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ABSTRACT: Protein kinase R (PKR) is a key pattern recognition
receptor of the innate immune pathway. PKR is activated by
double-stranded RNA (dsRNA) that is often produced during viral
genome replication and transcription. PKR contains two tandem
double-stranded RNA binding domains at the N-terminus,
dsRBD1 and dsRBD2, and a C-terminal kinase domain. In the
canonical model for activation, RNAs that bind multiple PKRs
induce dimerization of the kinase domain that promotes an active
conformation. However, there is evidence that dimerization of the
kinase domain is not sufficient to mediate activation and PKR
activation is modulated by the RNA-binding mode. dsRBD2 lacks
most of the consensus RNA-binding residues, and it has been
suggested to function as a modulator of PKR activation. Here, we demonstrate that dsRBD2 regulates PKR activation and identify
the N-terminal helix as a critical region for modulating kinase activity. Mutations in dsRBD2 that have minor effects on overall
dsRNA-binding affinity strongly inhibit the activation of PKR by dsRNA. These mutations also inhibit RNA-independent PKR
activation. These data support a model where dsRBD2 has evolved to function as a regulator of the kinase.

■ INTRODUCTION

Protein kinase R (PKR) is a key mediator in the innate
immune response to viral infection.1 PKR is activated by
dsRNAs or RNAs containing duplex regions produced during
viral genome replication and viral mRNA transcription.2,3

Upon binding activating RNAs, PKR undergoes autophos-
phorylation, inducing a transition to an active kinase. Activated
PKR phosphorylates the eukaryotic initiation factor eIF2α,
disrupting de novo protein synthesis and blocking viral
replication.
PKR contains three independently folding domains: two N-

terminal tandem class A double-stranded RNA-binding
domains4,5 [dsRBD1 and dsRBD2, together referred to as
the regulatory domain (RD)] and a C-terminal kinase domain
(KD).6 The RD and KD are tethered via a ∼90 amino acid
flexible unstructured linker. The KD adopts a canonical bilobal
Ser/Thr kinase fold with a rotated helix αG in the C-lobe
associated with the recognition of eIF2α.6 The KD crystallizes
as a parallel, back-to-back dimer with the active sites facing
away from the dimer interface.6−8 In the NMR structure of the
RD, each dsRBD has the canonical α-β-β-β-α fold.5 In contrast
to dsRBD1, dsRBD2 lacks many of the consensus RNA-
binding residues and it has little or no affinity for RNA on its
own.9 However, the presence of dsRBD2 enhances the affinity
relative to dsRBD1 alone.10

Structural, biochemical, and biophysical analyses support a
pivotal role for dimerization in the activation of PKR.11

Disruption of salt bridges across the PKR dimer interface
blocks activation.12 PKR forms a weak (Kd ∼ 0.5 mM) dimer

in solution and dimerization of PKR at a high concentration
induces activation in the absence of RNA.13 In the context of
simple RNA duplexes, a minimum of 30 bp of dsRNA are
required to bind two PKRs and to activate autophosphor-
ylation, supporting a minimal model where the role of the
dsRNA is to bring two or more PKR monomers in close
proximity to enhance dimerization.14

There is evidence that PKR activation is modulated by the
RNA-binding mode. We have identified several RNAs that can
bind two PKR monomers and induce kinase domain
dimerization but nonetheless fail to activate.15,16 Affinity
cleavage measurements suggested that simultaneous binding
of both dsRBDs occurs only on activating RNAs.17 NMR data
indicate that only the N-terminus of dsRBD2 interacts with a
short, nonactivating dsRNA, but extensive interactions with
dsRBD2 occur upon binding to a longer, activating sequence.10

Other NMR chemical shift perturbation studies demonstrate
that dsRBD2 weakly interacts with the KD.18,19 Taken
together, these results imply that the dsRBD2 functions to
regulate the activity of the KD by direct interaction.
Here, we have introduced mutations into dsRBD2 intended

to disrupt dsRBD2−dsRNA interactions to probe the
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contribution of dsRBD2 to PKR activation. Surprisingly, we
identified key mutations on dsRBD2 that have minor effects on
overall dsRNA-binding affinity while strongly inhibiting the
activation of PKR by dsRNA. These mutations also inhibit
RNA-independent PKR activation. These data support a model
where dsRBD2 has evolved to function as a regulator of the
kinase.

■ RESULTS

Identification of Candidate RNA-Binding Residues in
PKR dsRBD2. In order to determine which residues in PKR
dsRBD2 are likely to directly contact RNA, we created a model
of the PKR dsRBD2−dsRNA complex based on a structural
alignment with the dsRNA complex of the second dsRBD of
Xenopus laevis RNA-binding protein A (xlrbpa2) (Figure
1A).20 Typically, dsRBDs contact one face of the dsRNA and
interact with two sequential minor grooves and the intervening
major groove in regions 1, 2, and 3, respectively. Region 1
corresponds to helix α1, region 2 is the loop between strands
β1 and β2, and region 3 encompasses the N-terminus of helix
α2. In this model, regions 1 and 3 are positioned to interact
with the dsRNA, but region 2 is displaced from the RNA. This
loop may be able to reorient to contact the nearby minor
groove. The residues that are typically conserved for RNA
binding in these regions are depicted in a sequence alignment
(Figure 1B). PKR dsRBD2 differs from the consensus in all
three regions, but residues in region 3 are more conserved.
K150 and K154 on dsRBD2 both align well with conserved
region 3 lysines. Mutation of either K150 or K154 blocks RNA
binding by PKR.21 A third lysine is absent, replaced by Q151,
which appears capable of interacting within the RNA major
groove. Residues in region 2 lie in the flexible loop between β-

strands 1 and 2 and are difficult to predict due to the variability
in loop length and flexibility. In region 1, Q is replaced by a
conservative substitution (N106) and E is replaced by R107.
N106 appears positioned to interact with RNA. Based on these
observations, we created a PKR mutant containing alanine
substitutions in all three regions: N106A/H126A/K150A/
Q151A (NHKQ). Figure 2 shows a titration of PKR
autophosphorylation induced by a 40 bp dsRNA. Wild-type
PKR exhibits the classical bell-shaped activation curve where
concentrations of RNA above 0.1 μM inhibit due to the

Figure 1. Identification of putative RNA-binding residues in dsRBD2. (A) Model of PKR dsRBD2 bound to dsRNA. Model was created by the
structural alignment of PKR dsRBD2 (PDB: 1QU6) with an xlrbpa2/dsRNA complex (PDB: 1DI2). Side chains of putative RNA contacting
residues in regions 1, 2, and 3 are depicted as sticks. Inlay shows a close-up view of helix α1 with surface-exposed side chains shown. (B) Sequence
alignment of PKR dsRBD1, dsRBD2, and xlrbpa dsRBD2. The consensus dsRBD RNA-binding residues in regions 1, 2, and 3 are shown below.
Residues that match the consensus are highlighted.

Figure 2. Effect of dsRBD2 mutations on the activation of PKR by 40
bp dsRNA. Constructs “N” and “HKQ” contain mutations in regions
1 and 2 + 3, respectively. Construct “NHKQ” contains mutations in
all three regions. Data are normalized to the activation of wild-type
PKR at 0.1 μM 40 bp dsRNA.
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dilution of PKR onto separate molecules of RNA. The NHKQ
mutant is completely inactive in this assay. Partial activation is
retained upon restoring N106 in H126A/K150A/Q151A
(HKQ). Conversely, the N106A (N) mutation alone results
in substantial inhibition. These results indicate that the
disruption of dsRBD2−RNA interactions blocks PKR
activation and points toward region 1 as particularly important
in modulating kinase activity. For this reason, we focused on
this region of dsRBD2 in further mutagenesis studies.
Analysis of RNA-Binding Affinities. In addition to the

consensus RNA-binding residues in region 1 (QE, Figure 1B),
dsRBDs often make additional interactions with RNA using
surfaced-exposed residues lying within helix α1.22 These
interactions are not conserved and are believed to confer a
degree of sequence specificity to some dsRBDs.22,23 These
positions correspond to I102, G103, N106, R107, and Q110 in
PKR dsRBD2 (Figure 1A). In order to define the contribution
of dsRBD2 helix α1 to RNA binding and PKR activation, we
introduced alanine substitution at each of these positions and
measured binding to these mutants to an activating 40 bp
dsRNA (Figure S4) by sedimentation velocity analytical
ultracentrifugation. Under the conditions of this experiment
(200 mM NaCl), this RNA binds two PKR monomers,24 and
the data obtained at multiple protein concentrations were
globally fit to a simple sequential binding model

+ ←→⎯ + ←→⎯
K K

2P R P RP RPd1 d2
2 (1)

where P is PKR, R is RNA, and Kd1 and Kd2 are the
dissociation constants for binding the first and second PKR,
respectively.
An example global fit is shown in Figure S1, and the results

are given in Table 1. Each helix α1 mutation weakens binding
affinity, causing increases in the dissociation constants for the
first (Kd1) and second (Kd2) PKR. In order to interpret these
data in the context of their effects of PKR kinase activity, we
modeled the distribution of PKR species based on these
binding parameters. In the dimerization model for the
activation of PKR, the active species is RP2, a dsRNA
containing two bound PKRs. We calculated the maximal
fractional concentration of RP2 for wild-type PKR and each of
the mutants (Table 1). The R107A and Q110A mutants
exhibit the largest decrease in maximal RP2 to about 50% of
the wild type. The maximal RP2 for the K111A construct is
similar to the wild type, while the I102A and N106A mutants
fall in between. Thus, these mutants only modestly decrease
the affinity of PKR for an activating RNA.

Effect of Helix α1 Mutations on PKR Activation. The
dsRBD2 helix 1 mutants were assayed for kinase activation by
the 40 bp dsRNA by measuring autophosphorylation (Figure
3A). Unlike the relatively weak effects on RNA binding
induced by helix α1 point mutations, they profoundly reduce
the maximal extent of PKR activation. Two mutants, R107A
and Q110A, are completely inactive in this assay despite
retaining half of the maximal RP2 amplitude of wild-type RNA.
I102A and N106A PKR exhibit about 40% of wild-type

Table 1. Effect of Helix α1 Mutations on PKR−RNA Binding Affinitiesa

mutant Kd1 (μM) Kd2 (μM) RMSDb max RP2
c

WT 0.166 (0.089, 0.321) 0.487 (0.406, 0.578) 0.0123 0.149
I102A 0.184 (0.104, 0.320) 0.703 (0.593, 0.834) 0.0123 0.112
N106A 0.231 (0.212, 0.252) 0.847 (0.823, 0.871) 0.0076 0.096
R107A 0.225 (0.144, 0.335) 1.103 (0.930, 1.328) 0.0095 0.077
Q110A 0.245 (0.152, 0.376) 1.135 (0.953, 1.379) 0.0103 0.075
K111A 0.399d 0.564d 0.0117 0.133

aParameters obtained by global nonlinear least-square analysis of the sedimentation velocity data using a model of sequential binding of two protein
monomers. The values in parentheses represent the 95% joint confidence intervals obtained using the F-statistic. bRoot-mean-square deviation in
absorbance units. cThe maximum fractional concentration of the active species containing two PKRs bound to a single RNA at [PKR] = 200 nM.
dConfidence intervals could not be obtained.

Figure 3. Effect of dsRBD2 helix α1 mutations on PKR activation. (A) Analysis of PKR activation by 40 bp dsRNA. The data are normalized to
wild-type PKR activation at 0.1 μM 40 bp dsRNA. (B) Analysis of PKR autoactivation. The data are normalized to wild-type PKR at 1 μM.
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activity. Interestingly, activation of K111A decreased to ∼15%
of wild-type PKR despite retaining near wild-type dsRNA
affinity. The much greater effects of helix α1 mutations on
PKR activation by dsRNA compared to RNA-binding affinity
suggest that this helix must participate in an essential
interaction required for PKR activation.
In order to further probe the contribution of helix α1 on

PKR activation, we carried out PKR activation assays on the
surface mutants in the absence of RNA. Dimerization of PKR
at higher protein concentrations above 0.5 μM induces
autophosphorylation in the absence of RNA.13 Figure 3B
shows that wild-type PKR undergoes RNA-independent
activation upon increasing the protein concentration from
0.4 to 1 μM and the extent of autophosphorylation strongly
increases at higher concentrations. Interestingly, all of the
mutants are essentially inactive in this assay at 1 μM. At higher
protein concentrations, the PKR mutants undergo autophos-
phorylation, but the extent of activation is reduced relative to
the wild type. These data demonstrate that helix α1 in dsRBD2
plays a role in PKR activation independently of its contribution
to RNA-binding affinity. It is noteworthy that all of the
mutants can undergo RNA-independent autophosphorylation
at the highest protein concentrations, demonstrating that their
catalytic activity is impaired but not completely blocked. We
confirmed this observation in the context of RNA-dependent
activation of PKR using a more potent activating RNA (Figure
S3). Although PKR R107A does not display measurable
activation by 40 bp dsRNA, it undergoes activation induced by
high concentrations of poly(rI)·poly(rC). As in the case of
RNA-independent activation, this mutant is much less active
than wild-type PKR.
Effect of Helix α1 Mutations on KD Dimerization. The

dsRBD2 helix α1 surface mutants retain the ability to form RP2
complexes with only minor reduction in RNA-binding affinity,
suggesting that a subsequent step in the activation process is
inhibited. A potential mechanism is the disruption of KD
dimerization. We developed a sensitive homo-FRET assay to
directly monitor the dimerization of the KD upon RNA
binding.15 This assay monitors depolarization of fluorescence
emission from Alexa Fluor 488-labeled PKR due to homo-
FRET that accompanies formation of the KD dimer.
Titration of wild-type PKR with 40 bp dsRNA induces a

decrease in fluorescence anisotropy that is reversed at higher
RNA concentrations due to a dilution of the labeled PKR onto
separate dsRNA molecules (Figure 4). PKR N106A and
Q110A each show a decrease in anisotropy similar to wild-type
PKR, indicating that these mutations do not affect the ability to
form KD dimers upon the formation of RP2. Given that the
maximal fraction of the RP2 species formed by Q110A is about
one-half of the wild type (Table 1), it is surprising that the
anisotropy change for this mutant is not similarly reduced. In
contrast, R107A exhibits an attenuated anisotropy change that
correlates with the reduced concentration of RP2. These data
demonstrate that N106A and Q110A undergo KD dimeriza-
tion upon binding to an activating RNA but dimerization is
impeded in R107A PKR. Thus, the reduced activity of N106A
and Q110A PKR cannot be ascribed to a defect in KD
dimerization, but such a defect may contribute to the absence
of kinase activity of R107A PKR stimulated by 40 bp dsRNA.
Sedimentation equilibrium experiments were employed to

determine the origin of the reduced RNA-dependent KD
dimerization of the R107A mutant by probing dimerization in
the absence of RNA. This assay directly measures the overall

affinity for protomer dimerization. As we previously reported,13

wild-type PKR dimerizes weakly, with Kd = 702 (560, 921) μM
(values in parenthesis represent the 95% confidence intervals).
R107A PKR dimerizes with similar affinity [Kd = 704 (638,
778) μM], demonstrating that the reduced RNA-dependent
dimerization is not reflected in the behavior of the RNA-free
enzyme. These results also show that the impaired RNA-
independent activity of the dsRBD2 helix α1 mutants is not
due to a dimerization defect but instead reflects the disruption
of regulatory interactions between dsRBD2 and the kinase
domain.

Analysis of dsRBD2−RNA Interactions. The sedimenta-
tion velocity analysis of PKR−RNA interactions demonstrates
that the dsRBD2 helix α1 mutations only modestly affect the
binding affinity. However, this method only monitors the
overall binding of the protein to the RNA. Potentially, these
mutations disrupt the binding of dsRBD2 to RNA without
strongly affecting the overall affinity. To test this hypothesis,
we developed a tryptophan fluorescence anisotropy assay to
independently monitor dsRBD1 and dsRBD2 binding to
dsRNA. We utilized a PKR RD construct containing dsRBD1
and dsRBD2 that contains no native tryptophans. It is known
from NMR measurements that the two dsRBDs in the RD
tumble independently in solution.5,19 Single tryptophans were
selectively introduced into either dsRBD1 or dsRBD2 to
produce domain-specific probes of rotational mobility. Two
mutations, F131W and Y142W, are located on strands β2 and
β3, respectively, on dsRBD2, removed from the putative
dsRNA-binding surface. The analogous mutation to F131W on
dsRBD1, F41W, was created as a control.
This assay was validated using 20 and 40 bp dsRNAs. Our

previous NMR analysis showed that dsRBD1 engages both
RNAs equivalently. In contrast, only the N-terminal region of
dsRBD2 engages with the shorter RNA, but more extended
interactions occur with the longer 40 bp RNA.10 The
anisotropy experiments were performed under near-stoichio-
metric binding conditions where [RD] > Kd. When F41W PKR
is titrated with 40 bp dsRNA, there is an increase in anisotropy

Figure 4. Effect of dsRBD2 helix α1 mutations on PKR dimerization.
KD dimerization was assayed by homo-FRET-induced depolarization
of fluorescence emission. PKR constructs were labeled with Alex
Fluor 488 at position 261 on the kinase domain using unnatural
amino acid mutagenesis as described in Materials and Methods. The
protein concentration was held constant at 0.2 μM with the increasing
concentration of 40 bp dsRNA. The anisotropy of the free protein was
subtracted.
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plateauing near 0.5 μM RNA (Figure 5, blue). This behavior is
consistent with the expected 2:1 binding stoichiometry at a

protein concentration of 1 μM. The fact that the anisotropies
plateau indicates that the rotational mobility of dsRBD1 is not
strongly affected by the dilution of the RD onto separate
RNAs. Repeating the assay with 20 bp dsRNA yields a virtually
identical stoichiometric increase in anisotropy (Figure 5, light
blue), demonstrating that dsRBD1 interacts similarly with the
two RNAs. In contrast, experiments with F131W to monitor
dsRBD2 binding show a significantly greater increase in
anisotropy when titrated with 40 bp dsRNA as compared to 20
bp dsRNA (Figure 5, red and light red, respectively). These
data are consistent with our previous NMR results10 in
demonstrating that dsRBD1 interacts equivalently with the
short and long dsRNAs, but the rotational motion of dsRBD2
is less restrained upon binding to the shorter RNA.
The two mutations that most inhibited PKR activation by 40

bp dsRNA (R107A and Q110A) were introduced into the
F41W, F131W, and Y142W constructs to assess the effect of
dsRBD2 helix α1 mutations on the engagement of the
individual dsRBDs. Each of these constructs was titrated
with 40 bp dsRNA. As expected for the F41W constructs that
monitor dsRBD1 rotational mobility, the introduction of
R107A and Q110A mutations on dsRBD2 helix α1 does not
significantly affect the RNA-induced anisotropy changes
(Figure 6A). Interestingly, when the tryptophan is located in
dsRBD2 at positions F131W (Figure 6B) or Y142W (Figure
6C) in dsRBD2, the R107A and Q110A mutations also do not
attenuate the anisotropy increases. Thus, the loss of kinase
activation associated with these mutations in dsRBD2 helix α1
is not associated with a detectable change in the mode of
binding of dsRBD2 with dsRNA.

■ DISCUSSION
In order to define the role of dsRBD2 in mediating PKR
activation, we introduced mutations in this domain intended to
disrupt RNA binding. As expected, mutating key residues in all

three RNA-binding regions of dsRBD2 completely inhibits
RNA-induced autophosphorylation. In the course of these
studies, we discovered that the N-terminal helix (α1) of
dsRBD2 functions as a regulator of the kinase activity of PKR

Figure 5. Analysis of dsRBD1/2 tryptophan anisotropy changes upon
binding 40 bp and 20 bp dsRNAs. Blue lines identify mutation F41W
to monitor dsRBD1 binding to 40 bp (dark blue) or 20 bp (light
blue) dsRNAs. Red lines identify mutation F131W to monitor
dsRBD2 binding 40 bp (dark red) or 20 bp (light red) dsRNAs. The
anisotropy in the absence of RNA was subtracted. The protein
concentration was 1 μM with increasing dsRNA concentration up to
1.6 μM.

Figure 6. Effect of dsRBD2 helix α1 mutations on tryptophan
anisotropy changes induced by RNA-binding wild type (blue), R107A
(brown), and Q110A (yellow). A single tryptophan was introduced
into dsRBD1 at position F41 (A) or into dsRBD2 at positions F131
(B) and Y142 (C). The anisotropy in the absence of RNA was
subtracted. The protein concentration was 1 μM with increasing
dsRNA concentration up to 1.6 μM.
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independent of its RNA-binding function. Mutations in this
region inhibit dsRNA-induced PKR activation while only
modestly affecting overall dsRNA-binding affinity. Our results
agree with previous studies demonstrating that the mutation of
PKR Q110 in dsRBD2 reduces RNA binding with only minor
effects on PKR dimerization.21 For two of these mutants that
show no RNA-induced activation, domain-resolved fluores-
cence anisotropy experiments show that dsRBD2 can engage
with dsRNA. Remarkably, the helix α1 mutations also inhibit
RNA-independent activation of PKR mediated by dimerization
at high protein concentrations. This inhibition is not due to a
global disruption of protein folding or conformation as the
sedimentation coefficients of the mutant PKR constructs are
very close to the wild type (Figure S2).
We propose that the regulation of PKR activity by dsRBD2

is mediated by direct interaction with the KD. Previous
biophysical data demonstrate such an interaction. Addition of a
dsRBD construct induces NMR chemical shift perturbation in
KD resonances,18 and conversely, addition of KD induces
chemical shift perturbation in dsRBD2.19 Sedimentation
velocity experiments detect the interaction of RD and KD
constructs with Kd ∼ 250 μM.25 Although this affinity is quite
low, these domains are tethered together by an unstructured
linker that favors the formation of an intramolecular
interaction in the context of the holoenzyme. SAXS analysis
demonstrates that PKR populates both open and closed
conformations.26 The stability of the KD is enhanced by ∼1.5
kcal/mol in the context of the holoenzyme,25 supporting the
formation of interdomain interactions. PKR dsRBD2 lacks
several of the consensus RNA-binding residues typically found
in class A dsRBDs. There is precedent for atypical dsRBDs
functioning as intramolecular or intermolecular protein−
protein interaction motifs.27

An autoinhibition model for PKR activation has been
proposed where the interaction of dsRBD2 with the KD
sterically occludes the active site and locks the enzyme in an
inactive, closed conformation.2 RNA binding by dsRBD2 then
releases this interaction, leading to kinase activation. Although
the evidence cited above indicates that dsRBD2 interacts with
the KD, this interaction does not impede the binding of the
substrate ATP to the KD active site.28 More recent structural
and biophysical data favor a dimerization activation model
whereby dsRNA binding tethers PKR monomers in close
proximity and functions to induce dimerization of PKR via the
KD.11 In the context of the autoinhibition model, mutations in
dsRBD2 that disrupt interaction with the KD would be
expected to lead to constitutive PKR activation, which is not
observed. Instead, the dsRBD2 mutations inhibit activation,
indicating that dsRBD2 functions as a positive regulator of
PKR activity where the interaction of dsRBD2 with the KD
enhances catalytic activity. Thus, we propose that PKR
activation requires both KD dimerization and interaction
with dsRBD2. There is precedent for a dsRBD domain acting
as a positive regulator. The protein activator of PKR, PACT,
contains three dsRBDs.29,30 While dsRBD1 and dsRBD2 of
PACT bind dsRNA, dsRBD3 lacks conserved lysines in region
3 and does not interact with RNA. Instead, this third domain
functions to activate PKR by binding to a loop in the N-lobe of
the KD.31 Interestingly, PKR dsRBD2 also binds to a peptide
corresponding to the same N-lobe loop.
Dimerization is a key step in the activation of PKR, and it is

noteworthy that RNA-dependent KD dimerization is retained
in the N106A and Q110A mutants. This same phenotype is

displayed upon binding of PKR to duplex RNAs containing
10−15 bp 2′-O-methyl barriers that induce KD dimerization
but fail to activate.15 Similarly, adenovirus VAI RNA produces
KD dimers but does not activate PKR.16 Finally, inactivating
mutations within the PKR dimer interface that disrupt key
electrostatic and hydrogen-binding interactions fail to abolish
KD dimerization.15 Together, these observations demonstrate
that dimerization is a necessary but not sufficient step for the
activation of PKR and point to the existence of one or more
inactive dimer configurations. In addition to the back-to-back
dimer interface that is associated with activation,12 PKR can
form a face-to-face interface that mediates trans-autophosphor-
ylation within the activation loop.8 Another eIF2α kinase,
GCN2, can adopt an active parallel back-to-back KD
structure32 as well as an inactive, antiparallel back-to-back
dimer configuration.33 Interaction of dsRBD2 with the KD
may modulate the nature of the PKR dimer formed and thus
regulate catalytic activity to provide a mechanism for
distinguishing between host and pathogen RNA.

■ MATERIALS AND METHODS
Reagents. All buffers were prepared using reagent-grade

chemicals and sterile filtered prior to use. Unphosphorylated
human PKR14,34 (Uniprot accession ID: P19525) and PKR
RD (residues 1−185)35 were expressed in E. coli and purified
as previously described. In the final purification step, PKR and
PKR RD were subject to gel filtration in the AU200 buffer (20
mM HEPES, 200 mM NaCl, 0.1 mM EDTA, 0.1 mM TCEP,
pH 7.5). Mutant constructs were generated by QuikChange
site-directed mutagenesis of the parental plasmid using
oligonucleotide primers containing the desired mutations.
Sedimentation velocity analytical ultracentrifugation of wild-

type PKR and the dsRBD2 helix α1 mutants demonstrate that
all of these constructs are all well folded and exist
predominantly as monomers (s = 3.3−3.4 S) with a minor
(1−4%) dimer contaminant at 5.60 S (Figure S2). PKR was
labeled with Alexa Fluor 488 at position 261 by unnatural
amino acid mutagenesis as previously described.15 RNAs were
purchased from Horizon Discovery, deprotected according to
the manufacturer’s protocol, and purified by denaturing (8 M
urea) gel electrophoresis. Complementary single stranded
RNAs were annealed by heating to 80 °C and slowly cooling to
room temperature. RNA sequences can be found in Figure S4.

Activation Assays. PKR autophosphorylation activity was
measured by quantifying 32P incorporation from [γ-32P]ATP
(PerkinElmer). Reactions were performed using 200 nM PKR
in the AU200 buffer supplemented with 5 mM MgCl2 at 32 °C
for 20 min. 32P incorporation was determined as previously
described.13,36

Analytical Ultracentrifugation. RNA-binding affinities
were measured using sedimentation velocity analytical ultra-
centrifugation as previously described.37 Samples containing
0.4 μM 40 bp dsRNA and multiple PKR concentrations were
prepared in the AU200 buffer, and data were collected at
40,000 rpm and 20 °C. Global data analysis using a 2:1 binding
model was performed using SEDANAL.38 Sedimentation
equilibrium analysis of PKR dimerization was performed as
previously described13 over a protein concentration range of
0.25 to 1.5 mg/mL at 15,000, 18,000, and 22,000 rpm at 20
°C. SEDNTERP39 was used to calculate buffer density, buffer
viscosity, and protein partial specific volumes.

Fluorescence Anisotropy. Steady-state fluorescence
measurements were taken using a Horiba Fluoromax-3
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fluorimeter equipped with Glan-Thompson polarizers (Jobin
Yvon Inc.). Fluorescence measurements were performed at 20
°C using 2 mm × 10 mm quartz cuvettes (Precision Cells).
Kinase domain dimerization measurements were performed by
measuring HOMO-FRET-mediated depolarization with PKR
labeled at position 261 with Alexa Fluor 488 as previously
described.15 Tryptophan emission anisotropy was used to
locally monitor the binding of dsRBD1 and dsRBD2 to RNA
in the context of the PKR RD construct. The RD lacks any
endogenous tryptophans residues, and single tryptophan
substitutions were introduced into dsRBD1 and dsRBD2 on
surface-exposed aromatic residues distal from the dsRNA-
binding interface. dsRBD1 was labeled by F41W or F52W
mutations, and dsRBD2 was labeled with the corresponding
F131W or Y142W mutations. The RD F52W construct did not
express well and was not used. Data were collected using
excitation and emission wavelengths of 295 and 350 nm with 5
and 10 nm bandpasses, respectively. A minimum of three 5 s
acquisitions were averaged to obtain standard errors less than
0.1%. Anisotropy, r, was calculated using the following
equation

=
−
+

⊥

⊥
r

I GI

I GI2

where I∥ and I⊥ correspond to parallel and perpendicular
emission intensities, respectively, and G is the grating
correction factor.
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