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ABSTRACT. The human double-stranded RNA- (dsRNA) activated protein kinase (PKR) has a dsRNA-
binding domain (dsRBD) that contains two tandem copies of the dsRNA-binding motif (AsRBM). The
minimal-length polypeptide required to bind dsRNA contains both dsRBMs, as determined by mobility-
shift and filter-binding assays. Mobility-shift experiments indicate binding requires a minimum of 16
base pairs of dsRNA, while a minimal-length site for saturation of longer RNAs is 11 base pairs. Bulge
defects in the helix disfavor binding, and single-stranded tails do not strongly influence the dsRNA length
requirement. These polypeptides do not bind an RNDNA hybrid duplex or dsDNA as judged by
either mobility-shift or competition experiments, suggestinr@® contacts on both strands of the duplex
stabilize binding. Related experiments on chimeric duplexes in which specific set®bli2are substituted

with 2'-H or 2-OCH; reveal that the 20HSs required for binding are located along the entire 11 base-
pair site. These results are supported by Fe(ll) EDTA footprinting experiments that show protein-dependent
protection of the minor groove of dsRNA. The dependence of dsRpiatein binding on salt
concentration suggests that only one ionic contact is made between the protein and dsRNA phosphate
backbone and that at physiological salt concentrations 90% of the free energy of binding is nonelectrostatic.
Thus, the specificity of PKR for dsSRNA over RNADNA hybrids and dsDNA is largely due to molecular
recognition of a network of '20Hs involving both strands of dsRNA and present along the entire 11
base-pair site.

Ribonucleoprotein (RNP) complexes are involved in many indicates that PKR is involved in normal control of cell
biological processes including transcription, posttranscrip- growth and differentiation and in regulation of the transcrip-
tional processing, gene regulation, translation, nucleocyto-tion of specific genes by dsRNA [reviewed in Clemens
plasmic transport, and mRNA stability. In recent years, the (1992), Hovanessian (1993), Mathews (1993), Samuel (1993),
identification of conserved sequences for RNA-binding and Proud (1995)].

proteins has led to the description of RNA-binding motifs | jke other RBMs, the dsRBM is modular and can be found
(RBMs), including the double-stranded RNA- (dsRNA) in single or multiple copies in a single protein. PKR contains
binding motif (dAsRBM) (Mattaj, 1993; Burd & Dreyfuss, two tandem, N-terminal copies of the dsRBM, designated
1994). The dsRBM was initially identified as a conserved dsRBM1 and dsRBM2, and a C-terminal kinase domain
stretch of 65-68 amino acids on the basis of sequence (Katze et al., 1991; Feng et al., 1992; Green & Mathews,
alignment of functionally diverse proteins from a wide range 1992: McCormack et al., 1992; Patel & Sen, 1992).
of organisms (St Johnston et al., 1992). A recent search hagisRBM1 closely matches the dsRBM consensus sequence,
identified 44 dsRBM sequences from 27 proteins (Kharrat while dsRBM2 matches the consensus sequence primarily
et al., 1995); these include PKR, tfizrosophila staufen in its C-terminal part (St Johnston et al., 1992). In addition,
protein required for mRNA localization in the egg, the mutagenesis studies indicate that dSRBM1 is more important
Escherichia colidsRNA nuclease RNase Ill, and the mam- than dsRBM2 for dsRNA binding (Green & Mathews, 1992;

malian dsRNA-adenosine deaminases (dsRADs) (Kim et McCormack et al., 1994; Green et al., 1995; Romano et al.,
al., 1994; O’'Connell et al., 1995; Melcher et al., 1996). 1995).

The RNA-binding properties of polypeptides derived from  stryctural details of proteiRRNA interaction are well
the human dsRNA-dependent protein kinase PKR (also ynderstood for several sequence-specific RBDs. The best
termed dsl or DAI for the dsRNA-activated inhibitor) are  characterized complex involves the RNP domain from the
studied here. PKR is an interferon-induced, viral-response spjiceosomal protein U1A complexed with a 21-nucleotide
agent that undergoes dimerization and autophosphorylationRNA hairpin. The crystal structure reveals the RNP making
in the presence of dsRNA, leading to dsRNA-independent detailed sequence-specific contacts with seven nucleotides
phosphorylation of the eukaryotic translation initiation factor in the hairpin loop (Oubridge et al., 1994). Structures of
elF-2 and inhibition of translation. More recent work other RNA-protein complexes also reveal sequence-specific
interaction with RNA, including a bacteriophage MS2 coat
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complexes have bulges or loops that can distort the dsRNAfor 10 min, resuspended in 5 mL of LB, and diluted into
helix, opening and widening the usually deep and narrow 750 mL of the above media without glucose. Growth was
inaccessible major groove (Weeks & Crothers, 1993). Since continued at 37C with vigorous shaking in 2-L baffle flasks
the major groove contains most of the sequence-specificuntil ODgoo = 0.3. The flasks were then shaken at 22
information, bulges render the RNA accessible to sequence-until ODgeo = 0.6—0.8. Expression was induced by the
specific protein interactions (Mattaj, 1993; Steitz, 1993; addition of IPTG to 0.4 mM, and growth continued an
McCarthy & Kollmus, 1995). additional 8 h at 22C. Cells were pelleted by centrifugation
In contrast to the above examples, undistorted A-form (10 min at 4000 rpm in a Beckman JA-10 rotor &t@) and
dsRNA has its sequence-rich information buried in the major stored overnight at20°C. All subsequent purification steps
groove (Saenger, 1984; Steitz, 1993). Indeed, no sequencévere performed at 4C.
specificity has been observed in interactions between dsRBDs Protein was soluble and purified by native methods. Cells
and RNAIn vitro (Hunter et al., 1975; Manche et al., 1992; Wwere resuspended in 20 mL of ice-cold sonication buffer [SB:
Polson & Bass, 1994; Schweisguth et al., 1994; Bycroft et 50 mM Hepes (pH 7.0), 700 mM NacCl, 10% glycerol, 5
al., 1995a). Furthermore, PKR does not make important MM 2-mercaptoethanol, 0.1 mM PMSF, and 0.05 mM
contacts to bases when it binds adenovirus inhibitory RNA benzamidine]. Lysozyme was added to 5 mg/mL, and the
(VA RNA)) (Clarke & Mathews, 1995). Recognition of cells were incubated for 30 min with rotation, followed by
dsRNA is thus likely to be novel and to involve a network Sonication. The lysate was cleared by addition of one-tenth
of sequence-independent interactions. In this paper, wevolume of 5% polyethyleneimine (pH 9.0; 25 0660 000
examine the roles of non-sequence-specific dsRNA func- average MW, Aldrich), inverted, incubated on ice for 15 min,
tional groups, including '20Hs and phosphates, in binding and centrifuged (15 min at 10 000 rpm in a Beckman JA-20
to polypeptides and present a model to account for this rotor) (Schmedt et al., 1995). The supernatant was centri-

binding. fuged (30 min at 38 000 rpm in a Beckman 70Ti rotor),
collected, and subsequently rotated for 30 min with 4 mL
MATERIALS AND METHODS of a 50% slurry of Nt —nitrilotriacetic acid-agarose resin

] o . (Qiagen) previously equilibrated in SB. Imidazole (pH 7.0)
Expression and Purification of PKR Protein Constructs. \yas added to 1 mM, and the slurry was incubated another
C-Terminal deletion protein constructs were prepared without 30 min with rotating. The resin was then pelleted by
a (Hisy tag, with an N-terminal (Hig)tag, or with @  centrifugation in a table-top swinging bucket rotor for 5 min,
C-terminal (Hisy tag. Protein constructs without a (HS)  and the supernatant was removed. The resin was washed
tag were a gift (P. DuCharme and S. C. Schultz, personal three times by resuspending in 40 mL of ice-cold SB plus 1
communication). The cDNA for PKR was obtained from 1 imidazole, rotating for 15 min, and pelleting. Washing
plasmid pB1 Nde P1 KIN (Thomis et al., 1992). Protein \ya5 done an additional four times with wash buffer [WB:
constructs with a C-terminal (Hisyag were prepared as 5o mm Hepes (pH 7.0), 700 mM NacCl, 10% glycerol, 5
follows. PCR was used to (1) introduce a recognition si.te mM 2-mercaptoethanol, and 30 mM imidazole (pH 7.0)].
for EcoRI 5 to PKR coding sequences and (2) add six protein was eluted by resuspending the resin in 3 mL of
histidine codons, alternating between CAC and CAT codons; g|ytion buffer [EB: 50 mM Hepes (pH 7.0), 700 mM NaCl,
the stop codon, TAA; and BanHl site 3 to PKR coding 1004 glycerol, 5 mM 2-mercaptoethanol, and 300 mM
sequences. Since the coding sequences contain an internahidazole (pH 7.0)], rotating for 15 min, pelleting, and
EcoRl site, a complete digestion wiBarrH| was followed  compining the supernatants a total of four times. The
by a limited digestion withEcoRI to allow for approximately — gypernatant was concentrated to 2 mL by ultrafiltration in a
40% d|gest_|on. The PCR fragments were cloned into the Centriprep-10 (10 kDa cutoff) (Amicon) and exchanged three
T7 expression plasmid PKT7(-H) (S. C. Schultz and T. A. {imes in storage buffer [StB: 25 mM Hepes (pH 7.0), 50
Steitz, personal communication) that had been digested with,\ NaCl, 5% glycerol, 2.0 mM DTT, and 0.25 mM EDTA]
EcaRl andBanH. by resuspending in 15 mL of StB and concentrating to 2
Protein constructs with an N-terminal (Hisfag were  mL each time. Protein was stored af@. Glycerol was

prepared as follows. PCR was used to (1) introduce aremoved prior to Fe(ll) EDTA mapping experiments by
recognition site foNdd 5' to PKR coding sequences and exchanging the buffer into StB minus glycerol.

(2) add the stop codon, TAA, andBanHil site 3 to PKR The purity of recombinant C-terminal truncated PKR was
coding sequences. The PCR fragment was digested toestimated to be>90% from overloaded Coomasie blue
completion first by Ndd and second byBanHl. The stained protein gels. The concentration of protein was

fragment was cloned into the T7 expression plasmid pET- generally determined by the relative Coomasie blue staining
14b (Novagen) that contains sequences required for T7 RNAon protein gels with lysozyme standards, while the concen-
polymerase-driven overexpression, an N-terminal ¢Hag, tration of p24, used to obtain the data in Table 1 and in Figure
and a thrombin restriction site for removal of the (Hit)g. 1, was determined spectrophotometrically (Gill & von
Most experiments were performed with the N-terminal (klis) Hippel, 1989). In control experiments, the N-terminal (lglis)
protein constructs. pET-14b offers the advantage that thetag in 184 and 220 amino acid proteins was removed by a
cloning sites,BanHI and Ndd, do not occur in the PKR  thrombin digest as per manufacturer’s instructions (Novagen).
coding region, allowing for rapid cloning. Sequences were  Preparation of RNAs, DNAs, and Chimera3AR and
confirmed by dideoxy sequencing. dsTAR were prepared by T7 transcription reactions (5 mL)
Optimal expression of C-terminal deletion protein con- containing 40 mM Tris (pH 7.6), 15 mM Mggl10 mM
structs was irkE. coli strain BL21(DE3). Cells were grown DTT, 2 mM spermidine, 1 mM each nucleoside triphosphate,
at 37°C for 12 h in LB media supplemented with 20 mM 0.75 uM annealed promoter-template, and 5000 units/mL
potassium phosphate (pH 7.8), 5 mM glucose, and/&§0 phage T7 RNA polymerase (Milligan & Uhlenbeck, 1989)
mL ampicillin. Cells (5 mL) were centrifuged at 6000 rpm and incubated at 37C for 2 h. The promoter sequence was
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the 23mer. S5AAATTAATACGACTCACTATAGSI'. ics) and fitting by nonlinear least squares as a function of
Samples were purified in 6% acrylamide gels/8 M urea, total PKR concentration (eq 1), wheeeis the observed
visualized by UV shadowing, excised from the gel, and
eluted by crushing the gel slice and soaking overnight at 4
°C in TENgso [TEN2s¢ 10 mM Tris (pH 7.5), 1 mM EDTA,
and 250 mM NacCl]. RNA was concentrated by ethanol
precipitation, washed with 70% ethanol, and quantitated yaximum fraction bound (typically~0.8) andKy is the
spectrophotometrically. S dissociation constant. Control experiments were performed
All other RNA, DNA, and chimeric oligomers were jth 5 and 30 min of incubation of the binding reaction prior
prepared by solid-phase synthesis and deblocked as previtg |oading the gel and gave similar results with the optimal
ously reported (Zaug et al., 1994). Oligomer sequences arefraction bound occurring at 5 min. All mobility-shift assays
found in the appropriate figure or figure caption. Positions \ere thus performed with 5 min of incubation prior to
of 2'-deoxy- or 2-methoxy-substituted sugars were confirmed loading the gel. For unsubstituted and MID-substituted
by a limited hydrolysis of the '&?P-labeled chimera,  chimeric duplexes which gave two band shifis were
followed by running a sequencing gel. calculated by treating bound RNA as a single species equal
5'-32P-labeled RNAs were generated by treatment with calf tg the sum of both bands.
intestinal phosphatase (for T7 transcripts only), reacted with  pjgsociation constants for binding to TAR and dsTAR
polynucleotide kinase andy{?P]JATP, repurified by gel  \ere determined by using a two-site binding model, quan-
electrophoresis, excised from the gel, eluted overnight in tfying the fraction of RNA bound in complex 16¢) and
TENzsoat 4°C, ethanol precipitated, and resuspended in TE complex 2 ¢,) with a Phosphorimager, and simultaneously
[10 mM Tris (pH 7.5) and 0.1 mM EDTA]. Labeled fitting (6,) and ¢-) to egs 2 and 3, The interaction free
duplexes were prepared by annealing the 10 M3 energy between the two sites, a measure of cooperativity,
labeled strand with a 20-fold excess of complementary strandyyas determined by eq 4, where the last term arises from
in TEN1oo [TEN1o¢ 10 mM Tris (pH 7.5), 1 mM EDTA,  statistical features due to a reduced number of sites for

and 100 mM NacCl] at 93C for 3 min and cooling on the  hinding of the second protein (Cantor & Schimmel,
bench for 10 min. Annealed duplexes were stored-20 1980).

°C and used immediately after thawing at 22. Control
experiments showed no binding of protein to ssRNA. [PKR]K,

Binding Assays.Dissociation constants were determined 0,= 2
by either native-gel mobility-shift assays or by filter binding. [PKR]” + [PKR]Ky, + KyiKgz
Duplex RNA was 53%P-labeled and present in limiting
concentration relative to protein concentrations. Samples p [PKR]?
were prepared in standard binding buffer [BB: 25 mM Hepes 2= 2
(pH 7.5), 10 mM NacCl, 5% glycerol, 5 mM DTT, 0.1 mM [PKR]” + [PKR]Kq, + KaiKop
EDTA, and 0.1 mg/mL herring sperm DNA (Sigma)].

Herring sperm DNA was fragmented by sonication to an AG = +RTIn K_dZ_ RTIn 4 (4)
average length of -34 kb, boiled for 10 min, and placed ! Ka1

immediately on ice. Herring sperm DNA, or tRNA, as

appropriate, was used in each mobility-shift assay to prevent Fe(ll) EDTA Mapping. Labeled chimeric duplexes were
sticking of the complex in the wells of the gel. The two prepared by annealing d-%P-labeled strand with excess
binding methods gave similar results; however, the mobility- complementary strand, as described above. The top strand
shift assay offered the advantage that multiple-pret&8iNA has a single-stranded tail 9 a 22 base-pair core, with the
complexes, important to the interpretation of the data tail serving as an internal control. Oligomer sequences are
presented here, could be directly visualized. In addition, found in the caption to Figure 6. Mapping conditions were
filter binding experiments with short substrates suffered from adapted from published methods (Tullius & Dombroski,
poor retention efficiency, especially at high salt concentra- 1986). Protein without any glycerol was added and incu-
tions. bated for 5 min at 22°C and 5 min on ice. (Nk.-

For the mobility shift assay, binding reactions were loaded Fe'(SO,),:6H,0—NaEDTA, sodium ascorbate, and,®,
onto a running 10% (79:1 acrylamide/bis) native gel. The were freshly prepared and added sequentiallyl(leach;
gel and the running buffer contained & 3BE [50 mM Tris 10 uL total volume) at final concentrations of 2 mM/4 mM,
base, 41.5 mM boric acid, and 1 mM EDTA, (final pH 8.3)]. 10 mM, and 0.1%, respectively, and incubated on ice for 1
Electrophoresis was performed for 1.5 h at 19 V/cm, at 22 min. [In the absence of protein, similar amounts of RNA
°C. cleavage £20%) occurred at 1, 2, 10, and 30 min at?Z2,

Filter binding experiments were performed in a 96-well suggesting 1 min is sufficient to obtain maximal cleavage.]
dot blot apparatus essentially as described (Wong & Lohman, Thiourea (10 mM) was added to quench the reaction. Five
1993; Weeks & Cech, 1995) with the following differences. microliters of a formamide/0.1% SDS loading buffer was
Nitrocellulose (Schleicher & Schuell) and Hybond+N added that included &M labeled strand, now unlabeled.
membranes were equilibrated in BB for 30 min at 22 Unlabeled strand was added to dissociate th&P5labeled
Wells were washed with 100L of BB, after which four strand from the duplex since the duplex is of sufficient
reactions (10uL each) were filtered. Wells were im-  stability to remain partially formed on the denaturing gel.
mediately washed with 100L of ice-cold BB. The mixture was heated to 8% for 3 min and put on ice.

Dissociation constants for chimera and salt dependenceA 3 uL portion of the quenched reaction was loaded on a
experiments were determined by quantifying the fractin (  25% (20:1 acrylamide/bis) gel/6 M urea/1TBE that had
of RNA bound with a Phosphorimager (Molecular Dynam- been preelectrophoresed for a minimum of 2 h at 75 W.

0= [PKR]

~PRRITK, <1>

2

®3)
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Ficure 1: Native gel mobility shift for p24 binding to dsTAR. (A) Secondary structures for TAR and dsTAR (Celander & Cech, 1990).

(B) Native-gel mobility-shift experiment for p24 binding to trace amounts'6fB-labeled dsTAR RNA. Experiments were in the presence

of 0.1 mg/mL ssDNA. Concentrations of p24 used were 0, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 2u&hdP4dotein binding to dsTAR resulted

in two complexes. Conditions were as described in the text except that samples were loaded after 1 h of preincubation at room temperature
onto a 5% (79:1 acrylamide/bis) native gel. (C) Plot of fraction of RNA bound in compleX) laid complex 2@®) for p24 binding to

dsTAR. Fits are to eqs-24 and give values oKg; = 0.05uM, Kg2 = 0.3 uM, and AG] = +0.3 kcal/mol (Table 1).

Marker lanes were run in Fe(ll) EDTA mapping experi- Table 1: Effects of Bulges and Competitor on RNA Binding to
ments. G sequencing lanes were prepared by limited P24

hydrolysis with RNase T (and without RNase Tas a competitor K1 Kz
control), and all-nucleotide sequencing lanes were prepared RNA (01mg/mL) (M)  (uM)  AG(kcal/mol)
by treatment with alkali (Donis-Keller et al., 1977). dsTAR ssDNA 0.05 0.3 +0.3
Computer-Generated ModelsA-form RNA coordinates dsTAR tRNAPh® 0.4 0.3 -1
were generated using Insight Il molecular modeling software TAR SSDthe 3 0.07 —31
. , TAR tRNA 6 1 -1.7
(Biosym Technologies). : — ,
@ Data are fit to a two-step random-order binding mechanism (see
RESULTS Materials and Methods). According to this mod&l; reflects binding

of one protein to RNA andy. reflects binding of a second protein to
Effect of the (His) Fusion Tag on Binding.To determine ~ RNA. AG is an interaction free energy and estimates the cooperat-
whether use of the (Hig)ag affected the outcome of these ity of protein binding to RNA, where negative values indicate positive
. . . cooperativity. Uncertainties are estimated at 30%4s and 5% inA
experlments, the. tag was remo"eq by a thrombin digest. G’s. There was no detectable binding to an all-deoxy version of
(His)e-free proteins showed identicfss, RNA length  TAR, dTAR, under identical conditions.
requirement, and RNADNA hybrid band shifts as N-
terminal (Hisy tag proteins. The (Higtag was not removed  either native-gel or filter-binding experiments was 184
for most experiments presented. residues in length and contained both dsSRBM1 and dsRBM2
A Model System To Study RNAsSRBD Interactions: (Figure 2). These observations are consistent with a report
Minimum-Length Polypeptides and a Binding ASsS&NA that a construct with residues—129 gave no detectable
substrates with and without bulges were prepared. dsTARdsRNA binding but a construct with residues 170 bound
is a double-stranded version of TAR with a 24 base-pair stem dsRNA (Patel & Sen, 1992). The polypeptides discussed
in which the three bulges are deleted andJ®vobble pairs in the remainder of this paper, p20 and p24 as well as their
converted to GC base pairs (Figure 1A). We chose TAR (His)s-tagged analogs, are 184 and 220 residues in length.
and dsTAR as model RNAs since TAR has been reported These polypeptides contain the same PKR amino acids as
to both activate and inactivate PKR depending on TAR previously reported constructs (Green & Mathews, 1992;
concentration, suggesting TAR can bind to PKR (Gunnery Manche et al., 1992). A-1243 truncated construct bound
et al., 1990, 1992; Roy et al., 1991; Maitra et al., 1994). RNA with similar affinity as full-length PKR with a catalytic
Also, the TAR RNA-binding protein (TRBP), which has point mutation (McCormack & Samuel, 1995), suggesting
three dsRBMs (Kharrat et al., 1995), binds tightly to TAR C-terminal truncated constructs retain wild-type RNA-
RNA and dsRNAs (Gatignol et al., 1991, 1993; Park et al., binding activity. A longer polypeptide of 280 residues,
1994). These RNAs are able to support dsRNA-specific extending to the kinase domain, bound 22-base pair dsRNA
binding (Figure 1B,C; Table 1). but gave complex mobility shifts with multiplets of four or
In order to find a minimal-length polypeptide to study, a more bands and was not further investigated (Figure 2).
number of C-terminal truncated constructs were examined Stable RNA binding by the dsRBD from PKR requires both
for binding (Figure 2). Constructs that were truncated at or dsRBM1 and dsRBM2.
before residue 100 did not give binding that was specific to  Effects of RNA Structure and Length on dsRBD Binding.
dsTAR over all-DNA versions of TAR (dTAR). The Initial experiments compared binding of p24 to limiting
minimal polypeptide examined that gave RNA-specific amounts of 5%?P-labeled RNA in the presence of single-
binding was 110 amino acids in length; its binding to dsTAR, stranded DNA (ssDNA) and tRNA competitors. Binding
however, was very weak (Figure 2). The minimal polypep- of p24 to dsTAR or TAR gave rise to two shifted bands of
tide that gave strong RNA-specific binding as assayed by different mobility (e.g., Figure 1B). The fast-mobility band,
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FiIcure 2: Polypeptide construct schematic. (Top) Location of

++
++

dsRBM1, dsRBM2, and the kinase domain in the 551 residue PKR.

dsRBM1 contains amino acids-§9 and dsRBM2 contains amino
acids 96-169 (St Johnston et al., 1992). The kinase domain reside
in the C-terminal portion of PKR and contains the 11 submotifs
conserved among protein kinases, with domain | starting at residu
274 (Hanks et al., 1988; McCormack et al., 1992). (Bottom) Proteir
constructs examined for dsRNA binding in this study. Shown are
the N- and C-terminal residues of the construct, the presence ¢
any hexahistidine tags ¢) the presence of any thrombin cleavage
sites (T), and appropriate abbreviations. dsRNA-specific binding
means binding specific to TAR and dsTAR RNA over an all-DNA
version of TAR (dTAR) and is indicated by-{ for no detectable
specific binding and-) for weak Kq> 1 uM) and () for strong

(Kg < 1 uM) binding.

complex 1, is an intermediate doublet that formed at low
concentrations of p24 and was converted to the slow
migrating complex 2 at high concentration of p24. The
doublet nature of complex 1 suggests a minimum of two
distinct binding sites; thus a two-site random-order model
was chosen to fit this data, in which one protein binds to
RNA to give complex 1, followed by binding of a second

protein to give complex 2 (Materials and Methods). Ac-
cording to this random-order binding mechanism, formation
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Ficure 3: RNA length and single-stranded tail dependence. Binding
of HgTp20 to dsRNAs of discrete length. (A) Mobility-shift
experiment of HTp20 binding to trace amounts of dsRNA of
varying length (bp). The top-strand (TS) oligomer wag’B-labeled

and annealed to excess amounts of unlabeled bottom-strand (BS)
oligomer. Formation of dsRNA was confirmed by a microshift of
p*TS upon addition of BS. [Compare-] and (), the first and
second lanes of each RNA length set, respectively.] Sequences of

of complexes 1 and 2 is described by dissociation constantsTAR-derived duplexes of 1824 base pairs are shown at the top.

Kg and K4, and an interaction free energhG/, that

describes any cooperativity for binding of the second protein

The sequence of 16 bp is (TSIEGUUCCCUGGUUAGCS3and
(BS) BGCUAACCAGGGAACCC3. Concentrations of kTp20
used were 0, 0.1, 0.3, 1, anduB1. Control experiments revealed

(Table 1). Complex 2 was resistant to the nonspecific protein no binding of 14M p24 to ssRNAs. (B) Mobility-shift experiments

competitor bovine serum albumin (BSA 0.5 mg/mL), sug-
gesting complex 2 is not simply due to proteijprotein
aggregation (data not shown).

of HsTp20 binding to trace amounts of RNA with a double-stranded
section and Bsingle-stranded tail. BS was the 22mer and was 5
32P-labeled and annealed to excess amounts of unlabeled 12-, 16-,
18-, 20-, and 22mer TS. Formation of the annealed complex was

Table 1 summarizes the effects of adding bulges in the confirmed by a microshift of p*BS upon addition of TS. [Compare

RNA substrate (i.e., TAR RNA) and varying the competitor. (—) and ¢+), the first and second lanes of each RNA length set,
Two trends may be observed: (1) formation of complex 1 trﬁzﬂggt'vgéyﬁ]cgﬁtﬂgggggsofojﬂgég'L?Seerg'a‘ljerTesaznﬁl I?i)are shown at
is disfavored by bulges and tRNA competitor, and (2) the ' '

interaction free energy is largest for the weakest binding first molecule of p24. Subsequent experiments were per-
combinations. The first trend is consistent with the protein  formed with duplex RNA and ssDNA competitor.

dsRNA interactions in complex 1 being weakened by bulges  Discrete-length double-stranded oligonucleotides were
and subject to competition by tRNA. [In related experiments, prepared to test directly the RNA length requirement for
tRNA was found to compete weakly for p20 binding to 85 binding. These RNAs are derived from TAR sequences and
base-pair dsRNA (Schmedt et al., 1995).] In addition, a designed to force a single base-pairing register (Figure 3A).
stronger interaction free energy for proteins in the presenceA variety of native-gel and filter-binding conditions gave
of bulges and tRNA competitor suggests that complex 2 is no binding of p24 to dsRNA of 616 base pairs, including
not as strongly affected by these factors as complex 1. Theconditions that give successful binding with longer RNAs.
second trend is consistent with a second p24 protein bindingMoreover, binding was not observed in competition experi-

in a cooperative fashion. This cooperativity could arise from
favorable proteir-protein interactions on the dsRNA, from

an RNA conformational change induced by binding of the
first protein, or both. One plausible RNA conformational
change would involve the TAR RNA adopting a more
uniform double-stranded conformation upon binding of the

ments in which a p*dsTARp24 complex was challenged
with 50 uM 8 and 16 base-pair dsRNA (data not shown).
The minimal dsRNAs that bound protein were 16 base
pairs for HTp20 (Figure 3A) and 18 bp for p24 (data not
shown). HTp20 binding to 16-20 base-pair dsRNA
resulted in formation of only complex 1, with complex 2
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appearing for 22 and 24 base-pair dsRNA at high protein

concentration. This suggests that the minimal-length site for

saturation of longer RNAs is 11 base pa#s2@/2), or one
turn of A-form dsRNA.

The ability of single-stranded tails to rescue binding of

short double-stranded helices was also examined. As an
example of the notation used, 12mer top-strand binding to

the B-32P-labeled 22mer bottom strand is called 12/22.
Constructs have'ssingle-stranded overhangs. Very weak
binding of HTp20 to 12/22 and weak binding to 16/22 and
18/22 were observed (Figure 3B). Strong binding required

20 base pairs in 20/22. This result suggests that the dsRBD
does not strongly interact with single-stranded tails, although
a slight dsRNA length rescue is observed. In summary, the

binding of the dsRBD from PKR requires a minimum of
16—18 base pairs of dsRNA, is not strongly rescued by

single-stranded tails, and is weakened by RNAs with bulges

and by tRNA competitor. In addition, the longer p24
construct shows evidence of proteiprotein interaction in
the presence of dsRNA.

Requirement of'2Hydroxyls for dsRBD Binding to dsRNA.
In order to assess the role of thle@H, it was first necessary
to establish whether the dsRBD from PKR could bind to
RNA—DNA hybrids. Mobility shifts for RNA-DNA hy-

brids were examined under conditions that give band shifts

with an RNA—RNA duplex of identical sequence. RNA
DNA hybrids and dsDNA did not support band shifts with
HesTp20 (Figure 4A) or p24 (data not shown), indicating that
hybrids cannot bind as well as dsRNA.

It was possible, however, that hybrids could not support
mobility shifts but could bind weakly to the protein. If so,
hybrids should be able to compete with limiting amounts of
radiolabeled dsRNA for binding to polypeptide. As shown
in Figure 4B, neither dAsSDNA or RNADNA or DNA—RNA
hybrids, at concentrations to 1, competed effectively
with trace amounts of'52P-labeled dsRNA for binding to
HeTp20. Only unlabeled dsRNA itself was able to compete
with release of 5%P-labeled dsRNA. The inability of
hybrids to compete was not affected by use of different buffer
conditions (Figure 4B; see Discussion). The ability of the
dsRBD from PKR to discriminate against RNADNA
duplexes suggests a direct role for tfvé on both strands
of dsRNA in recognition of the dsRBD from PKR.

To look more closely at the-H requirement for binding,
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Ficure 4. No binding of RNA-DNA hybrids or of dsDNA. (A)
Mobility-shift experiment for HTp20 binding to trace amounts of
22mer double-stranded nucleic acids. Top-strand (TS) oligomer was
5'-32P-labeled and annealed to excess amounts of unlabeled bottom-
strand (BS) oligomer. Formation of duplex was confirmed by a
microshift of p*TS upon addition of BS. [Compare-) and (),

the first and second lanes of each RNA length set, respectively.]
Sequences of nucleic acids are (TSCBGGGUUCCCUGGU-
UUCGGUCU3 and (BS) BAGACCGAAACCAGGGAACCCAGS;

rU was replaced by dU in all-deoxy strands. Concentrationsgef H
Tp20 used were 0, 0.06, 0.2, 0.6, 2, 6, anquMB Mobility shifts

were detected only for RNARNA duplexes, with formation of
two complexes. (B) Competition experiments fogTg20 (3xM)
binding to trace amounts of 22 base-pair p*dsRNA; sequence of
dsRNA as in Figure 3A. Formation of duplex was confirmed as
described above. A no-competitor shift is shown in the third lane
of each set. Protein was added to a mixture of trace 22 base-pair
p*dsRNA and 10 or 10QuM double-stranded competitor with
indicated TS/BS combinations; R RNA and D= DNA. DNA
strands are with rU replaced by dT. [Replacement of rU by rT has
little effect on the activity of PKR (Baglioni et al., 1981), suggesting
the difference between U and T is not significant for binding.]
Buffer 1 is the xBB containing 25 mM Hepes (pH 7.5), 10 mM

a series of chimeric duplexes was designed and their ability NaCl, 5% glycerol, 5 mM DTT, 0.1 mM EDTA, and 0.1 mg/mL

to bind to HTp20 was tested. A 22 base-pair duplex was
substituted with 2H or 2-OCH; in 12 of 44 sugars in three

herring sperm DNA,; and buffer 2 contains 10 mM Tris (pH 8.0),
10 mM NacCl, 10% glycerol, 0.5 mM DTT, 25 mM KCI, 1 mM
MgCl,, 0.2 mM ATP, and 0.1 mg/mL BSA (Bass et al., 1994).

different orientations: on the same face of the duplex one

turn of the helix apart (SF substituted), clustered in the MID-2'-OCHs-substituted oligomers led to only a single band
middle of the duplex (MID substituted), and on opposite shift.

faces of the duplex one and one-half turns apart (OF The relative mobilities of duplexes on native gels provide

substituted) (Figure 5A). Consider first results foid2oxy

information about their conformation (Bhattacharyya et al.,

substitutions. Binding was strongest for the OF-substituted 1990; Roberts & Crothers, 1992). Nonchimeric duplexes

duplex with aKq of 0.3 uM, compared to 0.2«tM for the
unsubstituted duplex (Figure 5B). Binding to SF- and MID-
substituted duplexes was somewhat weaker Wighof 0.6
and 2uM, respectively. The MID-substituted duplex gave
rise to two band shifts as with the unsubstituted duplex, while

ran in the anticipated order dsDNA RNA—DNA hybrid

> dsRNA, and all 2H and 2-OCH; chimeric duplexes ran
similarly to each other and to dsRNA (Figure 5C). Similar
mobilities of chimeric duplexes and dsRNA suggest that
these duplexes have similar conformations. Thus, results

the SF- and OF-substituted duplexes gave primarily a singlewith chimeric substitutions likely reflect atomic interactions

band (Figure 5B). Similar results were obtained with 2
OCH;-substituted chimeras (data not shown), with the OF-

and not differences in helical conformation (see Discussion).
Chemical Footprinting of the dsRBEISRNA Complex.

substituted duplex again binding tightest. Curiously, whereas To determine whether {Ip20 protects the minor groove of

MID-2'-deoxy-substituted oligomers led to two band shifts,

dsRNA, Fe(ll) EDTA chemical footprinting experiments
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Ficure 5: Binding of chimeras. (A) Computer-generated views of A-form 22 base-pair duplexes. Green balls show positiaeory 2
substitutions. Note that thé-DHs are located in the wide, shallow, and accessible minor groove of A-form dsRNA. Twenty-two base pairs
give two full helical turns. In each duplex, 12 of a possible 4©DPis were substituted. SF 2'-OH substitution in two sets of six on the

same face (SF) of the duplex, shown on the left; MH2'-OH substitutions in the middle (MID) of the duplex, shown in the center; OF

= 2'-OH substitutions in two sets of six on opposite faces (OF) of the duplex, shown on the right. Positicx@+bs@bstitutions for SF
substitutions are in italics; MID substitutions are in lower case; and OF substitutions are underlined: top strantCOGEHGJUC-
ccugguUWLGGUCUSZ; bottom strand (BS),'BGACCGAAaccagg@®ACCCAG3. 2-rU is substituted with 2dU or 2-OCHsU. (B) Native-

gel experiment for HTp20 binding to trace amounts of duplex. Experimental conditions were the same as in Figutes 4ake 0.2uM

for RNA—RNA, 0.6 uM for SF—SF, 2uM for MID —MID, and 0.3uM for OF—OF. (C) Comparison of native-gel mobility of various

dsRNA, 2-H- and 2-OCHs-containing chimeric duplexes, and RNANA hybrids. Gel conditions were the same as described in Materials

and Methods for mobility-shift experiments. The left-hand portion of the gel shows confirmation of duplex formation by a microshift of
p*TS upon addition of BS. (Compare the first and second lanes of each duplex set.) The right-hand portion of the gel shows relative
mobility of duplexes with the RNARNA duplex loaded twice to provide a reference line=INA, R = RNA, S= same face substituted

chimeric strand, M= middle substituted chimeric strand, and=Oopposite face substituted chimeric strand. (D) Model gf 20 contact

on chimeric duplexes. The cylinder represents 22 bp, or two helical turns, of A-form dsRNA. The diagonal stripes represent the minor
groove of the helix, the shaded stripes represent regions of contact §¥ii261 and each dash represamte deoxy sugars. The unsubstituted

duplex is the minimal length of dsRNA that can accommodate twbpBIOs; thus its entire minor groove is shaded. The SF-substituted
duplex data are consistent with the existence of one unperturbed site with 1.5 deoxy base pairs at each end. The MID-substituted duplex
data are consistent with two suboptimal sites, one at each end of the duplex. The OF-substituted duplex data are consistent with six optimal
sites in the center of the duplex but not with the binding of twgd p20s as for the unsubstituted duplex.

were performed. Free radicals (presumably’ai¢nerated  was present in some of the experiments to serve as an internal
by solvent-based Fe(ll) EDTA have been useful for probing control for OH cleavage. Single-stranded and double-
DNA structure and RNA secondary and tertiary structure in stranded regions have been shown to have similar reactivity
a sequence-independent manner (Hertzberg & Dervan, 1984t0 OH cleavage (Celander & Cech, 1990).

Tullius & Dombroski, 1986; Latham & Cech, 1989; Celander  Experiments were performed with excess protein and
& Cech, 1990, 1991; Murphy & Cech, 1993). In particular, limiting concentrations of32P-labeled duplex. Control
the probe is thought to react with the sugar moiety of the experiments in which the RNAprotein complex was treated
backbone to afford strand scission (Hertzberg & Dervan, with cleavage reagents and then run on a native gel showed
1984; Tullius & Dombroski, 1986). Experiments on tRNA complete band shifts of nucleic acid to a single complex,
suggest the probe reports on the accessibility of the riboseidentical to mobility shifts with untreated complex (data not
1'- and 4-hydrogens (Latham & Cech, 1989), located in the shown). This suggests that the RNArotein complex is
minor groove of an A-form RNA helix. Experiments were Stable to the cleavage conditions used.

designed with a duplex region that has chimeric OF substitu- As shown in Figure 6A, the double-stranded region was
tions to allow near wild-type binding and help limit the protected by HTp20 from cleavage by the free-radical probe
number of registers on the duplex sampled by the polypep- for both top- and bottom-strand-&P-labeled experiments.
tide. In addition, an eight-nucleotidé-Single-stranded tail ~ Quantitation of these experiments is shown in Figure 6B. In
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Ficure 7: Salt dependence. Dependence of the natural logarithm
of the association constant on the natural logarithm of the
ds monovalent salt concentration fosFHp20 binding to 20 base-pair
dsRNA; sequence as in Figure 3A. Formation of duplex was
confirmed as in Figure 3, and binding tg Fp20 gave only a single
complex. The slope gives 1.05 contacts for Na@) (Record et

al., 1976). Similar slopes are obtained for a NaO&3 &nd KCI

(O) corresponding to 1.05 and 0.8 ion pairs, respectively.

]
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20%. The apparent 20% protection of the single-stranded
region could be due to nonspecific association of the protein
with the single-stranded tail, although other effects such as
guenching of free radicals by the protein could cause apparent
b 4 protection. However, the 40% difference in cleavage
¢ between the double- and single-stranded regions of the RNA
can be assigned to preferential protection of the double-
stranded RNA by the protein. In bottom-strand-radiolabeled
experiments, kTp20 protected the bottom strand to a similar
extent (50%). In both experiments, protection of the double-
stranded region is fairly uniform, suggesting that much of
the minor groove is protected by polypeptide (Figure 6B).
Determination of the Number of lon Pairs between the
dsRBD and dsRNARecord and co-workers (1976) devel-
oped a quantitative theory that describes the number of ion
pairs formed between protein and nucleic acid in terms of
release of thermodynamically bound monovalent cations
5 50 100 190 200 20 30 5 2p 190 100 200 200 300 fror_n the nucleic acid. A plot of IfK, versus In [salt] yields _
estimates of both the electrostatic and nonelectrostatic
) ] components of binding free energy (Record et al., 1976;
Gel Migration (mm) Lohman et al., 1980). The slop®, of the plot is related to
FIGURe 6: Fe(ll) EDTA mapping. Fe(ll) EDTA footprinting of an  the number of ion pairs, between the phosphate backbone
annealed top-strand (TS) 30mdyottom strand (BS) 22mer com-  and protein bym = —ZW, where W is the fraction of
plex with an eight nucleotide' Single-stranded end and 22 base-  counterion thermodynamically bound per phosphaiéis
pair core. The core duplex is chimeric with2 substitutions in equal to 0.89 for poly(A)poly(U) (Record et al., 1976), and

the opposite face (OF) orientation. Sequences are as follows, with =~ .
positions of deoxy substitution underlined: TSGEAGU- this value was used as an estimat&ofor the 20mer dsRNA

GCGCUGGGUUCCCUGGUUUCGGUCU3BS, BAGACCG- used here.
AAACCAGGGAACCCAG3. (A) Denaturing 25% gel showing In order to look at RNA-protein and not proteiprotein
Fe(ll) EDTA mapping. A trace amount of 8?P-labeled 30TSOF interactions, binding of kTp20 to 20mer dsRNA, which

was annealed to excess BSOF (left-hand portion of the gel), and a__. . . . . .
trace amount of '5°2P-labeled (BSOF wag annealed tc? e)xcess gives a sllngle band _3,h'ﬂ e\_/en at_hlgh protein _concentrat.lon,
30TSOF (right-hand portion of the gel). In indicated laneg; H ~ Was studied. In addition, since divalent metal is not required

Tp20 was added at M (enough to give complete mobility shift ~ for binding, it was omitted from these experiments in order
of the complex), and in indicated lanes Fe(ll) reagents were added.to simplify the interpretation of the data. The slope for NaCl-
G, C, and N are RNase T1, control T1, and alkaline digests, jenendence experiments is 0.94, corresponding to 1.05

respectively, of the labeled strand only. Double-stranded (ds) and , _ . - . .
single-stranded (ss) regions are marked. (B) Intensity versus gel(=0-94/0.89) ion pairs (Figure 7). Replacement of either

migration for the final two Fe(ll) reagent-treated lanes of each the cation by K or the anion by OAc resulted in similar
radiolabeled oligomer set in (A). Minus-protein lane is represented dependencies (Figure 7), consistent with a general ion effect
by a dotted line ¢-) and plus-protein lane by a solid line-J. An rather than an effect of specific association of either the
equal number of cpm of radioactivity were loaded in each lane. ..iinn or anion with the protein. Extrapolation of the fit in
The loading of equal amounts of radioactivity in each lane was _. . : .
confirmed by integration of the Phosphorimager scans. Figure 7 to 1 M NaCl (thg-intercept) allows calculation of
the nonelectrostatic contribution to binding (Record et al.,
top-strand-radiolabeled experimentsgTH20 reduced the  1976; Lohman et al., 1980; Witherell & Uhlenbeck, 1989).
cleavage of the double-stranded region by 60%, while Estimating that the ion pair destabilizes binding by 0.2 kcal/
cleavage of the single-stranded region was reduced by onlymol at 1 M NaCl (Record et al., 1976; Lohman et al., 1980),
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the nonelectrostatic component of binding-ig.6 kcal/mol, third dsRBM from Drosophila, indicate that the minimal
accounting for approximately 90% of the total free energy segment of dSRNA needed for binding is also 11 base pairs
of binding at physiological salt concentration. (Bycroft et al., 1995a).

Experiments with p24 binding to TAR-based oligomers
DISCUSSION indicate that bulges weaken RN#Arotein interaction (Figure

2A, Table 1). Interestingly, PKR’s kinase activity is not
) . ; activated if an average of one mismatch is present every 8
enables diverse proteins to bind dsRNA (St Johnston et al., n,cjeqtides in RNA but can be fully activated if the mismatch
1992; Kharrat et al.,, 1995). Two recent NMR analyses of q.c\,r5 only once every 45 nucleotides (Minks et al., 1979).

single_ copies of the motif revealed a structurally compact |, addition, the loop and bulge of TAR are dispensable for
domain (Bycroft et al.,, 1995a; Kharrat et al., 1995). The jopibiion of PKR activation (Gunnery et al., 1992), consis-
dsRBM binds dsRNA in a sequence-independent manneriant with a destabilizing effect of bulges.

(Hunter et al., 1975), suggesting that RNA recognition by 2'-Hydroxyls of dsRNA Are tolved in Binding. Two

the dsRBM is unique with respect to known RNP complexes. ¢, tional : :
; . groups in dsRNA that are accessible for sequence-
We find that the dsRBD from PKR binds dsRNA but not independent recognition by a protein are tHeOM and

RNA—DNA or DNA—RNA hybrids. Our data suggest this  ,,sohate. First we will consider data on the21. RNA—

discrimination exists because the dsRBD makes only onepNA hybrids, where DNA is either the top or bottom strand,

ion pair with the phosphate backbone, which is ;imilar and dsDNA duplexes are unable to bind to dsRBD constructs
between dsRNA and hybrids, and instead largely relies on agg assayed both by mobility-shift experiments and by
series of nonelectrostati¢c-®H interactions throughout the competition experiments including 108M competitor

binding site involving both strands of dsRNA. duplex (Figure 4). Th&q for the all-RNA version of these
Two dsRBMs of PKR Facilitate Strong Blndlng of dsRNA. hybnds bmdmg to HTpZO is 017:qu and a lower limit of
Native-gel and filter-binding experiments with a series of theK; for the RNA—DNA hybrid is estimated at 500 M
C-terminal truncated polypeptides indicate that two copies (=5 x 100uM). These dissociation constants lead to a lower
of the dsRBM from PKR are needed for strong, dsRNA- |imit for the AAG® for discrimination against RNADNA
specific binding. This result contrasts with reports that hybrids of>4.7 kcal/mol. Apparently, the dsRBD from PKR
polypeptides derived from PKR containing amino aci¢91 recognizes both strands of the dsRNA. Inability of RNA
or 1-98, having a full copy of only dsRBML1, bind to dsSRNA  DNA hybrids to bind to the dsRBD from PKR is consistent
(McCormack et al., 1992, 1994; Schmedt et al., 1995). In with the inability of such hybrids to activate PKR (Hunter
addition, other polypeptides containing only one copy of the et al., 1975; Sen et al., 1978).
dsRBM can fold into stable structures and bind dsRNA, The Xenopus 4F protein, which contains two tandem
inClUding the third dsRBM from th€DrOSOphiIa staufen Copies of the dsRBM and a C-terminal argin-i-rgjycine-
protein, the second dsRBM from tik@nopusXirbpa protein,  rich block, did not support band shifts with RNADNA
and the dsRBM from th&scherichia colRNase Il protein hybrids, but 100mer and 800mer hybrids were able to
(St Johnston et al., 1992; Bycroft et al., 1995a,b; Kharrat et compete for binding at concentrations of only 50 pM (Bass
al.,, 1995). Inthe above cases, however, the polypeptide waset al., 1994). This competition, which is in contrast to our
either fused to a larger protein, complexed with an antibody, results with PKR, cannot be attributed to differences in
or present at high concentrations that may stabilize the solution conditions (Figure 4B); it may indicate that structural
protein. In addition, the dsRBM1-191 polypeptide binds  differences exist among dsRBDs as required by the specific
roughly 100-fold more weakly than a polypeptide containing function of the protein or that other RNA-binding motifs
both dsRBMs (Schmedt et al., 1995). Requirement of within a protein affect its recognition properties. The
tandem dsRBMs for optimal dsRNA binding has been saccharomyces cerisiae RNase H protein which has two
reported previously for thXenopusiF protein (Bass etal.,  copies of the dsRBM is able to bind to hybrids; these

The dsRBM is an evolutionarily conserved module which

1994). particular motifs, however, have some variations from the
dsRBD Binding Requires a Minimum of 16 Base Pairs of conserved dsRBM (Cerritelli & Crouch, 1995).
dsRNA. Data obtained here indicate tha§Th20 requires a Requirement of 20Hs for binding was examined further

minimum of 16 base pairs of dsSRNA for strong binding to by testing a series of partially-H- and 2-OCHs-substituted,

a single site on dsRNA (Figure 3A), and this requirement is chimeric duplexes. The unsubstituted, same-face-substituted
not alleviated by a single-stranded tail (Figure 3B). Site- (SF), middle-substituted (MID), and opposite-face-substituted
saturation experiments with ¢fp20 indicate that two  (OF) duplexes showed only modest differences in binding
polypeptides can bind to 22 or 24 base-pair dsRNA. (Kgs of 0.2, 0.6, 2, and 0.8M, respectively; Figure 5B).
Ignoring looping of the RNA, overlap of protein binding The more striking difference in the behavior of these
sites, and dangling protein, this suggests that a single H duplexes is in binding stoichiometry. HighsFHp20 con-
Tp20 occupies a roughly 11 base-pair site on dsRNA, centrations led to primarily one band shift for the OF-
equivalent to one turn of A-form dsRNA (Saenger, 1984). substituted duplex, as opposed to the two band shifts
This observation is consistent with studies of p20 binding observed for unsubstituted 22 base-pair dsRNA (Figures 4A
to a variety of longer discrete-length dsRNAs that showed and 5B). This observation suggests thaTpR0 binding is
that, at saturating concentrations of p20, 11 base pairs aredestabilized by deoxyriboses at the end of a binding site,
the minimal site required for binding (Manche et al., 1992; contacts which would be forced on the OF-substituted duplex
Schmedt et al., 1995). The observation that the site size forif it were saturated with two FTp20 molecules (Figure 5D).
multiple binding (11 bp) is smaller than that for single Likewise, high HTp20 concentrations led to primarily one
binding (16 bp) suggests that an adjacent dsRNA-bound band shift for the SF-substituted duplex (Figure 5B). This
protein can compensate for the absence of a longer dsRNAobservation suggests thagFb20 binding is also destabilized
site. Initial results with a dsRBM from another protein, the by deoxyriboses at the center of a binding site, interactions
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which would be necessary if the SF-substituted duplex were indicating that this assay is able to differentiate among an
saturated with two kTp20 molecules (Figure 5D). Together, A-form helix (dsRNA), a B-form helix (dsDNA), and an
results with the OF- and SF-chimeric duplexes indicate that intermediate-form helix for the RNADNA hybrid (Salazar
2'-OHs at both the end and middle of the 11 base-pair site et al., 1993). Consistent with native gels reporting helix
contribute to binding. conformational information, ordering of native-gel mobility
The destabilization of binding constants for OF- and SF- is not merely the inverse of molecular weight (i.e., dsDNA
chimeric duplexes (relative to unsubstituted RNA) is only < RNA—DNA < 2'-H chimeric duplexes< dsRNA < 2'-
<2- and<4-fold, respectively. The small magnitude of these OCH; chimeric duplexes). Chimeric substrates have mobili-
changes can be most readily explained by the SF-substitutedies very similar to each other and to dsRNA, suggesting an
duplex having one free site forgfp20 binding unaffected  A-form-like geometry. Solution structure data on chimeric
by deoxy substitutions and the OF-substituted and unsub-duplexes support this conclusion since the helical properties
stituted duplexes having statistically more unsubstituted free of the chimeric section of a duplex are closer to A-form than
sites. In particular, the observéd for binding of the first to B-form, and the RNA strand of the chimeric duplex is
protein to a nucleic acid with multiple free sites is tkg A-form (Zhu et al., 1995).
for binding to a single site divided by the number of free  Since the 2substitutions appear to have little effect on
sites (McGhee & von Hippel, 1974). Observation that 16 helix geometry, it is likely that effects on binding instead
bp is the minimal-length dsRNA for binding of a singlg-H  reflect the disruption of atomic interactions. In addition, 10%
Tp20 molecule (Figure 3A) suggests thaB bp flanking or 20% ethanol, which can make B-form DNA and chimeric
both sides of an 11 bp ribose-containing site are needed forduplexes more A-form-like and rescue RNA conformation-
binding of the first protein. Given the requirement for 3 ally dependent protein binding (Baidya & Uhlenbeck, 1995),
base pairs to flank each site, there are six free sites in eacthad no effect on binding of dsSRNA and chimeric duplexes
of the OF-substituted and unsubstituted duplexes (Figure 5D).(Bevilacqua and Cech, unpublished results), consistent with
These free sites are predicted to reduce the obsddyéal the chimera binding data reflecting true atomic interactions
binding of the first protein to OF-substituted and unsubsti- and not differences in helical geometry.
tuted duplexes by 6-fold relative to binding to the SF-  Minor Groove of dsRNA Is Protected by ProteirHy-
substituted duplex, reasonably consistent with the slightly droxyl-radical footprinting experiments indicate that the
lower Kgs observed. dsRBD protects the minor groove of dsRNA in a general
Binding to MID-substituted molecules led to two band manner (Figure 6), supporting direct interaction of the dsRBD
shifts for the 2-H substituted duplex and one band shift for with the minor groove of dsRNA. Lack of a specific:H
the 2-OCH;-substituted duplex. The smallest contiguous Tp20 footprint, despite the presence of a chimeric back-
dsRNA site for this molecule is 8 base pairs: there are two ground, may be due to some slippage ofTpR0 on the
of these sites, one at each end of the OF-substituted duplexchimeric duplex due to the existence of the six overlapping
Given the minimal site described for the SF-substituted binding sites (previous section). In additionsTh20 may
duplex, the MID-substituted duplex has no free sites unaf- indirectly block adjacent duplex regions from the Fe(ll)
fected by deoxy substitutions with 3 flanking base pairs; there EDTA probe by a steric effect. In related experiments with
are, however, two suboptimal sites (Figure 5D). The the adenovirus-associated VA RNA, a well-studied RNA
suboptimal nature of the sites explains the 10-fold destabi- hairpin that can inhibit PKR activation (Mathews & Shenk,
lization in binding. Observation of two band shifts with the 1991), three sugars in one strand of the apical stem were
2'-deoxy-MID-substituted duplex for all but the lowest protected (Clarke & Mathews, 1995). Thus, in both studies
protein concentration suggests that the MID-substituted recognition of dsRNA by the dsRBD appears to involve a
duplex achieves binding by exploiting cooperative protein  series of minor-groove'20H interactions.
protein interactions, as observed in TAR and dsTAR experi-  Minor-groove recognition is observed in the binding of
ments with the p24 construct (Table 1). tRNAA2 by its aminoacyl-tRNA synthetase (Musier-Forsyth
Overall, the binding constants are weaker with methoxy & Schimmel, 1992). Binding of RNA substrate by a group
than with deoxy substitutions, and only a single mobility | catalytic RNA is largely sequence-independent; it involves
shift was observed. Weakened binding could be due to stericrecognition of a substrate-containing duplex by minor-groove
interference of the bulky methoxy group. Data examining interactions with four 20Hs on both strands of the duplex
PKR activation by a series of-©®CH;-substituted polymeric  and the exocyclic amine of G in a terminat&Gpair [e.g.,
dsRNAs (rk-rC,) is consistent with these observations. see Bevilacqua and Turner (1991), Pyle and Cech (1991),
Partially methylated dsRNA<20% substituted in only one  Strobel and Cech (1993, 1995)].
strand) fully activates PKR, while more fully methylated Small Contribution of Phosphates in dsRBD Binding to
dsRNA (40-100% in only one strand) is unable to activate dsRNA. An experimental approach for determining the
PKR (Minks et al., 1980). A single mobility shift may arise number of phosphates bound to protein by ion pairing
from the ability of MID Z-OCH;-substituted riboses to involves a theory relating the binding constant to the ionic
interact favorably with HTp20 as hydrogen bond acceptors. strength (Record et al., 1976). It has been verified experi-
dsRNA Binding Specificity Is Not Dominated by Helix mentally for both RNA- and DNA—protein complexes.
Conformation. Comparative native-gel assays report con- Application of this method to the R17 coat proteiRNA
formational differences between duplexes (Bhattacharyya ethairpin complex indicates 4.8 ion pairs between RNA and
al., 1990; Roberts & Crothers, 1992). Our duplexes had protein (Witherell & Uhlenbeck, 1989). The X-ray structure
relative mobilities as follows: dsDNA RNA—DNA > 2'- of a very similar RNA-protein complex shows 7 phosphates
OCH; chimeric duplexes~ 2'-H chimeric duplexes> involved in 11 interactions with the protein, 5 of which
RNA—RNA (Figure 5C). Relative mobilities of the non- involve ion pairs with the basic residues lysine and arginine
chimeric duplexes were the same as previously reportedand 6 of which involve polar interactions with asparagine,
(Bhattacharyya et al., 1990; Roberts & Crothers, 1992), serine, or tyrosine, in good agreement with the solution
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studies (Valegal et al., 1994) (O. C. Uhlenbeck and H. E. Only dsRBM1 Appears To Contact dsRN®R60 and K64
Johansson, personal communication). In addition, a modelare conserved in both dsRBM1 and dsRBM2 (St Johnston
study involving pentalysine association with DNA indicates et al., 1992); thus, if both dsSRBMs were contacting the
the theory accurately describes the number of ion pairs dsRNA, two ion pairs would be expected. This observation,
(Lohman et al., 1980). in connection with the data of Bycroft et al. (1995a) that a

Studies of specific RNA-protein complexes conclude that  single dsRBM fromDrosophilaalso requires 11 base pairs
tat—TAR binding involves 6 ion pairs (Weeks & Crothers, of dSRNA, suggests that only one of the two dsRBMs in the
1992), R17 coat proteinRNA hairpin binding involves 45 dsRBD from PKR is actually contacting dsRNA. Since
ion pairs (Witherell & Uhlenbeck, 1989), U1A RBERNA dsRBM1 appears to be more important than dsRBM2 for
hairpin binding involves at least5/ ion pairs (Hall, 1994), dsRNA binding (Green & Mathews, 1992; McCormack et
and S4-a. mRNA binding involves at least 4 ion pairs al., 1994; Green et al., 1995; Romano et al., 1995), this
(Deckman et al., 1987). Considering nonspecific DNA  suggests that only dsRBM1 directly contacts the minimal-
protein complexes, gene 32 protein binds to native or ssDNA length dsRNAs studied here. Longer dsRNAs are needed
with 2 ion pairs (Jensen et al., 1976), RNase binds to to activate full-length PKR, with 33 base pairs the minimal
denatured DNA with 7 ion pairs (Jensen & von Hippel, length and 80 base pairs the optimal length (Hunter et al.,
1976), andac repressor binds to nonspecific DNA with 12  1975; Minks et al., 1979; Manche et al., 1992). With these
contacts (deHaseth et al., 1977). In sharp contrast, resultdonger RNAs both copies of the dsRBM may contact the
obtained here indicate only one ion pair in the dsRBD dsRNA leading to activation perhaps by a conformational
dsRNA 20 base-pair complex (Figure 7). A substantial change of the protein. The necessity of dSRBM2 for function
number of ionic interactions might make it difficult for a in HsTp20 binding to short dSRNAs studied here may reflect
dsRNA-binding protein to discriminate against RNENA protein folding requirements.
hybrids and dsDNA, all of which have similar presentation
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