Biochemistry1998,37, 6303-6316 6303

Binding of the Protein Kinase PKR to RNAs with Secondary Structure Defects:
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ABSTRACT. The human interferon-induced double-stranded RNA (dsRNA)-activated protein kinase (PKR)

is an antiviral agent that is activated by long stretches of dsSRNA. PKR can also be activated or repressed
by a series of cellular and viral RNAs containing non-Wats@nick motifs. PKR has a dsRNA-binding
domain (dsRBD) that contains two tandem copies of the dsRNA-binding motif (dsRBM). In vitro selection
experiments were carried out to search for RNAs capable of binding to a truncated version of PKR
containing the dsRBD. RNA ligands were selected by binding te-tdigged proteins and chromatography

on nickel(Il) nitrilotriacetic acid agarose. A series of RNAs was selected that bind either similar to or
tighter than a model dsRNA stem loop. Examination of these RNAs by a variety of methods, including
sequence comparison, free-energy minimization, structure mapping, boundary experiments, site-directed

mutagenesis, and footprinting, revealed protein-binding sites composed of noncontiguous helices. In

addition, selected RNAs contained tandem® mismatches {ass), yet bound to the truncated protein

with affinities similar to duplexes containing only Watse@rick base pairs. The NMR structure of the
tandem A-G mismaitch in an RNA helix (rGGEGGCC), reveals a global A-form helix with minor
perturbations at the mismatch [Wu, M., SantalLucia, J., Jr., and Turner, D. H. (Ba&Hemistry 36
4449-4460]. This supports the notion that dsRBM-containing proteins can bind to RNAs with secondary
structure defects as long as the RNA has an overall A-form geometry. In addition, selected RNAs are
able to activate or repress wild-type PKR autophosphorylation as well as its phosphorylation of protein
synthesis initiation factor elF-2, suggesting full-length PKR can bind to and be regulated by RNAs
containing a tandem AG mismatch.

PKR is an interferon-induced human protein kinase that of the dsRBM has been solved and has a secondary structure
can regulate gene expression via multiple pathways. Theserepeato--3-3-a, consisting of twax-helices packed on the
include inhibition of translation initiation by phosphorylation same face of a three-stranded antiparglisheet 20, 21).
of initiation factor elF2. (1, 2) and modulation of cytokine  PKR binds to dsRNA but not RNA-DNA hybrids or dsDNA.
signaling and transcription activation by the NB-and This discrimination arises because the protein makes only
STAT1 factors 8, 4). As a result of its varied biochemical one energetically significant ion pair with the phosphate
actions, PKR has been implicated as an antiviral and anti- backbone, which is similar between the dsRNA and RNA-
proliferative agent. For example, PKR has been shown to DNA hybrids, and instead relies on a network ¢fCH
be a regulator of human immunodeficiency virus type 1 functional groups on both strands of the helix and along the
(HIV-1) replication 6—7) and adenovirus replicatiod,9), length of the binding site2).
as well as an inducer of apoptosEi{-13). By virtue of its dsRBD, PKR can bind to and be activated

PKR contains a double-stranded RNA (dsRNA)-binding by dsRNA of viral origin in a sequence-independent fashion
domain (dsRBD) that consists of two tandem copies of the (21, 23-28). The fact that viruses have evolved a variety
conserved dsRNA-binding motif (dAsRBM14—18). The of mechanisms for down-regulating PKR function, including
dsRBM is a 65-68 residue, compact RNA-binding motif production of RNAs and proteins that interfere with the
that occurs in a large number of functionally diverse proteins activation pathway 2, 9, 29-32), further illustrates the
from a variety of organismsl@, 20. The NMR structure importance of PKR. RNAs that regulate PKR contain
numerous unpaired or non-Watse@rick interruptions of
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ary structure defects instigated this investigation into the Tris (pH 7.5) and 1 mM EDTA], and passed over a Sephadex
general role of RNA structure and sequence in binding to G-25 spin column. The eluate was digested with 50 units

the dsRBM.

An RNA selection approach was utilized to search for
RNAs from a random library that are capable of binding to
a (Hisk-tagged version of the dsRBD from PKR. A pool

of DNase | (Pharmacia) for 20 min at 3€. The resulting
solution was phenol extracted, ethanol precipitated, washed
twice in 70% ethanol, and redissolved in 100 of HE [10

mM Hepes (pH 7.0), 0.1 mM EDTA]. When this purified

of 10" RNA sequences containing a randomized region of RNA was run on a denaturing 6% polyacrylamide gel with
50 nucleotides was prepared, from which RNAs capable of radiolabeled single-stranded DNA markers, there was one
binding to the dsRBD were selected. Structural analysis of major RNA product close to the expected length of 102

these RNAs suggests a general role for non-Watgenck
motifs, as well as noncontiguous helices, in dsRBD binding.

MATERIALS AND METHODS

PKR Protein Construct. Selection experiments were
performed with HTp20, an N-terminal, (Hig)tagged protein
(22) that contained residues-184 of the wild-type (Wt)
551-residue PKR proteimdB). HegTp20 protein was over-
expressed irEscherichia coliand purified to greater than
90% homogeneity by affinity chromatography with nickel-
(1N nitrilotriacetic acid agarose2@Q).

Selection ProcedureSelection procedures followed the
basic approaches describeti( 45.

(1) Preparation of the Randomized dsDNA Template.

nucleotides. RNA concentration was determined spectro-
photometrically. This pool of RNAs is referred to as pool
0 RNA. The pool of RNAs transcribedfter round n of
selection is referred to as ponIRNA.

(3) Selection of the FTp20-Binding RNAs Selection steps
were at 22°C. Before selection for binding to fip20
protein, the RNA pool was cleared with nickel(ll) nitrilot-
riacetic acid agarose resin to remove potential resin-binding
RNAs, as follows. Internally?P-labeled RNA (10@L) was
renatured by heating at 9& for 3 min in TE and incubating
at 22°C for 10 min. Selection buffer (SxnB) was added [1
x SxnB: 150 mM NaCl, 25 mM Hepes (pH 7.5) and 5 mM
2-mercaptoethanol], followed by 44 of a 50% slurry of
nickel(Il) nitrilotriacetic acid agarose resin (Qiagen) previ-
ously equilibrated in Ix SxnB. This mixture was manually

double-stranded DNA fragment was prepared by PCR usingshaken for 10 min at 22C to ensure good contact between
top- and bottom-strand primers, TS2 and BS2, respectively, the resin and the solution. The mixture was centrifuged for

to amplify a DNA template, Random2: TS2, GGGGGAAT-
TCTAATACGACTCACTATAGGGAGAGCGGAAG-
CGTGCTGGGCC; BS2, GGGGGGATCCATCGACCTCTG-
GCTTAAG; Random2, GCGGAAGCGTGCTGGGCC-N(50)-
CTTAAGCCAGAGGTCGAT; where each N position is an
approximately equimolar mixture of the four nucleotides. The
resultant dsDNA fragment had a 50-nucleotide random
region, a T7 promoter sequence, aBddRl and BanHl|

cloning sites. The PCR reaction was carried out in a total

volume of 3.3 mL using 165 pmol, or approximately*40

10 s at 14 000 rpm in an Eppendorf centrifuge, and the
supernatant was reserved. The resin was washed once with
100uL of 1 x SxnB, and the wash and supernatant were
combined. When the cleared resin was washed three times
with 500uL of 1 x SxnB (compared to 1& 500uL washes
of the protein-bound resin), only 0.044% or less of the RNA
remained bound to the resin. This indicates that inadvertent
enrichment of resin-binding RNAs did not occur.

After the preclear steps, herring sperm DNA, as per
Bevilacqua and Cech (1996), andT20 were added at con-

different sequences of the Random2 template. PCR reactiongentrations of 0.1 mg/mL and/M, respectively. Binding

were heated to 95C for 1 min prior to addition of 16.xL

of 5 unitskL Taqg polymerase (Perkin-Elmer). The PCR
reaction was then performed for five cycles of a three-
temperature amplification (1 min at 9&, 1 min at 54°C,
and 1 min at 72C), using high primer concentrations of 5
uM each. This led to a single band of correct mobility on

was allowed to occur in solution for 5 min prior to intro-
duction of 10QuL of a 50% slurry of nickel(ll) nitrilotriacetic
acid agarose resin in & SxnB. This step allowed RNA to
bind to a free protein rather than an immobilized one. Five
minutes is sufficient time to permit complete binding of H
Tp20 to model duplex RNAZ2). Binding was in a higher

an agarose gel. Eightand more rounds of PCR led to slowersajt than in a previous stud@2), 150 mM versus 10 mM

and faster mobility artifact bands and were thus avoided.

NacCl, to increase the stringency of binding. Although the

These artifacts have been attributed, and least in part, tOSa|t dependence for b|nd|ng of a 20 bp model dsRNA to

formation of heteroduplexe).

HsTp20 is shallow, the increase in salt concentration used

Reactions were examined on a 5% NuSieve agarose gehere still corresponds to an10-fold decrease in binding

(FMC BioProducts), which indicated approximately 460
pmol of a double-stranded DNA product 129 bp in length.
The PCR reaction was extracted with 1 vol of chloroform:

affinity (22).
The RNA-protein-agarose mixture was manually shaken
for 10 min at 22°C, followed by centrifugation as above.

isoamyl alcohol (24:1), ethanol precipitated, and washed in The supernatant was removed, and the resin was washed 10

70% ethanol. The resulting pellet was stored in F&E[NO
mM Tris (pH 7.5), 1 mM EDTA, and 50 mM NacCl].
(2) Preparation of the Randomized RNA Librar T7

times with 506-600uL of 1 x SxnB for each wash. The
RNA was eluted with two or three 1QdL portions of 1 x
elution buffer [EIB: 150 mM NacCl, 25 mM Hepes (pH 7.5),

transcription reaction was performed as described previously5 mM 2-mercaptoethanol, and 250 mM imidazole]. Imida-

(22, 47, with the following exceptions. Transcription was
in the presence ofof-*?P]JATP in a total volume of 1 mL,
and half of the dsDNA product from the PCR reaction was
used as a template. After reactiom h at 37°C, 60uL

of 0.5 M EDTA was added to chelate the kg The solution
was ethanol precipitated, dissolved in 100of TE [10 mM

zole can directly compete with histidine for ibinding
sites. EDTA was not chosen as the elution agent since it
has the potential for directly eluting RNAs with high i
affinity and leading to a false positive. The eluate fractions
were pooled and phenol extracted. Glycogen carriep0
from Boehringer Mannheim) was added, the RNA was
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Table 1: Progress of in Vitro Evolutién

round [RNA] (M) [protein] (uM) %proteir? bound

1 11 5 3.3
2 1 5 2.5
3 0.7 1 2.1
4 1 1 1.5
5 1.6 1 6.9
6 1.7 1 0.95
7 1.8 1 2.2
8 2.6 1 2.2
9 3 1 2.9

10 3.4 1 5.5

11 1.6 0.33 5.2

12 2.7 0.33 1.9

@ The competitor was ssDNA for round 1, tRNA for all subsequent
rounds.? Percent protein bound is equal to the percent RNA eluted
times the fold-excess of RNA concentration over protein concentration.
Liquid scintillation counting was used to determine the amounts of
eluted and total RNA. Percent RNA eluted is equal to the ratio of the
amount of the eluted RNA to the amount of the total RNAL00.
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(20 ug) was added, and the RNA was ethanol precipitated
and washed with 70% ethanol. The pellet was dried in a
speed-vac and dissolved in 20 of TE. PCR steps involved
15—-23 rounds of the above two-temperature amplification.

After 12 rounds of selection, the RNA was converted into
cDNA by reverse transcription and amplified by PCR. The
PCR fragments were digested wiltoRl and BanH| and
cloned into the plasmid pUC19. Sequences of isolated clones
were determined by dideoxy sequencing, using sequencing
gels that contained 40% formamideda M urea in order
to resolve compressions.

Preparation of RNAs and DNASRNA was prepared from
desired clones by runoff T7 transcriptions. The appropriate
plasmid was digested wittlBanH|l and transcribed as
described previously2@). The reaction was ethanol pre-
cipitated, run on a 6% denaturing polyacrylamide gel, and
product bands visualized by UV shadowing. RNA was
recovered by a crush and soak meth2ad)(

All other RNA and DNA were prepared by solid-phase

ethanol precipitated and washed with 70% ethanol. The synthesis and deblocked as previously repor#4@, 60.

pellet was dried in a speed-vac, dissolved ini&0of TE,

RNA sequences are found in the appropriate figure or figure

and passed over a Sephadex G-25 spin column. The RNAcaption.
was ethanol precipitated, washed with 70% ethanol, dried Binding Assay.Binding affinity between HTp20 and &

in a speed-vac, and dissolved in A0 of TE. Fractions
were collected at all steps and quantitated via liquid
scintillation counting.

(4) RT-PCR To Carert the Selected RNA into dsDNA
Template. Selected RNA (4uL) was annealed with BS2,
and cDNAs were obtained by reverse transcription for 30
min at 60 °C using AMV reverse transcriptase (Life
Sciences). To this solution was added/d0 of a master
mix containing buffer and TS2. This mixture was heated at
95 °C for 3 min prior to addition of Tag polymerase. PCR
was performed for 10 cycles, each involving the two-
temperature amplification: 1 min at 9& and 1 min at 72
°C. The products of the RT-PCR reaction were examined

32P-labeled RNA was determined by native-gel mobility-shift
assays, as previously describ@®)( Fits are to eq 1,

[PKR]
9= prR] + K, @)
where 6 is the fraction of RNA boundg¢ is the observed
maximum fraction bound, and, is the dissociation constant
(22). As necessary, complexes 1 and 2 were summed to
give total RNA bound and obtain &, for binding of one
protein to free RNA. This appears justified because complex
2 does not begin to form until essentially all of the free RNA
is shifted. This suggests that binding of the first and second

on a 5% agarose gel. Two control reactions were carried proteins are not strongly coupled, and that conversion of

out in parallel with each RT-PCR reaction. One control was
without addition of selected RNA to test for DNA contami-
nation of the stock solutions. The other control was with 1
uL of RNA added but without any reverse transcriptase to
test for DNA contamination of the selected RNA.

(5) Later Rounds of SelectionSubsequent rounds of

complex 1 into complex 2 does not effect the obserided
for complex 1. Some of the gel mobility-shift data was
cooperative and not well-described by a simple hyperbola.
The origin of this effect is not well understood. In these
cases, thdy reflects the concentration of protein required
to give half-maximal RNA bound.

selection were the same as described for round 1 with the Structure Mapping. RNAs prepared by runoff T7 tran-

following exceptions. T7 transcription reactions were in 100

scription were treated with calf intestinal phosphatase (CIP)

uL volumes and loaded directly on the Sephadex G-25 spin to remove the 5Striphosphate, reacted with polynucleotide
columns without any precipitation. The DNase step was not kinase and §-32P]JATP, repurified by gel electrophoresis,

performed at this time, but rather after selection (see below).

The RNA was refolded at 98C for only 1 min, and the
competitor was 0.1 mg/mL~6 M) tRNAF" not 0.1 mg/
mL single-stranded (ss) DNA, to increase the stringency of
binding 22, 4§. tRNA can compete 28-fold better than
ssDNA for HTp20 binding to TAR and dsTAR, respectively
(22). The concentration of §Tp20 was lowered in later

excised from the gel, eluted overnight in TEbat 4 °C,
ethanol precipitated, and resuspended in TE-Ldbeled
RNA in TE was renatured by heating at 96 for 1 min
and incubating at 22C for 10 min. RNA was digested with
the appropriate nucleaserfd h at 22°C, under native
conditions in 1 x SxnB. Nuclease concentrations were
chosen to give limited hydrolysis, dnl x concentrations

rounds to increase the stringency of binding (see Table 1).were 1x 1075 unitsitL RNase T1, 2< 1073 unitsjuL RNase

After the selected RNA was ethanol precipitated with

U2, 2 x 1078 unitsixL RNase A, 1x 10~* unitsj«L RNase

glycogen carrier, it was subjected to a DNase digestion. This T2, and 0.07 unitgL RNase V1. Samples were either

digestion was in 4Q:L at 37 °C for 2 h with 40 units of

loaded immediately on a denaturing polyacrylamide gel or

RQ1 RNase-free DNase (Promega). The DNase step wadrozen on dry ice, thawed on ice, and loaded on a gel.

moved so that it followed the selection, thereby reducing
the amount of nucleic acid present during the digestion. After

Samples treated with imidazole were as previously described
(51). Briefly, a 10uL aliquot of 5-end labeled RNA was

the DNase step, the solution was phenol extracted. Glycogemnmixed with an equal volumef@ M imidazole (pH 7.0) and
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incubated at 22C for 16 h. A 10uL portion of this mixture the 3?P-labeled RNA was bound in batch compared to spin-
was heated at 98C for 10 min as a denaturing control. To column mode, as determined by liquid scintillation counting
each aliquot were added 14 of 0.3 M NaOAc (pH 5.0) (data not shown). More importantly, in batch mode trials
and 20QuL of a 2% NaClQ solution in acetone. The RNA  using only two 60QuL washes, only 0.1% of the RNA was

was pelleted by centrifugation, washed with 40D of bound and then eluted from the column without protein
acetone, air-dried, and dissolved in 40 of TE followed present, compared to +B3% of the RNA with protein
by 10uL of a 2x formamide loading buffer. present. For the spin columns; 3% of the RNA was bound

Sequencing lanes for A and G were prepared by limited and then eluted from the column without protein present,
hydrolysis with RNases U2 and T1, respectively, under compared to 1823% of the RNA with protein present. Such
denaturing conditions. Control lane was same as the a high background of RNA binding to the spin column in
G-sequencing lane with RNase T1 omitted. All-nucleotide the absence of protein was unacceptable.
lanes were prepared by treatment with alk&l)( During each of the batch-mode selection steps, the protein

Footprinting Experiments.RNAs were 5end labeled, ~ dependence of binding was determined by comparing the
purified, and renatured as in the structure-mapping experi- counts per minute of the 300L of 250 mM imidazole-
ments. An aliquot of renatured RNA was incubated for 5 containing eluate to the counts per minute of the 10th and
min at 22°C with 7.7uM H¢Tp20, and then incubated with ~ final 500 uL wash of the RNA-protein-agarose mixture.
the appropriate nuclease for 30 min at’#Z2 Samples were ~ Bétween 91 and 98% more counts per minute eluted upon
placed on ice, mixed with an equal volume of a formamide/ @ddition of the imidazole-containing buffer, indicating that
0.5% SDS loading buffer, and AL was loaded on an 8% the elution was specific to protein-bound RNAs. Also during
polyacrylamide gel. eac_h of the batch—mode selection steps, the efficiency c_)f the

Boundary ExperimentsRNA was either 5end labeled elution was determined by comparing the counts per minute

as in the structure mapping experiments 6ed labeled of the 3.00/“‘ of eluate to the counts per ”.“.”“te of a
with poly(A) polymerase andof-2P]cordycepin-5triphos- suspension of the used resin. This percent efﬁuenqy varied
phate as per manufacturer’s instructions (United Statesfrom 92 to 99% depending on the round of selection. In

Biochemical). Labeled RNAs were treated with alkali to conclusion, nickel(ll) nitrilotriacetic acid agarose resin
generate a ladder of sequences. Hydrolyzed RNAs wereappears to provide a generally useful approach for selection

mixed with 54M HeTp20 and loaded on a native gel, as of RNAs that bind to a (Higjtagged protein. When used

previously described®@). Bound and unbound RNAS were in batch mode, the resin does not significantly bind nucleic
visualized by autoradiégraphy excised from the gel, and acids, while specific and efficient elution of protein and its
eluted by a crush and soak method. RNAs were ethano!0und RNAS is achievable.

precipitated and run on an 8% denaturing polyacrylamide Selection f(ir RNAS That Bind the dsRBD from PKR.
gel, along with T1 and alkali digests. library of ~10 different sequences was generated by overlap

In Vitro PKR Activation Experiments.The effect of H- extension of top- and bottom-strand primers with a DNA

i . . template that had a stretch of 50 randomized positions,
Tp20-selected RNAs on PKR kinase activity was determined followed by transcription with T7 RNA polymerase. The
by measurement of both PKR autophosphorylation and elF-2 d RNA | | d with nickel( nitrilotri
hosphorylation, as previously describesB(54. PKR- renatured pool was cleared with nic el(ll) nitrilotri-
F(:)\Nt) enzyme Waé purified from ribosomal sait-wa.sh fractions acetic acid agarose resin and recovered. The RNA was
prepared from interferon (IFN)-treated human amnion U cells bound tq protein in the presence of a compet|tpr and washed
. i exhaustively. RNA was eluted from the resin by several
as described5Q3), except that the procedure was modified incubations with an imidazole-containing buffer
to include a MonoQ ion-exchange fractionation stég)( ; ) 9 : .
[y-32P]ATP-mediated PKR autophosphorylation catalyzed by Multiple roun_ds .Of selection were performed. The strin-
PKR(Wt) was carried out in the absence of added activator gency of the binding step was increased at several points
or in the presence of RNA as indicated. For measurementduring the selection (Table 1). After 1_2.rounds of selection,
of elF-2o. phosphorylation by PKR, 0.2&g of purified elF-2 the RNA was Send Igbeled and 'Fg affm'|ty foerZQ was
was added to the standard reaction mixture. ¥Rdabeled ~ duantitated by a native-gel mobility-shift assay (Figure 1).

products were analyzed by SBolyacrylamide gel elec- This heterogeneous collection of RNAs boungp20 with

trophoresis and autoradiography. The procedures have beef” apparenkq of 0.1M, 8- and 64-fold more tightly than

: . . L . ; dsTAR and TAR, respectively (Figure 1). Controls showed
gegg_lgz%'&gggﬂfg'l mQalgaer:mn?gggl VéassszaSr.rled outusing that poql 0 RNAs diq not bind'H p2_0 over the same range
of protein concentration. At this point, selection was stopped
RESULTS and sequences were determined.
The RNA was converted to cDNA by reverse transcription,
Use of Nft-Affinity Chromatography to Select Protein- amplified by PCR, cloned, and sequenced. Of the 44
Binding RNAs.Several control experiments were performed sequences determined, 11 were different, and five of the 11
to determine optimal conditions for selection experiments. had a 17-nucleotide consensus, “cugcaucgacaryu-ggy” where
Binding of complexes of kTp20 with [3-*2P]TAR or with r is one of the purine bases A or G, and y is one of the
dsTAR complex22) to nickel(ll) nitrilotriacetic acid agarose  pyrimidine bases C or U. These five sequences were
resin in batch (Materials and Methods) was compared to assigned to family 1 (Figure 2). Many of the selected RNAs
binding in a silica-based spin-column (Qiagen). [dsTAR is had deletions in the randomized region that presumably arose
a double-stranded version of TAR with a 24 bp stem in which during the RT-PCR step$%). We chose clones 2 and 11,
the three TAR bulges are deleted and G:U wobble pairs arethe most frequent members of family 1, to characterize
converted to G:C base pairdd).] In general, 10% more of  further. RNA derived from other clones, including clone 3,
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RNA Pool 12 dsTAR TAR
| [ | |
HeTp20 /i ) /i _ /i
Complex 2 -
Complex 1 o "'“

*RN
PTRNA L muwwEEs .

Ficure 1: Native gel mobility shift for HTp20 binding to RNA. Native-gel mobility-shift experiment fog 20 binding to trace amounts

of 5'-32P-labeled RNA. Pool 12 is the mixture of RNAs after 12 rounds of selection; TAR and dsTAR are partially mismatched and fully
double-stranded RNA substrates, respectively, fgfd20 binding as previously reporte@?). Experiments were in the presence of 0.1
mg/mL tRNAPhe Native 10% polyacrylamide gel is shown. Protein binding to dsTAR resulted in slight formation of a second complex
termed complex 2. Concentrations of 20 used were 0, 0.05, 0.1, 0.25, 0.5, 1, 2, 5, angNIO

CONSENSUS cugcaucgacARyu-g
Clone Number Kd (uM)
— c2: caugagguc-uau---cgcugcaucgacAGouaggdggacaaug 7 2.3
> c20: caugaggucguaugcgaycugcaucgacAGocualggdggagcuaucyg 1 4.1
§ cll: ucggaggugg-uucagcycugcaucgacAGuu-gg 11 5.3
u“:‘ cld: guaaggg-uuca-cycugcaucgacaAcu-gga 3 6.2
cd: uguuggcuugg-cycugcaucgacAdoh-gg 2 6.6
¢3: aggauggaucgagcgcuggagucuggagaaugucac 6 0.074
c6: ugcgauaaggugguagcgacagugauagaage 4 2.8
¢5: ugcacggaaaugcagaaggcgugguccgugggaggegacaagcaucaauyg 4 0.11
c2l: cacacgguggg-uguguauuacagcugacuguuggcaagcacugugaggac 3 N.D
c32: uauacggugggaugugcccagugggacacaugcaccguguuaguuuugea 2 N.D
c26: cuuaacgugaaggcgguaggggugacggacugagcgagegeccaugcauug 1 N.D

FIGURE 2: Sequence alignment of selected RNAs. Shown are sequences from the variable region only. Gaps in the alignment are represented
by a dash. Numbers are assigned to clones based upon the order in which the first occurrence was sequenced. The number of identical
clones found in the 44 sequences is shown on the right. The consensus stretch of 17 nucleotides is shown at the top of the figure and is
boxed. The first five clones have an obvious match to the consensus and are assigned to family 1. The other clones do not have an obvious
match. Another region of similarity in these clones is shown in boldface and lowercas€ ¥r U, R= A or G, and the selected region’s
contribution to the tandem mismatch is shown in bold capital lett&s.are in units of micromolar and were determined by a native-gel
mobility-shift method.

bound HTp20 more tightly than those of family 1 (Fig- clone 2> clone 14> clone 11. Relative to the activation
ure 2). Clone 3 RNA, however, did not readily afford an of PKR obtained in the presence of clone 2 RNA, 54%
HsTp20 footprint and was not easily classified by compara- activation was obtained with clone 14 RNA, 17% with clone
tive sequence analysis; consequently, its structure was notll RNA, and 14% with clone 3 RNA (all RNAs tested at
pursued in this study. 1.0 uM).

RNA derived from clones 2 and 11 bound t@T#20 both To test whether selected RNAs could antagonize the
on the column and by gel shifts. Dissociation constants for activation of PKR kinase by dsRNA, purified PKR was
clones 2 and 11 RNA binding to fp20 by native-gel incubated in the presence of selected RNA and then the
mobility-shift experiments are 2.3 and 8/, respectively reaction mixture was supplemented with @§mL (=2.4
(Figure 2). These values are similar to that for dsTAR of nM) poly(rl)-poly(rC). As shown by the Figure 3B auto-
0.9 uM (Figure 1). radiogram, clone 3 RNA was an effective antagonist of PKR

Effect of Selected RNAs on PKR Kinase Agti The activation by poly(rl)-poly(rC). About 90% reduction in
PKR kinase purified from human cells is highly dependent PKR activation was obtained with 1M. Neither clone 2
upon dsRNA for activity as measured both by autophospho- nor clone 14 RNA Significantly antagoniZEd PKR activation
ry|ati0n of PKR and by the phosphory|a’[ion of protein and autophosphorylation relative to clone 3 RNA, whereas
synthesis initiation factor elF-2 by activated PKE3( 54. clone 11 displayed an intermediate antagonist activity.
The ability of RNA from clones 2, 3, 11, and 14 to activate =~ Sequence Alignment and Free-Energy Minimization of
PKR was examined (Figure 3). Among these RNAs, clone Selected RNAs.The 17-nucleotide consensus sequence
2 RNA activated PKR most efficiently. Although clone 3 common to family 1 clones (Figure 2) can form-112
RNA bound PKR more tightly than clone 2 RNA, clone 3 Watsor-Crick or G-U wobble pairs with the fixed sequence
RNA was a much poorer kinase activator than clone 2 RNA. 3'-primer-binding site. The proposed base-paired region is
Optimal PKR activation with clone 2 was obtained between interrupted by an internal tandem-A mismatch (with clone
0.1uM and 1.0uM RNA; this activation by clone 2 RNA 14 forming an internal-®A3'/5’AG3 mismatch). Each
approached the maximal activation of PKR obtained with A—G pair in a tandem AG mismatch can form an imino
synthetic poly(rl)-poly(rC) dsRNA (Figure 3A). Family 1  two hydrogen-bonded conformation, with A-NH6 to- @6
RNAs differed in their ability to activate PKR in the order and A—N1 to G-NH1 (imino) 66), which when added to
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A (22). These data suggest the model that thst8m-loop of
2 C3 the family 1 RNAs forms the structure shown in Figure 4,
l 1 l 1 containing the tandem AG mismatch.
Q g% Secondary structures of various RNA clones were pre-
S 4 es — dicted by free-energy minimization usingfold v2.3 57,
58). Clone 11 RNA was predicted to form the structure in
Figure 4 containing two major stem loops, P2/L2 and P3/
L3. We show below that structure mapping, boundary ex-
PKR — - . - periments, site-directed mutagenesis, and footprinting experi-
ments are consistent with this predicted secondary structure.
Clone 2 RNA was also predicted to form a structure with
two major stem loops, P2/L2 and P3/L3. However, the 3
o — — - —— stem-loop predicted to have the lowest free energy structure
(—29.4 kcal/mol) has a structure different from that shown
in Figure 4. The computer-predicted structure has an
— asymmetric loop with a top strand A opposing a bottom
abcdefghi jklmno strand 5CAGAG3. Use of a window size of 0 imMfold
(57) identifies a suboptimal secondary structure only 0.7 kcal/
B mol less stable €28.7 kcal/mol) with the tandem AG
mismatch structure shown in Figure 4. The lowest free-
energy structure positions a nonconserved A in a stem base

RNA none C2 C3 CIlI Cl4 pair, while the suboptimal structure positions this A in a
"0 10 10 10 10 bulge as shown in Figure 4. It is most consistent to have a
0 1 1 | 1 nonconserved residue not making an important interaction,
further supporting the tandem-AG-containing structure of
pIpC + -+ + ++ 4+ ++ 4 Figure 4.

Structure Mapping of Selected RNAEo test whether the
selected RNAs fold into the secondary structures suggested
PKR— @ @Ba= 80 by sequence alignment and free-energy minimization, the
RNAs were subjected to structure mapping. Cleavage of
RNA clones 2 and 11 under native conditions by RNases
U2, T1, A, T2, and V1, and by imidazole, is shown in Figure

abcdefghi]j 5 and summarized in Figure 4. RNases U2, T1, A, and T2
Activity 100 96 48 107 115 are single-strand-specific nucleases that ledyeh8sphate
(%) .0 76 10 32 79 or 2,3-cyclic phosphate terminb@). RNase V1 is a double-

Ficure 3: Effect of Selected RNAs on PKR Kinase Activity. (A) strand specific nuclease that cleaves RNA without base

In vitro activation of PKR by selected RNAs. Shown is an SPecificity to leave a’sphosphate terminu$g). RNase V1
autoradiogram of a 10% SDSolyacrylamide gel. RNA samples, ~ €an also cleave single-stranded regions that exist in a stacked
either clone 2 (lanes-bg) or clone 3 (lanes+o0), were examined arrangement59, 60. High concentrations of imidazole (pH

for their ability to activate purified PKR kinase. RNA was added 7.0) preferentially cleave RNA in single-stranded regions,

as indicated to the standard reaction mixture which contajné#P{- : : "
ATP and elF-2. Concentrations of clone 2 and 11 RNAs used leaving a 3phosphate terminus{, 6. Positions that were

were: lanes b and j, 0.000aM; lanes ¢ and k, 0.00&M; lanes d cleaved by both single-stranded-specific RNases and by
and |, 0.01uM; lanes e and m, 0.kM; lanes f and n, 1.Q«M; RNase V1 are not assigned a specific cleavage arrow in
lanes g and o, 1@2M RNA. Reactions carried out in the absence Figure 4. These ambiguous cleavages may be caused by

ggnFéeNrﬁr;t'%mezf gog?ﬁ)_g)m;(rr (5‘ (|t2r?e Fl’)r ‘Zsr‘zngﬁov% g‘secgrﬁ’ttmg' single-stranded residues that are stacked, or by two compet-
PKR denotes the position #P-labeled PKR, and. denotes the ing RNA conformations that are in equilibrium.

position of32P-labeledo-subunit of elF-2. (B) Antagonism of PKR Th_e RNase and imidaz_ole cleavage patterns were Ia_rgely
activation by selected RNAs. Shown is an autoradiogram of a 10% consistent with the predicted secondary structures (Figure
SDS-polyacrylamide gel. PKR was incubated with RNA samples  4), RNase V1 cleaved the selected RNAs within predicted

of clone 2 (lanes ¢ and d), clone 3 (lanes e and f), clone 11 (lanes _ ; ; "
g and h). and clone 14 (lanes i and j) at either 1.0 oNDprior double-stranded regions or at nucleotides one to two positions

to the addition of 0.g/mL (=2.4 nM) poly(rl)-poly(rC). Reactions 3 of double's”anded regions. A—G_angllng'en.d is able to
carried out in the absence of added RNA (lane b) or in the presenceStack on its proximal helixg2), consistent with its cleavage
of the optimal concentration of poly(rl)-poly(rC) (lane a) but without by RNase V1. Interestingly, RNase V1 cleaved clone 11
add_e_d selected RNA, are shown as controls. P}_(R der)o_tes therRNA lightly after position A52 and G53 of the tandem-&
g?(slg'?(.” of#2P-labeled PKR. The autophosphorylation activity of ismatch.  Single-strand-specific RNases and imidazole
inase was quantified and is expressed as a percent of the L . .
activity observed in the presence of an optimal concentration of cléaved the selected RNAs within predicted single-stranded
poly(ri)-poly(rC). regions or at nucleotides involved in base pairs at the end
of a stem. Such base pairs may be partially frayed, leaving
the flanking helical regions would give a dsRNA-like helix them susceptible to attack.
of length 13 bp for RNA clones 4 and 14 and 14 bp for = As mentioned, the structure for clone 2 RNA shown in
RNA clones 2, 11, and 20. This is close to the minimal Figure 4 is a suboptimal structure according to calculation.
length for binding of 16 bp identified in a previous study The lowest free-energy structure predicted for clone 2 RNA



PKR Binds RNA with Tandem A-G Mismatches Biochemistry, Vol. 37, No. 18, 1998309

Ficure 4: Secondary structural models for selected RNAs. Positions of cleavage by single-stranded probes (RNase U2, RNase T1, RNase
A, RNase T2, and imidazole) are shown using red arrowheads with the size of the arrowhead proportional to the intensity of the cleavage
band. Positions of cleavage by the double-stranded probe RNase V1 are shown using green arrowheads with the size of the arrowhead
proportional to the intensity of the cleavage band. Ambiguous sites are not marked with any arrowhead. Nucleotides are numbered every
10 residues with each fifth residue outlined. Positions of theBd 3-boundaries are shown, as are positions gfp20 protection and
enhancement of nuclease cleavage. Conserved nucleotides are bold and colored purple, and the lendthtefrtlie iBdicated. Length

of the tandem-mismatch containing stem is labeled. Number of base pairs includes Watstrbase pairs denoted with a dash; G

wobble pairs denoted with a dot, and the tandem mismatch. Fixed-sequence primer-binding sites are in lower case, and nucleotides from
the random region are in upper case. Positions of nuclease cleavage protection and enhancegTgraCbgrel indicated with minus~)

and plus {) signs, respectively. Paired, joining, and loop regions are denoted with a P, J, and L, respectively, and numbered in order of
occurrence from the'5to 3-direction.

had two inconsistencies with the cleavage pattern of Figure RNAs were separated by native gel electrophoresis, concen-
4: positions 63 and 64, predicted to be double stranded (datarated, and run on a sequencing gel.-Efd-labeled se-
not shown), were in fact cleaved by RNases T2 and T1, quences show a well-defined cutoff between bound and
respectively. Thus, the nuclease-mapping data are consisteninbound sequences with only four residues dispensable at
with the tandem A-G containing secondary structures shown the 3-end (Figures 4 and 6). ldentical experiments were
in Figure 4, rather than the calculated optimal structure.  carried out on clone 2 RNA (data not shown). This cutoff
Boundary Experiments on Selected RNAYone 2 and retains the 3stem-loop and confirms its importance inr-H
clone 11 RNAs were tested to define the minimal set of Tp20 binding.
nucleotides required for protein binding. RNAs were either  3'-End-labeled sequences show a poorly defined cutoff
5'- or 3-end labeled, hydrolyzed to give a ladder of between bound and unbound sequences, with bound se-
sequences, and mixed with protein. Bound and unboundquences gradually decreasing in intensity with a decrease in
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p*Clone2 p*Clone 11

Den. Native

P33 P33
L3 L3
P35

P3s;
3 J23
P25

P2y
L2

L2
P25

P25
] J12
P1a 1Py
L1 ‘ L1

Ficure 5: Structure mapping of selected RNAs. Denaturing 16% polyacrylamide gel is shown. RNA samples derived from clones 2 and
11 were 532P-labeled. Left-hand five lanes are under denaturing conditions (denoted “Den.”), and right-hand six lanes are under native
conditions (denoted “Native”). Labels for lanes are as follows: C is a control (no nuclease) samplés @Hmited alkaline digest; U2,

T1, A, T2, and V1 are limited digests under native conditions with RNases U2, T1, A, T2, and V1, respectively; Imid. is a limited imidazole
digest under native conditions. Samples were also run on a denaturing 8% polyacrylamide gel to help separate and idémtifsthe 3
cleavages (data not shown). Paired, joining, and loop regions are denoted with a P, J, or L, respectively,'and 3hstéand of a region

is denoted with a subscript.

RNA length and unbound sequences gradually increasing inis not capable by itself of binding todfip20. The shortest
intensity with a decrease in RNA length (Figure 6). As such, sequences that are approximately 50% bound begin with
it is not possible to define precisely &é&nd for RNA clone residues 27 and 26 for RNA clones 2 and 11, respectively
2 or 11 that is absolutely required for binding. It is clear (Figure 6). RNAs derived from clones 2 and 11 that begin
from the 3-end labeled RNA boundary experiment, however, with residues 27 and 26, respectively, are capable of forming
that the 14 bp 3stem-loop with the tandem-AG mismatch minihelices at their Bends of 3 and 5 bp in length,
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Ficure 6: Boundary experiment for clone 11 RNA. Denaturing
8% polyacrylamide gel is shown. RNA was either (A)}3%P-
labeled, denoted “p*Clonell”, or (B)'-3%P-cordycepin-labeled,
denoted “Clonellp*A’. Left-hand two lanes contain samples
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FIGURE 7: Structure and function of minimal-length RNAs. (A)
Secondary structures for minimal RNAs derived from clones 2 and
11 consistent with structure mapping experiments, site-directed
mutagenesis experiments, and free-energy minimization i4iolgl

treated under denaturing conditions (denoted “Den.”), and right- v2.3 (7). Conserved nucleotides are bold. Positions of site-directed
hand two lanes contain samples treated under native conditionsmutations in mutbp, mutl and mut2 are indicated; mutl::mut2 is

(denoted “Native”). Labels for lanes are as follows: ©Hs a
limited alkaline digest; T1 is a limited digest with RNase T1;
“Bound” and “Unbound” are RNA fragments from the limited

the double mutant with changes simultaneous for mutant 1 and
mutant 2. (B) Native-gel mobility-shift experiments fors Fp20
binding to trace amounts of 82P-labeled RNA. Protein binding

alkaline digest that either bound or did not bind, respectively, to to RNA in the presence of 0.1 mg/mL tRNEresulted in formation
5 uM HgTp20. Samples were also run a shorter distance on the of a single complex. Concentrations of 20 used were 0, 0.5,
8% polyacrylamide gel to examine shorter fragments (data not 0.1, 0.2, 5, and 1@M.

shown).

the tandem A-G mismatch of the model to two Watsen

respectively, as evaluated by free energy minimization using Crick base pairs, mutants 1 and 2 disrupt the stem proximal

Mfold v2.3 (67). These minihelices are predicted to fold in
the presence of the 14 bp-&em-loop structures shown in
Figure 4. Since the 14 bp-3tem-loop itself cannot bind
protein, and the minimal-length stem that can bind p20
is known to be 16 bp22), it is plausible that the 35 bp
5'-minihelices augment the -AG containing 3stem-loop
stretch to form helical segments of sufficient length for
protein binding. This is consistent withsHp20 footprints
present in both the'3stem-loop and the'Segion of full-
length clone 11 RNA (Figures 4 and 8, see below).
Minimal-Length RNAs: Structure and Site-Directed Mu-
tagenesis. To test the secondary structure of thlesBm-
loop and the importance of the tandem-& mismatch in

to the loop, and the double mutant combines mutants 1 and
2 to restore the proximal stem in the model (Figure 7A).
The wild-type, base-pair, and double-mutant RNAs were
all capable of binding to kT'p20, while mutants 1 and 2 (in
which the stem proximal to the loop was disrupted) were
not capable of binding kTp20 (Figure 7B). These results
provide evidence that the secondary structures shown in
Figure 7A are correct, that the tandem-& mismatch is
roughly equivalent to a WatsetrCrick base pair in its ability
to bind protein, and that the stem proximal to the loop is
necessary for binding dTp20. In addition, the sequence of
the clone 2 double mutant, which is capable of forming the
tandem A-G mismatch structure (Figure 7A), is not capable

HeTp20 binding, a series of minimal RNAs and site-directed of forming the alternative secondary structure predicted by
mutants was prepared. The minimal RNAs consist of the Mfold (57) to have an asymmetric loop. Since the double
3'-stem-loop with two additional base pairs at the end of mutant retains kTp20 binding capability, the secondary
the stem to give a 16 bp substrate (Figure 7A). Four mutant structure for clone 2 RNA shown in Figure 7A is capable of
RNAs were also constructed: the base-pair mutant convertsbinding the protein.
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ment. HTp20 binding to clone 11 RNA gave a series of
well-defined protections from RNase V1 in double-stranded
sections, as well as one enhancement of RNase V1 cleavage
at G56. In addition, protection from single-stranded nu-
HegTp20 cleases occurred in L3.
HesTp20 binding to clone 2 RNA vyielded only one well-
defined protection, occurring with RNase V1 at position 80
in the 3-stem. In sum, footprints map largely to thé 3
stem-loop of the structures shown in Figure 4, emphasizing
the importance of this stem and its secondary structure.
P3-L3 Minimal-Length RNAs: Effect on PKR Kinase Adti.
The relationship between RNA-binding activity of the
minimal-length RNAs to HTp20 and their ability to activate
PKR kinase activity was examined. The clone 2 and 11
series of minimal RNAs and their site-directed mutants were
tested at varying concentrations for their ability to activate
PKR as measured by the phosphorylation of edF-2As
shown in Figure 9, the minimal-length clone 2 RNA activated
PKR, but much less efficiently than the parental clone 2 RNA
and only at relatively high concentrations. Minimal-length
clone 2 mutant RNAs, like the minimal-length clone 2 RNA,
were also very poor activators of PKR kinase activity (data

Den. Native

“ |P2 not shown).

The ability of the minimal-length RNAs to antagonize the
activation of PKR kinase by dsRNA was also examined.
Purified PKR was incubated in the presence of minimal
RNA, either wild-type or mutant, and then the reaction
mixture was supplemented with poly(rl)-poly(rC). A series
of clone 2 and 11 minimal RNAs and site-directed mutants
“ | L1 was examined (Figure 10). As shown by Figure 10,

minimal-length clone 2 base-pair mutant was a very effective
antagonist of PKR activation. Mutant 1 minimal-length
clone 2 RNA was a poor antagonist, whereas wt, mutant 2
and the double-mutant minimal-length clone 2 RNAs showed
an intermediate ability to antagonize activation. By contrast,
the minimal-length clone 11 series of RNAs, either wild-
type or mutant, did not significantly antagonize PKR
activation (data not shown).

DISCUSSION

The dsRBM is a conserved set of amino acids that
- - constitutes a compact folding domain capable of binding
dsRNA (19-21, 23. In addition, dsRBM-containing pro-
G1 _,__-,__.-..,- .- teins bind to RNAs containing single-stranded or non-
Watson-Crick secondary structures,(28, 33-41, 63. We
FIGURE 8: Footprinting experiment for clone 11 RNA. Denaturing have performed in vitro selection experiments to search for
g‘r’/eo %%g%:éylair?ri]dgigSI!lEiSSSTr?V;IQdi?a’\IIQCi V;’:ff_?;gge\)gi ;daggg RNA sequences and structures that bind to the dsRBD from
at 7.7uM (enough t(?give complete mobility ghift of the complex PKR. .The selected RNAs might have been an uninteresting
prior to nuclease digestion). Nucleotides are labeled along the left- COllection of double-stranded sequences. Instead the selected
hand side of the gel. To the right of the gel, regions @T pRO- RNAs contain several non-Watsegrick features, including
dependent protection from nuclease cleavage are denoted with aa tandem A-G mismatch in the context of a dsRNA
bold line, and a site of kTp20-dependent enhancement of cleavage background, and a protein-binding site composed of non-

is denoted with an asterisk (*). contiguous helices. Thus, the results reveal new information
Interaction of Selected RNAs with the dsRBD from PKR. about the binding specificity of the dsRBD from PKR.

To examine the binding sites forgHp20 on the selected Selected RNAs Bindgfip20 and Actiate PKR. After 12

RNAs, footprinting experiments were performed. Treatment rounds of selection, the pool 12 RNAs bound tgTh20

of the clone 2 and 11 RNAs with RNases U2, T1, A, T2, approximately 8-fold more tightly than dsTAR, a model

and V1 in the presence and absence of saturatiig2D is stem-loop containing 24 contiguous Watsdrick base

shown in Figure 8 and summarized in Figure 4. Positions pairs (Figure 1). In addition, {Tp20 binding to selected

that were cleaved by both single-stranded-specific RNasespool 12 RNA clones was revealed bysHb20-dependent

and by RNase V1 are not assigned a protection or enhanceprotections from RNase cleavage (Figure 8).
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Ficure 10: Antagonism of PKR activation by minimal-length
12 4 RNAs. Shown is an autoradiogram of a 10% SE®lyacrylamide
gel. Minimal-length clone 2 (mC2) RNA either wt (lanes c and d)
or mutant (lanes €l), was examined for its ability to antagonize
8 the activation of purified PKR kinase. PKR was incubated with
selected RNAs at either 1.0 or 1M prior to the addition of 0.1
ug/mL (=0.8 nM) poly(rl)-poly(rC). Reactions carried out either

elF2-a Phosphorylation
(relative units)

4 T in the absence of added RNA (lane b), or in the presence of the
optimal concentration of poly(rl)-poly(rC) (lane a) but without
0 = T T T added selected RNA, are shown as controls. PKR denotes the
4 3 2 1 0 1 position of3?P-labeled PKR. The autophosphorylation activity of
PKR kinase was quantified and is expressed as a percent of the
10810 [RNA], MM activity observed in the presence of an optimal concentration of

poly(rl)-poly(rC).

Ficure 9: In vitro activation of PKR by minimal-length RNAs. . . L. . .
(A) Shown is an autoradiogram of a 10% SBSolyacrylamide of the PKR protein required for activation of kinase activity
gel corresponding to the region of tbesubunit of elF-2. Parental (67, 6§. Furthermore, both genetié¥9 and biophysical

clone 2 wt RNA (lanes &f) and minimal-length clone 2wt RNA  (g8) analyses suggest that the active form of PKR most likely

samples (lanes-g) were compared for their ability to activate ; ; ; ;
purified PKR kinase as measured by elesshosphorylation. RNA IS ahdlmder tglgether Wltht? single RNA moleculg_ ,
was added as indicated to the standard reaction mixture which 1he double-mutant, base-pair mutant, and mutant

contained -*PJATP and elF-2. Concentrations of RNAs used were minimal-length clone 2 RNAs all antagonized the dsRNA-
lanes a and g, 0.00Q4M; lanes b and h, 0.002M; lanes ¢ and i, mediated activation of the full-length PKR kinase autophos-
0.01uM; lanes d and j, 0.LM: lanes e and k, 1.aM; lanes fand  phoryjation as did the wt minimal-length clone 2 RNA (Fig-

[, 10 uM RNA. o denotes the position §fP-labeledo-subunit of . —
elF-2. (B) Quantitation of autoradiogram shown in panel@,(  Ure 10). Somewnhat surprisingly, however, binding of the

full-length clone 2 RNA, [{1) minimal-length clone 2 RNA. mutant 2 RNA to HTp20 protein was not detected by a
native-gel mobility-shift assay, whereas the double-mutant,
RNAs selected by binding to the truncatedlid20 PKR base-pair mutant and wt minimal-length clone 2 RNAs did
protein that consists of residues-184 also were able to  bind (Figure 7B). This apparent contradiction may reflect
activate the wild-type 551 residue PKR protein purified from the differing sensitivity of the two assays, or alternatively
human cells (Figures 3 and 9). However, binding and may indicate a transient RNAprotein interaction not de-
activation were not equivalent. For example, even though tected by the gel-shift assay.
the five RNAs of family 1 shared a 17-nt consensus sequence The dsRBD Can Tolerate Non-Watsd@rick Structures.
and displayed similaKy values with HTp20 protein, they  Secondary structures for full-length RNAs from clones 2 and
differed significantly in their ability to activate PKR auto- 11 were established by sequence alignment, free-energy
phosphorylation and elF-2 phosphorylation. These differ- minimization, structure mapping, boundary experiments, site-
ences in enzyme activation observed for selected family 1 directed mutagenesis, and footprinting experiments. These
RNAs may relate to differences in their ability to induce the data are most consistent with the secondary structures shown
appropriate conformational change in the full-length protein (Figure 4). These structures include'&airpin (P3/L3) with
required for enzymatic activity. While dimerization of full-  a stem that consists of 14 bp counting Wats@mick, G-U
length PKR can occur both in the presence and absence ofvobble pairs, and the tandem-4& mismatch pair, and a
RNA binding activity 64—66), the presence of RNA appears shorter 5stem-loop (P2/L2) that is 8 bp in length and is
to mediate a conformational change in the catalytic domain interrupted by a €U mismatch in one case.
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Of these two stem-loop structures, tHen3ost stem loop maintained. In addition, these minor changes are propagated
appears to be the most important for protein binding as only to the neighboring base paisgj. Weak cleavage of
judged by the following group of experiments. Boundary the tandem A-G mismatch in clone 11 RNA by RNase V1
experiments probing the-8nd of the RNA reveal thatonly  (Figures 4 and 5) is consistent with the stacked@\
the four 3-most single-stranded nucleotides can be removed structure and the known property of RNase V1 to cleave
from the RNA without affecting binding and that thé-3  many non-WatsonCrick stacked structures including wobble
stem itself is absolutely required for binding. Boundary G—U pairs 60). In contrast to the tandem-AG mismatch,
experiments examining thé-Bnd length requirements of the tandem G-A mismatches can form a sheared conformation
RNA show that while the '3stem-loop is not itself sufficient  and introduce severe distortion into the backbor®.(
to bind HTp20, the 5end requirements are poorly defined. Several reports support the regulation of PKR by non-
Inspection of predicted foldings for variousénd truncations ~ double-stranded RNAs. Early studies showed that PKR
reveals that they can form minihelices-8 bp in length. It could not be activated if a poly(C):poly(l) duplex were
is plausible that a minihelix and the noncontiguous 14 bp interrupted with a G-I mismatch every 7 bp, on average,
3'-stem-loop combine to provide the minimal-length binding but could be partially or completely activated if the-G
site of 16 bp 22). This was an unexpected result and mismatch were present only every 15 or 45 bp on average,
suggests that, in general, binding sites for PKR protein may respectively 72). PKR can also be activated by reovirus s1
be assembled from several noncontiguous helices. RecentnRNA (25) and the 3UTR from humana-tropomyosin
secondary and tertiary structure models for VA | RNA depict mRNA (33) and inhibited by the adenovirus VA | RNA,
two noncontiguous stem loops as being involved in binding Epstein-Barr virus EBER RNAs, and HIV-1 TAR RNA32,
PKR, termed the apical stem and steni38)( Our results 73), all of which contain secondary structure defects. RNase
are consistent with such a binding site. T1 protection assays reveal that PKR can bind to the genomic

Additionally, for clone 2 RNA, the only observed footprint RNA from hepatitis delta agent between nucleotides—710
was in the 3stem-loop. For clone 11 RNA, the-8tem- 872 (35). The o agent genomic RNA does not contain a
loop was protected at 12 different positions while the 5 tandem A-G mismatch in this stretch of residues, but does
stem-loop was protected at only two positions. Interestingly, contain an internal’®A3'/5'AG3' mismatch 85). This latter
five of the 12 3-stem-loop protections occur in the loop itself mismatch is found in clone 14 RNA, the member of family
with one enhancement adjacent to the loop (Figure 4). 1 with an exception to the tandem-A mismatch (Figure
Protections of the loop may arise from occlusion of the loop 2). It is thus possible that the two mismatch types form
by bound HTp20, or perhaps binding offip20 to the loop. similar, dsRNA-like structures. Wu et alf@) surveyed 24
Enhancement of RNase V1 cleavage may arise from con-small-subunit and 51 large-subunit prokaryotic and eukary-
formational changes of the RNA upon protein binding that otic phylogenetic rRNA secondary structures for tandem
render the site optimal for cleavage. The pattern of protec- mismatches. The tandem—-@& and the BAA3'/5'GA3
tions and enhancement observed in thet8m-loop of clone mismatches were found 71 and 54 times, respectively, while
11 RNA suggests thatf[p20 may interact differently with  the thermodynamically stable tandem-& mismatch and
the loop-proximal and loop-distal portions of the stem. the BAA3'/5AG3 were not found 70). One possible

An unexpected feature of thé-8tem-loop is the presence explanation for the absence of these mismatches is that they
of a non-Watsor Crick secondary structural element, the can regulate dsRBM-containing proteins and as such are not
tandem A-G mismatch. The role of the tandem—/4& prevalent motifs. Double-stranded RNA deaminases contain
mismatch in protein binding was investigated by construction multiple copies of the dsRBM and are able to convertlA
of minimal RNAs containing the'astem-loop plus two extra  pairs to FU pairs by a deamination reactiorr4—77).
base pairs to provide a 16 bp binding site. Converting the Multiple A—U to I-U conversions can occur within the same
tandem A-G mismatch to WatsonCrick base pairs had no  helix (27). Inspection of the+U pair geometry reveals that
significant effect on binding affinity, suggesting that the it can form a two imino-hydrogen-bonded wobble pair.
tandem A-G mismatch is merely tolerated within the Apparently, the dsRBM can also bind to double-stranded
flanking dsRNA stems. Its selective advantage may then RNA containing a limited number oHHU wobble pairs.
be manifest at some level other than protein binding such as Design of the experiments in this study may be biased
the reverse transcription or PCR amplification step (see against the selection of long, purely double-stranded RNA
below). A separate question is whether the tanderGA regions. Such regions require reverse transcriptase to read
mismatch makes specific contacts with the protein and through highly structured RNAs. Although the reverse
confers site specificity, as suggested for other secondarytranscription step was performed at 80D, such structures
structure defects in RNAS3b). were probably selected against. The goal of this study was

The tandem A-G mismatch has been investigated both identification of non-WatsonCrick motifs; therefore, bias
functionally and structurally by Wu et ab§, 70). Tandem against long, regular double-stranded RNAs may have aided
A—G mismatches constitute thermodynamically stable non- the outcome.

Watson-Crick motifs, stabilizing a helix by as much a4.2 Double-stranded regions were found to form between the
kcal/mol depending on closing base paif8)( NMR random region and the fixed primer-binding sites, with the
investigations reveal that this stabilization arises because oflongest duplexes present at theeBd. Such pairing may

a stacked, imino-hydrogen-bonded conformation with two be biased by experimental design. THepBmer-binding
hydrogen bonds per-AG mismatch$6). The tandem AG site is bound first by the bottom-strand primer during reverse
mismatch perturbs the structure in only a minor fashion. The transcription. Both primer-binding sites are bound during
backbone is expanded at the mismatch and the helical risePCR. Primer may first bind to accessible single-stranded
is decreased; however, an overall A-form geometry is regions adjacent to the RNA stem loop and then invade and
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disrupt the neighboring RNA stem loop affording replication.
Such disruptions, readily achieved at theeBd of the
molecule during reverse transcription, are not possible for
stems formed within the randomized region only. Since not
all non-Watson-Crick possibilities are present in the fixed-

sequence primer-binding sites, an exhaustive study of the

role of non-Watson Crick structures in dsRBM binding has

not

been carried out. Nevertheless, several important

conclusion can be made: (1) the binding site for the dsRBD
has been found to be composed of RNAs that are similar to,
or mimic, A-form dsRNA, one expected outcome based on
numerous previous studies; (2) the tandem@ mismatch
can support protein binding; (3) noncontiguous helices can
combine to form a site for protein binding; and (4) an

experimental basis has been established which will aid design

of further selection experiments to examine the role of RNA
structure in dsRBD binding.
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