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Abstract
The interferon-inducible, double-stranded (ds)RNA-activated protein kinase (PKR) contains a
dsRNA-binding domain (dsRBD) and plays key roles in viral pathogenesis and innate immunity.
Activation of PKR is typically mediated by long dsRNA, and regulation of PKR is disfavored by
most RNA imperfections, including bulges and internal loops. Herein, we combine isothermal
titration calorimetry (ITC), electrophoretic mobility shift assays (EMSAs), and small angle X-ray
scattering (SAXS) to dissect the thermodynamic basis for specificity of the dsRBD termed ‘p20’
for various RNAs, and to detect any RNA conformational changes induced upon protein binding.
We monitor binding of p20 to chimeric duplexes containing terminal RNA-DNA hybrid segments
and a central dsRNA segment, which was either unbulged (‘perfect’) or bulged. The ITC data
reveal strong binding of p20 to the perfect duplex (Kd~30 nM) and weaker binding to the bulged
duplex (Kd~2-5 μM). SAXS reconstructions and p(r) distance distribution functions further
uncover that p20 induces no significant conformational change of perfect dsRNA but largely
straightens bulged dsRNA. These observations support the dsRBD’s ability to tightly bind only to
A-form RNA and suggest that in a non-infected cell, PKR may be buffered via weak interactions
with various bulged and looped RNAs, which it may straighten. This work suggests that PKR-
regulating RNAs having complex secondary and tertiary structures likely mimic dsRNA and/or
engage portions of PKR outside of the dsRBD.

The protein kinase PKR is a key factor in innate immunity.1 In the presence of long stretches
of A-form dsRNA, PKR is activated to undergo autophosphorylation.2,3 Once activated,
PKR phosphorylates translation initiation factor eIF-2α, which blocks translation and thus
pathogen replication. PKR is 551 amino acids and comprised of an N-terminal dsRNA-
binding domain (dsRBD), which has two tandem copies of the dsRNA-binding motif
(dsRBM), and a C-terminal kinase domain. The dsRBM is a non-sequence-specific 65-70
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amino acid RNA binding motif that has an αβββα secondary structure.4-6 It binds non-
sequence specifically to A-form dsRNA primarily in its wide and shallow minor groove.7-9

These interactions involve hydrogen bonds with the 2′OH groups, which leads to
discrimination against RNA-DNA hybrids.7

The dsRBM is present in many important proteins. For instance, Dicer and Drosha, which
process highly structured miRNA precursors, have single copies of the dsRBM, as does E.
coli RNase III.4-6 In addition, many proteins have multiple dsRBM copies, which are
typically present in tandem: for example, PKR has two tandem copies of the dsRBM; the
RNA-editing human adenosine deaminases (ADAR1 and ADAR2) have three and two
copies, respectively; and the developmental protein Staufen has five tandem copies, with
dsRBM3 and dsRBM4 being involved in dsRNA binding.10-13

While the dsRBM binds strongly to perfect dsRNA and also with varying degrees of affinity
to dsRNAs with imperfections, it is not clear which RNAs activate PKR. This is an
important issue as most cellular and viral RNA are not perfectly double-stranded; for
instance, pri- and pre-miRNAs contain helical defects,14 as do most PKR regulators.15

Studies from our lab and others support PKR binding to and being activated by RNA
structures with bulges, hairpin loops, and pseudoknots, and by weakly structured RNAs with
a 5′-triphosphate.16-19 In at least several cases, the RNAs have complex folds that mimic A-
form dsRNA.16,19,20 In addition, ITC studies have been conducted on PKR binding to the
viral RNA inhibitors VAI RNA and EBER RNA, which have complex secondary and
tertiary structures, and have revealed tight and specific binding.21-23

We recently studied interaction of PKR with model RNAs containing bulges and internal
loops.24 Bulges invariably decreased PKR activation, although trans-bulges, in which
flanking helices are on opposite sides of a central helix, inhibited activation more than cis-
bulges, in which flanking helices are on the same side of a central helix. These studies
extended earlier EMSA experiments, which had suggested that the dsRBM interacts with a
bulged RNA in a weak fashion.25

In the present study, we conduct thermodynamic and structural investigations of the binding
of PKR and its N-terminal dsRBD, termed ‘p20’, to various chimeric duplexes using EMSA,
ITC, and SAXS. The chimeric duplexes contain a central, minimally sized dsRNA binding
site flanked by RNA-DNA hybrid “arms”. In addition, certain central segments are dsRNA
with either A3- or A6-bulges, while others are purely RNA-DNA hybrids. We show that
only the perfect dsRNA-containing chimeric duplex is capable of binding the dsRBD from
PKR tightly, while all other sites bind weakly. We further find that p20 straightens bulged
RNAs to geometry consistent with A-form. These findings suggest ways in which PKR may
interact with biological RNAs having complex secondary and tertiary structures.

MATERIALS AND METHODS
Expression and Purification of Proteins

The dsRBD of PKR, p20, and the full-length mutant K296R, contained an N-terminal
(His)6, and were cloned as described.7,17,25 Cells were sonicated and the protein purified by
Ni2+-agarose chromatography (Qiagen, Inc.Valencia, CA). Proteins were dialyzed into
binding buffer (1xBB): 20 mM Hepes (pH 7.0), 200 mM sodium acetate, 0.1 mM EDTA,
5% glycerol, and 5 mM β-mercaptoethanol. Protein concentration was determined
spectrophotometrically. The (His)6 tag does not interfere with dsRNA affinity.7
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Preparation of Oligonucleotides
DNA oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA)
and purity and length confirmed by denaturing PAGE (Toluidine blue stain). Bottom
Strands: The chimeric DNA22-RNA16-DNA22 60mer bottom strand, “drd(BS)”, and an all-
DNA version, “d(BS)”, were purchased from IDT and purified by denaturing 10% PAGE,
eluted by crush and soak, and concentrated by ethanol precipitation, as previously
described.18 Chimeric drd(BS) was 5′-radiolabeled by polynucleotide kinase and
[γ-32P]ATP. Top Strands: Three top-strand RNAs—termed ‘r(TSA0)’, ‘r(TSA3)’, and
‘r(TSA6)’—were studied. These were prepared by T7 transcription from a hemi-duplex
template and purified by denaturing 10% PAGE, crush and soak, and ethanol precipitation.
RNA concentrations were determined spectrophotometrically using extinction coefficients
calculated using nearest neighbor parameters.

Duplexes were prepared by annealing a bottom strand with a top strand. Stoichiometric
quantities of the two strands were used. Annealing was in 1xBB, heating at 95 °C for 3 min,
and cooling at room temperature for 30 min. Duplexes had the following sequences, in
which RNA segments are underlined,

5′
GGGAGAGGCAAGUCGUUCGGUCGCGUUCGC(A0,3,6)UGUCGUCGCGUCU
UGUAUGCCACUGUACCC3′ r(TSA0,3,6)

3′ CCCTCTCCGTTCAGCAAGCCAGCGCAAGCG------
ACAGCAGCGCAGAACATACGGTGACATGGG5′ drd(BS)

Electrophoretic Mobility Shift Assays (EMSAs)
The EMSAs were similar to described,7 except that the crosslinking was 29:1
acrylamide:bis-acrylamide. Final temperature of the gel was maintained by a circulating
water bath. Data were quantified on a Typhoon PhosphorImager using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

Isothermal Titration Calorimetry (ITC)
Binding of p20 to the chimeric duplexes was assessed by ITC (20 °C) using an AutoITC200
(MicroCal, Inc. Northhampton, MA). Solutions of p20 and chimera duplexes were dialyzed
overnight against 1xBB. p20 ranged in concentration from 100-300 μM and was titrated into
chimeric duplex solutions of 3 to 4 μM, whose concentrations were obtained
spectrophotometrically. Titrations consisted of 19 injections of 2 μL each, with a reference
power of 5 μcal/s. Data were integrated and analyzed using Origin software (OriginLabs,
Inc. Northampton, MA). Background heat of dilution was corrected as follows. With one
exception, the ΔH/mol p20 for the last three injections were averaged and subtracted, as is
fairly standard. The one exception was Figure 2B where the last five injections had not
leveled off; here the heat of dilution for panel A, which is for the same duplex, was used for
subtraction.

SAXS: Sample Preparation and Data Collection
SAXS samples of chimeric duplexes alone and p20 alone were prepared by diluting stocks
(in 1xBB) with 1X BB to final concentrations of 10 and 30 μM respectively in 30 μL
sample volume. The chimeric duplex-p20 complexes were prepared by addition of hybrid
duplexes (in 1xBB) and p20 stocks (in 1xBB) and extra 1X BB as appropriate to a
concentration of 10 μM duplex and 30 μM p20 in a 30 μL sample volume, matching
concentration conditions of the gel shift assay from Figure 1. Duplexes and p20 were
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allowed to bind for 15 minutes prior to collection of scattering data, which is sufficient for
binding to come to equilibrium.7

SAXS data were collected at the Cornell High Energy Synchrotron Source (CHESS) G1
station at 10.5 keV. SAXS samples at ambient temperature (~20 °C) were loaded into a
MacCHESS sample flow cell containing a 2 mm quartz capillary in vacuum, which allowed
for sample oscillation to avoid radiation damage.26 Eight, 10 second exposures were
recorded using a fiber-coupled CCD27 for each sample; images were normalized using the
current from the beamstop PIN diode. Exposures from an individual sample were integrated
and compared to ensure the absence of time-dependent changes that would indicate radiation
damage of the sample. The scattering angle was converted to momentum transfer (q =
4πsinθ/λ, 2θ is the scattering angle, λ is the X-ray wavelength) using a calibration based on
scattering from a silver behenate standard.

SAXS: Data Analysis and Reconstructions
Scattering curves for each sample were averaged and background subtracted, and
concentration scaled. Errors were propagated for each manipulation and used in subsequent
fitting analysis. GNOM28 was used to generate p(r) the pair-wise distance distribution
function of the molecules from the scattering data. GNOM outputs and scattering curves
were subsequently supplied as input for reconstruction programs DAMMIF29 (r(TSA0)/
drd(BS) alone and p20 alone) and MONSA30 (complex). The output of at least 10 individual
runs was averaged using DAMAVER31 and then aligned with available NMR or other
model structures using SUPCOMB32 and subsequent small manual adjustments. All SAXS
envelopes along with corresponding models were visualized using PyMOL 1.533 or
Accelrys Discovery Studio 3.1 (Accelrys).

RESULTS
Rationale for Design of the RNA-Protein System

Previous studies suggested that bulges interfere with PKR activation to various degrees. We
wished to explore the thermodynamics of specificity of p20 interaction with various nucleic
acids, including perfect dsRNA, bulged dsRNA, and RNA-DNA hybrids in different
contexts. A chimeric duplex was engineered in which a DNA-RNA-DNA bottom strand was
annealed to various all-RNA top strands. The chimeric bottom strand, “drd(BS)”, is a 60mer
with content DNA22-RNA16-DNA22 that when annealed to a 60mer complementary RNA
“r(TSA0)” gives a duplex termed “r(TSA0)/drd(BS)” containing an internal 16 bp dsRNA
segment. We previously showed that 16 bp is the minimal length of dsRNA required to give
a single gel-shift with p20, and that 22 bp of dsRNA gives two gel-shifts.7 By flanking the
minimally sized dsRNA segment with RNA-DNA hybrid arms, we hoped to be able to study
specific and non-specific interactions of p20 accurately in a single experimental run.
Moreover, this chimeric duplex facilitated SAXS analysis as the greater number of
phosphates provided increased scattering intensity on a per mol basis and provided for more
pronounced changes in DMax upon binding of p20 to the bulged hybrids.

EMSAs of Chimeric Duplex Binding to p20 and K296R
In an effort to assess the stoichiometry and qualitative affinity of RNA-protein complex
formation, EMSAs were conducted with full length PKR or its dsRBD and the chimeric
duplexes. These experiments provide insight into affinity and stoichiometry of binding, and
they guide sample preparation and building of binding models for ITC and SAXS studies.
We first confirmed formation of duplex between p*drd(BS) (where ‘p*’ denotes 32P label)
and various RNA top strands at 20 °C. As shown in Figure 1, the mobility of p*drd(BS)
decreased as stoichiometric amounts (10 μM) of unlabeled RNA top strand were added
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(compare lane 1 to lanes 2-4), and the electrophoretic mobility of the duplex RNA species
retarded further as the size of the bulge increased (Figure 1, compare lanes 2-4), as
expected.34,35 Moreover all of the p*drd(BS) shifted to duplex, consistent with proper
stoichiometry.

Next, binding between the duplexes and p20 was assessed. Addition of 30 μM p20, which is
in excess of the Kd from ITC (see below), led to loss of the majority of free duplex for all
three chimeras (Figure 1, compare free duplex in lanes 2-4 to lanes 5-7), indicative of
protein–nucleic acid interaction and supporting proper annealing of the duplex. In the case
of the perfect chimeric duplex, r(TSA0)/p*drd(BS), a single shifted band cleanly formed on
the native gel (Figure 1, lane 5), while for the A3- and A6-bulged chimeric duplexes,
additional shifted bands formed at higher mobilities, with some of the duplex forming a
smear (Figure 1, lanes 5-7). Only a small amount of such smearing was also observed for the
perfect chimeric duplexes (Figure 1, upper portion of lane 5), indicating that this was a good
condition for SAXS reconstruction (see below). Overall, the observed EMSA behavior of all
three chimeras is suggestive of a single specific complex, as expected from a minimal (16
bp) dsRNA binding site,7 and ~2 additional weak non-specific interactions with the RNA-
DNA hybrids (see also below Figure S2A), as expected from 22 bp non-specific sites.7

We next consider EMSAs between the duplexes and the full-length PKR mutant, K296R,
which is a version of PKR that has a mutation in the kinase domain.1,36 Binding was overall
similar to that observed with p20, with one cleanly shifted band for the perfect chimeric
duplex of significantly slow mobility to likely account for one full length PKR of 551 amino
acids (Figure 1, lane 8), and smears for the A3- and A6-bulged chimeric duplexes that extend
to the well (Figure 1, lanes 9-10). The band formed between the perfect chimeric duplex and
K296R is not as well defined as that formed with p20 (Figure 1, compare lanes 5 and 8), and
all chimeric duplexes led to samples in the well (Figure 1, lanes 8-10). Given the simpler
behavior of p20 and our interest in elucidating the binding specificity of the dsRBM in
general, we focused the remainder of the studies on p20.

In an effort to further assess specificity and affinity, EMSAs of p20 and perfect or bulged
chimeric duplexes were conducted in the presence of non-specific protein and DNA. Bovine
serum albumin (BSA) (New England Biolabs) and herring sperm DNA (Sigma) were added
to final concentrations of 20 μg/mL and 100 μg/mL, respectively. These two non-specific
factors had little effect on the EMSAs (Figure S1, lanes 5-10), which supports structural
specificity.

We then assessed whether decreasing the temperature from 20 to 10 °C affects the number
of resolvable stable complexes. Low temperature EMSAs with the perfect chimeric duplex
led to resolved 1:1 and 2:1 complexes, and even 3:1 and higher complexes were partly
resolved at protein concentrations above 1 μM (Figure S2), which approaches the Kd for
non-specific binding obtained by ITC (see below). Observation of higher stoichiometry
complexes supports the notion that a dynamic component to the binding of the RNA-DNA
segments can be minimized by lowering the temperature. At the highest concentrations of
p20 (≥ 4 μM), only a smear with highly retarded mobility was observed, which is diagnostic
of non-specific binding.

Low temperature EMSAs were also conducted with the A6-bulged chimeric duplex, and led
to formation of 1:1, 2:1, and 3:1 and higher complexes (Figure S3) in a fashion similar to the
perfect chimeric duplex; however, somewhat more protein was required for the A6-bulged
duplex, and the 1:1 complex did not accumulate as it did with the perfect chimeric duplex
(compare Figure S2 lane 8 and Figure S3 lane 10). Overall, EMSAs at 10 °C support the
binding model developed with 20 °C data above (and below for SAXS), namely that p20
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interacts tightly with a 16 bp dsRNA segment, less strongly with a bulged RNA segment,
and non-specifically with the 22 bp RNA-DNA hybrid arms.

ITC of Chimeric Duplexes Binding to p20
In an effort to measure the actual thermodynamics parameters in solution, binding between
p20 and the perfect chimeric duplex was measured by ITC. These data revealed two distinct
binding interactions as expected from the EMSA data and the construct design, which
required fitting to a two-site model. As shown in Figure 2A, ~20 equivalents of protein were
required to reach saturation. To provide more accurate data on the initial strong binding
event, the 19-injection titration was repeated over a mole ratio of just 6 equivalents of
protein-to-duplex (Figure 2B). Table 1 provides the full core thermodynamic parameters for
binding between p20 and r(TSA0)/drd(BS). The first binding site has a Kd,1 = 30 ± 20 nM
with n1 = 1.00 ± 0.06 sites (Table 1, row 2). The enthalpy of this first tight site is strongly
favorable, ΔH°1 = −19.6 ± 0.3 kcal/mol, while the entropy is penalizing, ΔS°1 = −32 ± 2
e.u. The second binding interaction has ~170-fold weaker affinity than the first, Kd,2 = 5 ± 1
μM, and a much larger number of sites, n2 = 4.6 ± 1 (Table 1, row 4). The enthalpy for the
weak sites is similar to the first tight site, with ΔH°2 = −19 ± 2 kcal/mol.

Next we consider the weaker sites in more detail. Full saturation data were examined out on
p20 and r(TSA0)/drd(BS) to a mole ratio of 20 (Figure 2A), in which the binding constant
for the first interaction was fixed to the values determined over the above, narrower titration.
This provided an n2 = 4.4 ± 0.2 sites for the weak nonspecific interaction, with a Kd,2 = 3.5
± 0.5 μM (Table 1, row 3). The enthalpy of the second site ΔH°2 is −13 ± 1 kcal/mol, and
the entropy ΔS°2 is −21 ± 4 e.u.. These values are somewhat different from the weak sites
for the low mole ratio data (Table 1, compare rows 3 and 4), but the affinity, stoichiometry,
and enthalpically driven nature of the binding are similar. Overall, the most reliable
thermodynamic data for the tight site come from the 0-6 mole ratio titration (Table 1, row
2), and for the weak sites come from the 0-20 mole ratio titration (Table 1, row 3), which is
because more data are provided in key regions for each of these two titrations.

In order to provide a comparison to the chimeric portion of the duplex arms, the binding of
p20 to a full RNA-DNA hybrid was tested by ITC. These data could be well fit to a one-site
model, which is as expected based upon the homogeneity of the hybrid duplex structure, as
compared to the dual site nature of r(TSA0)/drd(BS) chimeric duplex (Figure 2C). We also
attempted fitting the full RNA-DNA hybrid data set to a two-sets-of sites model like used
with the chimeric duplex, however this did not fit the data well, as determined by the fit
errors and the Chi-squared divided degrees of freedom parameter. One possible issue may
be that apparent binding affinities are decreasing with near saturation of the chimera, as
expected for nonspecific interactions, leading to the observed heats for the last three
injections being slightly less than modeled (e.g. see last three data points in Figures 2A, 2C,
and 3A). However, the very low magnitude of the heats for these last three injections
precluded our ability to fit these data to a more complex mechanism such as the McGhee
von-Hippel model.37 Because these very minor deviations are only for the last 3 of 19
injections, they are unlikely to cause large errors in the thermodynamic parameters. These
and all subsequent titrations were carried out to a mole ratio of ~13, which is intermediate
between the mole ratio limits tested with the perfect chimeric duplex. The interaction
between p20 and r(TSA0)/d(BS) was similar to that for the weak binding interaction in the
perfect chimeric duplex, with similar n, Kd, ΔH°, and ΔS° thermodynamic parameters
(Table 1, compare rows 3 and 5). Although this is the first report of RNA-DNA hybrid
binding to PKR of which we are aware, weak binding of RNA-DNA hybrids has been
reported previously for Xenopus 4F protein, which contains two tandem dsRBMs.38 It
appears that this interaction is not resolvable by direct shifting with EMSAs (Figure 1 and
lane 5, and earlier studies7) and barely detectable in a competition EMSA.7
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The interaction between p20 and A3- and A6-bulged chimeric duplexes was also
investigated via ITC and could be fit to a one-site model as shown in Figure 3A. The fit is
good, with the possible exception of very minor deviations in the last three points; as
discussed above, this could be due to near saturation of the chimera, but is unlikely to cause
significant error in the thermodynamic parameters. Binding parameters of the A3-bulged
duplex, r(TSA3)/drd(BS), were similar to those of the weak binding interaction in the perfect
chimeric duplex (Table 1, compare rows 3, 5, and 6).

Interaction between p20 and the A6-bulged duplex, r(TSA6)/drd(BS), could also be detected.
The A6-bulged chimeric data could not be fit reliably to one- or two-class of sites models, so
we turned to comparison of raw heat released for related duplexes under identical conditions
experimental conditions (i.e. same temperature and same concentrations of duplex and
protein). Binding of p20 to the A6-bulged duplex gave slightly greater exothermic heats per
injection than to the RNA-DNA hybrid (Figure 3B, compare triangles to circles); this
indicates that p20 interacts more strongly with the A6-bulged duplex than the control RNA-
DNA hybrid. At the same time, binding of p20 to both A3- and A6-bulged chimeric duplexes
was less exothermic than the perfect chimeric duplex (Figure 3C, compare diamonds and
triangles to squares), although more exothermic than just the RNA-DNA hybrid (Figure 3C,
compare to circles) suggestive of recognition of the 2′OH, even in the context of bulges; this
latter point is important for modeling of the scattering data (see below). Next we turned to
SAXS to examine the conformations of p20, the chimeric duplexes, and their complexes.

SAXS Scattering Profiles and Pairwise Distribution Functions for Chimeric Duplexes and
p20, Alone and in Complex

SAXS studies have been previously conducted on PKR for full-length protein in the absence
of RNA, where the data were consistent with the linkers between the dsRBMs and between
the dsRBD and the kinase domain being flexible.39 In an effort to gain insight into RNA
conformational changes and the dsRBD in general, we conduct SAXS here on the dsRBD
alone, on the chimeric duplexes alone, and on the various complexes.

Scattering profiles of r(TSA0)/drd(BS), p20, and their complex are provided in Figure 4. The
concentrations of free protein (red curve) and nucleic acid (blue curve) are the same as their
total concentrations in the final complex solution, 30 and 10 μM, respectively. The complex
scattering (green curve) has been corrected for the ~20 μM free p20, although this correction
is minor as the duplex dominates the scattering. The sum of the scattering of the duplex and
p20 (purple curve) is not equivalent to the scattering of the complex (green curve), which
suggests that the bound complex has formed and that the data are not simply monitoring the
free species in solution. In addition, a Guinier plot of the data (Figure 4, inset) reveals lack
of an upturn at low q, which supports minimal aggregation in the sample.

GNOM analysis of the data was performed at q values up to ~0.15 Å−1; higher q values
were omitted to avoid utilizing low signal-to-background data. DMax was systematically
varied until changes in DMax that yielded a good fit to the data did not significantly change
the shape of p(r). DMax and Rg for all species are listed in Table 2. Figure 4B shows the
GNOM-generated p(r) for DMax scales used in reconstructions for p20 alone (red curve),
r(TSA0)/drd(BS) alone (blue curve), and the complex (green curve). The DMax for p20 from
the p(r) is 115 Å. This distance is reasonable based on the NMR structure of p20 (PDB ID:
1QU6),40 where the longest distance ranges from ~105-115 Å depending on the NMR
conformer chosen; over 50% of the NMR conformers have a longest distance greater than or
equal to 110 Å.

For the r(TSA0)/drd(BS) chimeric duplex, reasonable p(r) were found with DMax values
between 195-200 Å, which did not significantly change the shape of the pair-wise
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distribution (data not shown). These DMax values are longer than would be predicted for a
cylindrical model of an A-form helix (176 Å) but shorter than a B-form helix (205 Å),
assuming a helical diameters of 23 and 20 Å, and rises per bp of 2.9 and 3.4 Å, respectively.
The literature has suggested that RNA-DNA hybrids can adopt a range of helical
conformations,41,42 with many helices displaying characteristics between the extremes of A-
and B-form helices. It is not surprising, therefore, that r(TSA0)/drd(BS) possesses
intermediate characteristics. Interestingly, if the RNA-DNA regions were treated as B-form
(44 bp), and the RNA-RNA region (16 bp) treated as A-form, using either helical radius, the
DMax would be ~197 Å, which in the middle of the DMax range. In the reconstructions
described below, we used a 200 Å dimension. The complex of r(TSA0)/drd(BS) with p20
shares a similar DMax range (195-200 Å) and Rg values (Table 2) as free r(TSA0)/drd(BS)
alone, with a similar overall shape of the p(r) curve (Figure 4, green and blue curves). These
similarities indicate that p20 does not induce a detectable conformational change of perfect
dsRNA on the global scale.

Data were also collected for the bulged chimeric duplexes, r(TSA3)/drd(BS) and r(TSA6)/
drd(BS), and their respective complexes (Figure 5). Since bulges are known to induce bends
in dsRNA,34,35,43,44 these complexes offered the potential to test for conformational changes
induced by the dsRBD. We note that the concentrations of duplex and p20 used to form the
complexes do suggest some amount of non-specific binding (Figure 1), which precludes a
full structural analysis. Nonetheless, SAXS analysis of the data could still be carried out:
chimeric duplexes are the major component of the scattering curves and thus dominate the
p(r) scattering curve (Figure 4B). Therefore observed changes in the p(r) and DMax of the
bulged duplexes upon binding thus qualitatively suggest changes in the global conformation
of the duplex.

For r(TSA3)/drd(BS) and r(TSA6)/drd(BS), the observed DMax values are 180 Å and 145 Å,
respectively (Figure 5). Zacharias and Hagerman used transient electric birefringence (TEB)
to measure bulge-induced bend angles for A0, A3, and A6 bulges in dsRNA of 0°, 58 ± 4°,
and 93 ± 3°, respectively.35 Using triangulation, we calculate end-to-end distances of 175 ±
3 Å and 138 ± 3 Å for r(TSA3)/drd(BS) and r(TSA6)/drd(BS) respectively. The TEB-
predicted value of 175 ± 3 Å for r(TSA3)/drd(BS) is in good agreement with the SAXS
DMax value of 180 Å; and the TEB-predicted value of 138 ± 3 Å for r(TSA6)/drd(BS), is in
good agreement with the smaller than the SAXS DMaxvalue of 145 Å. Thus, the correct
trends of DMax with bulge size are found by SAXS.

For r(TSA3)/drd(BS) and r(TSA6)/drd(BS) the DMax values of 180 and 145 Å change to
~195 Å upon binding p20, which is within the range of r(TSA0)/drd(BS) and its complex
(Figure 5). This change in the global dimension of the bulged duplexes to that of the perfect
duplex upon complex formation supports the observation that p20 straightens the bulge-
induced bends in the duplex.

As revealed in Figure 5, as bulge size increases, the shoulders (features) in the p(r) become
more pronounced and shift to slightly higher distances as compared to the perfect duplex.
The increased magnitude of the shoulders with bulge size likely indicates contributions of
the extra bulged nucleotides and their arrangements relative to the rest of the structure: even
when straightened, the bulge nucleotides likely adopt a conformation different than the
hybrid extensions. In addition, the duplexes with the bulges have slightly more contribution
to p(r) (than unbulged duplex) at intermediate distances of 50-100 Å, and slightly lesser
contributions to p(r) (than unbulged duplex) at 150-200 Å (Figure 5B); this may indicate
that in the bulged duplexes there are contributions of states that are not fully extended either
due to dynamics or incomplete straightening. This is also reflected in somewhat smaller
values for Rg for the p20 complexes with the bulged duplexes (Table 2). Nonetheless, the
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fact that the DMax values are nearly identical for unbulged and A3- and A6-bulged species
supports that the bulged duplexes are largely straightened.

SAXS Reconstructions of r(TSA0)/drd(BS) and p20, Alone and in Complex
In this section, we consider reconstructions of p20, of r(TSA0)/drd(BS), and of their
complex. The GNOM outputs for p20 and r(TSA0)/drd(BS) were then used as DAMMIF
inputs to generate structural models the protein and duplex alone (see Materials and
Methods). The outputs of multiple DAMMIF29 runs were then aligned, averaged, and
filtered via volume constraints using DAMAVER31 (see Materials and Methods)

First, we consider reconstruction of p20 alone. Figure 6 shows the reconstruction (gray
envelope) of the p20 data from 10 DAMMIF runs (fast mode) with a MNSD = 0.720 ±
0.017, overlaid with the best representative NMR conformer of p20 identified in the original
study (orange ribbon).40 DAMAVER was also used to calculate an average model structure
using all conformers from the NMR study (blue envelope). Both the best representative
conformer and the average model fit well within the reconstruction. The SAXS
reconstruction does not speak directly to the exact conformation of the flexible linker, as the
density between the two binding domains could accommodate multiple conformations.
However, the reconstruction does provide information about the general orientation and
spatial relationship of the binding domains.

Next, we consider reconstruction of the perfect chimeric duplex alone. Reconstruction of
r(TSA0)/drd(BS) alone with an MNSD = 0.608 ± 0.022 is provided in Figure S4, overlaid
with a hybrid duplex model generated in pieces using Nucleic Acid Builder Web Server.45

The model was generated using two 22 bp B-form hybrid helices (green), and one 16 bp A-
form RNA helix. The transition region between the two types of duplexes was modeled with
structural properties intermediate between A and B form, which yielded a Dmax consistent
with the data. Interestingly, this gives the hybrid a smooth, curved shape that is very similar
to that of the molecular envelope (Figure S4). Also, the transition points in the envelope
match well with the transition points between the different helical forms. This shape of the
r(TSA0)/drd(BS) is also supported by NMR studies on a similar chimeric duplex, which
were consistent with a bend.46

Finally, reconstructions of the r(TSA0)/drd(BS) complex were performed (Figure 7). We
used MONSA,30 which generates models of the complex that differentiate between nucleic
acid and protein components. In order to efficiently model the complex from the MONSA
output, 10 reconstructions were averaged, with a MNSD = 0.626 ± 0.044 showing that the
individual complexes agreed well with each other. However, as DAMAVER does not retain
information about the relative placement of the proteins and nucleic acid components, the
average density of the nucleic acid alone from the complexes was used to guide placement
of the hybrid model within the SAXS envelope, which is shown in Figure 7. The curved
hybrid, which is already present in the uncomplexed chimeric duplex (Figure S4), is
accommodated well by the envelope, suggesting that the binding of p20 does not globally
deform the structure. Furthermore, a model of p20 is readily docked within the excess
volume of the envelope surrounding the A-form portion of the hybrid model. This bound
version of p20 was obtained by rotating the binding domains to interact with the minor
groove7 and reorganizing the linker to run through the A-form major groove to generally
replicate the bound model.47 The p20 model fits reasonably into the density, although there
is some unmodeled density just above dsRBM2 (Figure 7A, right), which suggests that the
grooves in the hybrid may actually be shifted slightly higher than modeled because of the
intermediate nature of the helical forms. However, excellent agreement is achieved between
the model and the SAXS envelope, supporting p20 binding only to the dsRNA portion of the
chimera without alteration of the global conformation of the hybrid.
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DISCUSSION
In this study we investigated interaction between the dsRBD of PKR and chimeric duplexes
having a dsRNA segment and flanking RNA-DNA hybrid regions. EMSAs suggested
specific, tight binding to the perfect dsRNA segment based on a well-resolved shift, and
weak non-specific binding to bulged dsRNAs and RNA-DNA hybrids based on a smear.
ITC experiments were able to quantify the thermodynamic basis for dsRBM-RNA
specificity: there is ~66-166-fold tighter binding to the perfect site versus the bulged and
RNA-DNA hybrid sites. Also there is a single specific site for the dsRNA portion versus
~3-4 non-specific sites for the hybrid portion. Binding is enthalpically driven, with values in
reasonable agreement with van’t Hoff parameters from prior EMSA studies.25 The number
of non-specific sites determined for the various duplexes correlates with the number of sites
expected from prior studies on dsRNA and with general statistical effects for saturating a
large non-sequence specific lattice.37

Binding of bulged RNAs relative to perfect RNAs at 20 °C was weaker than previously
reported (~66-fold weakening here versus 2.3-fold previously);25 this is also revealed in the
nature of the gel shifts, which are smeared here but resolved previously.25 The major
difference between these two studies is use of a 16 bp dsRNA site here, versus a 22 bp site
previously; the former site gives rise to one gel shift and the latter to two,7 which suggests
that a bulge is more penalizing in the context of a smaller dsRNA segment. Given that most
cellular RNAs have short helical regions, this suggests that bulges are quite detrimental to
PKR binding in vivo. Notably, this is suggestive of structural specificity in the dsRBM,
despite no sequence specificity.

SAXS experiments provided scattering profiles and reconstructions for p20, r(TSA0)/
drd(BS), and their complex that were consistent with little or no conformational changes. In
contrast, p(r) plots for the A3- and A6-bulged chimeric duplexes suggested conformational
changes of the duplex consistent with straightening of the bulged dsRNA segment back to
an A-form-like geometry. This result indicates that the dsRBD prefers A-form substrates and
can even bind and straighten non-A-form (e.g. bent) RNAs of adequate length and
flexibility. This result is consistent with crystal structures of dsRBM-dsRNA complexes
from Xlrbpa-2 and Aa-RNase III in which the bound RNA is A-form, or nearly A-form,8,48

as well as an earlier qualitative study on p20 using EMSAs.25

PKR’s ability to discriminate against most RNAs containing imperfections, especially
smaller RNAs, suggests that more complex RNAs interact with PKR either by mimicking
dsRNA, as recently reported for HCV domain II19 and pseudoknots,16,20 or by engaging
portions of PKR outside of the dsRBD. Modeling of helical RNAs suggests that many non-
Watson-Crick regions can fold into A-form like geometries.49 This would increase the range
of RNA substrates PKR and other dsRBD-containing proteins can interact with.

One important finding of this study is that PKR interacts with RNAs containing
imperfections and with RNA-DNA hybrids, albeit ~200-fold more weakly. Weak binding of
PKR to RNA with imperfections and to RNA-DNA hybrids suggests that in a non-infected
cell PKR may interact with abundant RNAs with imperfections, which may get straightened;
this would be consistent with reports that PKR interacts with rRNA via its dsRBD.50 Such
structured RNAs may avoid activating of PKR by being either too short to assemble the two
protomers in proper juxtaposition or by titrating PKR monomers out to separate RNAs.
These weak, non-productive interactions may buffer PKR in its latent state until an
activating RNA provokes an immune response.
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dsRNA double-stranded RNA

dsRBD dsRNA-binding domain
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ITC isothermal titration calorimetry

PKR RNA-activated protein kinase
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Figure 1.
Binding of p20 and K296R to chimeric duplexes by EMSA. The bottom-strand (BS)
chimeric oligonucleotide drd(BS) was 5′-32P-labeled and annealed to equal amounts of
unlabeled top-strand (TS) RNA oligonucleotides to afford a final duplex concentration of 10
μM. Formation of chimeric duplex was confirmed by a shift of p*drd(BS) upon addition of
unlabeled TS. (Compare lane 1 to lanes 2-4.) p20 (lanes 5-7) or K296R (lanes 8-10) were
added to final concentrations of 30 and 20 μM, respectively. These concentrations are
relevant to the SAXS experiments below. RNA-protein complexes formed as indicated.
Temperature of the native gel conditions was maintained at 20 °C, same as the ITC
experiments.
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Figure 2.
ITC reveals specific and non-specific binding of p20 to the perfect chimeric duplex at 20 °C.
Top panels show raw differential power versus time data for the calorimetric titrations (x-
axis label at top). Bottom panels show integrated injection heats versus molar ratio of p20-
to-nucleic acid (x-axis label at bottom); solid lines represent the fit of the data to the binding
model. (A) Titration of 296 μM p20 into 2.98 μM r(TSA0)/drd(BS) duplex. Data were fit to
a two-classes-of-sites binding model. This corresponds to rows 1 and 3 of Table 1. (B)
Titration of 115 μM p20 into 4.00 μM r(TSA0)/drd(BS) chimera duplex. Under this
concentration range, the specific tight site is observed clearly. Data were fit to a two-classes-
of-sites binding model. This corresponds to rows 2 and 4 of Table 1. SAXS data were
acquired at the 3:1 mol ratio where specific binding is still predominant. (C) Titration of
254.5 μM p20 into 4 μM r(TSA0)/d(BS) control RNA-DNA hybrid duplex. Data were fit to
a one-class-of-site binding model, and results are provided in row 5 of Table 1. (Note that
these symbols shape- and color-match those in Figure 3.)
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Figure 3.
ITC reveals weak binding of p20 to the bulged chimeric duplexes at 20 °C. Top and bottom
panels for (A) and (B) are as described in Figure 2. (A) Titration of 254.5 μM p20 into 4
μM r(TSA3)/drd(BS). Data were fit to a one-class-of-site model, and results are provided in
row 6 of Table 1. (B) Comparison of the titration of 254.5 μM p20 into 4 μM r(TSA6)/
drd(BS) (green trace in upper panel, green triangles in lower panel) with the titration of
254.5 μM p20 into 4 μM r(TSA0)/d(BS) (black trace in upper panel, black circles in lower
panel). (C) Comparison of calorimetric p20 binding curves for binding to r(TSA0)/drd(BS)
(red squares), r(TSA3)/drd(BS) (blue diamonds), r(TSA6)/drd(BS) (green triangles), and
r(TSA0)/d(BS) (black circles). (Note that these symbols shape- and color-match those in
Figure 2.)
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Figure 4.
Scattering profiles and p(r) for p20, r(TSA0)/drd(BS), and their complex. A) Scattering
intensity of p20 (red), r(TSA0)/drd(BS) (blue), the sum of the two curves (purple), and the
complex (green). The complex scattering (green curve) has been corrected for the ~20 μM
free p20. Note that the hybrid scattering (blue) is significantly more than p20 (red) due to the
increased electron density of the nucleic acid even though the concentration of p20 is 3x that
of the duplex (the ratio for complex formation). Also, the sum (purple) of the p20 (red) and
r(TSA0)/drd(BS) (blue) is not the same as the complex curve (green) suggesting the complex
has formed. Error bars are not shown, as they are smaller than the data points (~1%). A log-
log plot of these data is provided in Figure S5. The area enclosed by a gray box highlights
the data shown in the Guinier plot inset. Rg is computed from data in the Guinier regime
(qRg <1.3), within the orange box in the inset. B) p(r) plot for p20, r(TSA0)/drd(BS), and the
complex colored as in panel A generated from GNOM. The data are scaled as in Panel A.
The 200 Å p(r) curve is shown for both the duplex and the complex.
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Figure 5.
Scattering profiles and p(r) for r(TSA0-A6)/drd(BS), and their complexes with p20 A)
Scattering profiles of the hybrid duplexes alone and in their respective complexes with p20.
A log-log plot of these data is provided in Figure S6. B) p(r) plots for hybrid duplexes and
their complexes. Note that DMax values for r(TSA0)/drd(BS) and its complex are equivalent,
suggesting no global change in the conformation of the duplex. However, for both r(TSA3)/
drd(BS) and r(TSA6)/drd(BS) the DMax increases upon complex formation to a DMax similar
to that of the r(TSA0)/drd(BS)-p20 complex. (Note that at distances near 200 Å the curve for
r(TSA6)/drd(BS)-p20 lies immediately below that for the A0 and A3 complexes and is
obscured from view.)
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Figure 6.
SAXS reconstruction of p20 overlaid on NMR structure (PDB ID: 1QU6). A) Front view of
the best representative conformer of an NMR structure of p20 (orange ribbon) and a space-
filling model of the average NMR structure (blue envelope) calculated using DAMAVER
overlaid with the molecular envelope (gray envelope) generated from SAXS scattering
curves. B) Top-down view of the structure in panel A.
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Figure 7.
SAXS reconstruction of the r(TSA0)/drd(BS) complex with docked bound model. A) Front
and B) side views of the model, with the SAXS envelope in gray and the A-form helix, B-
form helices, and p20 protein in blue, green, and orange, respectively. These two views are
related by a ~90° clockwise rotation about the vertical axis. See text for details on
construction of the model. Note that the curved structure of the hybrid is matched by the
slight curving through the SAXS envelope and is present in the free chimeric duplex (Figure
S4).
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Table 2

Structural parameters from analysis of SAXS data for components and complexes

Species Rg(Guinier) (Å) Rg(GNOM) (Å) DMax (Å)

Components

r(TSA0)/drd(BS) 52.4 ± 0.3 55.4 ± 0.2 200

r(TSA3)/drd(BS) 46.9 ± 0.4 49.6 ± 0.2 180

r(TSA6)/drd(BS) 44.3 ± 0.3 44.4 ± 0.1 145

p20 35.6 ± 0.5 37.2 ± 0.2 115

Complexes

r(TSA0)/drd(BS)-p20 52.1 ± 0.2 54.1 ± 0.2 200

r(TSA3)/drd(BS)-p20 48.8 ± 0.3 51.2 ± 0.2 195

r(TSA6)/drd(BS)-p20 48.4 ± 0.2 49.9 ± 0.2 195
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