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ABSTRACT

EBER 1, a small noncoding viral RNA abundantly expressed in all cells transformed by Epstein-Barr virus (EBV), has been shown
to associate with the human ribosomal protein L22. Here we present in vitro binding studies using purified RNAs and
recombinant proteins. Electrophoretic mobility-shift assays (EMSAs) show that recombinant L22 (rL22) and maltose-binding
protein (MBP)-tagged L22 protein bind EBER 1 in vitro, both forming three specific protein-dependent mobility shifts. Use of
a mixture of rL22 and MBP-L22 indicates that these three shifts contain one, two, or three L22 proteins per EBER 1 molecule.
EMSAs performed with EBER 1 deletion constructs and EBER 1 stem–loops inserted into a nonbinding RNA, HSUR 3, identify
stem–loops I, III, and IV as L22 binding sites. The existence of multiple L22 binding sites on EBER 1 inside cells is demonstrated
by in vivo UV cross-linking. Our results are discussed with respect to the function of EBER 1 in EBV-infected human B cells.

Keywords: Epstein-Barr virus; EBER 1; ribosomal protein L22; electrophoretic mobility-shift assay; in vivo UV cross-linking;
RNA–protein interaction

INTRODUCTION

Epstein-Barr virus (EBV) is a member of the human
g herpesvirus family that infects >90% of adults worldwide
and maintains a lifelong presence. EBV is the causative
agent of infectious mononucleosis (Henle et al. 1968) and is
associated with Burkitt lymphoma (BL) (Henle and Henle
1966), nasopharyngeal carcinoma (zur Hausen et al. 1970),
and other human tumors including Hodgkin’s disease
(Johansson et al. 1970, 1975) and AIDS-associated lym-
phoma (Subar et al. 1988; Haluska et al. 1989). While
most of the EBV genome is silent in EBV-transformed
B-lymphocytes, two genes encoding the small RNAs EBER
1 and EBER 2 (Epstein-Barr encoded RNAs) are actively
transcribed by RNA polymerase III (z106 copies per cell)
(Lerner et al. 1981; van Santen et al. 1981; Arrand et al.
1989). Recently, a recombinant EBV with the two EBER

genes deleted was shown to exhibit 100-fold lower efficiency
in malignant transformation of resting B cells compared
with its wild-type counterpart (Yajima et al. 2005), suggest-
ing a role for EBERs in cellular transformation. This
confirms earlier reports that expression of EBERs alone pro-
motes the tumorogenic phenotype as assessed by cell growth
in soft agar and tumorgenicity in nude mice (Komano et al.
1999; Ruf et al. 2000; Yamamoto et al. 2000). However, the
molecular mechanisms underlying the function(s) of the
EBERs in the viral life cycle remain unclear.
EBER 1 and EBER 2 (167 and 172 nt, respectively) have

considerable secondary structure consisting of several stable
stem–loops (Glickman et al. 1988). They contain 39 termi-
nal polyuridylate stretches that interact stably with the
La antigen (Lerner et al. 1981). In addition to La, EBER 1
(Fig. 1A) binds the human ribosomal protein L22 tightly
(Toczyski and Steitz 1991) and the interferon-inducible
protein kinase R (PKR) more weakly (Clarke et al. 1990,
1991; Clemens et al. 1994). L22 is a 14.8-kDa protein con-
stituent of the large ribosomal subunit, which is not
conserved in prokaryotes (Nakao et al. 2004) and does
not share RNA binding motifs with any other known
protein (http://us.expasy.org/prosite). In addition, L22 asso-
ciates with human telomerase (Le et al. 2000), the small
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viral RNA HVP-1 in Herpesvirus papio–infected baboon
cells (Toczyski and Steitz 1991), the 39X region within the
39-untranslated region (UTR) of the human Hepatitis C
virus (HCV) genomic RNA (Wood et al. 2001), poly (ADP-
ribose) polymerase in Drosophila melanogaster (Koyama et al.
1999), and the Herpes simplex–infected cell proteins (ICP) 4
and ICP 22 in human cells (Leopardi and Roizman 1996;
Leopardi et al. 1997). However, the function of L22 both in
the ribosome and in these several RNP complexes remains
unknown.
In uninfected human B cells, L22 is located in the

nucleoli and cytoplasm, whereas following EBV infection,
L22 is found in the nucleoplasm as well (Toczyski et al.
1994). In situ hybridization indicates that EBERs are largely
nucleoplasmic (Howe and Steitz 1986; Barletta et al. 1993),
suggesting that L22 relocalization results from its associa-
tion with EBER 1 in vivo (Toczyski et al. 1994). In trans-
formed B cells, EBER 1 is quantitatively bound by L22
(>95%) (Toczyski and Steitz 1993), whereas only 30%–

50% of the L22 protein associates with
this RNA (Toczyski et al. 1994). Pre-
vious studies concluded that L22 binds
EBER 1 via stem–loop III (Toczyski and
Steitz 1993; Fig. 1A), but that additional
binding site(s) may also exist (Toczyski
and Steitz 1993; Dobbelstein and Shenk
1995). SELEX (systematic evolution of
ligands by exponential enrichment)
experiments established a generalized
RNA motif (Fig. 1D) for L22 binding
(Dobbelstein and Shenk 1995). Both
stem–loops III and IV of EBER 1 fit
this motif, thereby implicating stem–
loop IV as an additional binding site for
L22 on EBER 1.
To investigate the molecular interac-

tions involved in RNP formation by
EBER 1 and L22, we carried out more
extensive binding studies using un-
tagged and MBP-tagged L22 protein.
EMSAs (electrophoretic mobility-shift
assays) performed with wild-type EBER
1 and these recombinant proteins re-
vealed three specific mobility shifts that
are dependent on protein concentration
and differ in the ratios of protein/RNA
in the shifted complexes. Examination
of EBER 1 deletion constructs and
chimeric RNA molecules containing iso-
lated EBER 1 stem–loops in EMSAs iden-
tified three L22 binding sites. These
include the above-mentioned stem–loops
III and IV, and a previously undescribed
site involving stem–loop I. In addition,
we demonstrate the existence of multi-

ple L22 binding sites on EBER 1 inside cells by a UV cross-
linking assay. Understanding how L22 associates with EBER
1 may help elucidate the contribution of the EBER RNPs
to the EBV life cycle.

RESULTS

Stem–loops I, III, and IV are all binding sites for rL22

EMSA was used to study the in vitro interaction of human
ribosomal protein L22 with EBER 1 in comparison to an
unrelated RNA derived from Herpesvirus saimiri, HSUR 3
(Lee et al. 1988). Increasing concentrations of untagged
recombinant L22 (rL22) were incubated with either 5 nM
32P-labeled full-length EBER 1 (Fig. 1A) or HSUR 3 (Fig.
1B). Three distinct protein-dependent mobility shifts were
observed for EBER 1 (Fig. 1C, lanes 8–11), suggesting that
the dominant species present at 1 mM rL22 is the triply
bound RNA. An additional diffuse shift can also be seen at

FIGURE 1. L22 interactions with EBER 1 and HSUR 3 in EMSAs. (A) Secondary structure of
wild-type EBER 1 as determined previously (Glickman et al. 1988). Bold roman numerals
denote the stem–loops. (B) Secondary structure of HSUR 3 from Herpesvirus saimiri (Lee et al.
1988). The arrow indicates where stem–loops I, II, III, or IV were inserted into the RNA to
generate the HSUR 3 chimeras analyzed in Figure 5. (C) EMSAs performed with 5 nM body-
labeled HSUR 3 (lanes 1–6) or EBER 1 (lanes 7–11) and increasing concentrations of
recombinant L22 protein. EBER 1, which alone migrates as a close doublet, forms three distinct
shifts with L22, while HSUR 3 shifts only at protein concentrations $3 mM. An asterisk (*)
indicates an additional, nonspecific shift that appears at very high L22 concentrations. Note
that the free HSUR 3 contains a slower-migrating band even without L22. (D) The generalized
RNA consensus motif proposed to mediate interaction between L22 and RNA (adapted from
Dobbelstein and Shenk 1995).
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3 mM rL22. In contrast, HSUR 3 begins to shift at protein
concentrations only at or above this level (Fig. 1C, lanes 2–
6). Collectively, these data argue that EBER 1 shifts 1, 2,
and 3 (Fig. 1C, lanes 8–11) represent specific rL22–EBER 1
complexes, whereas the additional diffuse shift most likely
arises from nonspecific electrostatic association with the
RNA at high protein concentrations.
The three distinct mobility shifts (Fig. 1C) suggest that

rL22 forms at least three distinct complexes with wild-type
EBER 1. One interpretation is that wild-type EBER 1 possesses
three unique L22 binding sites. However, it cannot be
assumed that each shift represents a unique molecular
complex; a single shift could contain heterogeneous mixtures
of different complexes that travel with the same mobility in
native polyacrylamide gels. Immunoprecipitation studies

previously indicated that stem–loop III of EBER 1 binds
L22 (Toczyski and Steitz 1993), and SELEX and EMSAs
(Dobbelstein and Shenk 1995) suggested stem–loop IV as
an additional L22 protein binding site. To verify these and
identify other RNA elements within EBER 1 important for
binding L22, we performed a series of mobility-shift ex-
periments using EBER 1 deletion constructs in which each
of the stem–loops was deleted independently (Fig. 2B–E).
Interestingly, single deletion of three of the stem–loops

of EBER 1 pictured in Figure 1A abolished or greatly
hindered the formation of the three specific shifts. These
were stem–loop I (EBER 1 Dstlp I, Dnts 14–33; Fig. 2B),
stem–loop III (EBER 1 Dstlp III, Dnts 60–83; Fig. 2D), and
stem–loop IV (EBER 1 Dstlp IV, Dnts 87–123; Fig. 2E). In
contrast, deletion of stem–loop II from EBER 1 (EBER 1

FIGURE 2. EMSAs performed with EBER 1 deletion constructs identify stem–loops I, III, and IV as binding sites for L22 on EBER 1. Predicted
secondary structures of the EBER 1 deletion RNAs tested (top) and EMSAs performed with 5 nM RNA (body-labeled) and increasing
concentrations of L22 (bottom). (A) Full-length EBER 1, (B) EBER 1 Dstlp I (Dnts 14–33), (C) EBER 1 Dstlp II (Dnts 45–58), (D) EBER 1 Dstlp III
(Dnts 60–83), (E) EBER 1 Dstlp IV (Dnts 87–123). The deletion mutants are numbered according to the full-length RNA. An asterisk (*) indicates
an additional, nonspecific shift that only appears at L22 concentrations $3 mM.
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Dstlp II, Dnts 45–58; Fig. 2C) produced an RNA with rL22-
binding behavior qualitatively identical to that of wild-type
EBER 1 (Fig. 2A). These differences are best exemplified by
examination of EBER 1 shifts in the presence of 1 mM rL22.
The majority of the signal from full-length (Fig. 2A, lane 4)
and Dstlp II RNAs (Fig. 2C, lane 5) is found in shift 3. In
contrast, the bulk of the signal from EBER 1 Dstlp I (Fig.
2B, lane 4) or EBER 1 Dstlp III (Fig. 2D, lane 5) is found in
shift 1, while that from EBER 1 Dstlp IV (Fig. 2E, lane 5) is
found in shift 2.
These results corroborate the previous findings that

stem–loops III and IV are essential for full rL22 binding
to EBER 1 and suggest an additional, previously undescribed
protein binding site in stem–loop I. It was surprising,
however, that deletion of stem–loop III did not appear to
retard the formation of the first protein shift. In fact, the
first protein shift was observed even at the lowest concen-
tration (0.1 mM) shown for all single-loop deletion constructs,
suggesting malleability in the rL22–EBER 1 interaction.

EBER 1 binds three protein molecules simultaneously

The protein-concentration dependence of the appearance
of the mobility shifts, in concert with the presence of
binding sites on stem–loops I, III, and IV, suggests that
EBER 1 can bind multiple copies of rL22 simultaneously.
To determine the protein/RNA stoichiometry for shifts 1–3,
binding studies were performed using a mixture of rL22
(15 kDa) and MBP-L22 fusion protein (56 kDa) (Fig. 3).
EBER 1 Dstlp II was substituted for full-length EBER 1, as
it exhibited very similar binding behavior with both rL22
(Fig. 2A,C) and MBP-L22 (data not shown). However, the
increased resolution with this smaller RNA between bound
species greatly facilitated interpretation of the results. In the

presence of either rL22 or MBP-L22 alone, three specific
concentration-dependent bands appeared (Fig. 3, lanes 2–5
or 9–11, respectively). When EBER 1 Dstlp II was incubated
with a mixture of the two proteins (Fig. 3, lanes 6–8), these
individual shifts were observed, as well as three distinct
intermediate shifts. The formation of a band intermediate
to a shift seen with each protein alone would suggest that
two (or more) molecules of protein bind.
The simplest interpretation of the above mixing exper-

iment (Fig. 3) is that protein shifts 1, 2, and 3 contain one,
two, and three of the relevant L22 molecules bound to
EBER 1, respectively, while the intermediate shifts contain
both rL22 and MBP-L22 molecules simultaneously bound
to EBER 1. Mixed shift 1 represents EBER 1 bound to two
L22 moieties (one molecule of rL22 and one molecule of
MBP-L22), while mixed shifts 2 and 3 represent EBER 1
bound to three L22 moieties (two rL22 and one MBP-L22
molecules in mixed shift 2, and one rL22 and two MBP-L22
molecules in mixed shift 3). Although both mixed shifts
2 and 3 contain three protein molecules, the latter migrates
significantly more slowly, consistent with its proposed
greater bulk.

EBER 1 fragments bind rL22

To probe the rL22-EBER 1 interactions further, we per-
formed mobility-shift assays with several EBER 1 frag-
ments. EBER 1 nts 45–124, which comprises stem–loops
II–IV of EBER 1, formed two shifts with rL22. These shifts
appeared at similar rL22 concentrations to the first two
shifts of full-length EBER 1. Shortening stem–loop IV
reduced the association of the RNA fragment with the first
protein molecule and abrogated the second shift (data not
shown), supporting the conclusion that stem–loop IV is an
rL22-binding site. Identical results were seen upon sub-
stituting the loop of stem–loop II, which was shown above
not to be essential for protein binding, with a GAAA
tetraloop (data not shown). Our rationale was that a smaller
construct comprised of just stem–loops II and III would
use this GAAA tetraloop in stem–loop II to promote proper
RNA folding. Again, this construct showed only one shift
with rL22 (Fig. 4B), but with slightly reduced affinity for
rL22. This suggests that elements in the base of stem–loop
IV might be necessary either for direct binding to rL22 or
for correct presentation of stem–loop III to the rL22-
binding surface. Similar results were seen upon removal
of stem–loop II entirely (Fig. 4C).
Another series of EBER 1 fragments removed stem–loops

I, II, and IV from the backbone of the RNA molecule.
Unexpectedly, EBER I Dstlps I, II, and IV formed two
RNA–protein complexes in mobility-shift assays (Fig. 4D).
This behavior may be explained by the presence of two
energetically comparable RNA conformers, one of which
contains a novel binding site for L22 (see Discussion). Short-
ening the terminal RNA stem abolished the second shift

FIGURE 3. Shifts 2 and 3 contain multiple L22 molecules. EMSAs
performed with 5 nM body-labeled EBER 1 Dstlp II and the indicated
concentrations of rL22 and/or MBP-L22 fusion protein. EBER 1 Dstlp
II was chosen for the mixing experiment, as it exhibits L22-binding
behavior similar to full-length EBER 1 but better separation between
protein-bound species. Mixed shift 1 is presumed to comprise one
rL22 and one MBP-L22 molecule bound to the RNA, with two rL22
and one MBP-L22 molecules in mixed shift 2, and one rL22 and two
MBP-L22 molecules in mixed shift 3. An asterisk (*) indicates a minor
multiply shifted species.
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without affecting the binding affinity of the first shift (Fig.
4E; data not shown).

Stem–loops I, II, and IV can individually bind rL22

Although the data in Figures 2 and 4 argue that stem–loops
I, III, and IV are necessary for L22 binding to EBER 1, they
do not address whether these regions are sufficient. Because
stem–loop III alone binds poorly to rL22 even at 10 mM
concentration (data not shown) and decreases in binding
affinity were observed when stem–loop IV was deleted (Fig.
4, cf. A and B/C), we reasoned that the stem–loops of EBER
1 might require the context of a larger RNA molecule to
fold properly. We therefore performed binding assays on
the individual EBER 1 stem–loops inserted (see Fig. 1B for
site of insertion) into the nonbinding HSUR 3 molecule to
form HSUR 3 stem–loop chimeras.
The insertion of EBER 1 stem–loop I (nts 14–33) (Fig. 5,

lanes 6,7) or IV (nts 87–123) (Fig. 5, lanes 14,15) into

HSUR 3 each produced a single-shifted complex with rL22.
The same amounts (1 and 4 mM) of rL22 did not yield
a specific shift with HSUR 3 alone (Fig. 5, lanes 3,4) or with
the HSUR 3 stem–loop II chimera (data not shown). We
conclude that stem–loops I and IV can independently serve
as binding sites for rL22. Interestingly, the HSUR 3 stem–
loop III (nts 59–84) chimera consistently yielded two
differently migrating forms of the free RNA (Fig. 5, lane 8)
in multiple RNA preparations purified from polyacrylamide
gels, arguing that it adopts two major conformations (see
Discussion). Increasing amounts of rL22 shifted both RNA
conformers into specific complexes (Fig. 5, lanes 9–11) but
with more background than the profiles of the HSUR 3
stem–loop I or IV chimeras. The diminution of the free
HSUR 3 stem–loop III band even at 0.4 mM rL22 (Fig. 5,
lanes 9–11) argues that stem–loop III is an L22-binding
site. Taken together, these data support the idea that EBER
1 stem–loops I, III, and IV can individually bind L22.

FIGURE 4. EMSAs investigating the interaction of L22 with EBER 1 fragments. Predicted secondary structures of EBER 1 truncations and
EMSAs performed with 5 nM RNA and increasing concentrations of L22 are shown. (A) EBER 1 nts 45–124, (B) EBER 1 nts 45–84, GAAA, (C)
EBER 1 nts 59–87, (D) EBER 1 Dstlps I, II, and IV, and (E) EBER 1 35–135 Dstlps II and IV. The deletion mutants are numbered according to the
full-length RNA. EMSAs were performed with body-labeled RNAs, with the exception of the constructs in A and E, which were 59-end labeled. An
asterisk (*) indicates an additional, nonspecific shift that only appears at very high L22 concentrations. As stlp II was shown not to be involved in
L22 binding, its loop was replaced with a GAAA tetraloop to promote correct folding of the construct studied in B.
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EBER 1 binds multiple L22 Proteins in vivo

Having established that EBER 1 contains three L22-binding
sites in vitro, we wished to determine whether multiple L22
proteins likewise interact with EBER 1 inside transformed
cells where other EBER 1-binding proteins could poten-
tially compete. We used a powerful in vivo UV cross-linking
method (Cook et al. 2004) in which anti-L22 antibody was
used to immunoprecipitate cross-linked EBER 1–L22 com-
plexes under semidenaturing conditions. When a DNA
construct expressing wild-type EBER 1 and EBER 2 from
their native promoters was transfected
into HEK 293 cells, EBER 1 was detected
in the anti-L22 precipitate in a cross-
linking-dependent manner (Fig. 6, top,
cf. lanes 8,18 and 7,17).
If EBER 1 binds multiple copies of the

L22 protein in vivo, deletion of any one
binding site from the RNA should not
abolish precipitation after UV cross-link-
ing. Indeed, upon expression in HEK
293 cells and UV cross-linking, EBER 1
Dstlp I (Fig. 6, top, lane 10), EBER 1
Dstlp III (Fig. 6, top, lane 12), and
EBER 1 Dstlp IV (Fig. 6, top, lane 20)
were detected in the anti-L22 precipitate.
The specificity of these interactions is
demonstrated by the absence of EBER 2
in the precipitates (Fig. 6, bottom). We
conclude that multiple L22 molecules are
bound to EBER 1 inside cells, as in vitro,
but we cannot distinguish whether two
or more L22-binding sites exist.

DISCUSSION

In vitro binding experiments presented here demonstrate
that wild-type EBER 1 forms three distinct mobility shifts
with rL22 or MPB-L22 that are protein-concentration
dependent (Fig. 1; data not shown). The association is
direct since it occurs in the absence of any other viral or
host proteins and does not require post-translational
modifications. The three distinct RNP complexes observed
differ in the total number of bound L22 protein molecules;
shifts 1, 2, and 3 appear to contain one, two, and three L22
molecules bound to EBER 1, respectively (Fig. 3). Because
the deletion of EBER 1 stem–loop I, III, or IV greatly affects
the formation of a third complex (Fig. 2), these three stem–
loops appear to comprise the three binding sites for L22 in
vitro. Indeed, our data agree with previous observations
that stem–loops III and IV are L22 binding sites (Toczyski
and Steitz 1993; Dobbelstein and Shenk 1995). Insertion of
stem–loop I into HSUR 3 confers binding activity on this
unrelated nonbinding RNA, confirming that stem–loop I is
a binding site for L22 (Fig. 5). Finally, in vivo cross-linking
experiments show that there are also multiple L22-binding
sites on EBER 1 inside cells (Fig. 6).

Can stem–loops be assigned to particular shifts?

With the wild-type EBER 1 molecule, we estimate the
apparent binding constants (Kd) for the first, second, and
third shifts to be 0.1, 0.3, and 1 mM, respectively. In an
attempt to assign these shifts to particular binding sites, we
first examined fragments of EBER 1. We constructed two
small stem–loop III-containing fragments, EBER 1 nts 45–
84, GAAA (Fig. 4B) and EBER 1 nts 59–87 (Fig. 4C), and

FIGURE 5. L22 interacts with HSUR 3 chimeras containing in-
dividual EBER 1 stem–loop sequences. EMSAs were performed with
5 nM HSUR 3 without an insert (lanes 1–3) and HSUR 3 chimeras
containing either stem–loop I (lanes 4–7), stem–loop III (lanes 8–11),
or stem–loop IV (lanes 12–15) in the presence of the indicated
concentrations of rL22 protein. Note that HSUR 3 stem–loop III
contains two forms of the free RNA; their respective shifts are marked
with single (*) and double (**) asterisks. The ** shift sometimes, but
not always, appears as a doublet.

FIGURE 6. In vivo interactions between L22 and EBER 1 deletion constructs. HEK 293 cells
were transfected with the following EBER 1 and EBER 2 expression constructs: wild-type EBER
1 (lanes 1,2,7,8,13,14,17,18), Dstlp I (lanes 3,4,9,10), Dstlp III (lanes 5,6,11,12), or Dstlp IV
(lanes 15,16,19,20). Intact cells were irradiated with 254-nm UV light to induce cross-linking
between protein and RNA in vivo (even-numbered lanes); untreated cells served as negative
controls (odd-numbered lanes). Whole-cell lysates were subjected to immunoprecipitation
with anti-L22 antibody under denaturing conditions. Precipitated RNAs were released from
the antibody by proteinase K digestion and were resolved in an 8% urea polyacrylamide gel. A
total of 0.5% of the input and 100% of the precipitates were analyzed, and EBER 1 sequences
were detected by Northern blotting (top). The low expression levels of EBER 1 Dstlp I (lanes
3,4) and Dstlp III (lanes 5,6) are due to the disruption of Box A or Box B of the EBER 1 RNA
polymerase III promoter, respectively. To control for nonspecific cross-linking and immuno-
precipitation, the membranes were stripped and reprobed for EBER 2 sequences (bottom).
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estimated that stem–loop III has a Kd of 1 mM. However, in
a molecule that contains stem–loops II, III, and IV (EBER 1
nts 45–124; Fig. 4A) the first and second shifts have Kds of
0.1 and 1 mM, respectively. These affinities suggest that
shift 1 with EBER 1 nts 45–124 corresponds primarily to
L22 binding at stem–loop IV, with an additional L22
molecule at stem–loop III to form shift 2. Alternatively,
additional sequences from stem–loop IV might allow stem–
loop III to bind L22 with a higher affinity, perhaps by
facilitating proper RNA folding. In this case, shift 1 on
EBER 1 nts 45–124 would correspond primarily to L22
binding at stem–loop III.
We used M-fold (Zucker 2003) to predict RNA second-

ary structures for wild-type EBER 1 and all of the deletion
construct RNAs used in Figures 2 and 4. M-fold confirmed
the structures shown in all cases except for EBER 1 Dstlps I,
II, and IV (Fig. 4D). Here, an alternate structure of
comparable predicted stability can form by refolding nts
127–138 to create a hairpin loop with a 4-bp stem closed by
GC and a U in the 39 position of the loop, conforming to
the consensus motif for L22 binding (Fig. 1D). L22 binding
both to stem–loop III and to this novel stem–loop in the
molecule would then explain the two shifts seen in the
EMSA profile of this molecule (Fig. 4D). Moreover, this
structure would not form with EBER 1 35–135 Dstlps II
and IV (Fig. 4E), explaining loss of the second shift.
Because individual stem–loops of EBER 1 may require

the context of a larger RNA molecule to fold properly, we
also inserted them into a nonspecific RNA, HSUR 3.
Curiously, the HSUR 3 stlp III chimera assumed two major
conformations (Fig. 5, lane 8), again predicted by M-fold
(data not shown). While the two folds are dramatically
different, they both retain stem–loop III. Thus, both con-
formers are shifted (Fig. 5, lanes 9–11) and the estimated
Kds, based on the reduction of the free RNA signals, are
<1 mM. The estimated Kd for the HSUR 3 stlp IV chimera
(whose predicted structure is consistent with M-fold) is
2 mM (Fig. 5). However, for HSUR 3 stlp I, M-fold predicts
four isoenergetic structures, three of which lack stem–loop I.
Its apparent Kd of >4 mM (Fig. 5, lanes 4–7) is therefore
not meaningful. Thus, we can only conclude that, when
inserted into HSUR 3, stem–loop III exhibits stronger L22
binding than stem–loop IV. It is striking that the estimated
Kds for the individual stem–loop chimeras (Fig. 5) are all at
least fourfold lower than when the same stem–loops are
part of EBER 1 (Figs. 1C, 2A).
Given the results with both the EBER 1 fragments and

with the HSUR 3-EBER 1 chimeras, can we assign the
various shifts to L22 interactions with specific stem–loops?
Figure 2 shows that the individual deletion of stem–loops I,
III, or IV surprisingly has no effect on the appearance of
shift 1. Thus, it is impossible to deduce which stem–loop is
the strongest binding site for L22 in the context of the full-
length RNA. Together our results indicate that any major
(Fig. 4) or minor (Fig. 2) deletion of EBER 1 or the isola-

tion of any stem–loop from the rest of the molecule (Fig. 5)
negatively affects the interaction between L22 and EBER 1
stem–loops. Therefore, we conclude from our results only
that wild-type EBER 1 has three in vitro L22-binding sites,
whose relative affinities remain unknown. It is quite possi-
ble that each shift represents a mixture with L22 bound to
several of its binding sites.

What molecular features does L22 recognize?

SELEX experiments predicted a consensus RNA structure
that enables specific interactions between L22 and RNA
(Dobbelstein and Shenk 1995; Fig. 1D). The domains of
EBER 1 that fit this motif best are stem–loops III and IV.
Since stem–loop III was already established as a binding site
(Toczyski and Steitz 1993), Dobbelstein and Shenk (1995)
proposed stem–loop IV as the additional binding site on
EBER 1. EMSAs performed with isolated stem–loop IV in
the absence of competitor RNA indeed demonstrated weak
binding that could be competed by the addition of isolated
stem–loop III (Dobbelstein and Shenk 1995).
Here we have identified stem–loop I of EBER 1 as a third

binding site for L22. This assignment is supported by
a comparison of the EBER 1 stem–loop I to a sequence
from the 39X sense strand of HCV genomic RNA that is
reported to bind L22 (Wood et al. 2001); nt 19–25 within
the 39X sense strand are identical to nt 13–19 in EBER 1
stem–loop I (Wood et al. 2001). Yet, stem–loop I of EBER 1
does not fit the predicted consensus sequence (Dobbelstein
and Shenk 1995) entirely (see Fig. 1A,D); it maintains a GC
base pair at the apical end, with the G 59 and the C 39, but
lacks the U residue in the 39 position of the loop. A
common feature is that the stems of both stem–loops I and
III consist of 6 canonical bp, with no bulged residues. The
identification of more recognition sites for L22, including
that in the large subunit of the ribosome, would provide
additional insights into the consensus-binding sequence
and structure.

Significance of the association between EBER 1
and ribosomal protein L22

The high abundance of EBER 1 and EBER 2 in EBV-infected
cells, together with their evolutionary conservation (Arrand
and Rymo 1982; Howe and Shu 1988), strongly suggests
that these RNAs contribute importantly to the EBV life
cycle. The association between EBER 1 and ribosomal protein
L22 immediately suggests that the EBERs might modulate
translation. Based on the estimate that the intracellular
concentration of L22 (z50 mM) is 10-fold that of EBER 1,
nearly all of EBER 1 is predicted to be bound by multiple
molecules of L22 in vivo. This is confirmed by the in vivo
cross-linking data in Figure 6. Since depletion of L22 from the
ribosomes of EBV-transformed cells was not experimentally
observed (Toczyski et al. 1994), L22 levels may be selec-
tively up-regulated in EBV-infected cells.
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It is also possible that the sequestering of L22 by EBER 1
is not important, but rather that the RNP consisting of
EBER 1, L22, and additional host proteins fulfills some spe-
cific function in EBV-transformed cells. EBER 1 has been shown
to interact stably with the La antigen (Lerner et al. 1981) and
PKR (Clarke et al. 1991; Sharp et al. 1993; Clemens et al.
1994; Elia et al. 1996; Clemens and Elia 1997; Vuyisich et al.
2002). La is sufficiently abundant (z2 3 107 molecules/cell)
that binding by EBERs (z106 molecules/cell) should not
sequester La away from other roles in the cell (Wolin and
Cedervall 2002). On the other hand, PKR is much less
abundant (Clemens and Elia 1997) and its binding by EBER
1 could block its ability to inhibit protein synthesis in
infected cells (Clarke et al. 1991; Sharp et al. 1993; Clemens
et al. 1994). Recently, this model has been extended to sug-
gest that L22 may exert a protective effect against the
transforming potential of EBER 1 in vivo by making EBER
1 unavailable for binding to PKR (Elia et al. 2004). This
hypothesis rests on the idea that L22 and PKR compete for
a common binding site on EBER 1, namely stem–loop IV
(Dobbelstein and Shenk 1995; Vuyisich et al. 2002), while
other studies, in contrast (Ruf et al. 2005; Wang et al. 2005),
do not find evidence for interactions between EBER 1 and
PKR. Clearly, there is much more to be learned concerning
the role of the EBER 1 RNP in EBV-transformed cells.

MATERIALS AND METHODS

Plasmid construction

Wild-type EBER 1 was previously cloned into a pUC119 vector
(Toczyski and Steitz 1993). This gene fragment (225 nt) was
removed from the pUC119 vector and placed into a pUC19
vector. Briefly, the EBER 1 gene (167 nt), preceded by an EcoRI
restriction site and a T7 RNA polymerase promoter (23 nt) and
followed by a HindIII restriction enzyme site, was excised from
the pUC119 vector by cleavage with the enzymes EcoRI and
HindIII and inserted into the EcoRI and HindIII sites of pUC19.
All EBER 1 stem–loop deletion plasmids were synthesized using
the QuikChange Site-Directed mutagenesis kit (Stratagene)
according to the manufacturer’s protocol. Wild-type EBER 1
plasmid was used as the DNA template in all cases, unless
otherwise specified. The following 59 oligonucleotides were used
to create the corresponding deletion constructs (with 39 oligonu-
cleotides complementary to their respective 59 oligonucleotides):
EBER 1 Dstlp I, 59-AGGACCTACGCTGAGGAGACGTGTGTGG
CTG; EBER 1 Dstlp II, 59-GCTAGGGAGGAGACGTGTCCGTCC
CGGGTACAAGT; EBER 1 Dstlp III, 59-CGTGTGTGGCTGTAGC
CACCGTGAGGACGGTGTCTGTG. EBER 1Dstlp IV was constructed
in two rounds. The first round removed nt 106–123 using
59-GGACGGTGTCTGTGGTTGTCTGCCGTCTTCGGTC. The sec-
ond round used this EBER 1 plasmid as the DNA template and
removed nt 87–105 using 59-CAAGTCCCGGGTGGTGTCTGCC
GTCTTCGGTC. EBER 1 Dstlps (I, II, and IV) used EBER 1 Dstlp
IV plasmid as the DNA template and removed stem–loops I and II
sequentially using the corresponding oligonucleotides described

above. EBER 1 35–135 Dstlp II, IV was generated by PCR ampli-
fication using EBER 1 Dstlps (I, II, and IV) plasmid as the DNA
template and the following primers: 59 primer-GGGAATTCTAA
TACGACTCACTATAGGAGACGUGUGUGGCUGU, which con-
tains an EcoRI restriction site followed by a T7 RNA polymerase
promoter, and 39 primer-CGCCGGATCCTTTAAAGACGGCAGA
CACCACC, which contains DraI and BamHI restriction sites. The
resulting product was cloned into a pUC19 plasmid using the
EcoRI and BamHI restriction sites. EBER 1 45–124 was generated
by PCR amplification using wild-type EBER 1 plasmid and the
following primers: 59 primer-GGGAATTCTAATACGACTCACTA
TAGUGGCUGUAGCCACCC, which contains an EcoRI restric-
tion site, followed by a T7 RNA polymerase promoter, and 39
primer-CGCCAAGCTTTAAAGCAGAGUCUGGGAAGAC, which
contains DraI and HindIII restriction sites. The resultant product
was cloned into a pUC19 plasmid using the EcoRI and HindIII
restriction sites. For EBER 1 nts 45–84, GAAA and EBER 1 nts
59–87, DNA templates containing a T7 RNA polymerase promoter
followed by the relevant sequence were synthesized by the Keck
Facility at Yale University and purified on a 15% denaturing
polyacrylamide gel. Stem–loops were added to HSUR 3 by ligating
two DNA inserts (59 and 39 fragments) into the HSUR 3 construct
using the EcoRI and SmaI restriction sites. The Herpesvirus saimiri
HSUR 3 plasmid was previously constructed (Myer et al. 1992)
and was used as PCR template. The 59 fragments of HSUR 3 stlp I,
HSUR 3 stlp III, and HSUR 3 stlp IV were generated by PCR
amplification with 59-CCTCTAGGGCTTGGGTTGTTAATCTCCTA,
59-TGTACCCGGGACGGCTTGGGTTGTTAATCTCCTA, and
59-CAACCACAGACACCGTCCTCCTTGGGTTGTTGTTAATCTCCTA,
respectively, and T7 primer. The 39 fragments of HSUR 3 stlp I,
HSUR 3 stlp III, and HSUR 3 stlp IV were generated by PCR
amplification with 59-TTTTGCTAGGGAATAATTTTTGAAGGC
TCTGG, 59-AGTCCCGGGTGGAATAATTTTTGAAGGCTCTGG,
and 59-TCTTCCCAGACTCTGCTTTAATAATTTTTGAAGGCTC
TGG, respectively, and SP6 primer.
For the in vivo UV cross-linking experiments, EBER 1 and its

deletion variants were expressed using their endogenous promoters
from a plasmid encoding both EBER 1 and EBER 2. p73EBERs
was constructed by ligating a 1.1-kb DNA fragment from the
EcoRI J fragment of EBV into pSP73 (Promega) using the SacI and
BamHI restriction sites. Stem–loops were deleted from EBER 1 by
ligating two DNA inserts (59 and 39 fragments) into p73EBERs
using the EcoRI and BamHI restriction sites. The 59 fragments of
Dstlp I, Dstlp III, and Dstlp IV were generated by PCR amplifi-
cation with 59-AGGAGACGTGTGTGGCTG, 59-TGAGGACG
GTGTCTGTGG, and 59-TCTGCCGTCTTCGGTCAA, respectively,
and an SP6 primer. The 39 fragments of Dstlp I, Dstlp III, and
Dstlp IV were generated by PCR amplification with 59-GCG
TAGGTCCTGAGGTTCA, 59-GTGGCTACAGCCACACAC, and
59-CACCACCCGGGACTTGTACC, respectively, and a T7 primer.
DNA sequences of all plasmids were verified by the Keck Facility
at Yale University.

Protein expression and purification

Overexpression of recombinant L22 (rL22) and MBP-L22 proteins
followed a similar procedure. A total of 0.4–1.2 L of LB medium
containing 50 mg/mL ampicillin and 34 mg/mL chloramphenicol
were inoculated with 0.5–1 mL of an overnight culture of Rosetta
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(DE3) pLysS cells (Novagen) harboring an L22 expression plasmid.
Cells were grown at 37°C for 3.5–5 h to an A595 of 0.6–0.7, and
IPTG was added to a final concentration of 1 mM. Protein
expression was allowed for 2 h at 37°C. Cells were harvested by
centrifugation and resuspended at A595 of 30–60 in 50 mM Tris-
HCl at pH 8.0/10% sucrose for rL22 or in column buffer (20 mM
Tris-HCl at pH 7.4, 200 mM NaCl, 1 mM EDTA, and 10%
glycerol) for MBP-L22 proteins before being stored at "80°C.
Frozen cells were thawed in an ice-water bath. All subsequent
steps were carried out at 4°C. Protease inhibitor cocktail (Calbio-
chem) and a final concentration of 1–4 mM EDTA were added
to the thawed cells. Lysed cells were cleared by centrifugation at
100,000g for 1 h at 4°C. Both L22 proteins were purified as
described below to 90%–95% homogeneity as judged by SDS-
PAGE. The calculated extinction coefficients (e280) for rL22,
1209 M"1 cm"1, and for MBP-L22, 76,810 M"1cm"1, were used
to determine protein concentrations.

Purification of recombinant L22 protein

Plasmid pET11a-L22 constructed by PCR amplification of the
L22-encoding sequence and ligation into the pET11a vector was
used for expression of rL22. The DNA sequence was confirmed by
the Keck Facility. Cleared cell lysates were adjusted to Buffer A
(50 mM HEPES at pH 7.9, 4 mM EDTA, and 10% glycerol)
containing 200 mM NaCl and loaded onto a 1-mL SP-Sepharose
Fast Flow column equilibrated with the same buffer. The column
was washed with 1 mL Buffer A containing 200 mM NaCl and
then 10 mL Buffer A containing 400 mM NaCl. rL22 was eluted
in 6 mL Buffer A containing 900 mM NaCl. The purified rL22
protein was dialyzed twice against 25 mM HEPES (pH 7.9),
50 mM NaCl, 2 mM DTT, and 10% glycerol for 4–12 h.

Cloning and purification of MBP-L22 fusion protein

The L22 encoding sequence was PCR amplified from the GST-L22
plasmid (Toczyski and Steitz 1993) using a 59 primer-GCGGA
ATTCGCCCCCGTGAAGAAGCTGTG and a 39 primer-TTTCAC
CGTCATCACCGAA. The resulting PCR product was restriction
digested with EcoRI and SalI enzymes and ligated into pMAL-c2X
vector (NEB) cut with the same enzymes. The MBP-L22 sequence
was confirmed by DNA sequencing (Keck Facility).
Before centrifugation, thawed cells were sonicated on ice for

10 sec twice, 20-sec apart, with a Branson Sonifier at setting 3 and
100% duty cycle. The soluble lysates were diluted with 20 mL
column buffer and then loaded onto a 4-mL amylose column
(NEB) equilibrated with column buffer. The column was washed
with 60 mL column buffer and the bound MBP-L22 was eluted in
6 mL column buffer containing 10 mM maltose. The purified
MBP-L22 protein was dialyzed twice against 25 mM HEPES (pH
7.5), 50 mM NaCl, 2 mM DTT, and 10% glycerol for 4–8 h. A
fraction of the MBP-L22 preparation may have been inactive,
since rL22 exhibits about threefold higher binding affinity to
EBER1 as compared with MBP-L22.

In vitro transcription

RNAs for binding studies were prepared by in vitro run-off
transcription. Wild-type or deletion EBER 1 plasmids were

linearized with DraI, which yields a 39 end identical to that of
EBER 1. HSUR 3 and HSUR 3 chimeras were linearized with SmaI
and PmlI, respectively, resulting in the addition of a G nucleotide
at the 39 end. To obtain unlabeled RNAs, in vitro transcription
was performed overnight at 37°C in a final volume of 100 mL
containing 40 mM Tris-HCl (pH 7.5), 15 mM MgCl2, 4 mM
spermidine, 0.05% Triton X-100, 10 mM DTT, 2.5 mM NTPs,
0.05 mg/mL linearized plasmid or DNA template, and 0.1 mg/mL
T7 RNA polymerase. The RNA transcripts were purified on 8%
denaturing polyacrylamide gels. Gel slices were eluted overnight
in TE buffer (10 mM Tris-HCl at pH 7.5, 1 mM EDTA) containing
1% SDS, and then phenol-extracted (pH 4.5), chloroform-
extracted twice, and ethanol-precipitated in 0.3 M NaOAc (pH
4.5). Precipitated RNAs were washed with 70% ethanol and
dissolved in water. The RNA concentration was determined by
measuring the UV absorbance at 260 nm. A total of 50 rmols of
each transcript were treated for 1 h at 37°C with 0.5 U/mL calf
intestinal alkaline phosphatase (Roche) to remove the 59 tri-
phosphate. The RNA was extracted with phenol (pH 4.5),
followed by a chloroform extraction and an ethanol precipitation.
It was resuspended in water and 59 phosphorylated by adding
10 U of T4 polynucleotide kinase (PNK), 1 3 T4 PNK buffer
(Roche), and 150 mCi of [g-32P]ATP for 45 min at 37°C.
Radiolabeled transcripts were purified by separation on denatur-
ing polyacrylamide gels, elution from gel slices, and precipitation
as described above. The pelleted RNAs were dissolved in water.
To produce [a-32P]UTP body-labeled RNAs, in vitro tran-

scription was performed for 90 min at 37°C in a final volume of
10 mL containing 40 mM Tris-HCl (pH 7.5), 6 mM MgCl2,
2 mM spermidine, 10 mM DTT, 0.5 mM ATP and CTP, 0.5 or
1.0 mM GTP, 0.1 or 0.05 mM UTP, 20 or 40 mCi of [a-32P]UTP
(400 Ci/mmol), 0.1 mg/mL linearized plasmid or 6 ng/mL DNA
template, and 0.1 mg/mL T7 RNA polymerase. RNAs were
purified as described above.

Electrophoretic mobility-shift assays

The 59-end-labeled or [a-32P]UTP body-labeled RNAs (5 nM)
were heated at 95°C for 3 min, followed by snap cooling on ice for
3 min. Binding reactions (10 mL) containing the indicated amounts
of protein were incubated for 30 min on ice in RNA-binding
buffer containing 37.5 mM HEPES (pH 7.9), 75 mM NaCl, 5 mM
MgCl2, 8% glycerol, and 1 mg Escherichia coli tRNA. Prior to
loading, 2 mL of 50% glycerol were added to each sample. The
samples were loaded on a pre-electrophoresed (200V, 30 min), 8%
native gel in 1X TBE buffer (100 mM Tris, 100 mM borate, 2 mM
EDTA). Electrophoresis was carried out at 200V for 3–6 h at 4°C.

UV cross-linking

To detect in vivo cross-linking between L22 and RNA, 20 mg of
p73EBERs or its deletion variants were transfected into HEK293
cells at 40%–60% confluency in a 10 cm-diameter plate using the
TransIT 293 reagent (Mirus) according to the manufacturer’s pro-
tocol. After 48 h, the cells were washed twice with cold phosphate-
buffered saline and resuspended in 3 mL of phosphate-buffered
saline. Cells were irradiated (or not irradiated as a negative
control) on ice with 254-nm UV light at a distance of 4 cm for
4.5 min and collected by scraping and centrifugation in Eppendorf
tubes. Cell lysates were prepared, and immunoprecipitation with
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anti-L22 antibody (Toczyski and Steitz 1993) was carried out as
described (Cook et al. 2004). Precipitated RNAs were released
from the antibody by proteinase K digestion and resolved on an
8% urea polyacrylamide gel. EBER 1 and EBER 2 sequences were
detected by Northern blotting using [a-32P]-labeled DNA oligo-
nucleotide probes, EBER 1R152 (59-CCAGCTGGTACTTGACC
GAAGAC) and EBER2 R134 (59-ATTAGAGAATCCTGACTTGCA
AATGCTCT).
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