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Human B lymphocytes latently infected with Epstein-
Barr virus (EBV) synthesize very large amounts
(5 x 106/cell) of two small nuclear RNAs called EBERs
(Epstein-Barr encoded RNAs). These RNAs are of
unknown function and, like many RNA polymerase III
(Pol III) transcripts, bind the La autoantigen. We have
discovered that the EBERs also associate with a second
highly abundant host-encoded protein designated EAP
(EBER associated protein). Human EAP is a small
(14 777 dalton, 128 amino acid) polypeptide that binds
both EBER 1 and EBER 2. EAP is also found in
association with one or both of two analogous virally-
encoded RNAs found in baboon cells infected with
herpesvirus papio (HVP). We have devised a purification
procedure for EAP and have cloned its cDNA from a
human placental cDNA library using amino acid sequence
data and the polymerase chain reaction (PCR). The
predicted amino acid sequence of EAP shows a strong
resemblance (77% identity) to an endodermal, develop-
mentally regulated sea urchin protein called 217 (Dolecki
et al., 1988). EAP contains a potential nuclear localiza-
tion signal and a highly acidic carboxy terminus, but does
not display marked similarity to any other RNA binding
proteins.
Key words: EBERs/Epstein-Barr virus/La protein/RNA
binding protein/small nuclear ribonucleoprotein

Introduction
Epstein-Barr virus (EBV) is a large (172 kb genome),
transforming, lymphotrophic -y-herpesvirus associated with
infectious mononucleosis, Burkitt's lymphoma and naso-

pharyngeal carcinoma. EBV readily enters a nonreplicative
latent phase during which only very few viral genes are

expressed (Klein, 1989), including both latent membrane
proteins (LMPs) (Fennewald et al., 1984; Laux et al., 1988;
Longnecker and Kieff, 1990) and a number of EBNAs
(Epstein -Barr nuclear antigens) (Kieff and Liebowitz, 1990;
Miller, 1990). In addition, two small RNAs, the EBERs
(Epstein -Barr encoded RNAs), are transcribed in very large
amounts (each at - 5 x 106 per cell) (Lerner et al., 198 la;
van Santen et al., 1981).
EBER 1 and 2 (166 and 172 nucleotides respectively) are

transcribed by Pol III (RNA polymerase III) (Rosa et al.,
1981; Jat and Arrand, 1982) and have been shown to be
nuclearly located by in situ hybridization (Howe and Steitz,
1986). The EBER genes are unique in that they employ both
tRNA-like intragenic Pol III promoter elements (boxes A
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and B) and upstream promoter elements normally associated
with genes transcribed by RNA polymerase II (Howe and
Shu, 1989). Like most Pol III transcripts, EBERs are
uncapped (Lerner et al., 198 la) and end with a poly U tract
(Rosa et al., 1981) that is specifically recognized by the La
autoantigen, a 47 kd phosphoprotein implicated in transcrip-
tion termination (Mattioli and Reichlin, 1974; Lerner et al.,
1981b; Habets et al., 1983; Pizer et al., 1983; Chambers
et al., 1988; Gottlieb and Steitz, 1989a,b). Whereas most
Pol III transcribed RNAs lose their association with La as
a result of 3' end trimming [e.g. tRNAs and 5S (Rinke and
Steitz, 1982)], the EBERs remain stably and quantitatively
bound (Howe and Shu, 1988).
A number of other viral small RNAs have also been shown

to bind the La protein. Herpesvirus papio (HVP) encodes
two small RNAs, HVP-1 and HVP-2, which are 83% and
65% similar to EBER 1 and EBER 2 respectively (Howe
and Shu, 1988). The HVP RNAs are Pol III products which
bind La and can be folded into stable secondary structures
that closely resemble the empirically determined EBER
structures (Glickman et al., 1988). The VA (virus associated)
RNAs of adenovirus are also transcribed by Pol III and
associate with La (Lerner et al., 198 lb; van Eekelen et al.,
1982; Francoeur and Mathews, 1982). Finally, the leader
RNAs of vesicular stomatitis virus (VSV) (which are
transcribed by the VSV polymerase) have been shown to
bind La (Kurilla and Keene, 1983).
Although it was previously believed that the EBER 1 and

EBER 2 ribonucleoproteins (RNPs) contained only the La
protein, we have found that a second protein is also present
in these particles. This protein, called EAP (EBER associated
protein), is a 14 777 dalton (128 amino acids) cellular protein
that can bind to both EBER 1 and EBER 2. EAP exhibits
an extremely high degree of similarity with a previously
analyzed sea urchin protein called 217 (Fregien et al., 1983;
Dolecki et al., 1988). Both its conservation and abundance
suggest that EAP may play an important role in cellular
metabolism.

Results
EAP is precipitable by anti-La antibodies only in the
presence of EBERs
In uninfected B lymphocytes, a variety of cellular RNAs exist
as La containing RNPs, including pre-tRNAs, pre-5S rRNA,
and Ro RNAs, as well as other less abundant RNAs (Hendrick
et al., 1981; Rinke and Steitz, 1982). In EBV infected cells,
however, the EBER RNPs represent the majority of the La
containing RNPs (Howe and Shu, 1988). This permits the
use of anti-La antibodies, produced by individuals with
autoimmune disease (Provost, 1979), as a relatively specific
probe for the EBER RNPs.
Seven cell lines were radiolabeled in culture with

[35S]amino acids (predominantly methionine) and the
resulting cell sonicates were immunoprecipitated with either
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Fig. 1. EAP is precipitated by anti-La antibodies via its association with the EBERs or HVP RNAs. (A) Whole cell sonicates from 35S-labeled cell
lines were immunoprecipitated with either a non-immune human serum (NI) or patient anti-La serum (La). HeLa, BL-30 and BJAB (lanes 1 -6) are
EBV negative human lines; BJAB-B1, Daudi and Raji (lanes 7-12) are EBV positive human lines; HVP (lanes 13 and 14) are HVP positive baboon
cells. (B) A 35S-labeled Raji whole cell sonicate was incubated with micrococcal nuclease and 4 mM CaCI2 in the presence (lane 1) or absence (lane
2) of 8 mM EGTA, followed by immunoprecipitation with anti-La antibodies. (C) A 35S-labeled whole cell sonicate was made from either BJAB
cells (lanes 2 and 4- 12) or Raji cells (lane 3). Gel purified Raji cell 5S rRNA, EBER 1 or EBER 2 was incubated with BJAB sonicates (lanes
4-6, 7-9 and 10-12 respectively). The RNA was obtained from a number of Raji cells that was equal to ([1 x]), 10 times greater than ([lOx]) or
100 times greater than ([I00 x]) the number of BJAB cells used to make the sonicate. After 45 min at 25°C, the reactions were precipitated with
anti-La antibody. No RNA was added to the sonicates shown in lanes 2 and 3. The mol. wts of the markers are given in kd. Reduced samples
(containing 3-mercaptoethanol) were run on 15% SDS-polyacrylamide gels, which were treated with Amplify (Amersham) and exposed to X-ray
film.

anti-La (La) serum or human nonimmune (NI) serum (Figure
1 A). The protein profiles of the immunoprecipitates from
the three uninfected cell lines (HeLa, a human cervical
carcinoma, and BL-30 and BJAB, two human EBV-negative
B cell lymphomas) showed two predominant bands: the La
protein (47 kd) and the Ro protein (60 kd) (lanes 2, 4 and
6). The latter polypeptide appears both because it coexists
with the La protein in the Ro RNPs (Hendrick et al.,
1981) and because anti-La sera commonly contain anti-Ro
antibodies as a dual specificity (Mattioli and Reichlin, 1974).
Anti-La immunoprecipitates from three EBV-positive cell
extracts, however, contain an additional protein with an
apparent mol. wt of 17 kd (lanes 8, 10 and 12). These
EBV-positive human B cell lines include two derived from
individuals with Burkitt's lymphoma (Daudi and Raji) and
one created by infecting the BJAB line with EBV (BJAB-B 1).
A band comigrating with the human protein is also present,
albeit at lower levels, in anti-La immunoprecipitates from
baboon B lymphocytes that have been infected with HVP
and thereby contain HVP 1 and 2 (lane 14).
To determine whether the 17 kd band appears in the

immunoprecipitates because of a direct association with La
(in infected cells) or through its inclusion in a La containing
RNP, we treated a Raji cell sonicate with micrococcal
nuclease before exposure to anti-La antibodies. When this
pretreatment was performed in the presence of free Ca2 ,
which is required for micrococcal nuclease activity, the
protein was no longer precipitated with anti-La antibodies
(Figure iB, compare lane 1 with lane 2). We conclude from
this result that the 17 kd polypeptide is tethered to La only
by virtue of each protein's independent association with a
common RNA, most likely the EBERs. We have designated
this protein EAP, for EBER associated protein.
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The EBERs can be reconstituted with the La protein
in vitro using gel-fractionated EBER 1 or EBER 2 and cell
extract as a source of La (Rosa et al., 1981). A protein
which comigrates with EAP (Figure lC, lane 3) becomes
precipitable by anti-La antibodies when a 35S-labeled cell
sonicate from the EBV-negative cell line BJAB is incubated
for 45 min at room temperature with gel-purified EBER 1
or EBER 2 (lanes 7-12), but not with 5S rRNA (lanes
4-6). Thus, EAP appears to bind both EBER 1 and EBER
2. Furthermore, since EAP is present in a cell line which
does not contain the EBV genome, it must be a host-encoded
protein which is expressed, at least to some extent, in
uninfected cells. The variation in the amount of EAP
precipitated from reconstitutions containing different amounts
of EBERs (lanes 7-12) cannot be ascribed to the addition
of inhibitors since La binding to gel-purified EBERs does
not diminish at any RNA concentration used (data not
shown). An alternative explanation for this phenomenon will
be considered in the Discussion.

EAP copurifies with EBER RNPs
To obtain adequate EAP for amino acid sequence
determination, we developed a purification protocol whereby
the EBER RNPs are first isolated and then dissociated into
their RNA and protein components. This strategy capitalizes
on the distinct properties of EAP in two separate forms: as
an RNP and as a free protein. Since no specific antibody
or biological assay for EAP is yet available, it was not
possible to assess yields or changes in specific activity during
the purification procedure. Instead, peaks were pooled based
upon the presence of the EBERs in all steps prior to the
disruption of the EBER particles. Assuming that the ratio
of EBER to EAP is one to one in an EBER RNP, we estimate
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Fig. 2. Purification of EBER RNPs and EAP. (A) RNA from DEAE column fractions were run on a 5% polyacrylamide/8.3 M urea gel and silver
stained (see Materials and methods). Spliceosomal snRNPs (containing U I, U2, U5 and U4/U6 RNAs) eluted predominantly in fractions 53-74
(lanes 2-10). The EBER RNPs peaked in fractions 84-102 (lanes 17-24) followed by the tRNAs in fractions 105-108 (lanes 25 and 26). Due to
their negative staining in this particular experiment, the tRNAs (normally very dark) are not visible in the figure. Identification of the EBER and
spliceosomal RNAs was based upon their comigration with RNAs immunoprecipitated with anti-La (for EBER I and EBER 2) or anti-Sm (for Ul,
U2, U4, U5 and U6) antibodies (lanes 13 and 14 respectively). 7SK, 7SL, 5S and the tRNAs were identified by mobility. Northern blotting was also
performed in some experiments to distinguish EBER 1 from Ul RNA (data not shown). Lane 9 (fraction 72) was lost. (B) A limiting amount of
anti-La antibody was used to immunoprecipitate a Raji whole cell sonicate (lane 1) and peak EBER containing DEAE fractions (e.g. fractions
84-102 in A) (lane 2) Samples were run on a 15% SDS-polyacrylamide gel and stained with silver (see Materials and methods). Silver stained
bands representing La, Ro and the EBERs are obscured by the large amount of immunoglobulin heavy chain and cannot therefore be distinguished in
the gel. (C) 5 /Al from 0.8 ml fractions from a G-100 superfine sizing column were subjected to electrophoresis on a 13% SDS-polyacrylamide gel
and stained with Coomassie blue. Even numbered fractions were analyzed for fractions 26-36 and 54-60; all fractions were analyzed for fractions
37-53. The bands seen in the peak La containing fractions (30-36) at 43 and 40 kd probably represent La breakdown products, which have been
reported to occur (Stefano, 1984). Marker sizes are given in kd.

our final recovery of EBER-associated EAP to be 2-5%.
The starting material for the purification of EAP was a

cytoplasmic extract from the Burkitt's lymphoma derived
cell line Raji. Although the EBER RNPs are nuclear (Howe
and Steitz, 1986), they leak readily into the cytoplasmic
fraction upon aqueous fractionation (Hendrick et al., 1981).
Chromatography of the cytoplasmic extract on DEAE
(Figure 2A) resulted in coelution of the two EBER particles
at - 0.4 M NaCl, after the spliceosomal snRNPs (containing
U 1, U2, U4, U5 and U6 RNAs), but before the tRNAs.
Because preliminary experiments (not shown) had revealed
that the EBER RNPs are somewhat unstable at this salt con-
centration, two precautions were taken to avoid the disrup-
tion of the particles in this step: (i) the pH of the NaCl
gradient was lowered to 6.7 so as to protonate the phosphates
on the EBERs and thereby lower the salt concentration
required to remove the RNPs from the column; and (ii) the
fractions (2.5-3.0 ml) were collected into tubes which
contained 1 ml of 25 mM Tris, pH 8.0, thereby immediately
lowering the salt concentration. In some purifications, this
DEAE fractionation was repeated (not shown) a second time
using a narrower salt gradient (0.15-0.75 M NaCl; see
Materials and methods).
To ensure that the EBER RNPs were indeed intact after

the DEAE column, we immunoprecipitated peak EBER
containing fractions with a limiting amount of anti-La
antibody (Figure 2B, lane 2). Simultaneously, an equal
amount of antibody was used to immunoprecipitate an excess
of Raji cell sonicate (lane 1). These precipitates were

analyzed in parallel on a polyacrylamide gel and stained with
silver. The appearance of the EAP band in lane 2 shows
that EAP remains associated with the fractionated EBER
RNPs. The further observation that EAP is enriched in the
immunoprecipitate from the DEAE-purified EBER RNP
fractions (lane 2) relative to the cell sonicate (lane 1), which
contains both free La and many different La RNPs, is
consistent with our prior observations that EAP is not
associated with free La protein or with non-EBER containing
La RNPs. It should be noted that EAP stains with silver very
darkly, which aids in its identification but also exaggerates
its degree of purity.
The pooled EBER RNP fractions from the DEAE column

(Figure 2A, fractions 81 -104) were next fractionated on
a 10-25% glycerol gradient (not shown). Based on the
profiles of both the protein and RNA, the gradient fractions
were pooled and concentrated. EBER RNPs were then
disrupted in 2 M NaCl and fractionated by gel filtration on
a superfine G-100 column. EAP eluted at - 15 kd as a
relatively pure protein as judged by staining with Coomassie
blue (Figure 2C, fractions 52-58).

Isolation and analysis of an EAP cDNA
Microsequencing of the N terminus (which was not blocked)
and of cyanogen bromide -trypsin fragments (amino acids
in bold; Figure 5) was carried out on purified EAP. Ten
amino acids of N-terminal sequence had been previously
obtained by immunoprecipitating a Raji cell sonicate with
anti-La antibodies and transferring the immunoprecipitated
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Fig. 3. Oligonucleotides used to PCR amplify EAP sequences from a human placental library. Two degenerate oligonucleotide probes were designed
based upon peptide sequences from purified EAP and codon usage tables (Aota et al., 1988). When two or three nucleotides are shown, they are

equally represented in the mixture. Amino acids corresponding to each oligonucleotide are shown in the one letter code and represent amino acids

10- 18 and 118- 124. Knowledge of the sea urchin 217 protein sequence (Figure 5) allowed us to estimate the expected size of the PCR product
(245 nucleotides). Original peptide sequencing predicted an aspartic acid at position 121 instead of a glutamic acid (as determined by the sequence of

the cDNA clone; Figure 4).

protein from a polyacrylamide gel to a PVDF membrane,
from which EAP was eluted and sequenced. This N-terminal
sequence matched the sequence determined for the purified
material, verifying that the isolated protein is the same as

that in the anti-La immunoprecipitate.
When the partial amino acid sequences obtained from the

purified protein were compared to the protein data base, we

found that each of the fragments was either identical or very

similar to amino acid sequences previously deduced for a

15 kd sea urchin protein designated 217 (Fregien et al.,
1983; Dolecki et al., 1988). Based upon the expected
locations of the sequenced EAP peptides extrapolated from
the 217 cDNA sequence, we designed two degenerate
oligonucleotides for use in polymerase chain reaction (PCR)
amplification from a human placental cDNA library (Figure
3). A PCR product of the predicted size (345 bp) was

the most prominent band present when high annealing
temperatures were used (data not shown).

This PCR product was used to screen the same placental
cDNA library for a full length cDNA clone. Figure 4 shows
the EAP cDNA sequence determined from two overlapping
clones. One of the clones isolated contained a single
nucleotide deletion in a stretch of eight adenosines near the
5' end (see legend to Figure 4). This mutation causes a

frameshift that would lead to translation termination after

only eight amino acids. Given that this mutation occurs in

only one of the two clones (where all other overlapping
sequences were identical) and that it resides within a stretch
of eight adenosines, we suspect that it arose as a reverse

transcription error which occurred during construction of

the library.
The predicted translation product of the EAP cDNA

contains nucleotide sequences corresponding to all of the

sequenced peptides, the only discrepancy being that the

glutamic acid at position 121 was originally determined to

be an aspartic acid. The nucleotides in the vicinity of the

initiation codon (GGTGCCATGG) (Figure 4) display a

reasonably good match of the Kozak consensus sequence

[GCC(A/G)CCATGG] (Kozak, 1987). The initiating
methionine appears to be post-translationally removed from

the EAP polypeptide (see legend to Figure 5). One of the

two cDNAs sequenced contained at its 3' end a non-coding

region extending > 1kb beyond the sequence shown in

Figure 4 (data not shown). Since even this clone did not

contain a polyadenylation signal (AAUAAA) followed by

a poly(A) tail, the EAP message may possess an unusually

long 3' untranslated region.

Discussion
The fact that EBV employs only a small repertoire of gene

products to transform B lymphocytes and maintain a latent

infection suggests that the EBERs (by far the most abundant
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1 GAATTCTGATGTCGTACCTAAGGCTTGTCCATCTTTGTTGTTGGAGGTGCC ATG GCT CCT

V K K L V V K G G K K K K Q V L
60 GTG AAA AAG CTT GTG GTG AAG GGG GGC AAA AAA AAG AAG CAA GTT CTG

K F T L D C T H P V E D G I M D
108 AAG TTC ACT CTT GAT TGC ACC CAC CCT GTA GAA GAT GGA ATC ATG GAT

A A N F E Q F L Q E R I K V N G
156 GCT GCC AAT TTT GAG CAG TTT TTG CAA GAA AGG ATC AAA GTG AACGGA

K A G N L G G G V V T I E R S K
204 AAA GCT GGG AAC CTT GGT GGA GGG GTG GTG ACC ATC GAA AGG AGC AAG

S K I T V T S E V P F S K R Y L
252 AGC AAG ATC ACC GTG ACA TCC GAG GTG CCT TTC TCC AAA AGG TAT TTG

K Y L T K K Y L K K N N L R D W

300 AAA TAT CTC ACC AAA AAA TAT TTG AAG AAG AAT AAT CTA CGT GACTGG

L R V V A N S K E S Y E L R Y F
348 TTG CGCGTA GTT GCT AACAGCAAA GAG AGT TACGAA TTA CGT TACTTC

Q I N Q D E E E E E D E D
396 CAG ATT AAC CAG GACGAA GAA GAG GAG GAA GACGAG GAT TAA ATTTCAT
487 TTATCTGGAAAATTTTGTATGAGTTCTTGAATAAAACTTGGGAACCAAAATGGTGGTTTATCC
550 TTGTATCTCTGCAGTGTGGATTGAACAGAAAATTGGAAATCATAGTCAAAGGGCTTCCTTGGT
613 TCGCCACTCATTTATTTGTAACTTGACTTCT

Fig. 4. The EAP cDNA sequence. Two distinct cDNA clones were
obtained from a human placental library. The 5' end sequence
displayed begins with the EcoRIsite of insertion into the Xgt 1 vector
(nucleotides 1 -6, in bold). The 3' untranslated region shown is
contained in both clones. A single nucleotide deletion in the eight
adenosines (underlined nucleotides, 86-94) represents the only
difference between the overlapping sections of the two cDNAs. The
amino acids similar to the SV40large T class of nuclear localization
signals (Kalderon et al., 1984; Moreland et al., 1987) are shown in
bold. The arrow drawn after the first methionine indicates a post-
translational cleavage as determined by N-terminal protein sequencing,
which showed alanine to be the first amino acid.

217: 1Met Pro Gly Lys Thr |Alla|Gln Lys Gly Gly Arg Pro Ser 13
EAP: 1 Met [AljlPro Val LysLysLou ValVal9

14 Glys GlynLys Lys Lys Lys Gln|ThrILeu Lys Phe Thr126
10 Lys GlyGlyLs Lys Lys Ly. Gln Val1Lou Lys Ph-Thr22

27 le |ASP Cys ThrLeu |Pro Val Glu Asp Gly le Met Asp]39
23Lu|As CysThr|Es|ro Val GluAAp Gly Ile Hot AAp1323 LouAp Cys rhr Hi. l p1O .t.f 35

40Ala] SertAsn Phe Glu Gln Phe Leu Gln Glu Arg le Lys 152
36 [laJAlalAen Ph. Glu Gln Ph. Lou Gln Glu Arg le Lys 148

53iVal Asn Gly Lys|Thr Lys |AsnLe Thr Thr Asn Ile 65
49sVal Asn Gly LysAla Gly |Asn LeuGly Gly Gly Va l Thr 62

66 Ile Glu Arg Lys YSSerLt Val|ThrVal Thr SerGlu 78
63 Ile Glu ArgSetr Lys Ser Lys le |Thr ValThr Ser Glu175
79 le Ala Phe SerLys Arg Tyr Leu Lys Tyr Leu Thr Lys 91
76 Val Pro Phe SerLys Arg Tyr Leu Lys Tyr Leu Thr Lys 68

92 Lys Tyr Leu Lys Lys Asn Asn Leu Arg Asp Trp Leu Arg104
89Lys TyrLeu Lys Lys Asn Asn Leu Arg Asp Trp Leu Ag101

15 lVal Ala Ala Asn |Lys GluSerTyr Glu Leu Arg Tyr117
102 ValAla Asn SerL SrT Glu LuTyrC 114

118PheG ln Ile Asn Gn Aspl Asp|Glu Glu Glu GluAsp Asp 130
115 Gln Il Asn Gln AspG CGlu Glu Glu GluAsp Glu Asp 128

Fig. 5. Comparison of EAP and 217 protein sequences (Dolecki et al.,
1988). Boxed regions indicate sequence identity (77% overall). EAP
amino acids shown in bold were determined by amino acid sequencing
of either the entire protein (the N terminus was not blocked) (residues
2-39) or cyanogen bromide-trypsin fragments (amino acids 35-46,
108-113 and 114-125).
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transcripts) play some vital role in one of these processes.
To determine the function of these viral small RNAs, we
set out to identify cellular macromolecules that interact with
the EBER RNPs. In the course of this investigation, we
found that the EBER RNPs contain not only the previously
identified La protein, but also a 14 777 dalton protein, EAP.
An EAP homolog in baboon cells likewise binds to one or
both of the analogous HVP RNAs. Examination of the cloned
cDNA encoding EAP showed it to be highly similar in amino
acid sequence to 217, a protein deduced from a sea urchin
cDNA isolated because of its developmental stage specific
expression.

In vitro reconstitution experiments (Figure IC) show that
EAP binds specifically to both EBER 1 and EBER 2. Yet,
the amount of EAP precipitated by anti-La antibodies in these
reconstitutions (Figure IC, lanes 7-9 and 10-12) was not
proportional to the amount of gel-purified EBER added.
Increasing the EBER concentration 10-fold resulted in the
precipitation of - 1Ox as much EAP (compare lane 8 with
7 and lane 11 with 10), but a 100-fold increase in the amount
of EBER precipitated approximately the same amount as did
[1 x ] (compare lane 9 with 7 and lane 12 with 10). This
is probably because when the concentration of EBER exceeds
the concentration of available La or EAP, the two proteins
reconstitute into separate particles containing only one pro-
tein each; since EAP is precipitable through its association
with La in an EBER RNP, the amount of precipitable EAP
decreases as excess RNA is added. These observations
strongly support the hypothesis that the binding of EAP to
EBERs is independent of La. The conclusion that EAP is
itself an RNA binding protein is also consistent with the find-
ing that EAP can be crosslinked to the EBERs with short-
wave UV light (D.Toczyski, unpublished data).

Previous studies (Glickman et al., 1988) identified
sequences in the EBERs that are more protected from
chemical and enzymatic modifying agents in the RNP than
in the naked RNA. Except for regions adjacent to the 3' poly
U tract, which are presumed to be bound by La (Mathews
and Francoeur, 1984; Stefano, 1984), no additional
protection occurred in sequences conserved between the two
EBERs and the two HVPs. Thus, identification of sequences
or secondary structures in the EBERs that are recognized
by EAP must await the availability of anti-EAP antibodies
(now in preparation).
The ratio of EAP to La in the EBER and HVP RNPs is

difficult to ascertain from the available data. The 35S-
labeling experiments (Figure 1) suggest that multiple EAP
molecules may be present in each EBER RNP, since there
are seven methionines in the La protein (Chambers et al.,
1988) and only one in EAP (Figure 5). However, the
apparent ratio of the EAP and La bands varied from
experiment to experiment and the turnover rates of the two
proteins could be quite different. In contrast to Figure 1,
the Coomassie stained gel of purified EBER RNPs (Figure
2C) suggests that there may be only one or two EAP
molecules, assuming a single La protein, on each EBER.
It also appears from the immunoprecipitation data that
the HVP particles contain significantly less EAP than
do the EBER particles (Figure IA, compare lanes 8, 10 and
12 with lane 14). This is surprising given the sequence and
potential secondary structure similarities between the EBERs
and the HVP RNAs (Howe and Shu, 1988). The discrepancy
could be caused by a difference in the methionine and
cysteine content of the baboon and human EAP sequence.

Alternatively, the binding of EAP to the HVPs may be
weaker and therefore disrupted by the washing conditions
used. It is also possible that EAP only associates with HVP
2, which is at a 10-fold lower concentration than HVP 1,
EBER 1 or EBER 2. Further experiments will be required
to distinguish between these possibilities and to determine
the absolute EAP:RNA:La ratio for each viral RNP particle.
In any case, it is apparent that EAP must be at least as
abundant as the EBERs in infected cells.
The mechanism by which the EBERs achieve and maintain

their nuclear localization is unknown. In all examples
studied so far, protein components have been found to be
required, although not necessarily sufficient, for the nuclear
localization of RNPs (Mattaj, 1988). Although the La
protein appears predominantly nuclear in indirect immuno-
fluorescence studies (Deng et al., 1981; Hendrick et al.,
1981; Smith et al., 1985), it does exhibit significant
cytoplasmic staining and is associated with several RNAs
which are believed to reside primarily in the cytoplasm
[the Ro's (Hiendrick et al., 1981) and the adenovirus VAI
(Howe and Steitz, 1986)]. These observations suggest that
association with the La protein does not, in and of itself,
confer nuclear localization to the EBERs. EAP, on the other
hand, contains a conserved cluster of four lysines near its
N-terminal end (amino acids 13-16, Figure 5), which
resembles the SV40 large T antigen class of nuclear local-
ization signals in that a stretch of basic residues is preceded
by a helix breaker (glycine or proline) (Kalderon et al., 1984;
Moreland et al., 1987). The idea that EAP contains a nuclear
localization signal is consistent with the observation that
the VAs, which are believed to function in the cytoplasm
(Kitajewski et al., 1986), do not detectably bind EAP (D.
Toczyski, unpublished data). Experiments are therefore
under way to determine whether the EBERs are retained in
(or are shuttled to) the nucleus through their association with
EAP, much in the same way that the Sm proteins act, at
least in part, to direct U RNAs to the nucleus (Mattaj and
De Robertis, 1985).
The primary structure of EAP shows a number of highly

charged regions which alternate in charge. Amino acids
5-20, which include the potential nuclear localization signal,
comprise a basic domain containing eight lysines and no
acidic residues (aspartic or glutamic acid) (Figure 5).
Immediately following this is an acidic stretch (amino acids
24-45) containing six acidic, but no basic amino acids
(lysines or arginines). A second basic region having 14
lysines and arginines and only two acidic residues extends
from amino acid 46 to 97. Finally, the carboxy-terminal nine
amino acids are entirely acidic. This stretch of acidic residues
at the carboxy terminus is reminiscent of sequences seen in
a number of nucleic acid binding proteins, such as the HMG
proteins (Walker et al., 1978; Watson and Dixon, 1981),
and may constitute the EAP RNA binding domain. EAP does
not, however, contain any other previously suggested nucleic
acid binding motifs (Miller et al., 1985; Adam et al., 1986;
Lazinski et al., 1989; Milburn et al., 1990).
The striking homology (77% identity) between EAP and

the sea urchin 217 protein suggests that both are derived from
a very old protein which may carry out some basic cellular
function. The cDNA encoding the 217 protein was isolated
from a pluteus cDNA library by selecting clones which were

more abundant in the pluteus than in the blastula stage of
development (Fregien et al., 1983). Subsequent analyses
showed the message encoding 217 to be enriched in the
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endoderm and - 15 x more abundant at the pluteus stage
(the last stage examined) than in the blastula. As cautioned
by the authors (Dolecki et al., 1988), a number of genes
isolated in this manner, such as the actin and tubulin genes,
may not have a specific role in development. Preliminary
analyses (D.Toczyski, unpublished data) comparing the
abundance of the EAP message in a variety of human cell
lines do not provide evidence for tissue specificity of the
EAP message in humans.
Knowledge of the proteins of the EBER RNP particle will

hopefully aid in deciphering the contribution of the EBERs
to the EBV life cycle. Most virus encoded small RNAs can
be assigned to pre-existing cellular RNP classes, which con-
tain common protein constituents and carry out related func-
tions (Birmstiel, 1988). For example, five recently discovered
small RNAs (the HSURs) encoded by herpesvirus saimiri
belong to the Sm class (Lee et al., 1988; Wassarman et al.,
1989), which includes RNPs involved in mRNA biogenesis.
Hence, the HSURs seem most likely to participate in some
aspect of pre-mRNA modification. There are also viral small
RNAs that form particles of the La class, which includes
many host encoded RNAs that play roles in protein synthesis
[e.g. tRNAs and 5S rRNA (Rinke and Steitz, 1982)]. Viral
La RNAs include the EBERs of EBV, the HVP RNAs of
HVP, the two VA RNAs of adenovirus, and potentially a
small RNA encoded by the human cytomegalovirus [in that
it is a Pol III transcript (Marschalek et al., 1989)].
VAI RNA is the only viral small RNA to which a function

has been ascribed. This RNA impedes an interferon-induced
block to translation by inhibiting the dsRNA-dependent
autophosphorylation of DAI, a kinase which phosphorylates
and thereby inactivates the translation initiation factor eIF-2
(Thimmappaya et al., 1982; Schneider et al., 1984; Reichel
etal., 1985; Siekierka et al., 1985; Kitajewski etal., 1986;
O'Malley et al., 1986; Katze et al., 1987). Similarities
between the EBERs and the VA RNAs have led to the
suggestion that they have similar functions (Lerner et al.,
1981a; Rosa et al., 1981). Both the VAs and the EBERs
are uncapped, abundant Pol III transcripts that associate
permanently with the La protein (Reich et al., 1966;
Soderlund et al., 1976; Lerner et al., 1981a,b). Moreover,
it has been observed that addition of the EBER genes can
partially rescue the growth of adenovirus strains from which
the VAI gene has been deleted (Bhat and Thimmappaya,
1985). In vitro results indicate that the EBERs, like VAI,
can block the autophosphorylation of DAI, but higher EBER
concentrations are required to achieve the same degree of
inhibition (Garrett, 1990). This is difficult to reconcile with
the fact that the abundance of the EBERs ( - 5 x 106/cell)
in EBV-transformed cells is 1Ox lower than that of VAI
(_ 108/cell) (Reich et al., 1966; Soderlund et al., 1976) in
adenovirus-infected cells. Moreover, the EBERs are nuclear
whereas VAI is predominantly cytoplasmic (Howe and
Steitz, 1986). A function for the EBERs in blocking some
aspect of interferon action would, none the less, be consistent
with the recent finding that the EBER genes can be deleted
from the EBV genome without disabling the virus's ability
to transform B lymphocytes in vitro (where the host anti-viral
response is attenuated) (Swaminathan et al., 1991).

Just as VAI functions by binding DAI kinase (Siekierka
et al., 1985; Kitajewski et al., 1986; O'Malley et al., 1986;
Katze et al., 1987; Mellits et al., 1990), it is conceivable

that the EBERs act via their association with EAP. Given
the high concentration of EBERs in EBV infected cells, it
may be that EAP is not free to associate with its normal
cellular ligand (probably an RNA). This could dramatically
influence whatever cellular process this EAP-host RNA
complex is involved in. Determining which nucleic acid
associates with EAP in uninfected cells will be a key focus
of further studies aimed at elucidating EBER function.

Materials and methods
Cells and general techniques
All cells were grown in RPMI 1640 medium (GIBCO) supplemented with
10% (unless noted otherwise) fetal bovine serum (GIBCO), 60 Itg/ml
penicillin, 100 Ag/ml streptomycin and 300,ug/ml glutamine. SDS and 8.3 M
urea-polyacrylamide gels, agarose gels, PCA (phenol/chloroform/isoamyl
alcohol in a ratio of 25:25:1) extractions, ethanol precipitations, T7 RNA
polymerase transcriptions, Coomassie staining and cloning techniques were
performed as described in Ausubel et al. (1989). RNA gels were stained
with silver using the procedure of Merril et al. (1981). Protein gels were
stained with silver using a Rapid Ag-Stain kit purchased from ICN
Radiochemicals.

In vivo labeling and immunoprecipitations
Approximately 4 x 106 cells were labeled with 100 ACi of 35S (trans-label;
ICN Radiochemicals) for - 18 h in MEM minimal medium (Sigma)
supplemented as was RPMI 1640. Whole cell sonicates were prepared as
previously described (Lemer et al., 1981b). Immunoprecipitations with
human anti-La sera (kindly provided by M.Mamula and J.Hardin) or normal
human sera (cheerfully volunteered by D.Black and S.Siewert) were per-
formed as described by Lee et al. (1988) except that pellets were washed
7x with NET-2 (150 mM NaCl, 50 mM Tris, pH 7.5, 0.05% NP40).

EBER RNP reconstitution
Raji cells (108) were harvested by spinning for 5 min in a Beckman JS-4.2
rotor at 2000 r.p.m. (1100 g) at 4°C and resuspended in 5.0 ml of buffer
containing 10 mM Tris, pH 7.5, 10 mM NaCl and 3 mM MgCl2. After
a S min incubation on ice, NP-40 was added to 0.5% and the cells were
vortexed vigorously. NaCl (from a 4 M stock) was added to 150 mM and
the cells were again incubated on ice for 5 min. The nuclei were removed
by centrifugation for 15 min at 5000 r.p.m. (2580 g) in a Sorvall SA-600
rotor. The supernatant was then incubated with 1 % SDS and 0.5 mg/ml
proteinase K (Beckman) at 65°C for 15 min. After PCA extraction and
ethanol precipitation, the RNA was run on a 5% denaturing polyacrylamide
gel. The gel was stained with EtBr and the EBER 1, EBER 2 and SS rRNA
bands were excised and eluted overnight in pH 7.5 buffer containing 0.5 M
NaAc, 10 mM EDTA, 10 mM Tris, 0.1% SDS. Each RNA was ethanol
precipitated, resuspended in 200 Al of renaturation buffer (10 mM Tris,
pH 7.5, and 5 mM MgCl2) and heated to 65°C for 5 min followed by slow
cooling. 150 A1, 15 Al or 1.5 A1 of these RNAs (the equivalent of
7.5 x I07, 7.5 x 106 or 7.5 x 105 Raji cells respectively) were added
in a volume of 150 Al of renaturation buffer to 250 Al of 35S-labeled BJAB
whole cell sonicate (representing 7.5 x 105 cells) and incubated at room
temperature for 45 min with gentle agitation.

Micrococcal nuclease treatment
35S-labeled whole cell sonicates were incubated with 4 mM CaCl2 and
I U/pAl of micrococcal nuclease (Cooper Biomedical) for 15 min at 37'C.
EGTA was added (to a final concentration of 8 mM) either before (Figure
lB, lane 1) or after (lane 2) this incubation.

Cloning and PCR
Oligonucleotides for sequencing and PCR were synthesized by J.Flory on
an Applied Biosystems DNA Synthesizer. 1.5 pg of each of these
oligonucleotides was used in a 100 yl PCR reaction containing 0.5 Al of
2% gelatin, 10 itl 2 mM dNTPs, 1.0 Al 1 M Tris, pH 8.4, 1.5 /Al 100 mM
MgCl2, 2.5 pl 2 M KCI, 2.5 units of Taq DNA polymerase (Perkin Elmer
Cetus) and 0.15 pg of Xgtl 1 DNA. The Xgt 1I human placental cDNA library
was kindly provided by S.Baserga. Samples were initially denatured by
heating for 6 min at 94°C, subjected to 30 incubation cycles (94°C for 2 min;
55°C for 3 min; 72°C for 2 min) and finally incubated at 72°C for 6 min.
The PCR products were digested with EcoRIand, after gel fractionation,

the 245 bp band was excised and cloned into pGem3Z between the EcoRI
site and the PvuII site. This construct allowed the production of a T7
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transcribed RNA probe specific for EAP. 106 c.p.m. of this probe was used
to screen the same Xgtl I library (SSC protocol, unit 6.4: Ausubel et al.,
1987). Twelve plates containing 30 000 plaques/plate were screened in
duplicate at 58°C overnight. Filters were washed (25°C. 6 x SSC. I h;
250C. 0.5 x SSC. I h;650C, 0.5 x SSC, I h)and exposed to X-ray film
for 2 days. DNA sequencing was performed using a Sequenase kit (US
Biochemicals). All DNA sequences shown represent analysis of both strands.

Protein purification and amino acid sequencing
One liter of Raji cells was grown in T-flasks to a density of 5 x 10'
cells/mil transferred to 3 spinner bottles, and split daily to 2 x 105
cells/ml with medium containing 8% fetal bovine serum. Cells were harvested
(typically 25-30 of cells at 7.5 x 105 cells/ml) by centrifugation for
10 min at 2000 r.p.m. (1100 g) in a Beckman JS-4.2 rotor. Cells were
washed and resuspended (5 ml/l of cells) in pH 7.5 DE buffer (25 mM
Tris, 3.0 mM MgCI,, 0.1 mM EDTA. 1.0 mM DTT. 0.5% NP-40,
0.5 mM PMSF/0.5% isopropanol) with 50 mM NaCI. After homogenizing
10- 15 x with a Kontes Dounce homogenizer (pestle B), the nuclei were
removed by centrifugation in a Sorvall SS-34 rotor for 15 min at 10 000
r.p.m. (10 300 g). If the supernatant was to be stored for later use it was
brought to 20% glycerol and kept at - 80°C. The frozen or fresh supematant
was then spun in a Beckman SW41 rotor at 4°C for 8- 12 h at 40 000
r.p.m. (200 000 g). The supernatant from this spin was loaded onto an 80 ml
column containing DE-52 resin (Whatman) previously equilibrated with pH
8.0 DE buffer. After loading, the column was washed with pH 8.0 DE
buffer until the OD,80 of the effluent was <0. 1. A 400 ml linear gradient
from 0 to 1.0 mM NaCI in pH 6.7 DE buffer containing 10 mM PIPES
was then used to elute the bound RNPs. Fractions (2.5-3.0 ml) were
collected into tubes which contained 1.0 ml of 25 mM Tris, pH 8.0. Selected
fractions (25 /cl) were treated with proteinase K (as described above).
extracted twice with PCA. run on a 8.3% urea 5% polyacrylamide gel and
stained with silver. Fractions were pooled based upon the position of the
EBERs. which eluted at - 0.4 M salt as determined by conductivity (CDM
80: Radiometer America). An effort was made not to include early EBER
fractions since they contained a much higher proportion of contaminating
proteins than later EBER fractions. In some experiments, pooled fractions
were diluted with an equal volume of water and reloaded onto a second
DE-52 column ( 15-20 ml) and eluted as before but using a 0. 15 -0.75 M
NaCl gradient. Pooled peak fractions were diluted 2-fold with water and
concentrated to 2.0 ml on a Centriprep C-30 (Amicon). This material was
loaded onto a 38 ml 10-25% glycerol gradient containing 25 mM Tris,
pH 7.5. 3 mM MgCl and 1 mM DTT. After centrifugation in a SW28 rotor
at 28 000 r.p.m. (103 000 g) for -40 h, 1.2 ml fractions were collected.
EBER RNP containing fractions were pooled as described in the text, diluted
2-fold with water, and concentrated on a C- 10 Centricon apparatus (Amicon).
On reaching 0.5 ml. one volume of 4 M NaCl. 10 mM EDTA. 50 mM
Tris. pH 7.5. was added to the concentrated material and this mixture was
gently agitated for 45 min at room temperature. The disrupted particles were
then loaded onto a G-100 superfine (Pharmacia) sizing column (diameter
1 cm. length m) previously equilibrated with 25 mM Tris. pH 7.5. 2.0 M
NaClI 1.0 mM EDTA. Fractions (0.8 ml) were collected at a rate of 5 frac-
tions/h and analyzed on SDS-polyacrylamide gels. Purified protein was
transferred to a PVDF membrane (Millipore) (Matsudaira. 1987). Subse-
quent cyanogen bromide/trypsin cleavage and amino acid sequencing were
performed by the Yale University School of Medicine Protein and Nucleic
Acid Chemistry Facility.
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