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ABSTRACT

PKR is a doubled-stranded RNA-dependent protein
kinase which is implicated in the regulation of several

cellular processes, including cell proliferation. PKR

undergoes phosphorylation and activation in mouse

embryonic 3T3-F442A cells in response to endogenous
RNA(s). Activation of PKR is related to growth and
differentiation of these cells. A cellular regulatory RNA

(R-RNA) which activates PKR has been isolated from
these cells and its cDNA partially sequenced. Here we
have characterized the R-RNA transcript with respect
to nuclease sensitivity and the extent of double-
stranded structure involved in activation of PKR. The

location of the activating sequence was mapped to a
contiguous 226/252 nt region of the R-RNA transcript
by hybridization to its cDNA fragments. Hybridization

with a panel of short oligodeoxynucleotides comple-

mentary to the R-RNA, coupled with protein kinase
analysis, was used to probe the 252 nt region for
critical sequences. Three short non-contiguous
sequences which appear most important for activation

of PKR were identified within the 252 nt region. Thus,
these studies have identified specific sequences most

important for activation of PKR. Furthermore, since the

above antisense oligodeoxynucleotides inhibit enzyme

activation, our results exemplify an unusual mode of

action of antisense sequences on the activation of
PKR by disruption of RNA secondary structure.

INTRODUCTION

The double-stranded (ds)RNA-dependent elfkase (PKR)
is an interferon-induced serine/threonine protein kinksd). (It

DDBJ/EMBL/GenBank accession no. M93663

a latent to active elFekinase requires ATP, divalent cations and
low levels of dSRNA4,5,19). Activation of PKR is dependent on

its autophosphorylatiod.6,20). Paradoxically, autophosphoryl-
ation and activation of PKR can also be prevented by high
concentrations of dsRNALQ1).

The dynamic mechanism by which PKR interacts with dsRNA
is not fully understood. RNA binding motifs present in the
N-terminal portion of PKR have been identified (for a reviewsee
and their interaction with dsSRNA structures have been partially
characterized 22,23). However, the structural and spatial con-
straints within RNA necessary for interaction with the RNA
binding motifs and their location remain to be fully resolved.
What is known is that duplex RNAs such as poly(l)-poly(C) and
reovirus dsRNA are well-known activators of PKR8(24).
Several single-stranded (ss) viral RNAs, such as adenovirus VAI
RNA (25,26), Epstein—Barr virus EBER | RNA&T) and HIV-1
MRNA (28-31), have been shown to interact with PKR through
secondary structure elements and modulate activity of the enzyme.

The findings that elFe2 undergoes phosphorylation in response
to RNAs prepared from uninfected cell2,33) and that altered
elF-20 phosphorylation and PKR activity have been reported in
cells subjected to heat stre38)(indicate that there are non-viral
cellular RNAs which also activate PKR. Evidence for such
cellular RNAs is supported by the findings that the mRNA for
PKR itself may regulate its activatid?0f and that accumulation
of dsRNAs capable of activating PKR occurs in embryonal
carcinoma cells which have been induced to differentige (
However, the range of cellular RNAs involved in regulating this
important enzyme is unknown. Moreover, a detailed characteriz-
ation of the structural features involved in PKR activation within
any cellular RNA has yet to be carried out. We have reported that
poly(A)* RNA from mouse embryonic fibroblasts contains
RNA(s), termed regulatory RNA (R-RNA), which can activate
PKR (35). An R-RNA has been isolated from fibroblast mMRNA

is well recognized for its role in translational control throughand its partial cDNA cloned and sequenc). (

phosphorylation of elFe (4—7) and in establishing a state of

In this study we have characterized the double-stranded

resistence to viral infection in cell8,9). Other studies have features of this R-RNA which is involved in activation of PKR.
indicated that PKR plays an important role in the regulation of c€llhe location of the double-stranded regions necessary for PKR

growth and differentiation1(0-13), tumor suppressiori{,15)

activation have been mapped to the R-RNA transcript using novel

and in signal transductiof®-18). The conversion of PKR from liquid hybridization methods, employing DNA restrictions
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fragments and antisense oligodeoxynucleotides. The nucleic aa&ing the MegAscript kit (Ambion) according to the manufacturer’s
sequence of these critical regions have been determined. This stirdyructions. The reaction mix was separated by electrophoresis on
represents an initial characterization of a cellular RNA involve@.75 mm, 4% acrylamide/bisacrylamide (19:1) TBE gels containing
in activation of PKR and also describes an approach for regulatiig/ urea. The quantity of RNA synthesized allowed visualization

activation of PKR using antisense molecules. of bands using shadow casting. The advantage of this method is
that ethidium bromide, which may interfere with kinase assays,

MATERIALS AND METHODS can be avoided. The gel was covered in plastic wrap and placed
) _ _ ) on top of an intensifying screen (Kodak). The gel was exposed to
Preparation of plasmids and oligodeoxynucleotides short wavelength UV light (254 nm). The shadow cast by the

The pGEM-3zf) plasmid (Promega) containing the 847 bpRNA was clearly visible. Gel slices containing the discrete 847 nt
R-RNA cDNA insert was prepared as previously describéd R-RNA transcript were exmsed and the RNA eluted overnight in
Phosphorothioate oligodeoxynucleotides (Oligos Etc. Inc.) wefSolution (30Qu) containing 2 M CHCOONH;, 0.1% SDS and
selected for optimal hybridization and minimal self-folding and-> MM EDTA. The RNA was precipitated in ethanol, resuspended
homodimer annealing. The sequence and size of the oligos uda{PEPC-treated pO and stored under liquid nitrogen.
were: OL1A, 5CCTCATCTAGCTTATCCATT-3 20mer; OL2A, ) )
5-ATCCGGTTCATACGCCTCATC-321mer; OL1, 5CCTGC-  Enzymatic treatment of the R-RNA transcript
AATGATTCCA"ATTCC‘Q 20mer; OL3A SATTTAATTCAATA-  The gel-purified R-RNA transcript was digested with RNase T1
GATGCATAT-3 22mer; OL2, STATTGGACGAATGCATT-  (pharmacia) and RNase V1 (Pharmacia) and utilized for protein
TTG-3 20 mer; OL4A, STCTTCCTTTGATAGCGACCT-3  \inase assays under conditions previously descfiiid¥dditions
20mer; OL3, SGAGTAATCAGGATCTTCCTT-3 20mer; OL5A,  gre as indicated in Figuge
5-CCTTATGACTTGACCCTCTATA-3 22mer; OL4, 5AGGA-
GTTGTGCCCAGTCCCA-320mer; OL6A, 5TTCATTCTT-
TTAGCTGACAGC-3 21mer; OL7A, 5CTCAATATCTAGCT-
TAAATG-3' 20mer; OLRS, 5GTTTTACGTAAGCAGGTTAT-3  To prepare a highly purified R-RNA cDNA insert, the isolated
20mer; OLRD, BAATGTGTAGTTTCGTACTGA-3 20mer. pGEM-3zf@) recombinant plasmid was digested wibaRl
(36) and the R-RNA cDNA (1 mg) insert was separated by

Protein kinase assays electrophoresis on 1.2% low melting temperature agarose

o ] N _ (NuSieve, FMC Bioproducts). The 847 bp R-RNA cDNA was
Protein kinase assays (R0 using PKR purified from rabbit purified from gel slices using the QIAEXII extraction kit
reticulocytes (0.5 ng)5f were performed under conditions as(Qiagen). The purified cDNA was digested at G#with Alul
described 10). Other additions are as indicated in the figurqNEB). The reaction products were separated by electrophoresis
legends. Proteins were separated by electrophoresis on 7.gf1.5% agarose gels and the expected 284, 226, 173 and 133 by
SDS-polyacrylamide gels and phosphoprotein profiles wefgagments were individually purified as described above. The
analyzed following autoradiography. Poly(l)-poly(C) was obtaineglxpected 26 bp fragment was not recovered. The purified cDNA

from Pharmacia and$2PJATP (4500 Ci/mmol) was obtained fragments were resuspended in DEPC-treapeiand stored at
from Dupont. The extent of PKR phosphorylation was quantitatechoeC at a concentration of 20—pg/m.

from autoradiograms by scanning densitometry (Shimadzu, Kyoto,
Japan). RESULTS

Preparation of Alul DNA fragments

RNA/DNA liquid hybridization Analysis of the double-stranded content of the R-RNA

For RNA/DNA hybridization assays (10) reactions contained Previous s_tudies have shown that activation of PKR by cytoplasmic
100 mM KCl, 0.1 mM EDTA, pH 7.0, R-RNA transcript (5 ng) RNA obtained from 3T3-F442A cells or_by the R-RNA transcript
or poly(l)-poly(C) (3 ng) and were supplemented with a 10-fol@btained from 3T3-F442A cell cDNA is dependent on sSRNA
molar excess dilul DNA fragments or 50100 ng complementarycom?“n'ng double-stranded structug®,§6). To de_termlne the
oligo as indicated in the figures. RNase/DNase-free non-speciffglative extent of double-stranded structure in the R-RNA
Escherichia coliDNA was added to reactions as a carrier tgranscript involved in activation of PKR, its activity was
minimize loss of RNA transcript during hybridization. Hybridiza-€*@mined over a broad concentration range and compared with
tion reactions were for 5 min at@5in tightly capped tubes. The activation with poly(l)-poly (C). The R-RNA transcript and
mixtures were allowed to cool slowly (30-60 min) to roomPOly(1)-poly(C) were added to the protein kinase assays at the
temperature. Reactions were placed on ice and used directly #§@! concentrations indicated in Figuteand the extent of
protein kinase assays. Controls included parallel hybridizatigiftivation was determined by quantitation of the level of PKR
reactions containing hybridization buffer aloAdyl fragments phosphorylatlon. The results sho_w that th_e _proflle of activation
alone, oligos alone, poly(l)-poly(C) alone, poly(l)-poly(C) Withot_)served with the R-R_NA transcript was similar to that observed
excessAlul fragments or poly(1)-poly(C) with oligos (100 ng) asWith poly(l)-poly(C) (Figl). Both RNAs show a transient effect

indicated in the figures. All control reactions contained carrier DNAN PKR, i.e. a dose-dependent activation at low concentration
followed by a dose-dependent inhibition of activation at higher

concentrations. The transient effect of poly(l)-poly(C) observed
is consistent with previous reporsq1). However, the minimum
The R-RNA transcript was transcribed vitro from the concentration of the R-RNA transcript (0.64/ml, Fig. 1)
recombinant pGEM-3zf) plasmid after linearization wittmd. ~ necessary for optimal activation of PKR is 16-fold higher than the
(Promega). Transcription from the T7 promoter was carried oatinimal concentration of poly(l)-poly(C) required for a similar

Synthesis and purification of the R-RNA transcript
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Figure 2. Effect of RNase digestion on the activity of the R-RNA transcript.
. . . Radiolabeled or unlabeled R-RNA transcrigigdml) was digested with either
Figure 1. A Comparison between poly(l)-poly(C) and the R-RNA in the RNase T1 or RNase VI (10 U/ml each) at@Gor 10 min in a total of il.
autophosphorylation of PKR. Poly(l)-poly(C) and the R-RNA transcript were (A) Digestion reactions (fil) using radiolabeled transcript were subjected to
added to protein kinase assays at the final concentrations indicated in thef'gur%lectrophoresis on 5% polyacrylamide gels inxOTBE buffer. Lane 1,
Phosphoproteins were resolved by 7.5% SDS-PAGE and analyzed Dbyrgdiolabeled pGEM-3zf(-) digested withpall; lane 2, R-RNA transcript

autoradiography. Protein kinase assaysiR@ontaining purified PKR (0.5 ng),  without RNase digestion; lanes 3-8, digestion with RNase T1 at final activities
SDS-PAGE and autoradiography were carried out as described in Materials ang¢ 0.78, 1.56, 3.13 and 12.5 U/ml respectively; lanes 7—11, digestion with

Methods. The extent of phosphorylation of PKR was determined by scanningrnase VI at final activities of 0.05, 0.10, 0.19, 0.39 and 0.78 U/m respectively.
densitometry (OD 500 nm) of autoradiograms. One assay contained no addegthe figure is an autoradiograr®)(The digestion reactions () were added

RNA e_md served as a control for PKR and for correction of background during ¢ protein kinase (20l) containing purified PKR as described in Figure 1. The
scanning. Poly(l)-poly(C}#; R-RNA, Il final concentration of the R-RNA transcript added to protein kinase assays was
1 pg/ml. Lane 1, no added RNA; lane 2, 150 ng/ml poly(l)-poly(C); lanes 3-7,
RNase T1 digestion reactions (2—6); lanes 8-12, RNase VI digestion reactions
(7-11). The final activity of the RNases in the digestion reactions was as in

level of activation (0.04g/ml, Fig.1). Since poly(l)-poly(C) can lﬂ% The figure is an autoradiogram,

be assumed to be entirely composed of double-stranded struct
(21) and the R-RNA transcript contains both single-stranded and

double-stranded structure36y, the difference in the relative

minimum concentrations needed for optimal activation mapecause this gave rise to five asymmetric fragments which could
represent differences in the extent of double-stranded structly@ conveniently separated and four of the fragments were easily
between the two molecules. This implies that the double-strandedrified. Figure3A is a schematic representation indicating the
region involved in activation of PKR constitutes a small portioknown restriction map of the 847 bp R-RNA cDNA and the
of the secondary structure of the R-RNA. This is furtheprientation of the five predicateflul fragments. Following
supported by the observation that digestion of the transcript wighgestion withAlul, the predicted 284, 226, 178 and 133 bp
ssRNA-specific RNase T1 resulted in formation of RNAfragments were obtained and highly purified by gel electrophoresis.
fragments of B0 bp or less in length (FigA, lanes 3—-7). These The purity of the individual fragments is shown in FigsiBe
fragments were still capable of activating PKR (Rig, lanes Each cDNA fragment was hybridized to the R-RNA transcript
3-7), indicating that they retained the critical double-strandgtidividually or in combination. The effect of hybridization on
structure(s) even after digestion with high levels of RNase Tactivation of PKR was analyzed utilizing protein kinase assays.
However, digestion with dsRNA-specific RNase VI results idt was found that the 226 bp fragment alone could prevent the
formation of fragments of larger average size (B#y. lanes R-RNA transcript from activating PKR (FigC, compare lanes
8-12) that were unable to facilitate activation of PKR (E®). 3 and 5). The 284, 178 and 133 bp fragments had little or no effect
lanes 8-12). on R-RNA activity (Fig.3C, lanes 4, 6 and 7). Moreover, in
mixing experiments containing all possible combinations of the
Alul fragments, PKR activation was prevented in only those
assays which contained the 226 bp fragment @.lanes

To delineate the location of the region of secondary structuBe-14). No phosphorylation of PKR was observed in the absence
involved in activation of PKR and its sequence, RNA:DNAof dsRNA (Fig.3C, lane 1). Controls for hybridization/kinase
hybridization reactions were carried out utilizing the R-RNAassays included reactions which contained only poly(l)-poly(C)
transcript and specific restriction fragments from its cDNA(Fig. 3C, lane 2) or the R-RNA transcript (FRL, lane 3). The
Because RNA:DNA duplexes are stable once they form amhosphoproteins observed on autoradiograms of lower molecular
disrupt the natural secondary structure within the R-RNA, thereight than PKR represent trace amounts of contaminating
critical structures important for activation of PKR can be mappegtoteins that vary in PKR preparations. Their phosphorylation is
by determining which of the known restriction fragments interfenot dependent on RNA and is not affected byAlhkfragments.

with phosphorylation of PKR. Digestion wigtiul was selected The effect of the 226 bp fragments was specific because

Mapping of secondary structure involved in activating PKR
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Figure 3.(A) Mapping of the R-RNA cDNA by restriction enzyme digestion. Shown is a schematic diagram indicétinig¢sériction map of the 847 bp R-RNA

cDNA. FiveAlul fragments were predicted from the sequeri8eP(rification ofAlul fragments. Agarose gel (1.5%) indicating the migration position and purity

of Alul fragments obtained from the R-RNA cDNA digest. The 26 bp fragment is not shown. Lane 1, a 480 bp DNA marker; lane 2, Alu 284 bp; lane 3, Alu 226 |
lane 4, Alu 178 bp; lane 5, Alu 133 bp. The migration position of DNA of a known size ladder is shown in the far left lane. DNA was visualized following ethidiu
bromide staining.§) Effect ofAlul fragments on phosphorylation of PKR. Hybridization reactiongljléntaining purified R-RNA transcript (5 ng) and a 10-fold

molar excess ofllul cDNA fragments were carried out as described in Materials and Methods. Additions were as indicated in the figure. Protein kinase ass:
containing the hybridization reaction and purified PKR were as described in Figure 1. As controls for PKR, one assay contained no added RNA (lane 1), while an
assay was supplemented with 150 ng/ml poly(1)-poly(C) (lane 2) in the kinase reaction. The migration position and moleculat @pifhsatein standards,
phosphorylase (94 kDa), bovine serum albumin (67 kDa), ovalbumin (45 kDa) and carbonic anahydrase (30 kDa) are indicated on the left. The arrow on the
indicates the position of PKR. The figure is an autoradiogi@jnEffect of Alul fragments on the stability of the R-RNA. Gel-purified R-RNA transcript (500
ng/reaction) was incubated in the presence of a 10-fold molar excesalof #82 fragment (lane 2) ardul 226 fragment (lane 3). One assay contained only R-RNA
transcript (lane 1). Incubations were carried out under the hybridization conditions described in Materials and Methods. Reaction mixtures were resolvec
electrophoresis using 1% agarose gels. RNA was visualized following treatment with ethidium bromide.

activation of PKR by poly(l)-poly(C) was not affected by additiorequally effective in preventing PKR activation as the 226 bp
of the 226 bp fragment to hybridization reactions and the 226 iagment following hybridization to the R-RNA (data not
fragment did not effect phosphorylation of PKR by the R-RNAshown). These findings indicate that the secondary structure(s)
without being subjected to hybridization conditions (data ndmportant for activation of PKR is localized to the 226/252 nt
shown). Moreover, no measurable ribonuclease activity wasgion within the R-RNA transcript consisting of nucleotides
detected in the 226 Bdul fragment to account for loss of RNA 179-430 §6).

activity during hybridization (Fig3D, lane 3). As an additional

control, the 284 bplul fragment was also examined and foundgtfect of antisense oligodeoxynucleotides on activity of

to contain no ribonuclease activity (F8p, lane 2). The 26 bp the R-RNA

fragment could not be recovered from gels and directly tested in

hybridization reactions. However, in reactions where limitedo further define the region(s) within the 252 nt fragment of the
digestion of the 847 bp R-RNA cDNA witkul was carried out, R-RNA involved in activation of PKR, we developed a novel

a 252 bp fragment identified by additional restriction mappingntisense approach. Eleven short phosphorothioate oligodeoxy-
with Xhd (IBI) as consisting of the 226 + 26 bp (FRBA) nucleotides (20-22 nt in length) complementary to the 252 nt
fragment was obtained and purified. The 252 bp fragment wasretch of the R-RNA were synthesized. These were selected for



2676 Nucleic Acids Research, 1997, Vol. 25, No. 13

A Tnt ént  6nt ont  2dnt gt 6nt 6nt 3nt st 1 2 3 4 5
v VvV V v Vv v v V v ¥V
OL1A OL-1 OL3A OL-2 OL4A OL5A OL-4 OL6A OL7A
OL2A OL-3

- I -

| |- 226nt Pl ol | R-RNA -
169 178 404 430 442 Transc].ipt

Additions - o012 0L+ OLIA OL2A

B
KDa 1 23 4567 891011121314 Figure 5. Effect of oligos on the stability of the R-RNA. Gel-purified R-RNA
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. ™ - . «— PKR complementary oligo (200 ng), as described in Figure 3D. One incubation
T - contained RNA alone (lane 1) as a control. Gel electrophoresis and staining was
. — e r as described in Figure 3D.
PBRczu-zan:- ¥

45 -

BNA = TI6 £ 4 &b § o 3 ¥4 s s effects of OL1A, OL2A, OL2 and OLA4 relative to the other oligos
Olige - - - 1A 2A -1 3A -2 4A -3 S5A -4 GATA . . 9
were observed in three separate experiments. In some experiment:
oligos OL1, OL2, OL3 and OL4 were from separate preparations.
Inhibition of PKR activation by the blocking oligos did not appear
to be the result of differential G+C content among the oligos. This

C is evident because the G+C content of each of the oligos tested
KDa 123456 varied from 18 to 60%. However, this did not correlate with
9 ——-p blockage of PKR activation. For example, OL2, the most potent
inhibtor, has only a 35% G+C content. This is less than OL1
- -— DK (45%), OL4A (45%), OL3 (40%) and OL5A (41%), which were
Bl = d . PR considerably less effective in blocking PKR activation. On the
:L:.f_:.hf’ub--f joem X E B other hand, OL4 contains 60% G+C content and effectively
Adaitions - -

inhibited PKR activation. Moreover, the two control oligos,
OLRS (reverse polarity) and OLRD (randomized), contain G+C
content identical to that of OL2 but are considerably less
Figure 4. (A) Mapping of the 252 nt region with oligos. Shown is a schematic inhibitory (30—45%)- The |a;rg_eSt gap be_tween oligos was _24 nt
diagram indicating the location and spatial distribution of 11 oligos comple-(OL2 - OL4A), which alone is insufficient in length for activation
mentary to the 252 ntregion of the R-RNA. The size and sequence of each oliggf PKR B7). The possibility, however, that nucleotides in the gap

Is described in Materials and Methods. Also indicated are the gaps and overlage, o ,ence contributed to other sequences in the 226/252 region for
in nucleotides between oligos. The numbers in the lower portion of the figure” ~ ™~ . f lutel |
represent the position of the nucleotide in the R-RNA sequence, which has beéﬁcuvat'on 0 PKR cannot be absolute y exc uded. PKR was not
published elsewhere (36B)(Effect of oligos on phosphorylation of PKR.  phosphorylated in the absence of RNA (BR).lane 1). Controls
Hybridization reactions and protein kinase assays were carried out as describgicluded one assay which contained only poly(l)-poly(C) 4Bg.

in Figure 3C, except that oligos (50 ng) were added to hybidization reactionggpne 2) and one assay which contained only the R-RNA transcript

as indicated. Controls included hybridization reactions containing: no addeg . . .
RNA (lane 1), 3 ng poly(l)-poly(C) (lane 2) and 5 ng R-RNA transcfipt alone Fig. 4B, lane 3). The effects of these blocking oligos appears

(lane 3). The figure is an autoradiogra@). Effect of oligos on phosphoryla- Sp_eCiﬁC because they had no effect on activation by poly(1)-poly(C)
tion of PKR by poly(l)-poly(C). Hybridization reactions and protein kinase (Fig. 4C, compare lane 2 and lanes 3-6). Moreover, no

assays were carried out as described in Figure 3C except poly(l)-poly(C) (3 nglbonuclease activity could be detected in the blocking oligo
and oligos (100 ng) were added to reactions as shown. One hyb'd'zat'obreparations or loss of R-RNA due to addition of these oligos
contained no added RNA. The figure is an autoradiogram. . -
(Fig. 5, compare lane 1 and lanes 2-5). These findings suggest
nucleotide sequences 178—-202, 263—283 and 374—-393 within the
R-RNA transcript are involved in activation of PKR, which can
optimal binding properties (Materials and Methods). Figére be prevented by hybridization to corresponding complementary
depicts the location and spatial arrangement of the oligos witiigos.
respect to the R-RNA. The effect of hybridization of each of these
oligos to the R-RNA on activation of PKR was examined usingy|scuUsSION
protein kinase assays. The results indicate that oligos OLIAG;ig.
lane 4), OL2A (lane 5), OL2 (lane 8) and OL4 (lane 12) werRegulation of growth and differentiation in 3T3-F442A cells
effective in blocking activation of PKR. Analysis of autoradiograménvolves, in part, activation of PKRL{11,13). These cells
by scanning densitometry indicates that each of these oligosntain a cellular regulatory RNA (R-RNA) which has been
blocked activation of PKR by >95%. The remaining seven oligashown to activate PKR3$,36). The aim of this study was to begin
had considerably lower but variable inhibitory effects, rangingp characterize the secondary structure(s) within the R-RNA
from 30 to 40% at identical concentrations, which may be due tovolved in activation of PKR. A comparison of the activation
non-specific inhibition because similar levels of reduction werprofiles of the R-RNA transcript and poly(l)-poly(C) established
observed with non-complementary oligos. The marked inhibitorhat each RNA activated PKR at low concentrations but prevented

OL1A
0L2A
OL-2
O L4
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activation at high concentrations (Fig. A considerably higher in the light of the variety of biological processes reported to
amount of R-RNA was required to achieve the same optimal levielvolve PKR (0-18). However, to date the only cellular RNAs
of activation as seen with poly(l)-poly(C). Quantitation of the dat@entified as interacting specifically with PKR are its own mRNA
indicates that the activation level of the R-RNA was 6B of  (20) and the cellular R-RNA isolated from mouse embryonic
the activation level of poly(l)-poly(C). Assuming that thefibroblasts 86). The results in this study represent an initial
double-stranded structures involved in activation within eactharacterization of the latter, the R-RNA, with respect to
RNA are equally efficient in binding and activating PKR, theactivation of PKR. This partial characterization is an important
lower efficiency of the R-RNA is likely to reflect fewer relevantstep toward understanding the cellular mechanism by which PKR
double-stranded structures. Nevertheless, the data indicate tisategulated by RNA. This study also suggests an approach for
the single chain R-RNA3E) modulates activation of PKR with controlling the activity of PKR by altering the structure of
similar characteristics to those observed with a synthetic dupleslevant cellular RNAs. This is of interest because of the potential
RNA and as seen with natural duplex RNAs such as reoviraé PKR for regulating cell proliferatiori,13) and suppressing
RNA (24). Thus, itis possible that within cells PKR could be bothiumors (14,15). The approach itself is interesting as well, since
activated and prevented from undergoing activation dependimg show enzymatic activity to be altered by disruption of
on the level of R-RNA present. This intriguing possibility issecondary structure in RNA with antisense molecules. This
physiologically unlikely, however, because the amount of R-RNAechanism of action of the antisense molecules is distinct from
necessary to prevent activation is greater than is likely to ltee usual mechanisms implicated in most applications of
attainable intracellularly. antisense molecules, the targeting of specific MRNAs to block
Digestion of the R-RNA transcript with low levels of dsRNA-their translation into protein3¢). Therefore, the findings
specific RNase completely abolished its capacity to activate PKResented here raise the possibility of a strategy for modifying cell
(Fig. 2B). In contrast, digestion with ssRNA-specific RNase hadesponses by designing antisense molecules directed to RNA
no effect even after exhaustive treatment (). These sequences that interact with regulatory proteins. Such an
findings indicate that: (i) the integrity of the complete R-RNAapproach has already been used to identify the HIV-1 Rev
transcript is not essential for activation of PKR; (i) a short€sponse element sites necessary for interactions with rev protein
double-stranded element(sy®0 bp or less which is extensively (40). This is particularly interesting since RNA:protein interaction
free of single-stranded regions retains its capacity for activatiols. NOw recognized as an important step in the regulation of a
This observation is consistent with other studies demonstratigriety of biological processes1).
that the 57—-83 nt stem—loop stretch of the TAR element of HIV-1
I(?zgég;sgg)ufﬁcient to complex with PKR and alter its aCtivationACKNOWLEDGEMENTS
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