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Proteins of purified Epstein—Barr virus
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Mature Epstein-Barr virus (EBV) was purified from the culture me-
dium of infected lymphocytes made functionally conditional for Zta
activation of lytic replication by an in-frame fusion with a mutant
estrogen receptor. Proteins in purified virus preparations were sep-
arated by gradient gel electrophoresis and trypsin-digested; peptides
were then analyzed by tandem hydrophobic chromatography, tan-
dem MS sequencing, and MS scans. Potential peptides were matched
with EBV and human gene ORFs. Mature EBV was mostly composed
of homologues of proteins previously found in a herpes virion.
However, EBV homologues to herpes simplex virus capsid-associated
or tegument components UL7 (BBRF2), UL14 (BGLF3), and EBV BFRF1
were not significantly detected. Instead, probable tegument compo-
nents included the EBV and +y-herpesvirus-encoded BLRF2, BRRF2,
BDLF2 and BKRF4 proteins. Actin was also a major tegument protein,
and cofilin, tubulin, heat shock protein 90, and heat shock protein 70
were substantial components. EBV envelope glycoprotein gp350 was
highly abundant, followed by glycoprotein gH, intact and furin-
cleaved gB, gM, gp42, gL, gp78, gp150, and gN. BILF1 (gp64) and
proteins associated with latent EBV infection were not detected in
virions.
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he experiments reported here determine the protein compo-

sition of mature enveloped Epstein-Barr (EB) virus (EBV).
EBYV protein composition has not been systematically studied since
the proteins of purified enveloped and deenveloped EBV were
initially displayed on polyacrylamide gels. Except for glycoproteins,
EB virion protein annotations have usually been based on DNA
sequence homology to a characterized herpesvirus ORF, with
verification for EBV in specific instances.

EBV is a yl-herpesvirus. The y1- and y2- herpesvirus genomes
are mostly collinear and share smaller conserved gene clusters with
a- and B-herpesvirus genomes. Herpesvirus family-conserved
genes mostly encode proteins that are important for DNA repli-
cation, virus morphogenesis, or virion composition. Conserved
herpesvirus genes are known to encode 5 capsid proteins, 5
envelope proteins, and 10 tegument proteins in at least one
herpesvirus (1, 2). Accordingly, EBV BcLF1, BDLF1, BFRF3,
BORF1, and BBRF1 ORFs are likely to encode the major, minor,
and smallest capsid proteins (MCP, mCP, and sCP, respectively);
the mCP-binding protein (mCPBP); and portal. Furthermore, the
EBV BPLF1, BOLF1, BVRF1, BGLF1, BGLF4, BGLF2, BBRF2,
BSRF1, BGLF3, and BBLF1 ORFs are likely to encode tegument
proteins (3-5). EBV BNRF1 and BLRF2 probably encode y-her-
pesvirus-unique tegument proteins (Table 1) (6-8). The EBV
homologues of gB (BALF4), gH (BXLF2), and gL (BKRF2) have
been detected by specific antibodies in EB virions. Moreover, EBV
BLLF1, BZLF2, and BDLF3 ORF-specific antibodies have de-
tected EBV-unique gp350, gp42, and gp150 in the virus (Table 1)
(9). EBV BMRF2-encoded protein may also be in virus envelopes
because it has an RGD (arginine—glycine—aspartic acid) motif that
may be a ligand for an integrin coreceptor (10).

Herpesviruses also incorporate specific cell proteins. Purified
cytomegalovirus and pseudorabies virus contain actin (11, 12).
Furthermore, cryoelectron microscopic tomography of herpes sim-
plexvirus (HSV) has identified 7-nm fibrils in the tegument that are
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likely to be polymerized actin (13). Purified cytomegalovirus also
contains 82 microglobulin, annexin II, CD55, and CD59 (14-16).

Materials and Methods

Liquid Chromatography Tandem MS (MS/MS) Sequencing of Purified
EBV. Three purified mature extracellular EB virion (B95-8 strain)
preparations were sequenced a total of four times: (i) 2 ug of
purified EB virion proteins, (i7) 10 ug of purified EB virion proteins
after incubation with N- and O-glycanases (degly), (iii and iv)
Mixtures of 5 g of purified EB virion proteins modified by a 2C
(light) isotope-coded affinity tag (ICAT) and 5 ug of 1% Nonidet
P-40 (NP-40)-treated or 1% NP-40 and 0.5% deoxycholate (ND)-
treated virus from the same preparation modified by a '3C (heavy)
ICAT. Details of virus purification, gel electrophoresis, and liquid
chromatography MS/MS analysis are in Supporting Materials and
Methods, which is published as supporting information on the
PNAS web site.

Results

Induction of Lytic EBV Infection in Lymphoblasts by Using Conditional
ZHT Fusion Protein. The EBV Zta activator of lytic gene expression
(17) was fused to the 4-hydroxytamoxifen (4HT)-responsive mu-
tated estrogen receptor hormone-binding domain (ZHT) to make
a putative 4HT-dependent inducer of EBV replication. Stable
clones of EBV-latently infected B95-8 lymphoblasts that condition-
ally express nuclear ZHT were derived by transfection with
pcDNA3-ZHT and limit dilution cloning in selective media. Ali-
quots of these clones were tested for 4HT-dependent lytic EBV
protein expression and gp350 surface expression (Fig. 1 A-C).
Clones negative before and almost uniformly gp350-positive 2 days
after 4HT addition were used in subsequent experiments.

Extracellular EBV Purification and Deenvelopment with NP-40 or ND.
Five days after 4HT addition to ZHT-expressing cells, EBV was
collected from the 2.5 liters of cell culture medium and purified by
two cycles of velocity centrifugation on Dextran T10 gradients (18).
Electron microscopy of negatively stained pellets revealed mostly
intact virus with partially angular profiles that likely reflect the
underlying capsid (Fig. 1D). Contaminating structures were not
observed. Of the virions, 1-5% had stain within the envelope, which
is indicative of partial disruption. After pelleting through 30%
glycerol, virus preparations that were fixed, stained, embedded, and
sectioned were also predominantly enveloped virus (Fig. 1E). The
tegument was eccentrically distributed, as has been rigorously
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Table 1. Proteins detected in 10 ug of deglycosylated EBV

Peptides
Protein type ~ EBV ORF  HSV UL Function Coverage, %  Total,n  Unique,n  Area, units MWy, kDa
Capsid BcLF1T 19* MCP 67 112 62 23,628 155
BDLF1 18" mCP 49 25 11 3,894 30
BFRF3 35* sCP 64 35 12 3,205 18
BORF1 38t mCPBP 40 17 9 1,576 40
BBRF1 6" Portal 34 14 14 300 68
(BdRF1) 26.5 Scaffold 6 2 2 13 ?
Glycoprotein BLLF1* 1 gp350 29 31 15 4,067 350
BXLF2* 22t gH 41 30 18 1,344 88
BALF4 * gB-N 54 22 14 1,014 78
BALF4 * gB-C 50 25 21 966 58
BALF4* 27t gB-FL 40 21 20 372 120
BZLF2* y gp42 33 9 6 286 42
BBRF3 10" aM 17 4 4 74 ?
BILF2 y1 gp78 10 2 2 54 DG
BLRF1 49.5% aN 8 1 1 40 DG
BDLF3! v gp150 15 3 3 34 115
BKRF2* 1t gl 18 2 1 21 25
BMRF2*t Y epi ligand 3 1 1 21 DG
Tegument BPLF1 36t LTP 39 108 87 3,307 350
BGLF2 16" MyrPBP 67 19 12 1,021 32
BOLF1 37t LTPBP 31 25 24 944 140
BVRF1 25t Capsid-assoc. 45 20 17 656 58
BBLF1 1t MyrP 87 16 4 430 15%
BGLF1 17t Packaging 23 6 6 122 58
BSRF1 517 PalmP 19 5 4 120 27%
BGLF4 13t TS kinase 25 7 7 109 47
BNRF1* b% MTP 54 87 51 15,845 140
BLRF2* Y Unknown 64 35 12 3,205 19
BRRF2 Y Unknown 73 34 23 3,152 72*
BDLF2 Y Unknown 32 13 10 304 54
BKRF4 Y Unknown 18 7 3 219 42%
BORF2S 39 RNR-L 35 19 19 249 920
BALF28 29 ssDNABP 25 16 16 227 130
BXLF18 23 TK 14 10 7 145 72
BMRF18 42 dsDNABP 25 7 7 118 49
Host N/A Actin 70 63 22 10,022 45
Host N/A Hsp70 61 54 33 2,713 72
Host N/A Cofilin 69 37 15 2,670 17
Host N/A B-Tubulin 74 37 22 2,290 54
Host N/A Enolase 54 30 22 1,402 49
Host N/A Hsp90 53 48 38 1,394 90

Coverage as a percentage of ORF, total number of detected peptides, number of unique peptides, total peptide area for all peptides
assigned to each protein, and observed molecular sizes are shown from the sequencing of 10 ug of partially deglycosylated EB virion
proteins. The observed molecular mass (MW,y) for glycoproteins is from nondeglycosylated virion protein sequencing experiments.
Corresponding HSV ORF (HSV UL) and putative function are also shown. y and y1 refer to proteins that have only y- or y1- herpesvirus
homologues. ?, protein was detected over a range of sizes; DG, glycoprotein was only detected in deglycosylated state; N/A, not

applicable.

*HSV UL27 (gB) does not undergo cleavage into N- and C-terminal polypeptides.

TKnown virion protein.

*Nonglycoprotein with observed molecular size deviating >10% from that predicted.
SHighly abundant infected cell proteins; significance discussed in text.

described for HSV (13). Some envelopes had extra membrane and
some envelope fragments were evident.

To identify proteins that remain virus capsid-associated after
partial or complete envelope dissolution, purified virus was treated
with NP-40 or ND, and nucleocapsids with varying amounts of
residual tegument were recovered as a pellet by centrifugation
through 30% glycerol. Fixed, stained, and embedded NP-40-treated
virus had very little residual membrane, variable amounts of
tegument, and mostly intact nucleocapsids. Some nucleocapsids
that lacked tegument were leaking DNA, usually through a capsid
vertex (Fig. 1F).

Liquid Chromatography MS/MS Analysis of Proteins Associated with
Purified EBV. SYPRO Ruby- or Coomassie brilliant blue-stained,
18-cm SDS/PAGE (5-15%) gels with 2 or 10 ug of purified EBV
had remarkably similar protein patterns compared with those
reported for [3S]Met-labeled virus (Fig. 2) (18). The doublet of
MCP and major tegument protein (MTP) was apparent at 155 and
140 kDa. Diffuse gp350 staining at the top of the gel was removed
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by NP-40 or ND treatment, exposing the putative large tegument
protein (LTP) (Fig. 34). A 45-kDa protein was equally as intense
as MCP and decreased relative to MCP with NP-40 or ND
treatment (Fig. 34), indicative of an unknown major inner tegu-
ment protein; this protein was p-actin (see below).

Stained proteins ranging in size from that of LTP and gp350 to
10 kDa and all intervening gel segments were divided into 3-mm
slices. Proteins were in-gel digested with trypsin. Peptides were
extracted and analyzed by high-pressure reversed-phase nanoflow
column chromatography coupled to an on-line LCQ DECA XP plus
PROTEOME X workstation (ThermoFinnigan, Cambridge, MA) for
nanospray MS/MS sequencing with intermittent MS scanning.
SEQUEST software was used to compare MS/MS data with the
nonredundant protein database and the EBV B95-8 genome trans-
lated in all six potential reading frames.

To better detect glycoprotein peptides, 10 ug of EBV protein was
incubated with deglycosylases before SDS/PAGE (EBV degly) and
sequenced (Table 1). Stained gp350 was smaller but still diffuse and
larger than the 140-kDa nascent protein. Partial shifts of other EBV
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Fig. 1. Induction of EBV lytic replication in ZHT-converted lymphoblasts. (A)
Western blot of 4HT-dependent induction of lytic proteins in B95-8/ZHT cells. (B
and C) Gp350 surface staining of 4HT-induced B95-8/ZHT lymphoblasts by fluo-
rescence microscopy (B) and FACS analysis (C). (D) Electron microscopy with
negative uranyl acetate staining performed on purified EB virions at x12,000
magnification. (E and F) Electron microscopy of fixed and stained thin sections of
EB virions (E) and NP-40-treated EB virions (F) at X50,000 magnification.

glycoproteins were detected by Western blot by using EBV-immune
human sera (Fig. 5 and Table 2, which are published as supporting
information on the PNAS web site). Partial deglycosylation was
probably due to uncleaved O-linked sugars with complex modifi-
cations (19).

Relative abundance was estimated for each protein based on gel
staining intensity, the number of unique and total peptides se-
quenced by MS/MS, the overall percentage sequenced (coverage),
and total area of peptides detected in MS scans in the peak slice for
that protein (Table 1).

EBV Capsid Proteins. Sequencing of the 155-, 40-, and 30-kDa gel
slices from 10 ug of degly or 2 ug of native enveloped virus revealed
peptides encoded by EBV BcLF1, BDLF1, and BORF1, homo-
logues of MCP, mCP, and mCPBP (Fig. 2 and Table 1). Indeed,
MCP at 155 kDa was the most heavily stained protein in enveloped,
NP-40-treated, and ND-treated virus (Fig. 34). MCP peptides were
5-fold more abundant than peptides from the next most frequently
detected protein in the 155-kDa slice, which was MTP. MTP is
slightly smaller than MCP and was the dominant component of the
next smaller gel slice (Fig. 2).

mCP and mCPBP peptides were the most frequently sequenced
in the 30- and 40-kDa gel slices, respectively (Fig. 2 and Table 1).
sCP peptides were split between the 17- and 19-kDa slices and were
half as abundant as BLRF2 peptides (a probable tegument protein,
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Fig. 3.  EB virion proteins before and after deenvelopment and virion phos-
phoproteins. (A) Purified EBV proteins were separated by SDS-polyacrylamide
gels directly (lane E) or after treatment with NP-40 (lane N) or ND (lane ND) and
stained with Sypro-Ruby. Molecular sizes are given in parenthesis. (B) Purified EB
virion proteins were separated on SDS-polyacrylamide gels and stained with
Sypro-Diamond to detect phosphoproteins (lane PP). The same gel was restained
with Sypro-Ruby to visualize all virion proteins (lane P). BKRF4 is in small type
because of its low abundance in virions and phosphopeptides from two host-
encoded proteins (protein kinase A and neural-encoded death-determining pro-
tein 5) were also detected at 42 kDa (Table 6).

see below) in the 19-kDa slice. Overall, 67% of MCP, 49% of mCP,
40% of mCPBP, and 64% of sCP amino acid residues were
specifically identified in the 10-ug virus preparation (Table 1).

Portal (BBRF1) is estimated to be at 12 molecules per nuclear
HSV capsid and has been detected in mature HSV virions by
Western blot (20, 21). Sequencing of the 68-kDa slice from 2 or 10
png of enveloped virus revealed peptides spaced throughout the
EBV BBRF1 ORF (Table 1). Portal peptides were similar in
detection frequency as five other proteins in this weakly stained
slice. Nevertheless, the reproducible finding of significant numbers
of portal peptides at the appropriate size is strong evidence that
portal is in mature EBV.

Two peptides of capsid scaffold protein and two peptides of
protease were detected in the 10-ug degly analysis at low peptide
areas, consistent (see below) with scaffold or protease not being
significant virion components.

The known abundance of herpesvirus capsid proteins, with 955
MCP, 900 sCP, 640 mCP, 320 mCPBP, and 12 portal molecules per
virion, provides an internal reference for relative protein abun-
dance. The total masses for MCP, mCP, sCP, mCPBP, and portal
capsid protein, calculated from the predicted molecule number per
virion times molecular weight, are 147, 22, 16, 13, and 0.8, respec-
tively. Thus, the relative masses of MCP, mCP, sCP, mCPBP, and
portal (normalized to MCP) in virions are 100, 15, 12, 9, and 0.6,
respectively. This correlated best with relative total MS-detected
peptide areas of 100, 16, 14, 7, and 1.3 and less well with the relative
total peptides identified by MS/MS of 100, 22, 31, 15, and 13
(Table 1).

BLRF2 MyrP

Y —_— Y
gB-C Enolase T gp42 cofilin
BKRF4

UL 7.25

Coomassie stain of SDS/PAGE 5-15% gel of purified EB virions. Arrows indicate gel slices from which the indicated proteins were found in peak

abundance. Bands that were inconsistently observed in virion preparations and contained only low-abundance, non-EBV proteins are not labeled. Protein names

and sizes are given in Table 1; abbreviations are explained in the text.
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EBV Envelope Glycoproteins. Although glycosylated peptides cannot
be detected by MS/MS sequencing and EBV glycoproteins have
many predicted N- and O-glycosylation sites (Table 2), most EBV
glycoproteins were detected near their reported size during se-
quencing of 2 pg of native virion proteins (Table 1, MWqps). To
minimize the effect of glycosylation on peptide detection, analyses
of the 10-ug degly preparation provided the primary data set for
detection and abundance estimations.

Despite extensive glycosylation, gp350 peptides corresponding to
8% of BLLF1 were abundant from 280 to 350 kDa in the 2-ug EBV
native protein experiment. In the 10-ug degly experiment, coverage
was 40% and gp350 peptides were the most abundantly sequenced
peptides in the lightly stained gel slices from 205 to 310 kDa.
Peptides reported in Table 1 reflect only the one slice containing
the most gp350. LTP peptides were the most abundantly sequenced
in the 350-kDa slice of the 10-ug gel (Fig. 2).

Seven peptides comprising 12% of EBV gB (BALF4) were
detected at 125 kDa in 2 pg of enveloped virus, which increased to
20 peptides and 40% coverage at 97 kDa in the 10 ug of degly (Table
1). These findings are consistent with previous reports that mature
EB virions have a small amount of full-length gB (9). In the 2-ug
nondeglycosylated gel, a further five gB N-terminal peptides were
found at 78 kDa, and 13 C-terminal peptides were found in the
58-kDa slice (Fig. 6, which is published as supporting information
on the PNAS web site). EBV gB contains a consensus furin cleavage
site, and these results suggest that enveloped mature EBV contains
both full-length and likely furin-cleaved gB, similar to the y2-
herpesvirus KSHV (22).

EBV gH, gL, and gp42 can form a complex, which would be
depleted for gp42 if gp42 associates with MHC class II proteins in
B95-8 marmoset lymphoblasts, as in human lymphoblasts (23).
EBV gH (BXLF2) peptides were among the most abundant
peptides detected at 88 and 85 kDa in the 2- and 10-pg degly gels.
One EBV gL (BKRF2) peptide was detected at 27 kDa in the 2-pg
gel, and another peptide corresponding to 18% of gL was detected
at 13 kDa in 10-pg degly gel. Furthermore, gp42 (BZLF2) was
detected at 42 kDa in 2 ug of virus protein, and six peptides
corresponding to 33% coverage of gp42 were detected at 27 kDa in
the 10 pg of degly.

EBV gpl50 (BDLF3) is highly glycosylated and migrates sub-
stantially above its predicted size of 26 kDa. Only a single gp150
peptide was detected several times in the 2-ug gel at 115 kDa, and
three unique peptides from 15% of gp150 were detected at 80 kDa
in the 10-ug degly gel.

EBV gM (BBREF3) and gN (BLRF1) are conserved herpesvirus
glycoprotein complexes that have not been detected in EB virions.
Peptides of gM corresponding to 12-17% coverage were in multiple
slices from 40 to 180 kDa in the 2-ug or 10-ug gels, which is
consistent with prior descriptions of gM as gp48/84/113. Herpes-
virus gMs have eight predicted membrane helices, which likely
cause anomalous mobility. EBV gN was not detected in any slice
from the 2-pg gel. Only a single C-terminal peptide corresponding
to 8% of gN was detected at 10 kDa in the 10-ug degly gel, close
to the expected gN size. A nontryptic peptide search found the
peptide that would result from cleavage after the putative gN signal
peptide (S33-Ys3), increasing total coverage to 28%.

Two gp78 (BILF2) peptides corresponding to 10% of 248 amino
acids were detected multiple times from 32 to 36 kDa, correspond-
ing to partially or fully deglycosylated gp78. The unique peptide that
would arise as a consequence of cleavage of the predicted signal
peptide (FFSDLVKFENVTAHAGAR) was also detected in a
nontryptic search, confirming this cleavage.

Only a single peptide corresponding to 3% of gp55 (BMRF2) was
in four slices between 225 and 350 kDa in the 10-pg degly EBV
protein preparation. BMRF2 multiple hydrophobic domains could
account for anomalous migration but not the low-level detection of
only a single peptide of 357-aa BMFR2 .

In summary, after N- and partial O-deglycosylation, complete
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analysis of 10 ug of enveloped virus detected very abundant
peptides from gp350,/220, moderately abundant peptides from gH,
less abundant peptides from furin-cleaved and intact gB, and even
less abundant peptides from gM, gp42, gL, gp78, gp150, and gN. A
single peptide of gp55 (BMRF2) was detected at levels substantially
less than portal peptides. Peptides of gp64 (BILF1), LMP-1, and
LMP-2 were not detected in any virus preparation.

EBV Tegument or Capsid-Associated Proteins. As anticipated, the
EBV LTP is encoded by BPLF1 and the MTP is encoded by
BNRF1. From 10 pg of virus protein, 87 LTP peptides encoding
39% of BPLF1 and 51 MTP peptides encoding 54% of BNRF1
were the dominant peptides detected at 350 and 140 kDa, respec-
tively (Fig. 2 and Table 1). Also, 24 peptides of the LTP-binding
protein encoded by BOLF1 were moderately abundant at 140 kDa.

Furthermore, peptides from 87% of the 8-kDa, BBLF1-encoded
myristoylated phosphoprotein (MyrP) and from 67% of the
BGLF2-encoded, MyrP-binding protein were at 15 and 32 kDa,
respectively. Moreover, peptides from 45% of the EBV BVRF1
homologue of HSV UL25, which is thought to be the “cork™ that
prevents genomic DNA from escaping through portal (24), were the
second most abundant peptides at 58 kDa.

Peptides from 23% of the EBV capsid-associated UL17 protein
homologue (BGLF1), 19% of the EBV palmitoylated protein
homologue (BSRF1), and 25% of the EBV protein kinase
(BGLF4) were detected at levels similar to portal, at sizes of 58, 27,
and 47 kDa, respectively.

Surprisingly, only one peptide of the 32 kDa, BBRF2-encoded
putative homologue of HSV UL7 was detected at levels substan-
tially less than portal in the 2-ug or 10-ug degly experiments (Table
3, which is published as supporting information on the PNAS web
site). Furthermore, no BGLF3 peptides were detected, even though
the HSV homologue, UL14, is a tegument protein (25). BBRF2 and
BGLEF3 were the only predicted tegument proteins not significantly
detected in virus.

In addition to MTP, four y-herpesvirus-unique proteins were
detected. BLRF2 peptides were predominant at 19 kDa and
accounted for 64% of its 162 amino acids. Peptides of 73% and 61%
of 537-aa BRRF2 were abundantly detected at 72 and 85 kDa.
Because 72 kDa is larger than expected, BRRF2 likely undergoes
posttranslational modification, including phosphorylation (see be-
low). Peptides from 32% of EBV BDLF2 were frequently detected
at 54 kDa, and peptides from 18% of BKRF4 were at 42 kDa, which
is larger than the anticipated size of 24 kDa. BLRF2, BRRF2,
BDLEF2, and BKRF4 are weakly conserved among -y-herpesviruses
and are more likely to be tegument than nucleocapsid components.

Peptides of four other EBV proteins were small components of
lightly stained slices but were detected close to their anticipated size
atalevel similar to portal: the single-stranded DNA-binding protein
(BALF2) at 130 kDa, ribonucleotide reductase large subunit
(BOREFE2) at 95 kDa, thymidine kinase (BXLF1) at 72 kDa, and
processivity factor (BMRF1) at 49 kDa (Table 1). Nine other
EBV-encoded proteins were detected in amounts much less than
portal (Table 3) and are thus unlikely to be substantial components
of the EB virion.

Most surprisingly, B-actin peptides were dominantly detected in
the intensely stained 45-kDa band, which decreased somewhat with
NP-40 and ND deenvelopment (Fig. 34). Actin peptides totaling
70% coverage were detected at least 20-fold more frequently in this
gel slice than peptides of other proteins, with similar results in four
analyses of three different virus preparations.

Peptides of several other cell proteins were detected at levels
greater than portal. Peptides representative of 74% and 69% of
444-aa B-tubulin and the 166-aa, actin-binding protein, cofilin, were
the most abundant peptides detected at 54 and 17 kDa, close to their
expected sizes. Furthermore, peptides representative of 53% and
61% of 724-aa heat shock protein (Hsp)-908 and 646-aa Hsp70
were abundant peptides in the lightly stained 90- and 72-kDa slices.
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Enolase was detected at 49 kDa. Thus, B-tubulin, cofilin, Hsp70 and
possibly Hsp90B, and enolase are likely EB-virion-associated.
Other cell proteins were detected at levels 1- to 3-fold that of portal
and are included in a more extensive list of possible EBV compo-
nents (Table 4, which is published as supporting information on the
PNAS web site).

Localization of Proteins Within Enveloped EBV. ICAT was used to
more accurately compare protein associations with envelope or
tegument as estimated by their stability to NP-40 or ND treatment.
Purified enveloped EBV proteins modified by a '2C (light) ICAT
were mixed with equivalent amounts of NP-40- or ND-treated
virions from the same preparation that had been subsequently
modified by a 13C (heavy) ICAT. MS/MS sequencing of trypsin-
treated gel slices indicated that nearly all assigned cysteine-
containing peptides were modified by heavy or light ICAT reagent.

ICAT ratios for proteins with more than one cysteine-containing
peptide detected in each experiment are summarized, including
95% confidence intervals, in Table 5, which is published as sup-
porting information on the PNAS web site. To account for differ-
ences in matching the amount of untreated virions to NP-40- or
ND-treated virions, ratios from both experiments were normalized
to give a MCP ratio of 1.00. Perhaps because of partial extraction
of MCP by ND treatment, this normalization appeared to slightly
inflate the ND ratios such that mCP increased (144%) relative to
MCP after ND extraction. In contrast, 18-19% residual gH was
seen after NP-40 or ND treatment, and the gB C terminus was
reduced to 27% or 43% levels by NP-40 or ND extraction, con-
firming efficient deenvelopment by both treatments.

MTP was unique among tegument components by being 82%
stable to NP-40 but 87% extracted by ND. In contrast, EBV
BRRF2, BLRF2, and MyrP-binding protein (BGLF2) remained
92%, ~100%, and 55% capsid-associated with NP-40 and were not
further extracted by ND. Similarly, actin, a-tubulin, and B-tubulin
remained 78%, 74%, and 90% capsid-associated after NP-40
treatment and 106%, 99%, and 87% capsid-associated after ND
treatment. Moreover, Hsp70 remained 51% and 94% capsid-
associated after NP-40 or ND extraction. These data indicate that
BRRF2, BLRF2, a-tubulin, B-tubulin, and actin are strongly capsid-
associated, consistent with a possible role in the intracytoplasmic
fate of EBV capsids after infection as well as in morphogenesis.

Identification of Phosphorylation Sites in EB Virion Proteins. Sypro-
Diamond, which binds phosphorylated S, T, or Y, stained EB virion
proteins at the sizes of LTP, MCP, BRRF2, BKRF4, and sCP (Fig.
3B, lane PP). Searches for S, T, and Y residues with additional
masses of 80 Da because of phosphate modification identified 28
potential phosphopeptides, corresponding to 10 EBV and 5 cell
proteins (Table 6, which is published as supporting information on
the PNAS web site). These data indicate that LTP (BPLF1), MCP
(BcLF1), BRRF2, and sCP (BFRF3) are the 350-, 155-, 72-, and
20-kDa phosphoproteins, respectively. HSV sCP phosphorylation
was described in ref. 26. Two B-actin phosphopeptides likely
account for the weak phosphoprotein stain at 45 kDa. Phosphopep-
tides from gB, gM, BDLF2, BBLF1, BKRF4, and Hsp90 were also
detected. Interestingly, phosphopeptides RLPLSSTTD(Tp)ED-
DQLPR from BPLF1 and IEDVG(Sp)DEEDDGKDKK from
Hsp90 have consensus virion kinase, varicella-zoster virus ORF47,
sites (S/T-X-D/E-D/E) (27), consistent with phosphorylation by
BGLF4, the EBV protein kinase homologue, which was also
detected in virions.

Discussion

The data presented here, in general, confirm the supposition that
the EBV genome is packaged in a capsid, tegument, and envelope
composed principally of EBV-encoded homologues of conserved
herpesvirus virion proteins (Fig. 4) (4, 28). Mature EBV was
composed of EBV MCP, mCP, mCPBP, sCP, and portal capsid
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Fig.4. EBvirion proteins. Proteins not previously detected in EBV are in bold.
Proteins that were not detected are shown in italics outside the virion. Unique
long (UL) designations refer to the EBV homologues of HSV tegument proteins
as in Table 1.

protein homologues. Based on analogy with HSV, six MCP and two
triplexes of two mCP and one mCPBP condense around the EBV
protease (BVRF2)-processed scaffold protein (BARF1) into 150
hexons, each of which has six sCP molecules and 12 pentons. After
capsid assembly, scaffold protein is degraded by protease. Persis-
tence of scaffold or protease polypeptides was uncertain, and only
trace amounts were detected. Protease and scaffold are therefore
unlikely to have a role in mature virions.

Genome-length herpes DNA, with much of the charged phos-
phate neutralized by polyamines, enters the capsid through a portal
(BBRF1) dodecamer. Portal was consistently detected in mature
EBYV in relative amounts that are compatible with a dodecamer per
virion. Portal may orient the capsid for the application of specific
tegument proteins, movement through cellular compartments, en-
velopment, and DNA release near nuclear pores. The electron
microscopy images of DNA being extruded from deenveloped
capsids (Fig. 1) likely demarcate the portal vertex (out of plane of
section).

EBV encodes several sequence-specific DNA-binding proteins
that might increase infection efficiency if they were encapsidated
with DNA. For example, persistent latent EBV infection of B
lymphocytes depends on EB nuclear antigen 1 (EBNA-1)-mediated
genome replication and maintenance. If EBNA-1 bound to cognate
DNA sites were encapsidated with EBV DNA, it would increase
DNA entry into infected cell nuclei and enhance transcription.
However, EBNA-1 was not detected in any of the mature virion
preparations, and other EBV-encoded transcription or replication
factors were rarely detected.

Other EBV-infected cell nucleotide- or polynucleotide-binding
proteins were detected in mature EBV, below portal levels, includ-
ing the single-stranded DNA-binding protein, ribonucleotide re-
ductase, thymidine kinase, processivity factor, and cellular histones.
In contrast to purified simian virus 40, wherein histones are as
abundant as capsid protein (29), histones were substantially less
abundant than portal. Detection of these highly abundant nuclear
proteins likely reflects a low level of virion contamination with
nuclear debris.

HSV capsids acquire tegument proteins in the nucleus before
budding through the innernuclear membrane. The EBV homo-
logue (BVRF1) to the capsid-associated UL25 protein was readily
detected, whereas the EBV homologue (BGLF1) of HSV ULI17
packaging protein was similar to portal in abundance in mature
EBV. However, peptides of BBRF2, the homologue of HSV UL?7,
which has been associated with extracellular virus, were rarely
detected in mature EBV. Although BFRF1 has been detected in
enveloped EBV prepared from infected cells (30), we did not detect
significant amounts of peptides from BFRF1 or from the BFRF1-
binding protein, BFLF2, in mature EBV (31).
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As EBV capsids bud through the inner nuclear membrane,
they acquire an envelope highly enriched for gB (BALF4) and
depleted for gp350 (BLLF1), whereas mature extracellular en-
veloped EBV is enriched for gp350 relative to gB, consistent with
a model in which EBV capsids are initially enveloped at the
innernuclear membrane, deenveloped in the endoplasmic retic-
ulum, and reenveloped at the transgolgi or plasma membrane
(32), as is now recognized for other herpesviruses. Overall,
despite more extensive gp350 glycosylation, gp350 peptides were
much more frequently detected in extracellular EBV than gB
peptides. These data support the notion that gp350 is the
dominant EBV glycoprotein of the extracellular virus envelope.

EBV gB is unusual in having a critical, EBV-specific, role in
initial nuclear egress as well as a herpesvirus family role in
envelope fusion (33). Our data provide new evidence that much
of mature EB virion gB is furin-cleaved. Full-length and furin-
cleaved gB are moderately abundant potential fusogens in
extracellular EBV envelopes (33).

Opverall, the abundance of gH/gL. and gM/gN are consistent with
their putative critical roles in entry fusion and envelopment, re-
spectively. However, the failure to detect significant amounts of
BMREF?2 in enveloped extracellular EBV raises a question as to
whether the BMRF2 RGD motif mediates cell-cell virus spread
rather than mature virion infection.

By analogy to HSV UL36, the EBV LTP homologue BPLF1 is
expected to associate with perinuclear deenveloped cytoplasmic
capsids and recruit other tegument proteins, including BOLF1, the
EBV LTP-binding protein homologue of HSV UL37. BPLF1,
BOLF1, BBLF1, the homologue to the UL11 MyrP, BGLF2, the
homologue to the UL16 MyrP-binding protein, and BSRF1, the
homologue to the ULS1 palmitoylated protein, are likely essential
for reenvelopment in the cytoplasm or plasma membrane and were
detected in mature EB virions.

EBV BGLF4, the TS protein kinase homologue, was also a
component of mature virions. Virion protein phosphorylations
included one in LTP that matched the consensus substrate for the
varicella-zoster virus BGLF4 homologue (27). After adsorption,
penetration, and uncoating, the capsid and tegument must traverse
the cytoplasm in the opposite direction. The HSV protein kinase
homologue, UL13, phosphorylates multiple virion proteins in as-
sembly and disassembly. These phosphorylations could modify
virion protein activities so as to foster ingress toward the newly
infected cell nucleus rather than egress.

Interestingly, EBV had at least five y-herpesvirus-unique tegu-
ment proteins, MTP (BNRF1), BLRF2, BRRF2, BDLF2, and
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BKRF4. Some homologues have been detected in other y-herpes-
viruses (34). These proteins may have functions similar to those of
the missing HSV homologues and allow y-herpesviruses to accom-
plish related functions in differentiated cells critical for y-herpes-
virus infection.

Cell-encoded proteins are surprisingly major components of the
mature EB virion tegument and are likely important for virion
morphogenesis and infection. B-Actin was one of the most abun-
dant tegument proteins and cofilin, tubulin, Hsp90, and Hsp70 were
also readily detected. Capsids likely accumulate these proteins as
mediators of morphogenesis. High-level presence in mature virions
may also indicate a role in virion stability or ingress. Tubulin is most
likely related to capsid movement from the perinuclear cytoplasm
to definitive envelopment in the golgi or plasma membrane,
whereas MyrP, MyrP-binding protein, BSRF1, actin, and cofilin are
likely incorporated during the envelopment process. The usurping
of host cytoskeletal machinery by viruses during morphogenesis has
been well documented and is likely to be a common theme in
enveloped virus egress (35). Other actin-associated proteins (pro-
filin, ezrin-radixin-moesin proteins, ARP3, ARP2/3 subunit 4, and
a-actinin) were also detected at portal levels or higher. Hsp90,
Hsp70, and CCT chaperone complexes, including cyclophilin A,
may regulate actin filament formation. The persistence of cell
cytoskeleton protein associations with capsids through NP-40 and
ND extraction may be due to their polymerized state.

These investigations not only confirmed suppositions but sub-
stantially altered knowledge of mature EBV protein composition.
Significant amounts of peptides from BBRF2 (HSV UL7 virion
protein homologue); BFRF1 (UL34 homologue), which had been
detected in cell-associated enveloped EBV (30); or BFLF2
(BFRF1-binding protein) were not detected in mature virions.
Instead, EBV BLRF2, BRRF2, and BDLF2 encoded unanticipated
EB virion proteins, likely tegument components. Furthermore,
B-actin was among the most abundant tegument proteins; «- and
B-tubulin, cofilin, Hsp90, and Hsp70 were also readily detected.
Furin-cleaved gB was a significant component of mature virion
envelopes; gp78, gM, and gN were also detected. Proteins associ-
ated with latent infection were not detected in virions.
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