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ABSTRACT

During the initial infection of B lymphocytes by
Epstein—Barr virus (EBV) only a few viral genes are
expressed, six of which encode the EBV nuclear
antigens, EBNAs 1-6. The majority of EBNA mRNAs
share common 5 '-ends containing a variable number
of two alternating and repeated exons transcribed from
the BamHI W major internal repeats of the viral DNA.
These sequences can also exist as independent small
RNA species in some EBV-infected cell types. We
present evidence that transcripts from these W repeat
regions can exert a trans-acting effect on protein
synthesis, through their ability to activate the dsRNA-
dependent protein kinase PKR. UV cross-linking and
filter binding assays have demonstrated that the W
transcripts bind specifically to PKR and can compete
with another EBV-encoded small RNA, EBER-1, which
was shown previously to bind this kinase. In the
reticulocyte lysate system the W RNAs shut off protein
synthesis through an ability to activate PKR. In
contrast to EBER-1, the W RNAs are unable to block
the dsRNA-dependent activation of PKR. Using a
purified preparation of the protein kinase we have
shown that the W transcripts directly activate PKR in
vitro . The results suggest that EBV has the ability both
to activate and to inhibit PKR through the actions of
different products of viral transcription.

INTRODUCTION

coordinated action of these gene products appears to be sufficient
to promote cell proliferation and immortalisation, it is important

to understand their biological effects and the mechanisms by
which their expression is regulated.

The EBNAs are translated from mRNAs which arise from
complex primary transcripts that span a large portion of the viral
genome. Two distinct promoters that can direct synthesis of such
RNAs have been identified, located in tRamrHl C unique
region and th&anmH|l W major internal repeat sequence of the
viral genome respectivel${6). The messages for each individ-
ual EBNA are generated by differential splicing and these RNAs
can have a number of variations of exon structure at theds
(7-9). Additional promoters for the synthesis of transcripts
encoding EBNA-1 have also been identified inBaeH!| F and
Q regions of the genom&d-14). With the exception of this last
case, all the EBNA messages contain near theinds multiple
copies of a sequence encoded by a pair of exons, W1 (66 nt) and
W2 (132 nt), within eacBanHI W repeat. These W1W2 exon
pairs usually occur within the Bntranslated regions'(BTRs)
of the EBNA mRNAs, although in the case of EBNA-5
(EBNA-LP) a different splicing pattern creates an upstream AUG
which permits translation of the W repedts)( The significance
of the W repeat sequences in th&J5Rs of mRNAs encoding
the EBNAs is unclear, but these regions are GC-rich and may
adopt stable secondary structure®).(Such features in eukaryo-
tic cell MRNAs are known to reduce the efficiency of translation
of downstream open reading fram#&8g,{8).

The significance of transcription of the W repeat region of the
EBV genome is further complicated by the evidence for the
presence of small RNA species containing W exons in cell lines
latently infected with the virud.6,19). These small RNAs are of

Epstein—Barr virus (EBV) is linked with a number of humarunknown function, but may adh trans to regulate gene
malignancies, including Burkitt's lymphoma, nasopharyngeadxpression at the post-transcriptional level.

carcinoma and lymphoproliferative diseases in immunocompro-The interferon-inducible protein kinase PKR (also known as
mised patientdn vitro, EBV is able to efficiently immortalise DAI and p68) is intimately involved in the regulation of protein
normal human B lymphocytes and in the majority of the infecteslynthesis in response to viral infectioB§,21). This enzyme is
cells the virus enters into a latent state in which only a few viralependent for its activation on double-stranded RNA (dsRNA),
genes are expresséil.(These genes can encode up to six nucleavhich can be produced by symmetrical transcription of viral
antigens (EBNAs 1-6), three membrane proteins (LMP 1, 2A amgtnomes. Extensive stem—loop structures in mRNAs may also
2B) and two small RNAs (EBER-1 and -2}).( Since the activate PKRZ%2,23). The computer-predicted secondary structure
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of the W1W2 exon pair transcribed from antHl W repeat A
sequence of EBV indicates such a possible hairpin structure (F,
1). Indeed, limited RNase cleavage of end-labelled W1W:*
transcripts confirms that this RNA adopts a complex secondai__

structure (data not shown). These data suggested to us that is., o

RNA sequence may have the ability to bind to PKR and activat... = = » » » v . gamt P P!
the protein kinase. Moreover, the presence of the W-encodeu

RNA sequence at theé-&nds of the EBNA mRNAs is reminiscent

of the situation with HIV-1 RNAs, where the TAR sequence is a B 8
common 5element 24). TAR has been shown to bind to PKR |
and regulate the activity of the enzyme, although there has been ol s
some controversy over whether PKR is activated or inhibited by & 8 AU
TAR (25-29). T
We have investigated the possibility that the EB&frHI LA

W-encoded RNA may be a regulator of PKR activity. In the study R L
reported here we describe evidence for a functional interaction o]
between this RNA and PKR using a variety of binding £
experimentsin vitro protein synthesis measurements and auto- s
phosphorylation assays. e

i
MATERIALS AND METHODS cie

Tl
PKR oBchspances
HeLa cells were grown in spinner culture in RPMI 1640 (Gibco) E::m
supplemented with 10% heat-inactivated fetal calf serum (Imperial SN
Laboratories) and diluted every two or three days to between 1.5 mCH-
and 4x 1P cells/ml. Wild-type PKR was purified from a asy
ribosomal salt wash obtained from 40 | of cells that had been ;:Emm
treated with human interferar(1000 U/ml for 24 h)%0). The AA——.
protein was subjected to chromatography on DEAE—cellulose i
(where it elutes in the flow-through fraction), followed by e
chromatography on phosphocellulose. Proteins were eluted with .
a 50-500 mM KCI gradient and the PKR-containing fractions =
(eluting attR50 mM KCI) were identified by Western blotting. ¥ CIUADITIMMCEDANRIADSS

All buffers used during purification contained aprotinimugiml),

leupeptin (ug/ml), pepstatin (ug/ml) and PMSF (uM). The Figure 1. Origin and sequence of W1W?2 transcripfs) EcoRl andBanHl
K296R mutant of PKR was purlfled from insect cells Imceaedmaps of .the B95-8 EBV genome (scale in kb), with restriction fragments listed

with a recombinant baculovirus expressing this protein agccording to the conventional lettering system for EBV. A variable number of
described previoush8(,32). internal repeats are present within the viral DNA genome, which are cleaved by
BanHlI to give the(B kb W fragment (11 repeats are shown here). The first
. repeat lies between nt 13216 and 16287 in B95-8 DNA. Each sequence encodes
Plasmids two small exons, W1 and W2 (nt 14554-14619 and 14701-14832 respectively

. - . . in the first repeat), which, when spliced together, give rise to a 198 nt RNA with
Plasmids containing various numbers of copies of the Wlwﬁle potential to form a GC-rich, stable stem—loop structure. This is shown in the

exon pair, cloned in the pSP64 transcription vector, were kindlgomputer generated model i8){ with the W1/W2 boundary indicated. In

provided by Prof. Paul Farrell (Ludwig Institute for Cancer several EBV-encoded mRNAs multiple copies of this W1W2 exon pair are

Research, London). These were modified to remove a region {gcated upstream of the open reading frames for the EBNA proteins; RNAs
. N . ncoded by the W1W?2 exons can also exist separately as small transcripts in

the multiple cloning site lying between the SP6 RNA pol_ymerasﬁ1e cytoplasm of EBV-infected cells (see text).

promoter and the W1W2 sequences. Plasmids containing one,

two or seven W1W?2 repeats were generated and shown to be

suitable for transcription of the corresponding RNAs using SPfbnal. Reticulocyte lysates were a kind gift from Drs Simon

polymerase. Plasmids encoding the EBV small RNA EBER-Morley and Jenny Pain (University of Sussex, Falmer, UK).
derived from that described by Clasieal. (33), and aXenopus

Ia_e_,-vistRNAPheprecursor (a gift from Dr G.Pr_uijn, Ur_1iversity of |n vitro transcription and RNA purification

Nijmegen, The Netherlands) were transcribed with T7 RNA

polymerase as previously describad)( Small RNAs were synthesised by vitro transcription from
recombinant plasmids using either SP6 or T7 RNA polymerases
(35). Plasmids were linearised with the appropriate restriction
enzymes such that there would be no extraneous sequences at th
SP6 and T7 RNA polymerases were purchased from Cambio aBieends of the transcripts and the templates were gel purified
poly(l)-poly(C) and 2-aminopurine from Sigma Chemical Cobefore use. Transcription was performed in a final volume of
Radiochemicals were from ICN Flow or Amersham Internai00ul for 3 h at 37C. The DNA template was removed by

Other materials
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adding 15 U DNase | at 3T for 15 min and the RNA was phenol Measurement of PKR activation

extracted and precipitated with isopropanol. o .
Radiolabelled transcripts were produced using a similfrctivation of PKR was assessed by autophosphorylation of the

protocol except that unlabelled UTP was omitted from th8Otein kinase in the presence pPEPIATP. Incubations (20l)
reaction and replaced with i [a-32P]JUTP. Labelled RNA contained: 10 mM Tris—HCI, pH 7.5, 100 mM KCl, 2§2M MpCl
was quantified by precipitating 142 of a dilution of the 0-1 MM EDTA, 20%(v/v) glycerol and 4.6M [y->P]ATP
transcript with cold 10% trichloroacetic acid, 0.5% sodiunf>~10HCi). Poly(l)-poly(C) or other RNA species were added as
pyrophosphate, followed by scintillation counting. Indicated in the flg'ure legends. After 20 min atG(roteins

RNA preparations synthesiséd vitro often include a minor Were denatured with SDS gel sample buffer and separated by
population of dsRNA™ contaminant$336). In experiments electrophoresis on 15% po_lyacrylamlde—SDSgeIs.The dried gels
involving assays of PKR activation it is therefore often necessaf§ere analysed by autoradiography.
to purify transcripts to remove such contaminants and this was
carried out as described by Mellgs al. (36). Approximately RESULTS
150-300ug RNA were loaded onto a 5% denaturing polyacryl- . o i
amide gel using formamide loading buffer as previously describellinding of RNAs containing W repeats to the protein
After electrophoresis the RNA was detected by UV shadowindinase PKR
eluted for 3 h at 3T into buffer (0.5 M NaCl, 5 mM EDTA,
80 mM HEPES, pH 7.6) containing 1200 U/ml RNAguard
(Pharmacia) and ethanol precipitated witlug@@lycogen as carrier.
The eluted RNA was then run on a 5% non-denaturing polyac
amide gel and recovered using the same procedure as before.

Since W exon transcripts are widely expressed in cells after
infection with EBV and are present at thHeeBds of several
BNA-encoding mRNAs, as well as existing as small cyto-
lasmic RNA specied 6,19), we have investigated the possibil-
ity that these W sequences may havares-acting function in the
cytoplasm of EBV-infected cells. Structural analysis of the
o i W1W?2 RNA suggests that this GC-rich sequence has extensive
Assays for RNA—protein interactions secondary structure (Fig.and data not shown). We therefore
o N _ examined whether the small W RNAs can interact with the
UV cross-linking of RNA samples to purified PKR was carriecjsRNA-dependent protein kinase PKR. This enzyme shows
out as described previousl§7j. For convenience the K296R specific and tight binding of a humber of small viral RNAs,
mutant form of PKR was used in some experiments, as th[$c|uding VA RNA of adenovirusZ7,39,40), the TAR RNA of
protein can be easily produced from insect cells infected witht@\-1 (26,28) and EBER-1 and EBER-2 of EB24,37).
recombinant baculovirus{,32). Although this mutant has lost  To assess their ability to bind to PKR, RNA species containing
all protein kinase activity it retains the RNA blndlng characteristicgne, two and seven Copies of the 198 nt W1W?2 repeat sequence
of the wild-type enzyme (reviewed &1). 32P-Labelled RNA  were synthesised bin vitro transcription using SP6 RNA
(10P c.p.m.) was incubated with PKR preparations for 15 min gfolymerase. For direct binding studies each small RNA was
30°C in the presence of 80-100 mM KClI, 10 mM Tris-HCI, pHabelled by transcription in the presence @BfPJUTP, incu-
7.5, in a final volume of 2fil. RNA was cross-linked to protein bated with purified preparations of wild-type or K296R mutant
by irradiation at 254 nm for 5 min &t@. The samples were then pKR and subjected to UV cross-linking as described in Materials
made 0.5% ilN-laurylsarcosine. Each sample was treated wittynd Methods. Figur@ shows that, on analysis by SDS gel
20 U RNase Tand 2Qug RNase A for 1 h at 3C and analysed electrophoresis, all three W1W2 RNAs were found to be
by SDS gel electrophoresis. Cross-linked complexes were identifigehss-linked to both forms of the 68 kDa PKR protein. The
by autoradiography. (W1W2); RNA gave a somewhat stronger signal than the W1W2
The formation of RNA—protein complexes was also assayed Byd (W1W2) species. As reported previouslg4@37), the
retention of radioactiVity on cellulose nitrate filters. VaryingEBV.encoded small RNA EBER-1 could also be cross-linked to
concentrations of RNA were incubated with mutant PKR in th@ild-type PKR and the K296R mutant (although cross-linking to
presence of 10 mM Tris, pH 7.6, 100-150 mM KCl and 0.8 mhe wild-type is weak in Fi@A), but a tRNA transcript could not
Mg acetate for 15 min as described previousk).(Labelled  pe cross-linked (FiC). These data indicate that, like the other
RNAs were present at 4@.(° c.p.m. When competition assays small viral RNAs described above, the W1W2 RNAs can bind to
were performed a second non-radioactive RNA was also includpiR in vitro. As has been clearly established in the case of other

at increasing molar excess over the labelled species. ligands, the protein kinase activity of PKR is not required for
RNA binding.
We have also assayed binding of the small RNAs to PKR by a
Protein synthesis assays filter binding method. Figurgdshows that W1W2 RNA bound to

increasing concentrations of purified recombinant PKR with a
Endogenous protein synthesis was measured in rabbit reticulocgimilar concentration curve to that shown by EBER-1. In both
lysates by the incorporationiof}4C]leucine into acid-insoluble cases binding increased up to a PKR concentratiahOgfg/m
material, in the presence or absence of the synthetic dsRN#the incubation; above this concentration little further RNA
poly(1)-poly(C) (0.1ug/ml) (33,38). Reactions were incubated at binding was observed, probably due to PKR being in excess over
30°C for 1 h and triplicate aliquots removed at the end of ththe ligand or to saturation of the filters with protein. Using such
incubation. Hot trichloroacetic acid-insoluble radioactivity wasan assay we then examined whether the two RNA sequences
measured by liquid scintillation counting. Where indicated theompete with each other for binding to PKR. As shown in
PKR inhibitor 2-aminopurine was included at a concentration dfigure4, the binding of labelled W1W2 RNA to PKR was
10 mM. competed out in a similar manner by both unlabelled EBER-1 and
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Figure 2. UV cross-linking of small RNAs to PKR. RNAs containing one, two or seven W1W2 repeats were labiglletrdoyranscription in the presence of
[a-32P]UTP. EBV-encoded EBER-1 andXanopus laevisRNAPhe precursor (56) were also synthesized in parallel, for use as positive and negative controls
respectively. The labelled small RNAs $10p.m.) were incubated with either wild-type PKR (R60nl), purified from HeLa cellsX), or the mutant PKR K296R
(140ug/ml), purified from recombinant baculovirus-infected insect @l (C). The complexes were subjected to UV cross-linking and RNase digestion and then
analysed by SDS gel electrophoresis followed by autoradiography. (A and B) Lane 1, labelled protein molecular weight markers; lane 2, EBER-1; lane 3, W1W?2
repeat RNA,; lane 4, (W1W2RNA,; lane 5, (W1W2)RNA. (C) Lane 1, labelled protein molecular weight markers; lane 2, tRNA, lane 3, EBER-1. The arrows show
the position of the PKR band (68 kDa).

in 21). This inhibits polypeptide chain initiation by blocking the
activity of the guanine nucleotide exchange factor elF2R (
f/ The reticulocyte lysate cell-free translation system contains
i endogenous PKR and is a suitable assay system for examining the
effects on protein synthesis of RNA molecules that regulate this
protein kinase48,33). The effects of gel-purified W1W2 RNA
in this system were assayed in the presence and absence of the
synthetic PKR activator poly(l)-poly(C) (FEA). In the absence
a00d of poly(l)-poly(C) the W RNA caused a marked shut-off of
- protein synthesis. The maximum level of inhibition was identical
— — to that caused by poly(l)-poly(C) itself, with 50% of maximum
t y y being achieved at a concentration of between 0.1 qrgiMl
. ! W L 1893 (although this was somewhat variable between experiments;
PR (g mil) compare FighA and B). In the presence of poly(l)-poly(C) at a
concentration sufficient for maximal activation of PKR the W
RNA had no further effect on overall protein synthesis, suggest-
i VoS S epen Sk v LA s Ml | 1 hat even at conceniratons as high 3001 the W RNA
transcription as described ﬁ1 Materials and Methods. Each RNA« (28 IS ungble to bIO.Ck. actlvathn of PKR by dsRNA. Inhibition of
c.p.m.) was incubated with increasing concentrations of recombinant PKiRIOt€IN synthesis in the reticulocyte lysate by the WIW2 RNA,
K296R in a volume of 2%il. Formation of RNA-protein complexes was like that caused by poly(l)-poly(C), was reversed by the PKR
quantified by retention of radioactivity on cellulose nitrate filters, followed by jnhibitor 2-aminopurine (FidB). This suggests that the effect of
scintillation counting (34). Note the logarithmic scale for PKR concentration. the W RNA is mediated by PKR activation rather than being a
consequence of a non-specific inhibition of translation.

(WIW2), RNA, as well as by the unlabelled W1W2 RNA itself. 1he ability of RNAs containing different numbers of W1w2
In contrast, unlabelled tRNA was a poor competitor when tHgXOn repeats to directly activate PKR was assayed by examining

binding of each of these RNAs to PKR was assayed: onlyt e autophosphorylation of the purified protein kinase, using a
1000-fold molar excess of tRNA had any significant effect of//de range of RNA concentrations (Fg). Poly(l)-poly(C) was

binding. These results suggest that binding of the W repeat RNMEEd In this assay as a positive control. The latter stimulated
to PKR is specific. autophosphorylation of PKR at concentrations as low agf/61

and was maximally active at 0.14f/ml (Fig. 6A). Higher

- ; concentrations of poly(l)-poly(C) were inhibitory, as observed in

sE;rri(r:]teSs(i)sf W repeat RNAs on PKR activity and protein several previous studie®X-44). In confirmation of the effects on
protein synthesis noted earlier, the W RNAs also induced

We next investigated whether the binding of the W repeat RNAsitophosphorylation of PKR, althoughlO-fold higher

to PKR has any functional significance for the activity of theconcentrations of the RNAs were required. When compared on an

protein kinase. When activated by dsRNA PKR undergoesjuimolar basis, (W1W2)RNA was more effective than

autophosphorylation and then phosphorylatesatheubunit of  (W1W2) RNA, which in turn was more potent than W1W2 one

protein synthesis initiation factor elF2 at position Ser51 (revieweagpeat RNA as an activator of PKR autophosphorylationgBig.

O3 WIW2 l
B0+ =@ EEER 1

)
|

Rodiooativity {esents per min)
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A RNA species that do not bind to the protein kinase have
demonstrated that the W repeat RNAs bind in a specific manner.
o The data suggest that this binding may occur at the same site(s)
L S— that bind(s) dsRNA activators and other RNA ligands, i.e. the

dsRNA binding domains near the N-terminus of the protein
(40,45), although this has not been tested directly. Two types of
assay, namely autophosphorylation of purified wild-type PKR
and inhibition of protein synthesis in the reticulocyte lysate, have
shown that gel-purified W transcripts can function as activators
of the RNA-dependent protein kinase.

2000+

1040
Origin and significance of the W repeat RNAs

Radiaaetvity (counts per min)

Several studies have demonstrated the complexity of the patterns
of transcription and splicing of tHganH| W internal repeats
WIHZ ESER1 wiwz), during EBV infection 7-9). Although the W exons are present
meler sxcaan af wichallad A% close to the sends of mMRNAs for all the EBNA proteins, except
in some situations EBNA-1.(,11), in the majority of cases they
are not translated into protein but constitute a major part of the 5
B UTRs of these mRNAs. However, in the case of EBNA-5
(EBNA-LP) the W1W2 exon repeats code for a repeated amino
acid sequence, as a consequence of the creation of an upstrean
AUG by a different splicing event ).

Previous evidence from our laboratory suggested that, in
addition to the presence of the W exons in the EBNA mRNAs,
these sequences could be found in a family of small RNAs
expressed in relatively larger amounts in the cytoplasm of
EBV-infected cells16). The exact nature of these small W RNAs
remains to be established, but the presence of several species witt
size differences which are multiples@00 nt (L6) suggested
that they may contain multiple numbers of W1 and W2 exon pairs
(consisting of 198 nt/reped}. Alfieri et al. (19) also detected a
200 nt RNA species which was present in both acutely
EBV-infected lymphocytes and latently infected I1B-4 cells and
which hybridized to an EBNA-5 probe containing W repeat
sequences. The molecular basis for the appearance of these sma
Figure 4. Competition between small RNAs for binding to recombinant PKR. RNAS is not clear, but the phenomenon may reflect the tendency
The filter binding assay was used as described in Figure 3 to examine thfor RNA polymerase Il to terminate transcription prematurely

Compe(““)og for bi”dingbto PKRIbg“’IYGS“ the \2N fePeathNlA% 'ﬁBER-l a;C"when RNA sequences with extensive stable secondary structure
tRNA. (A) Competition between labelled W1W2 RNA and unlabelled W1W2, . -
EBER-1 or (W1W2). (B) Effects of unlabelled tRNA on binding to PKR of are formed 46’47)' The existence of the small W RNAs is

labelled W1W2, (W1W2)or EBER-1. The small RNAs were transcrilired reminiscent Qf the situation with 'the TAR RNA sequence of

vitro in labelled or unlabelled form as described in Materials and Methods.HIV-1. This highly structured RNA is present at theds of all

Equivalent amounts of radioactivity of each RNA were used per reactionH|\/ mRNAS, but also exists independently in infected cells as a

(2.5x 10* c.p.m.), with a limiting amount of PKR (2 10°° pmol). Molar  raqy|t of premature termination of viral transcriptidis,47)

excesses of the unlabelled RNAs were added as indicated. . . - A
Interestingly, because of its stable hairpin loop structure, TAR
RNA also binds to PKR and has been reported to be able to

Although gel purification efficiently eliminated dsRNA conta- activate the kinase$,29).

minants from a tRNA transcript prepared in a similar way (data

not shown), this procedure had relatively little effect on the abilitictivation of PKR by W repeat RNAs

of W RNA to activate the protein kinase. Thus it is unlikely that o . . )

the effects observed in these experiments were due to dryidence from bottin vitro translation experiments and direct

spurious dsRNA contaminants in the W repeat transcripts. ~ 25says of PKR autophosphorylation indicates that the W RNAs
have the potential to activate the protein kinase. Such activation

DISCUSSION appears to be a true property of these RNA species and cannot be
attributed to the presence of artefactual dsRNA contaminants in
In this paper we have shown that transcripts encoded by ttieein vitro transcripts. In this respect the W RNAs thus appear to
BanHI W region of the major internal repeat (IR1) of the EBVbe similar to TAR RNA 25,29), regions of the S1 mRNA of
genome bind to the interferon-inducible protein kinase PKR andovirus £2,23) and the collapsed circular RNA of the hepatitis
induce autophosphorylation and activation of the enzymeelta virus 48) in functioning as PKR activators. It is not yet
Binding to both wild-type PKR and a recombinant mutant fornknown what structural features of the W RNAs are necessary or
of the protein which is catalytically inactive has been demorimportant for PKR activation, but preliminary nuclease digestion
strated. Competition experiments using other PKR ligands astlidies indicate the presence of considerable secondary structure

Radisacthity (oounts par min)

o
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Figure 5. The effect of W1W2 RNA on protein synthesis in the reticulocyte lysate syS8ieW1{V2 RNA was transcribed vitro and subjected to purification on
denaturing and non-denaturing gels as described in Materials and Methods. The purified RNA preparation was added to a reticulocyte lysate at the concentr
indicated, in the presence (light bars) or absence (dark bars) of poly(l)-poly(@y)1 Incubations were carried out for 60 min &t@@nd endogenous protein
synthesis was assayed by the incorporatioA“@fleucine into trichloroacetic acid-insoluble materiB). Poly(l)-poly(C) or gel-purified W1W2 RNA was added

to areticulocyte lysate (each at@gfml). Incubations were carried out for 60 min &Gth the presence and absence of 2-aminopurine (10 mM) and protein synthesis
was assayed as in (A). The data are expressed as a percentage of incorporation obtained in the absence of any addeti(REiAd(9.98< 103 c.p.m. for the
experiments shown in A and B respectively).

Nevertheless, it is rather surprising that the one repeat W RNAgther structured RNAs (note that 0.3 nM for (W1WRNA is

able to activate PKR because it does not possess any long tracsivalent to a concentration of 0fdg/ml). Similar concentra-

of uninterrupted base pairing (data not shown). A similar situatidions of the W RNAs and EBER-1 (0.1g4/ml and above) are

appears to exist in the case of nt 416-575 of reovirus S1 mRN#&guired to activate and inhibit PKR respectively (this paper and

which is a potent PKR activatoRd). It seems likely that 34). Unlike EBER-1, the W RNAs are not inhibitory towards the

additional aspects of the structure of such small RNAs, such dsRNA-dependent activation of the protein kinase, even at very

tertiary interactions, are important in the regulation of PKRigh concentrations.

activity. A single repeat W RNA is also probably too small to bind

more than one molecule of PKR at a time, in which case it mig ot ; i ;

be expected that dimerization-dependent activafiénwould irmepg;:igggns for the physiology of Epstein-Barr virus

not occur. The fact that this RNA can indeed activate the enzyme

suggests that RNA-mediated dimerization is not a prerequisite Dihhe importance of the activation of PKR by transcripts from the

that only one monomer in a PKR dimer actually needs to be bounthjor internal repeat region of the viral genome is not yet known,

to the RNA for activation to take place. However, it is notable thatut it may be advantageous to the virus to temporarily shut down

a seven-repeat W transcript is significantly better than one- host protein synthesis during the early stages of infection. Such

two-repeat RNAs, on a molar basis, in promoting PKR autophoan effect has been seen in cells infected with a number of other

phorylation (Fig6). Thus larger numbers of the repeat sequend@redominantly lytic) viruse$(—53) and is probably necessary

linked in tandem, as occuirs vivo in EBNA mRNAs, may be to allow establishment of infections and the accumulation of early

more effective because they can bind greater numbers of PKRal mRNAs and proteins. EBNA mRNAs containing W repeat

monomers and thus facilitate trans-phosphorylation reactions.sequences appear at relatively early times after EBV infection of
The competition binding studies using W RNAs and EBER-B lymphocytes 19,54).

indicate that these species may bind to the same (or at leadtater during infection, in spite of the potential activation of

overlapping) sites on PKR. By means of filter binding we havPKR by the W RNAs, protein synthesis must be stimulated in

previously measured th& for the association of EBER-1 with order to support B cell proliferation. In this connection it may be

PKR as beindD.3 nM 34), similar to the value estimated by significant that the PKR inhibitor EBER-1 appears relatively late

others for dsRNA binding to PKR{49) and other protein®()  in the time course of infectioil¥), perhaps at a time when the

using different methods. It would seem likely that the W RNAsctivity of PKR needs to be down-regulated. Since PKR is an

bind to PKR with a comparable affinity to that of EBER-1 andnterferon-induced protein it may also be pertinent that B cell
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Figure 6. Activation of PKR autophosphorylation by W RNAs. Wild-type PKR was purified from HeLa cells and incubated either with various concentrations o
poly(1)-poly(C) @) or within vitro transcribed W1W2, (W1Wz)and (W1W2} RNAs added in increasing equimolar amouB)s i the presence of-B2P]ATP.

After 15 min at 30C samples were denatured with SDS buffer and subjected to SDS gel electrophoresis and autoradiography. (A) Lane 1, labelled protein molec
weight markers; lane 2, minus PKR; lane 3, minus poly(l)-poly(C); lanes 4-8, poly(l)-poly(C) at 0.01, 0.1, 1, 10gind t&Pectively. (B) Lane 1, labelled protein
molecular weight markers; lane 2, minus PKR; lane 3, minus RNA; lanes 4, 7, 10, 13 and 16, W1W2 RNA,; lanes 5, 8, 11, 14 and;IRNAVIANES 6, 9, 12,

15 and 18, (W1W2)RNA. The amounts of the three RNA specjgadl/20pl incubation) are indicated. A concentration of 4802 umol/20ul is equivalent to

0.006, 0.012 and 0.04&y/ml for W1W2, (W1W2) and (W1W2) RNAs respectively. The arrows show the position of the PKR band (68 kDa). Note that lane 17
is underloaded compared with the other lanes of the gel.

infection by EBV is sensitive to inhibition by interferons at early 5 Woisetschlaeger,M., Yandava,C.N., Furmanski,L.A., Strominger,J.L. and
but not at late times after exposure of the cells to the ifi)s ( SPIGC"'S-H- (.19;?07““- Natl. Acad. Sci. UdSBY, 1725‘1729'|

The mechanisms responsible for this time-dependent phenonei- '7\'7'25(;25 Sioblom.A., Masucel,M.G. and Rymo.L. (1968logy, 193
enon have not been elucidated, however, and there is no evidencezodescot,M., Chambraud,B., Farrell,P. and Perricaudet,M. (EQ&D

for or against a role for PKR in the inhibition of EBV infection  J,3,1913-1917.

by interferons. Future studies of the extent of activation of PKF8 Efggsggn"- and Perricaudet,M. (198kicleic Acids Resl4,

at different times aﬁgr infection, as well as I.n eStab|IShed9 Speck,S.H..and Strominger,J.L. (1989) In Klein,G. (Adlyances in Viral
EBV-transformed cell lines, should help to determine whether thé gncoi0gyvol. 8. Raven Press, New York, NY, pp. 133-150.

ability of EBV to encode RNAs capable of both activating ando Sample,J., Brooks,L., Sample,C., Young,L., Rowe,M., Gregory,C.,
inhibiting PKR constitutes a means of fine tuning the activity of Rickinson,A. and Kieff,E. (199Broc. Natl. Acad. Sci. US&S,

this protein kinase at different stages in the viral life cycle. 6343-6347.
P 9 y 11 Schaefer,B.C., Woisetschlaeger,M., Strominger,J.L. and Speck,S.H. (1991)

Proc. Natl. Acad. Sci. US88, 6550—6554.
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