa] 360 to 600 [360-600aa]) of BNRF1 was cloned into
the NotI and Sall sites of a pRSF-GST vector. pRUTH5-Daxx-HBD (183-
398aa) and the bacterial expression vectors of H3.3 and H4 were kindly
provided by Dinshaw Patel (42). For the fluorescence recovery after pho-
tobleaching (FRAP) assays, the BNRF1 (wild type [WT] and mutants)
coding sequence was cloned into the HindIII-Sall sites of the pCMV-
mCherry-C3 expression vector. The plasmids encoding EGFP-H2B (43)
and EGFP-H3.3 (a generous gift from John Th’ng, Northern Ontario
School of Medicine) were constructed as described previously (44). All
plasmid maps and cloning details are available upon request.

Antibodies. Mouse anti-FLAG (F1804), rabbit anti-FLAG (F7425),
anti-Daxx (F7810), anti-B-actin peroxidase antibody (A3854) were pur-
chased from Sigma-Aldrich. Rabbit anti-ATRX (H-300, sc-15408) and
nonspecific rabbit IgG (sc-2027) were purchased from Santa Cruz Bio-
technology. Mouse anti-HA tag (6E2) and Rabbit anti-GST (91G1) anti-
bodies were purchased from Cell Signaling Technology. Rabbit anti-his-
tones H3.3 (catalog no. 09-838), pan-H3 (catalog no. 07-690), and
H3K4me3 (catalog no. 07-473) were purchased from Millipore. Rabbit
serum anti-H3K9me3 (39161) were from Active Motif. Rabbit anti-
PARP1 antibody (ALX-210-895-R100) was purchased from Enzo Life Sci-
ences. Rabbit anti-BNRF1 was raised against the 1296-1318aa fragment of
BNRF1, custom produced by YenZym Antibodies, LLC.

Virus production. Virus was produced using bacmids of the EBV
genome. 293/EBV-wt and 293/ABNRF1 cells (gifts from H. J. Delecluse)
are 293HEK cells stably transfected with the EBV bacmid; the former
contains WT B95-8 viral genome (45), and the latter has the BNRF1 gene
deleted (39). siCtrl and siBNRF1 virus was induced by cotransfecting 293/
EBV-wt cells in 60-mm dishes with expression plasmids of 0.75 pg of
BALF4, 1.5 pg of BZLF1, 5 pl of 40 wM small interfering RNA (siRNA),
and 5 pl per plate of DharmaFECT Duo reagent (Thermo Scientific)
according to the manufacturer’s instructions. All siRNAs were purchased
from Dharmacon Thermo Scientific. siCtrl is ON-TARGETplus Nontar-
geting siRNA 1 D-001810-01-05. BNRF1-targeting siRNAs are custom
designed with Dharmacon’s online design tool, including one with a tar-
get sequence inside the open reading frame (sequence CGAGCAAGGUC
CAGAUCAAUU) and one targeting the 3'-untranslated sequence (se-
quence CAAUAAACCCAAUGUGCAAUU). BNRF1 null virus from 293/
ABNRF1 cells was generated as previously mentioned (40). Mutu virus
was generated by culturing Mutu I cells at a concentration of 0.5 million
cells/ml in 50 to 60 ml of RPMI with 50% spent medium and 50% fresh
medium. The culture medium was supplemented with 1 mM sodium
butyrate and 12-O-tetradecanoylphorbol-13-acetate (TPA) at 20 ng/ml
to induce viral production. All virus-containing supernatants were col-
lected 5 to 7 days postinduction, centrifuged at 1,500 rpm for 10 min, and
filtered through 0.45-m-pore-size filters to remove contaminating cells.
Virus were concentrated by ultracentrifugation at 10,000 X g2 h at 4°C.
Quantitative PCR (qPCR) quantification of the virus titer was performed
as previously described (40).

Immunoprecipitation assays. For Daxx-histone interactions, IP was
performed as described previously (42) with minor modifications. After
NaCl was added to extract nuclear proteins, the samples were sonicated
for 30 s on and 1 min off for 5 min to clear the genomic DNA and then
precleared for 2 h with 50 wl (per IP) of 50% slurry protein A-beads.
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Lysates were centrifuged for 2 min at 3,000 rpm at 4°C to remove beads
and debris. Then, 4 pg of antibodies or 25 pl of FLAG-beads (Sigma
A2220)/IP was incubated overnight. For the IP of native BNRF1 from
Mutu I virus-infected primary B cells, cells were collected 2 days postin-
fection and subjected to IP as described previously (40), with the excep-
tion of using protein A-beads precoupled with nonspecific rabbit IgG or
rabbit anti-BNRF1 antibody. Coupling of antibodies to beads was done
with dimethylpimelimidate as described previously (46). All other IP
methods were performed as described previously (40).

GST pulldown assays. Glutathione S-transferase (GST)-BNRF1-DID
protein was produced in Escherichia coli, which was subsequently purified
with glutathione-Sepharose 4B (Amersham) and dialyzed into binding buffer
(150 mM KCl, 0.01 M Tris-HCI [pH 7.5], 10% glycerol, 0.5 mM EDTA, 1 mM
dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF]). Dig-
nam nuclear extracts were prepared from 9 X 10° Mutu I cells (47). For the
pulldown assay, GST-BNRF1-DID was prebound to glutathione beads, incu-
bated with Dignam nuclear extracts overnight 4°C, and then washed four
times in TEK150 buffer (20 mM Tris [pH 7.5], 150 mM KCl, 0.1 mM EDTA,
1 mM DTT, 1 mM PMSE). Proteins were eluted by boiling samples directly in
Laemmli buffer, followed by Western blot analysis.

Size-exclusion chromatography. GST-BNRF1-DID 360-600aa, His-
tagged Daxx 183-398aa, His-tagged H3.3, and His-tagged H4 were ex-
pressed in E. coli. GST-BNRF1 360-600aa was purified as a soluble protein
in 0.5 M NaCl, 20 mM HEPES, and 0.1 mM TCEP [tris(2-carboxyethyl)phos-
phine], pH 8.0, using glutathione-Sepharose. The tag was removed with
tobacco etch virus (TEV) protease, and the BNRF1 was purified by ion
exchange, followed by gel filtration chromatography using a Superdex S75
column. Daxx, H3.3, and H4 were purified from inclusion bodies as de-
scribed previously (48). Purified Daxx, H3.3, and H4 (or only H3.3 and
H4) were mixed at an equimolar ratio in 8 M urea, dialyzed against 3.5 M
urea, and then extensively dialyzed against 1.0 M NaCl-20 mM HEPES—
0.1 mM TCEP (pH 7.5). We were unable to purify Daxx alone as a soluble
protein. The complexes were then purified by ion-exchange chromatog-
raphy and gel filtration. Purified BNRF1 was then mixed with Daxx/
H3.3/H4 or H3.3/H4 at an equimolar ratio in 1.0 M NaCl-20 mM
HEPES-0.1 mM TCEP (pH 7.5) and loaded onto a Superdex 200 column
equilibrated with the same buffer.

Analysis of H3.3 dynamics by FRAP. Cells were transfected as de-
scribed previously (49), with the following modifications: 2.2 X 10° to
2.4 X 10° Vero cells were transfected with 6 pl of Lipofectamine 2000
(Invitrogen), 6 to 8 g of green fluorescent protein (GFP)-histone plas-
mids, and 5 pg of Cherry-BNRF1 (WT or d26 or dATPase mutants) or
Cherry-C3 plasmids. After 6.5 h of incubation with the transfection mix-
ture, 1 ml of DMEM prewarmed to 37°C was added to the cells. Cells were
seeded onto coverslips the following day and analyzed at least 4 h later.
The bulk of GFP-histone H3.3 is incorporated into chromatin at this time
(44). Histone mobilization was evaluated by FRAP as described previously
(49). Fluorescence within the photobleached region was normalized to total
nuclear fluorescence and expressed relative to the normalized fluorescence of
the same region before photobleaching to account for differences between
GFP-H3.3 expression levels between cells. The relative free pool and slow
exchange rate were obtained by expressing the relative fluorescence intensity
of cells expressing detectable levels of WT, d26, or dATPase red fluorescent
protein (RFP)-BNRF1 or free RFP as a ratio to that of cells not expressing
detectable levels on each coverslip. More than 15 cells per treatment from at
least three independent experiments were quantitated. Statistical significance
was tested using one-tailed Student ¢ test.

Primary infection for testing prelatency stage events. Primary B lym-
phocytes were mixed with concentrated EBV at a ratio of 100 viral DNA
copies per cell (multiplicity of infection [MOI] of 100) for bacmid-pro-
duced virus or an MOI of 30 for Mutu strain virus. The B cell-virus mix-
ture was seeded at 0.8 million cells in 0.5 ml virus per well in 48-well plates,
spun down at 1,200 rpm for 5min, and then incubated at 37°C for 3 to 4 h.
Half of the viral media was then replaced with fresh RPMI medium. In-
fected cells were harvested at 72 h postinfection (hpi; or the specified time
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points for time course studies) and washed with phosphate-buffered sa-
line (PBS) to remove potentially contaminating loosely attached virions.
ChIP. Chromatin immunoprecipitation (ChIP) was performed as
previously described (50), with minor modifications (delineated in refer-
ence 51). Specifically, cells were cross-linked with 2 mM EGS (Thermo
Pierce, catalog no. 21565) in PBS for 45 min, followed by 1% formalde-
hyde for 20 min, and then quenched with 0.125 M glycine. Pulled-down
DNA fragments were analyzed by real-time PCR (data not shown).
IF-FISH. EBV-infected primary B cells were harvested, washed in PBS,
and mounted onto slides by cytospin (Shandon Cytospin 3; Thermo
Fisher) at 1,000 rpm for 5 min. To visualize Daxx and ATRX, indirect
immunofluorescence (IF) was performed as previously described (52). In
preparation for subsequent fluorescent in situ hybridization (FISH), slides
were fixed again in 1X PBS with 3% paraformaldehyde for 10 min, incu-
bated in 0.1 M HCI-0.7% Triton in 1X PBS for 10 min on ice—with 2X
SSC (1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate) washes before
and after, and then air dried. FISH detection of viral DNA was carried out
as previously described (53). Samples were photographed with a Nikon
E600 microscope using a 60X objective lens in conjunction with Image-
Pro 7.0 software.
RT-qPCR assay. Reverse transcription (RT)-qPCR assay of viral gene
expression was performed as previously described (40; unpublished data).
shRNA-mediated knockdown of Daxx and ATRX. EBV-negative
Akata cells were infected with shRNA-carrying lentivirus and then se-
lected with puromycin as described previously (40). All shRNA lentivirus
constructs are gifts from Roger Everett.

RESULTS

BNRF1 interacts with the histone binding domain of Daxx.
Daxx and ATRX form a histone H3.3 chaperone complex (22), the
structure of which was recently published (42). We first sought to
locate the site on Daxx that BNRFI interacts with, specifically
seeking to determine whether this interaction site overlaps with
the Daxx histone-binding domain (HBD). Several mutations were
introduced into a hemagglutinin (HA)-tagged Daxx expression
construct, including deletions of sequences amino terminal (AN),
within (AHBD), and carboxy terminal (AC) to the HBD at 178 to 389
aa (42). We also made an HBD-only construct by deleting N- and
C-terminal flanking regions (Fig. 1A). HA-Daxx constructs were
cotransfected with FLAG-tagged BNRF1 into 293T cells, and cell ly-
sates were subject to immunoprecipitation (IP) with FLAG-affinity
beads. FLAG-BNRFI copurified with wild-type (WT), AN, AC, and
HBD-alone Daxx constructs but not AHBD (Fig. 1B). No Daxx pro-
teins were immunoprecipitated in control transfections lacking
FLAG-BNRF1 (data not shown). These results indicate that BNRF1
interacts selectively with the Daxx HBD domain.

BNRF1 forms a complex with Daxx and the histone H3.3/H4
tetramer. The observation that BNRF1 interacts with the HBD of
Daxx raised the possibility that BNRF1 may interfere with H3.3
loading by steric hindrance of Daxx-histone interaction. To test
this possibility, we transfected 293T cells with HA-Daxx, with or
without GFP-BNRFI, and FLAG-tagged histone variant H3.1 or
H3.3. Transfected cell lysates were subject to IP assay with anti-
Daxx or anti-FLAG (histone) (Fig. 1C). As expected, anti-Daxx
pulled down more FLAG-H3.3 than FLAG-H3.1. Daxx also pulled
down BNRF1 as previously reported (40). Interestingly, the inter-
action was enhanced in the presence of FLAG-H3.3. Importantly,
FLAG-IP of histone H3.3 pulled down both Daxx and BNRFI.
The BNRF1-Daxx-H3.3 interaction was selective for H3.3 since
the FLAG pull down of H3.1 yielded 3-fold less Daxx and BNRF1
than FLAG-H3.3 pull downs (Fig. 1C, compare lanes 8 and 16 to
lanes 2 and 10). This is consistent with published studies showing
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FIG 1 BNRFI binds Daxx on its histone-binding domain (HBD) and copurifies with histone H3.3. (A) Diagram of HA-Daxx deletion constructs with functional
domains indicated. (B) Immunoprecipitation (IP) assay of FLAG-BNRF1 and HA-Daxx deletion constructs, visualized by Western blotting. The input (6%) of
each IP is shown in the left. (C) IP assay of FLAG-tagged histone H3.1 or H3.3 with Daxx and BNRF1, analyzed by Western blotting. (B and C) Molecular masses

(in kilodaltons) are shown on the left.

that Daxx interacts with H3.3 with greater affinity than with H3.1
(22). These results suggest that BNRF1, instead of disrupting
Daxx-H3.3 binding, forms a complex with both Daxx and H3.3.
To further test the formation of a BNRF1/Daxx/H3.3 complex,
the Daxx interaction domain (DID) of BNRF1 (40) was cloned as
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a GST-tagged construct (Fig. 2A). Purified bacterially produced
GST-BNRF1-DID or GST alone was immobilized on glutathione-
Sepharose beads and coincubated with nuclear protein extract
from Mutu I human B cell-lymphoma cell lines. After extensive
washing, interacting proteins were analyzed by Western blotting.
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FIG 2 The Daxx interaction domain (DID) of BNRF1 forms a complex with the Daxx/H3.3/H4 complex. (A) Diagram of GST-tagged BNRF1 DID construct. (B) GST
pulldown of BNRF1-interacting nuclear proteins. Purified GST-BNRF1-DID or GST alone was used to pulldown cellular proteins from Mutu I cell nuclear extract. Total
nuclear extract (input) and eluted proteins from GST alone or GST-BNRF1-DID were analyzed by Western blotting and probed for Daxx, histone H3.3 and GST, with
ATRX and PARP probed as negative controls. Molecular masses (in kilodaltons) are shown on the left. (C) (i to iv) Gel filtration chromatograms of BNRF1-DID and
Daxx/H3.3/H4 complexes. Bacterially produced, purified BNRF1-DID, H3.3/H4 tetramer, and Daxx/H3.3/H4 complex were passed through a Superdex S75 column in
different combinations. (vi to x) Fractions were collected and analyzed by SDS-PAGE and Coomassie blue staining.

Both Daxx and histone H3.3 bound to GST-BNRF1-DID but did
not bind to the GST control (Fig. 2B). Complex formation was
specific to Daxx and H3.3 since neither ATRX nor the nuclear
enzyme poly(ADP-ribose) polymerase (PARP) were pulled down
by GST-BNRF1-DID. These results further support the model
that BNRF1 forms complexes with Daxx and histone H3.3.

To determine whether formation requires any additional cel-
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lular factors, purified BNRF1-DID was incubated with purified
bacterially produced Daxx-HBD and recombinant histones H3.3
and H4. Complex formation was then analyzed by size-exclusion
chromatography (Fig. 2C). As expected, H3.3/H4 ran with a stoi-
chiometry of ~1:1, DAXX/H3.3/H4 as ~1:1:1, and BNRF1-DID
as a monomer (~35 kDa). When BNRF1-DID was coincubated
with preformed H3.3/H4 tetramers, the proteins migrated as dis-
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FIG 3 FGARAT homology domains of BNRF1 are essential for dissociation of ATRX from Daxx. (A) Sequence comparisons of EBV BNRF1 with other
homologous genes, including KSHV ORF75, MHV68 ORF75¢, human FGARAT, and Salmonella Typhimurium PurL. Arrowheads denote residues on Salmo-
nella PurL that form hydrogen bonds with ADP (54). (B) Diagram of FLAG-BNRF1 constructs with deletions in FGARAT-homology conserved regions. (C)
IP-Western assay of FLAG-tagged BNRF1 FGARAT-homology mutants in transfected 293T cells and probed for association with Daxx and ATRX.

tinctly separate peaks at positions identical to the individual com-
ponents. However, when BNRF1-DID was incubated with pre-
formed DAXX/H3.3/H4 complexes, the proteins comigrated,
with an apparent stoichiometry close to 1:1 for BNRF1 with the
DAXX/H3.3/H4 complex. This shift in mobility indicates that
BNRF1 forms a cocomplex with Daxx and H3.3/H4. The findings
also indicate that Daxx is required for BNRF1 interaction with
histones H3.3 and H4.

The FGARAT homology domains of BNRF1 is important for
Daxx-ATRX disruption. The selective conservation of FGARAT-
like amino acid sequences at the C termini of all gammaherpesvi-
rus BNRF1-ORF75 homologues suggests that this domain is func-
tionally important for the gammaherpesvirus life cycle. Although
we have not yet found a functional link of BNRF1 with the con-
served function of FGARAT in purine metabolism, we tested if
this enzyme homology is linked to the ability of BNRF1 to disrupt
the Daxx-ATRX complex. To test this hypothesis, we introduced
small deletions targeting regions of BNRF1 that are homologous
to conserved functional domains in the FGARAT gene (Fig. 3A
and B, aligned to the Salmonella enterica serovar Typhimurium
homologue PurL). The dATPase (dA) and dPurL2 (dP) deletions
target highly conserved domains with residues that were found to
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form hydrogen bonds with an ADP molecule cocrystalized with
FGARAT (54), while the dGATasel deletion (dG) covers residues
important in the glutaminase domain of FGARAT. The ability of
these mutants to interact with Daxx and disrupt Daxx-ATRX
binding was tested by IP-Western blot assays performed on 293T
cells transfected with empty FLAG vector (V), FLAG-tagged
WT or enzymatic mutants (dP, dA, and dG) of BNRF1 (Fig.
3C). We found that WT and all enzymatic mutants of FLAG-
BNRF1 coimmunoprecipitated with Daxx. However, in con-
trast to WT BNRFI, none of the mutants could disrupt ATRX
interaction with Daxx (Fig. 3C, lane 17, ATRX panel). These
results suggest that the FGARAT homology of BNRF1 is impor-
tant for displacing ATRX from the Daxx-ATRX complex and
thus critical for its biochemical function.

WT BNRF1, but not the d26 or dATPase mutants, mobilizes
core histone H3.3. The observations that BNRFI replaces ATRX
from the Daxx-ATRX histone H3.3 loading complex suggest the
possibility that BNRF1 may modulate the chromatin remodeling
functions of Daxx, which should affect histone dynamics. Global
histone dynamics can be measured in living cells using FRAP with
fluorescently tagged histones (55). We sought to determine
whether BNRF1 was sufficient to increase the pool of histone H3.3
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FIG 4 WT BNRFI1 mobilizes histone H3.3, whereas the d26 or dATPase mutants do not. (A) Images of nuclei expressing GFP-H3.3 only, or GFP-H3.3 and WT
or d26 BNRFI, at three different time points. Time (T) = 0 s is immediately prior to photobleaching, T = 1 s is immediately after photobleaching. The relative
fluorescence of the photobleached region at T'= 1 s is representative of the free pool of GFP-H3.3. (B and C) FRAP analysis of histone H3.3 in cells expressing
detectable levels of REP-BNRF1 compared to cells with no detectable RFP signal. Line graphs present the relative normalized fluorescence intensity of the
photobleached nuclear region plotted against time; averages = the standard errors of the mean (SEM) are indicated. Signal readouts from cells that coexpressed
detectable levels of GFP-H3.3 and WT (B) or d26, dATPase RFP-BNRF1, or free RFP (C) are shown in red; signal readouts from cells that expressed detectable
levels of only GFP-H3.3 are shown in green. (D) Bar graphs present the free pool of GFP-H3.3 in cells expressing detectable levels of WT, d26, or dATPase
RFP-BNRF1 or free REP, relative to the levels in cells expressing detectable levels of only GFP-H3.3 on the same coverslip; averages = the SEM are shown. *, P <
0.05; **, P < 0.01. (E) Average slow GFP-H3.3 exchange rate in cells expressing detectable levels of WT, d26, or dATPase RFP-BNRF1, or free RFP, relative to cells
expressing detectable levels of only GFP-H3.3 on the same coverslip; averages = the SEM are shown. *, P < 0.05; **, P < 0.01.

not bound in chromatin at any given time and whether this mech-
anism was dependent on the Daxx interaction or the putative
ATPase domain. We evaluated the kinetics of FRAP of GFP-H3.3
(44), which isloaded onto chromatin by the Daxx-ATRX complex
(22). Cells expressing detectable levels of WT BNRF1 had signifi-
cantly faster fluorescence recovery in the photobleached region
than cells not expressing detectable levels of WT RFP-BNRF1 (Fig.
4A and B, compare red to green lines). In contrast, this accelerated
fluorescence recovery was not observed in cells expressing detect-
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able levels of RFP-BNRF1-d26, RFP-BNRF1-dATPase, or free
RFP (Fig. 4C).

Mobilization of GFP-H3.3 in cells that coexpressed detectable
levels of WT or mutant RFP-BNRF1 was next normalized to their
mobilization in BNRF1-nonexpressing cells on the same cover-
slip. We then analyzed the relative fluorescence intensity of the
photobleached nuclear region immediately after photobleaching,
which reflects the pool of free histones. We found that BNRF1 was
sufficient to increase the free pool of H3.3 by 34% = 10% (P <
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FIG 5 Viral gene expression in the prelatency phase is repressed by ATRX in the absence of BNRF1. (A) Western blot validation of shRNA-mediated Daxx or
ATRX depletion in EBV-negative Akata cells, with nontargeting shNeg as a negative control. (B) qPCR assay of viral gene expression in Daxx/ATRX-depleted
EBV-infected cells. EBV-negative Akata cells with Daxx or ATRX depleted were infected with ABNRF1-bacmid produced virus and collected 48 hpi for gqRT-PCR
quantification of mRNA levels. **, Statistical significance (P < 0.01) as determined by a one-tailed Student t test. Error bars indicate the standard deviations (SD).
(C) Confirmation of siRNA-mediated BNRF1 depletion in virus producer 293 cells by Western blotting. Wild-type or BNRF1-knocked-down virus was collected
from 293 producer cells stably transfected with EBV genomes and treated with control (siCtrl) or BNRF1-specific siRNA (siBNRF1). This batch of virus was used
for the ChIP assays in Fig. 8A. (D) qPCR assay of latent viral gene expression in siCtrl or siBNRF1 EBV-infected primary B lymphocytes collected at 72 hpi.

0.01) (Fig. 4D). In contrast, the free pool of H3.3 showed no sig-
nificant changes in d26, dATPase, or RFP vector-expressing cells.

The slow exchange rate of H3.3 was also studied by analyzing
the fluorescence recovery rate at the later times, 20 to 100 s after
photobleaching. H3.3 slow exchange rate was 90% = 43% greater
in cells expressing detectable levels of WT BNRF1 than in those
with no detectable BNRF1 (P < 0.05). In contrast, the rate was not
greater in cells expressing detectable levels of d26, dATPase, or free
RFP than in cells expressing detectable levels of only GFP-H3.3
(Fig. 4E). However, the variability in the slow exchange rates did
not allow reaching statistical significance when we compared WT
to mutant forms of BNRF1.

Thus, WT BNRF1 is sufficient to mobilize histone H3.3, in-
creasing their levels available in the free pools and augmenting
H3.3 slow chromatin exchange rates. The Daxx-interaction-defi-
cient (d26) or ATRX-disruption-deficient (dATPase) mutants, in
contrast, are unable to induce H3.3 mobilization.

Higher levels of viral gene expression during early infection
in the absence of ATRX. ATRX and Daxx has been associated with
antiviral resistance in the form of repression of HSV-1 and HCMV
viral gene expression (56, 57), while Daxx-ATRX loaded histone
H3.3 has also been linked with gene repression of a CMV promot-
er-driven plasmid (58). We reasoned that the disruption targets of
BNRF1, Daxx and ATRX, may repress EBV gene expression. To
test this, we measured viral gene expression during EBV primary
infection of cells with Daxx or ATRX knocked down. For these
shRNA depletion experiments, we utilized an EBV-negative Akata
Burkitt lymphoma cell line that could be selected after lentivirus
shRNA infection and subsequently infected with EBV to evaluate
early events after primary infection. EBV-negative Akata B cells
were transduced with shRNA-expressing lentivirus, targeting
Daxx (shDaxx), ATRX (shATRX), and also a nontargeting shRNA
(shNeg). Knockdown efficiencies are shown in Fig. 5A. shRNA-
expressing cells were then infected with EBV virus produced from
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BNRF1-null (ABNRF1) bacmids (39). Infected cells were har-
vested 72 hpi, and viral mRNA levels were analyzed by RT-qPCR
(Fig. 5B). When ATRX was knocked down (ShATRX), there was a
significant increase in viral latent gene expression levels (specifi-
cally EBNA2 and LMP2). However, the effects of shATRX on
BZLF1 expression were too small to reach statistical significance.
Whereas the knockdown of Daxx (shDaxx) did not show any sig-
nificant difference from the negative control (shNeg). These re-
sults suggest that ATRX is a repressor of EBV prelatency gene
expression during primary infection and that BNRF1 is required
to neutralize ATRX-mediated repression.

BNRF1 siRNA-depleted virus fails to produce latent tran-
scripts. With BNRF1 forming an alternate complex with Daxx-
histones and mobilizing histones, we aimed to study the effects of
BNRF1 on viral chromatin assembly in the early establishment of
EBV latent infection. Previous studies utilized a recombinant EBV
with a truncation in the BNRF1 gene, which was characterized to
be unable to express viral genes upon primary infection of B lym-
phocytes (39). To overcome technical difficulties we encountered
with producing virus from the BNRF1-truncated bacmid, we gen-
erated BNRF1 depleted virus by using siRNA during viral produc-
tion from the WT EBV bacmid. 293 cells stably carrying the EBV
genome bacmid were transfected with the EBV transactivator Zta
and BALF4 to induce viral production. These virus production
cells were also cotransfected with nontargeting (siCtrl) or BNRF1-
targeting (siBNRF1) siRNA. The knockdown efficiency in virus
producer cells is shown in Fig. 5C. Since only the protein, but not
the coding DNA, of BNRF1 is repressed by siRNA, any phenotype
of siBNRF1 is likely due to the lack of tegument-delivered, rather
than de novo-synthesized BNRF1 or any potential defect on the
viral genome. This method also improved the production and infec-
tivity of BNRF1-null virus. We first tested the siBNRF1 virus infection
system to evaluate whether the absence of BNRF1 protein in the teg-
ument also resulted in gene expression failure. Viruses that infected B
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FIG 6 Tegument-derived BNRF1 is stable and interacts with Daxx during early infection, whereas no de novo expression of BNRF1 could be detected. Mutu I
strain EBV-infected primary B lymphocytes in the prelatency phase were collected in a time course and subject to Western blot analysis of BNRF1 protein (A) and
qPCR assay of viral gene transcripts (B). Error bars indicate the SD. (C) EBV-infected B cells were collected 2 days postinfection and subject to immunoprecipi-

tation with BNRF1 antibody-conjugated beads.

cells in the absence of BNRF1 (siBNRF1) failed to express several
latency-associated viral genes, including EBNA2, EBNA1, LMP1, and
LMP2A (Fig. 5D), as expected (40). These results indicate that the
absence of BNRF1 protein in the tegument results in a failure of viral
gene expression during early infection.

Native BNRF1 protein interacts with Daxx during early in-
fection of primary B lymphocytes. To better understand the
function of BNRF1 during primary infection, we first assayed the
expression levels of BNRF1 during de novo infection. Primary B
cells were infected with Mutu I derived virus and infected cells
extracts were assayed by Western blotting at various times. We
found that BNRF1 protein levels peak at ~24 hpi and then dimin-
ish to a much lower, but clearly detectable levels by 96 hpi (Fig.
6A). This suggests that BNRF1 may be supporting infection up to
2 to 4 days postinfection. The slight increase in BNRF1 at 24 hpi
relative to 6 hpi may result from additional cell infections during
this time, or it could be due to de novo-produced BNRF1. To test
the latter possibility, we tested Mutu-infected B cells for the pres-
ence of viral mRNA transcripts (Fig. 6B). As controls, we tested the
immediate-early gene BZLF1, the latent genes EBNA2 and
LMP2A, and late genes gB and gp350. In accordance with prior
reports (59), EBNA2 mRNA could be detected as early as 8 hpi,
whereas all other genes, including BNRF1, were not detectable up
to 96 hpi. To understand the protein interactions of native
BNRF1, we harvested more EBV-infected primary B cells at 2 days
postinfection and assayed BNRF1-Daxx interaction by immuno-
precipitation with anti-BNRF1 antibody-conjugated beads (Fig.
6C). We found that Daxx could indeed be pulled down with
BNRF1 antibodies, but not by control IgG, from these extracts.
We conclude that during early infection in B cells, the majority of
BNRF1 is tegument derived, that this BNRF1 is stable enough to
persist through the first 3 days postinfection, and that native virus-
delivered BNRF1 could interact with cellular Daxx.

Tegument-delivered BNRF1 disperses Daxx/ATRX and pre-
vents Daxx/ATRX from localizing next to viral DNA upon pri-
mary infection. Biochemical protein interaction assays suggest
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that BNRF1 disassembles Daxx-ATRX. However, we have not
shown direct evidence of BNRF1 disruption of Daxx-ATRX in
primary infection. It was also unclear whether the siBNRF1 virus
could deliver its genome into the host nucleus. We thus tested
infection of primary B lymphocytes using virus produced in
siBNRF1 or siCtrl-treated cells and stained the infected cells for
Daxx or ATRX and EBV viral DNA by immunofluorescence cou-
pled with fluorescent in situ hybridization (IF-FISH) at the 72-hpi
time point. Infected cells were stained with Daxx or ATRX anti-
bodies (red signal) and then the viral genomes were in situ hybrid-
ized with prelabeled EBV viral DNA fragments (green signal).
FISH signals were present in infected cell nuclei regardless of the
presence or absence of BNRF1, indicating that genomes are deliv-
ered to the nucleus in the absence of BNRF1 (Fig. 7A and B).
Furthermore, we found two phenotypes of ATRX and Daxx nu-
clear staining patterns (Fig. 7): highly speckled nuclear bodies and
less distinct foci with a highly dispersed background staining. Both
speckled and dispersed patterns were expected regardless of infec-
tion conditions, since nuclear bodies were known to be disassem-
bled during mitosis (60). However, the dispersed patterns looked
reminiscent of the dispersed ATRX foci in 293T cells transiently
transfected with FLAG-BNRF1 (40) and was likely to be increased
as a result of BNRF1-mediated disruption (Fig. 7Aii and Bii). In-
deed, there was a significantly higher rate (71%) of dispersed
ATRX pattern (Fig. 7A) in infections in the presence of BNRF1
(siCtrl) than in the absence of BNRF1 (siBNRF1). When the
speckled versus dispersed patterns in infected cells (green FISH
signal positive) were quantified (Fig. 7C), we found a significantly
higher rate (71%) of dispersed ATRX pattern (Fig. 7A) in infec-
tions in the presence of BNRF1 (siCtrl) than in the absence of
BNRF1 (siBNRF1, 38%) (Fig. 7C). The rate of Daxx dispersion
(Fig. 7B and C) was also higher in siCtrl (73%)- than in siBNRF1
(26%)-infected cells, as expected. These results suggest that tegu-
ment-delivered BNRF1 displaces both Daxx and ATRX during
primary infection, likely preventing their transcriptional repression
and antiviral resistance activities. In the absence of BNRF1 (siB-
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NRF1), we also noticed an increase of viral DNA localizing right next
to Daxx or ATRX foci (Fig. 7Aiii, Biii, and D), supporting the ChIP
findings that BNRFI prevents Daxx and ATRX association with viral
chromatin. These data suggest that through spatial relocalization of
Daxx and ATRX, tegument-delivered BNRF1 could disrupt Daxx-
ATRX-mediated resistances in vivo during primary infection.
BNRF1 prevents ATRX and H3.3 loading while promoting
active chromatin marks on viral chromatin. EBV viral DNA en-
ters the cell devoid of histones, and H3.3 is the only histone H3
variant that is loaded independently of DNA replication (25).
Since Daxx selectively loads histone variant H3.3, we hypothesize
that BNRF1-dependent disruption of Daxx-ATRX may prevent or
regulate histone H3.3 loading on viral chromatin. We tested this
model using ChIP assays on B lymphocytes infected with EBV in
the presence (siCtrl) or absence of BNRF1 (siBNRF1). Infected
human primary B cells were collected at 72 hpi and cross-linked.
At 72 hpi, tegument-delivered BNRF1 is just starting to decay,
while the first expressed latent gene EBNA2 has started to be ex-
pressed. Several EBV loci were tested, including a CTCF binding
site next to the terminal repeats (CTCF 166), the first activated
latent promoter Wp, the immediate-early promoter Zp, and a
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region in the EBNA2 gene body as an example of a region that is
presumably less regulated. H3.3 chromatin binding increased in
cells infected with BNRF1-knockdown (siBNRF1) virus com-
pared to WT (siCtrl) virus (Fig. 8A, top two panels). We tested
whether the change in H3.3 loading was associated with changes in
histone chaperone access to viral genome. ATRX and Daxx binding
onviral DNA was increased in the absence of BNRF1 (siBNRF1) (Fig.
8B). H3.3, Daxx, and ATRX binding was elevated at most viral loci
tested in the siBNRF1 virus-infected cells. Of all sites tested, the
most prominent enrichment of H3.3 was located at Wp, which is
among the earliest activated viral promoters driving EBNA2 ex-
pression in the prelatency phase (61).

H3.3 loading increased and viral gene expression was inhibited
in siBNRF1 infected cells. However, H3.3 association with active
or repressive chromatin appears to be genomic region and chap-
erone dependent. We thus further tested by ChIP, the presence of
active (H3K4me3) and repressive (H3K9me3) chromatin markers
on viral genomes during early infection (Fig. 8A, lower two pan-
els). Although no H3K9me3 was found on early infection viral
genomes, we found more H3K4me3 active markers in cells in-
fected in the presence of BNRF1 (siCtrl) then in the absence of
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FIG 8 BNRF1 decreases histone H3.3, Daxx, and ATRX binding and promotes H3K4me3 accumulation in viral genomic regions. BNRF1-depleted EBV-infected
primary B lymphocytes in the prelatency phase were tested for histone H3.3, Daxx, and ATRX binding on viral DNA. Human primary B lymphocytes infected
with siCtrl- or siBNRFI-treated cell-produced virus were collected at 72 hpi and subjected to ChIP to test for H3.3, H3K4me3, and H3K9me3 (A) and Daxx or
ATRX (B) binding on viral genomic regions by gPCR. The regions tested included the following: a CTCF binding site close to the terminal repeats (CTCF 166);
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normalized to the average pan-H3 values.

BNRF1 (siBNRF1). To control for differentlevels of histone H3 on
viral genomes in the two infection sets, we tested H3K4me3 and pan-
histone H3 binding, alternatively analyzing the H3K4me3 ChIP lev-
els normalized to total histone H3 levels in the same region (Fig.
8C). The increased presence of H3K4me3 on viral control regions
in cells infected with BNRF1-knockdown (siBNRF1) virus com-
pared to wild-type (siCtrl) virus was also evident in the normal-
ized data. These results suggests that BNRF1, which dissociates
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ATRX from Daxx, inhibits the deposition of histone H3.3, in-
creases the active marker H3K4me3 on the viral genome, and in
turn promotes the viral gene expression required for latency es-
tablishment during early infection.

DISCUSSION

DNA viruses may require host chromatin regulatory processes to
protect and regulate their genomes, and yet these same host pro-
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cesses can form repressive chromatin that blocks viral gene ex-
pression. In this respect, chromatin remodeling processes become
a critical point of conflict between host and virus. Herpesvirus-
encoded tegument proteins play a key role in regulating viral gene
expression during early infection, typically targeting host intrinsic
resistances such as PML-NBs. Here, we find that the EBV-encoded
tegument protein BNRF1 modulates viral chromatin assembly by
altering the histone H3.3 chaperone complex of Daxx-ATRX. We
find that BNRF1 replaces the histone cochaperone ATRX to form
a ternary complex of BNRF1, Daxx, and histone H3.3/H4 but not
histone H3.1. Mutations in motifs conserved across gammaher-
pesviruses prevent BNRF1 from displacing ATRX from Daxx
while retaining the Daxx-interaction function. BNRF1 can mobi-
lize and increase the free pool of histone H3.3, an activity that is
lost in ATRX disruption-deficient mutants. IF-FISH and ChIP
assays on primary infection reveal that BNRF1 prevents Daxx/
ATRX-mediated assembly of histone H3.3 and promotes more
active histone marks at key regulatory elements in the viral ge-
nome. Taken together, these findings support a model whereby
EBV tegument protein BNRF1 modulates a host histone chaper-
one complex to ensure the expression of essential viral latent
genes. These findings suggest that ATRX-associated chromatin
assembly acts as an intrinsic antiviral resistance that can be dis-
abled by tegument proteins like BNRF1to promote viral gene ex-
pression programs.

The chromatin-associated factors that BNRF1 targets have im-
portant functions in cellular gene regulation and genome mainte-
nance. Mutations in Daxx, ATRX, and H3.3 are found with high
frequency in several human cancers (62, 63). Mutations in these
factors have been correlated with an increase in homologous re-
combination and the alternative lengthening of telomere (ALT) in
these cancer cells (64). The histone variant H3.3 is assembled in a
DNA replication-independent manner by the histone chaperones
HIRA or Daxx-ATRX. Loading of H3.3 by HIRA is associated with
transcription activity (25). On the other hand, loading of histone
H3.3 by Daxx-ATRX is associated transcriptional repression, par-
ticularly at repetitive GC-rich telomeric repeats (26), pericentric
DNA repeats (65), and a CMV promoter-driven transgene array
(58). Mutations in ATRX are also known to cause alpha-globin
thalassemias and X-linked mental retardation syndromes where
the underlying pathogenesis has been linked to defective chroma-
tin assembly at repetitive DNA (66).

Daxx, ATRX, and H3.3 have also been implicated in the con-
trol of viral gene expression during infection. Herpesviral DNA in
virions is devoid of histones (67) and is only loaded with histones
after entry in the nucleus. For HSV-1, histone H3.3 is loaded on
the viral genome immediately upon nuclear entry and then re-
placed with histone H3.1 after initiation of viral DNA synthesis
(68). For human CMV, Daxx silencing prior to infection resulted
in a decrease of heterochromatic marks on the major viral immedi-
ate-early promoter (MIEP) and an increase in viral gene expression
(28). Similarly, Ad5 encodes proteins that target ATRX degradation
to prevent the assembly of H3.3 and transcriptional repression of
essential viral genes (29). Taken together, these reports suggest that
Daxx-ATRX loading of H3.3 contributes to antiviral resistance by
establishing repressive heterochromatin on viral genomes.

The findings presented here indicate that BNRF1 prevents re-
pressive chromatin formation onto the EBV genome during pri-
mary infection of B lymphocytes. Both ChIP and IF-FISH assays
demonstrate that Daxx, ATRX, and histone H3.3 occupancy at the

December 2014 Volume 88 Number 24

EBV Tegument BNRF1 as a Histone Chaperone

viral genome increases after infection with virus prepared from
BNRF1-depleted cells (Fig. 6 and 7). The BNRF1-dependent de-
crease in H3.3 loading on the viral genome is consistent with the
FRAP observation that BNRF1 increases the free pool of H3.3 (Fig.
4B). We also show that BNRF1-deficient virus can be partially
rescued in host cells with ATRX depleted (Fig. 5B). Surprisingly,
depletion of Daxx did not result in the rescue of BNRF1-deficient
virus, suggesting that ATRX is the limiting factor or that Daxx and
ATRX have nonredundant functions in viral gene regulation. Re-
gardless, our findings suggest that ATRX is a principal restriction
factor for EBV chromatin regulation during primary infection.
We propose that BNRFI selectively replaces ATRX from the
Daxx-H3.3/H4 complex to prevent the assembly of repressive
H3.3 chromatin on the viral genome.

The importance of BNRF1 to viral infection and gene expres-
sion is underscored by its evolutionarily conservation among all
gammaherpesvirus family members. All known gammaherpesvi-
ruses contain a BNRF1 homologue found in the tegument, includ-
ing KSHV ORF75, HVS ORF3, and MHV68 ORF75¢ (Fig. 3A).
The homology is found exclusively in a domain that contains se-
quence homology to a cellular purine biosynthesis enzyme, FGA-
RAT, which hydrolyzes ATP to transfer an amino (NH,) group
from glutamine to its substrate. The precise function of this FGA-
RAT domain in viral proteins is not yet known. Nevertheless, we
found that the conserved ATPase and glutamine amidotransferase
(GATasel) domains were important for disrupting ATRX from
the Daxx-histone complex (Fig. 3C). All viral FGARAT family
members target PML-NBs. However, each of these proteins func-
tions through different mechanisms of disrupting PML-NB func-
tion. The MHV68 ORF75c¢ degrades PML (37), and HVS ORF3
degrades Sp100 (38). Although KSHV ORF75 does not interact
directly with Daxx, it has recently been found to relocate PML and
Sp100 away from PML-NBs and likely degrades ATRX during
both early infection and lytic reactivation in an endothelial cell
line (36). Notably, all reports of viral FGARAT-induced protein
degradations were investigated in epithelial model systems where
gammaherpesviruses preferentially undergo lytic replication
shortly after infection. In our study, we focused on the effects of
EBV BNRF1 in B lymphocytes, where a programmed latency is the
predominant outcome. BNRF1 showed a nondegradation path-
way of modifying Daxx-ATRX in these cells. Cell type dependen-
cies were similarly observed for HCMV tegument protein pp71,
which disrupted Daxx-mediated repression in differentiated cells
supporting productive infection and yet failed to prevent repres-
sion in undifferentiated cells where productive infection was not
supported (69, 70). Therefore, a comparison of BNRF1 function
in lymphocytes versus epithelial cell types may shed light onto the
mechanism whereby EBV enters latency or lytic replication cycles.

In conclusion, we show that the host antiviral resistance or-
chestrated by Daxx, ATRX, and histone H3.3 can be altered by
EBV tegument protein BNRF1. BNRFI replaces ATRX in the Daxx-
ATRX histone chaperone complex and can stimulate the global mo-
bilization of histone H3.3. BNRF1 is essential for the early steps of
viral infection since its absence results in increased Daxx, ATRX,
and H3.3 binding on viral chromatin and shutdown of latent viral
gene expression. BNRF1 controls the process of viral chromatin
assembly in preparation for the establishment of persistent latent
infection by EBV. These findings also demonstrate that host chro-
matin assembly is an important form of host cell intrinsic resis-
tance to viral infection.
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