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Summary

The dsRNA-dependent protein kinase (PKR) is a key mediator of the anti-viral and anti-
proliferative effects of interferon. Unphosphorylated PKR is characterized by inhibitory
interactions between the kinase and RNA binding domains (RBDs), but the structural details of the
latent state and its unraveling during activation are not well understood. To study PKR regulation
by NMR we assigned a large portion of the backbone resonances of the catalytically inactive
K296R kinase domain, and performed 15N-HSQC titrations of this kinase domain with the RBDs.
Chemical shift perturbations in the kinase indicate that RBD2 binds to the substrate elF2a
docking site in the kinase C-lobe. Consistent with these results, a mutation in the elF2a docking
site, F495A displays weaker interactions with the RBD. The full-length RBD1+2 binds more
strongly to the kinase domain than RBD2 alone. The observed chemical shift changes extend from
the elF2a binding site into the kinase N-lobe and inside the active site, consistent with weak
interactions between the N-terminal part of the RBD and the kinase.

Introduction

The interferon-inducible dsRNA-dependent protein kinase (PKR) is a key mediator of the
cellular antiviral and anitproliferative defense.1-3 PKR belongs to a group of kinases that
phosphorylate the a—subunit of translation initiation factor elF2 and block protein synthesis
in response to stress.4 In addition to exerting translational control, PKR mediates the
activation of a number of transcription factors, including NF-xB, STATs and p53.5-10
Normally PKR exists in an latent state that is activated or inhibited by non-covalent
interactions with various cellular and viral proteins and double-stranded RNAs (Fig. 1), and
by phosphorylation/dephosphorylation events at multiple Ser, Thr and Tyr sites along the
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entire protein.11,12 The structural details of the auto-inhibited state and a myriad of
activation and inhibition scenarios are not well understood.

Full length PKR (Fig. 1) contains two highly conserved domains (RBD1 and RBD2) which
make up the dsSRNA binding domain (RBD),13 a linker region of unknown function, and a
kinase domain (KD). The structure of the RBD was solved by NMR14 and the X-ray crystal
structure of the kinase domain was recently elucidated.15 Numerous biochemical studies
have shown that in the latent PKR state the kinase domain is inhibited by interactions with
the regulatory domains(reviewed in 1). Binding of RBD2 but not RBD1 to the kinase was
demonstrated by NMR16 but the domain surfaces involved in the interaction are not known.
In the best known activation scenario, dSRNA binding releases the RBD from the kinase
domain and promotes protein dimerization and frans-autophosphorylation in the activation
loop.11,17-21 While some viral dsRNAs transcripts activate PKR, others are known to
inhibit it, probably v/a direct interactions with the kinase domain.22 The cellular protein
PACT activates PKR in the absence of dSRNA.23 PACT forms a heterodimer with PKR,
extending across the RBD and onto the linker or the N-terminal region of the kinase domain.
24 PKR is also activated by the polyanion heparin.25 Heparin binds the KD near the active
site, as suggested by deletion experiments26 and triggers cis-autophosphorylation.27 PKR is
also activated during apoptosis by proteolytic cleavage of the regulatory domain by several
caspases,28 and is the only known kinase that is inhibited by viral proteins and RNAs
(reviewed in 3).

Here we report the NMR backbone assignments of the kinase domain that will facilitate
characterization of the multiple regulatory interactions of this domain. We perform NMR
titrations of the KD and RBD to map the auto-inhibitory interactions of PKR. The results
suggest that the entire regulatory domain participates in inhibition, by masking the elF2a
recognition site, and by allosterically or directly blocking the catalytic active site.

The K296R mutant used in this study is catalytically inactive and lacks the toxicity of the
wild-type protein to host expression systems. The K296 side chain extends into the ATP-
binding pocket and replacement with Arg inhibits phosphate transfer without affecting ATP
binding.29 The full length K296R mutant binds and is phosphorylated by the wild-type
enzyme, and has been widely used to study PKR autophosphorylation and dimerization.
1,11,17,19,20,21,25,26,30 Important for the NMR studies, this mutant can not
autophoshorylate during bacterial expression, and therefore does not dimerize.21,30 Limited
proteolysis experiments on the full-length protein identified a domain coinciding with the
product of caspase cleavage during apoptosis, D251-C551.28 The KD construct used in the
NMR, M252-C551 (K296R) was cloned with no affinity tags. Expression in Rosetta DE3
(Novagen) cells yielded a large quantity of inclusion body protein which was refolded with
30% yield. The samples had maximum achievable concentrations of 250 uM which
remained stable for 2 days at room temperature.

Backbone assignments of the kinase domain

NMR assignment of the protein backbone (Figure 2) was performed using TROSY triple
resonance experiments,31 3D-15N-NOESY-HSQC, and 2D 15N-HSQC spectra of amino
acid-specific 1°N-labeled samples (labeled at Leu, Val, Lys, Phe and Tyr). HNCACB and
HNCOCACSB triple-resonance spectra were acquired using non-linear sampling32,33 to
reduce acquisition time to within the limits imposed by sample stability. The assignments
were performed manually, and with the program MARS.34 286 out of the expected 292
residues (98%) of the kinase are observed in the HNCO spectrum. The HN, N, Ca and CB
resonances of 224 (75%) of the amino acids were assigned (Figure 2b). The remaining
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resonances are heavily overlapped in the center of the 15N-HSQC spectrum (Fig. 2a) and
could not be assigned. Unassigned residues are concentrated mainly in two regions of the
protein that appear to be disordered under the studied conditions. Namely, the kinase
activation loop is unassigned, as is a serine-rich, acidic region (P334-S357) of unknown
function, which contains a repeat of the sequence DYDPEXSXXSXXS. This motif is unique
among the elF2a kinases and is only present once in PKR from other species. The region
S337-S350 was deleted in the protein construct used to solve the X-ray crystal structure by
Dar et al., who found this region largely responsible for the low solubility of the protein.15
The obtained NMR assignments are sufficient to perform binding studies of the kinase
domain.

Kinase - dsRNA binding domain interactions

To map the interaction surface between the RBD and the kinase domain we performed NMR
binding studies of full-length RBD (1-178), the second dsRNA binding domain RBD2
(97-178) and the KD (252-551, K296R) (Fig. 1a). An unlabeled sample of one domain was
titrated into an 1°N-labeled sample of the other domain, monitoring changes in the 15N-
HSQC spectra of the labeled protein (Figures 3-5). Addition of either RBD construct
significantly affected the spectra of the kinase domain. We observed concentration-
dependent shifts consistent with a fast exchange binding regime and, at high RBD
concentrations, broadening and the appearance of new peaks (Figs. 3a and 4a). The changes
observed in the kinase upon addition of the full RBD are more pronounced than those from
the RBD2 indicating that both RNA binding motifs interact with the catalytic domain.

The HSQC spectra of the bound KD have significantly reduced resolution and signal to
noise ratios, compared to the kinase domain alone. To eliminate artifacts the titrations were
performed in duplicate, at slightly different pH. The observed perturbations are relatively
small (66 < 0.1ppm, Supporting Information) but sufficient to clearly map the interaction
surfaces. For clarity the peaks were grouped as unaffected (86 < 0.01 ppm), weakly affected
(68 > 0.01ppm), strongly affected (66 > 0.03ppm), and ambiguous or unassigned. The
results were mapped on the X-ray structure of kinase domainl15 and the NMR structure of
the RBD14 (Figs. 3b, 4b and 5b).

Kinase domain - RBD2 interaction

The chemical shift mapping of the kinase surface involved in interactions with the dsSRNA
binding domain 2 (RBD2) is shown in Figure 3. Kinase residues that exhibit significant
changes upon addition of RBD2 (97-179) are clustered in the C-terminal lobe, mainly in a
charged region between helices aD and o E (G381-D387), and helix a G and flanking
regions (Leu481-11e506). The rest of the protein, especially the N-lobe, is conspicuously
unperturbed. As shown in Figures 3c and d, the data define a kinase-RBD2 binding surface
that coincides with the substrate elF2a docking site identified in the X-ray crystal structure
and accompanying mutagenesis studies.15,30 The importance of helix a G for RBD2
binding was confirmed in mutagenesis studies (see below).

Kinase domain - RBD1+2 interaction

To study the interactions of the kinase with the N-terminal part of the RBD, we titrated full-
length RBD1+2 (1-178) to the labeled kinase domain (Fig. 4a). Chemical shift changes are
observed in the same region that responds to RBD2, and additionally, smaller but
reproducible changes occur in the kinase N-lobe. Changes in the KD throughout the protein
hint at a conformational change in the kinase upon RBD binding. At low kinase
concentration that allows the use of a large excess RBD, more pronounced changes occur in
the N-terminal lobe of the kinase, in contiguous regions along the p3-edge of the p—barrel
(K291-K296), the hinge region B7—p8, and the kinase active site (Supporting information).
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However, the low signal to noise ratio of the spectra precluded reliable analysis of that data
and it is not presented here. Regardless, comparison of the RBD2 and RBD1+2 titrations
shown in Figures 3a and 4a suggest that the entire RBD interacts with the kinase. The data
are consistent with weak interactions of the N-terminal part of the RBD with the N-lobe of
the kinase.

RBD interaction with kinase domain

In order to map the RBD surface involved in the interaction with the kinase domain,

the 1°N-HSQC titrations were repeated using 1°N-labeled RBD (1-178) and unlabeled
kinase. The spectra of the RBD were analyzed using the published NMR assignments of the
RBD.14 The limited solubility of the kinase construct precluded the use of large excess
unlabeled KD needed to produce large chemical shift changes in the RBD. The spectra of
RBD (Fig. 5a) indicate very little change in RBD1 (1-80) but reproducible changes in RBD2
(97-178) and the linker connecting the two subunits. This pattern again indicates stronger
interactions of RBD2 than the rest of the RBD with the kinase. Three amide residues in
RBD?2 stand out due to a larger change in chemical shift (~ 0.03ppm) and significant
broadening on addition of KD (Fig. 5). Amino acids V116 and Y118 in the p3 strand and
L104 in helix a1 are located on adjacent faces of the RBD2. Recent NMR studies of the
interactions of PKR RBD with various viral dSRNAs identified helix a1 as a mediator of the
interactions with dsSRNA22,47 (Fig. 5¢) and it is reasonable to expect at least partial overlap
between the KD and dsRNA binding sites on the RBD2 if dsSRNA binding is to sequester the
RBD from the kinase. Mutagenesis studies of the RBD2 did not confirm the importance of
3 for KD binding (see below), implying that helix a1 containing L104 may be directly
involved in binding to the kinase. Y162, a residue in van der Waals contact with Leul104
(Figure 5b) was recently identified as an autophosphorylation site important for PKR
activation.12 It is possible that a charged pY 162 serves to “eject” the RBD2 from the kinase.

NMR studies of KD and RBD mutants

In order to independently verify the location of RBD2 binding on the kinase35 we mutated
several of the amino acids implicated in the chemical shift mapping and repeated the 1°N-
HSQC titrations with mutant proteins. Mutations in the charged region, RR381/382GD and
D387R produced misfolded or aggregated protein, as judged by the 1°N-HSQC spectra (not
shown). The mutants F495A and H483D (both K296R) yielded 1°N-HSQC spectra that
looked very similar to the original K296R construct, with changes mostly in the vicinity of
the mutated residue. H483D kinase aggregated upon addition of RBD preventing further
analysis. Addition of excess unlabeled RBD (1-178) to F495A KD (K296R) produced only
slight changes in the spectrum, compared to the original K296R construct (Fig. 6a). Notably,
residues affected by the F495A mutation and those affected by addition of RBD are
clustered in distinct regions of the KD. Most of the difference between the original K296R
and the mutated F495A kinase are in residues in the vicinity of F495, and those amide
signals do not change significantly upon addition of RBD. The majority of the changes in
F495A upon addition of RBD are located primarily in the N-lobe, in the putative RBD1-
binding region. The data strongly support the idea that KD-RBD interaction occurs in two
distinct regions of the kinase. F495 is located in the a.G helix of the kinase, confirming the
importance of helix aG for RBD2 binding.

To verify the RBD2 bhinding surfaces implicated in the titrations as important for kinase
binding, we tested a N117R RBD (1-178) mutant. We chose N117 because it is between the
strongly affected amide residues Y118 and V116, and its side chain is exposed, whereas the
side chains of V116 and Y118 are buried and mutations at those positions could affect the
proper folding of the domain. However, the changes of the 15N-HSQC of the N117R
spectrum that occur on addition of unlabeled KD are identical to the changes in the wild-
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type RBD (data not shown), suggesting that the N117 side chain and the corresponding
surface of the B3 strand are not directly involved in KD binding. The observed changes in
the V116 and Y118 signals may instead be due to indirect effects on the NH’s of residues
116 and 118, transmitted via the amino acid side chains, which are packed against helix a 1.

Discussion

Figure 7 depicts some of the known PKR activation scenarios in the context of our
results.The regulatory domain is “wrapped” around the kinase domain, and both RBDs
interact with the kinase. DSRNA binding domain 2 blocks access to the substrate elF2a by
binding to the kinase C-terminal lobe, contacting helix aG and the adjacent loop R381-
D387. This surface is clearly outlined by the NMR chemical shift data, and is further
supported by the weakened F495A interaction with the RBD. Incidentally, Dey and
coworkers found that F495P mutation of the KD PKR impaired elF2a phosphorylation, but
not autophosphorylation or phosphorylation of substrates that do not require docking to
helix aG.30 This implies that RBD2 alone would inhibit phosphorylation of elF2a, but not
autophosphorylation or phosphorylation of other substrates. Auto-inhibition by masking of
the substrate binding site has been previously observed, e. g. in the c-AMP-dependent kinase
PKA,36 and has also been proposed for PKR. Sharp et al. found that the vaccinia virus
protein e3l, a PKR inhibitor, interacted with the C-terminal lobe of the kinase (amino acids
367-523) and competed with binding of elF2a. It was proposed that PKR e3l inhibition as
well as PKR auto-inhibition occurred via masking of the substrate binding site.37

Based on the NMR data we estimate that the kinase-RBD2 (97-178) interaction has a Ky ~
200 M. This number represents the lowest RBD2 concentration that affects the spectrum of
the kinase at 50 M. Using the same criteria, the Ky of the full-length RBD construct
(1-178) containing both RBD1 and RBD2 appears to be smaller than 100 .M. However, the
observed fast exchange regime is consistent with an interaction that is weaker than the
previously reported K4 ~ 500 nM measured by surface plasmon resonance.16 The lack of
changes in RBD1 upon addition of unlabeled kinase (Figure 5) indicates that the interactions
of RBD with the kinase are mainly due to RBD2. It is therefore unlikely that full length
RBD binds with a dramatically higher affinity to the kinase than RBD2 alone.

The location of the N-terminal region of the RBD (RBD1 and the RBD1-RBD2 linker) on
the kinase is not clearly defined by the NMR data. The lack of changes in the spectrum of
RBD1 (Fig. 5) upon addition of unlabeled kinase confirms that the RBD1-kinase interaction
is very weak. This is consistent with previous NMR studies that found no kinase-RBD1
interactions.16 Nevertheless, a comparison of the KD-RBD2 (97-178) and KD-RBD (1-178)
titrations (Figs. 3a and 4a) clearly indicates the presence of additional RBD-kinase
interactions beyond RBD2. Binding of the N-terminal region of the RBD to both K296R and
the mutant F495A/K296R causes changes in the N-lobe and the active site of the kinase
(Figures 4b and 6b). These data are consistent with RBD1 and/or the RDB1-RBD?2 linker
binding to the B3/p7 face of the kinase (Fig. 4b), but are not conclusive.

Experimental evidence suggests that the catalytic site of PKR is inaccessible in the latent
protein. For example, it has been observed that full length PKR only binds ATP after
addition of dSRNA.38,17 Moreover, a free PKR kinase domain lacking the RBD
autophosphorylates (albeit weakly) at T446 and T451 in the activation loop, but does not
trans-phosphorylate full-length PKR at these positions.17 Our data does not indicate direct
blockage of the active site by RBD-kinase interactions, leaving two possibilities.39 The
active site could be restricted by conformational changes in the kinase, e.g. in the activation
loop, induced by RBD-KD binding, analogous to the Src tyrosine kinase.40 Alternatively,
the linker connecting the kinase domain and the RBD could act as a “pseudo-substrate”,
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analogous to the PKA-RIa interaction.36 Both possibilities are allowed in our model, but
the former seems more plausible. The NMR analysis did not yield information on the
activation loop, but the numerous chemical shift perturbations in the hinge region between
the N- and C-terminal lobes support the possibility of allosteric regulation. Besides
participation of the activation loop, which is likely given the importance of T446
phosphorylation, a kinase domain “squeezed” between the two RBDs (Fig. 7) may be
inhibited via movement of the N- and C-lobes.

Very little is known about the role of the RBD-kinase linker. Positioning of the RBD2 on the
substrate docking site naturally places the linker in front of the active site (Fig. 7), but to
date there is no evidence for KD-linker interactions. Support for the idea that the
unphosphorylated activation loop blocks the active site while the kinase-RBD linker does
not participate in autoinhibition comes from the activators PACT and heparin. PACT has
three domains that parallel the PKR domain structure. The N-terminal PACT domains
heterodimerize with the PKR RBDs but alone are not sufficient for PKR activation. A third
66 amino acid domain, d3, interacts with an unknown region of PKR mapped between the
RBD and the N-terminus of the KD and is necessary for PKR activation. A PACT-PKR
fusion that contains PKR-RBD tethered to d3 via a 50 residue spacer (RBD-spacer-d3) also
activates PKR. Based on these observations it was proposed that the entire PKR regulatory
domain (1~250), including the RBD and the linker that connects it to the kinase needs to be
sequestered to achieve full activation.24 The requirement for a spacer in the artificial PACT
construct (RBD-spacer-d3) suggests that the RBD-KD linker of PKR is displaced by PACT-
KD interactions rather than sequestered by direct binding to PACT d3. Analogous to PACT
d3 domain, heparin has been shown to activate PKR by binding directly to the N-lobe of the
KD. PKR deletion studies identified a heparin binding motif located at the entrance of the
active site and partially overlapping the activation loop.26 Both heparin and PACT d3
binding could affect the conformation of the activation loop and trigger PKR cis-
autophosphorylation, as observed for heparin.27 This has to occur without removing the
RBD from the kinase, explaining the weakness of d3 activation compared to full-length
PACT.

In summary, we have completed a large portion of the backbone assignments of the 300
residue catalytic domain of PKR. The assignments allowed mapping of the autoinhibitory
interactions between the kinase and the dsRNA binding domain, and will facilitate further
characterization of the intricate details of PKR inhibition and activation.

Note added in proof

Following completion of this work Li et al.published a report in which the interaction of the
PKR kinase and PACT domain d3 was mapped to residues 326-337 on the kinase.48
Convincing NMR titration, immunoprecipitation and mutagenesis data was presented to
show that this region in the N-lobe of the kinase is responsible for the autoinhibitory kinase-
RBD?2 interaction. In contrast, we observe only minor changes in the implicated region and
attribute these to RBD1 binding. The assignments reported here will allow further studies to
clarify this apparent contradiction.

Materials and Methods

DNA cloning

pBi vectors containing the wild-type and K296P PKR were kindly provided by Monique
Davis of the Genetic Institute and the K296R mutant was prepared using the QuickChange
mutagenesis kit (Stratagene). To prepare the different deletion constructs the following
primers were used. RBD1&2 (Met1 - Ser178) forward: 5’-
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GGTGGTTCATATGGCTGGTGATCTTTCA-3"; RBD2 (Met97-Ser179) forward: 5’-
GGTGGTTCATATGGGGAATTACATAGGCCTT-3"; RBD1&2 and RBD2 reverse: 5'-
GGGATCCTCAAGAGGACAGGTAGTCA-3"; KD (Met252-Cys551) forward: 5'-
GGTGGTTCATATGAAAGAAACAAAGTATACTG-3'. The PCR products were digested
with Ndel (3") and BamHI (5”) and inserted into plasmid pET15b (Novagen, RBD1&2 and
RBD2) or pTWIN2 (New England Biolabs, KD), resulting in a His-tagged RBDs and non-
tagged KD.

Protein expression and purification

All proteins were expressed in Rosetta(DE3) cells (Novagen) transformed by the
corresponding expression plasmids. The cells were grown in the appropriate LB or M9
medium and induced at 0.8 ODggg with 1 mM (RBD and RBD2) or 3 mM (kinase domain)
IPTG for 4 h (LB medium), 6 h (M9/H,0) or 12 h ( M9/D,0 medium. Amino acid-
specific 1°N-labeled samples were prepared by growing the cells in M9 medium lacking
nitrogen source and supplemented with nucleosides (200 mg/l each), unlabeled amino acids
(200 mg/I each) and the a.-1°N-labeled amino acid (125 mg/l).

RBD2 and full-length RBD

The cell pellets were lysed in 50 mM sodium phosphate, pH 7.2, 500 mM NaCl, 5 mM p-
mercaptoethanol, and the soluble fraction was loaded on Ni-NTA resin (Quiagen), eluted
with 150 mM imidazole, dialyzed in 20 mM sodium phosphate, 150 mM NaCl, 5 mM DTT
(pH 6.7) and concentrated to 0.8 mM.

Kinase domain

The cells were lysed in 50 ml (per 1L culture) 50 mM sodium phosphate, pH 7.2, 500 mM
NaCl, 20 mM EDTA The insoluble fraction was sonicated and centifuged (15,000 g, 20
min) once in lysis buffer, containing 1% Triton X, and twice in water. The resulting
inclusion body pellets were suspended in 10 ml 7M Gdm.HCI, 100 mM DTT with
sonication, heated at 60°C for 30 min and added dropwise to 500 ml rapidly stirring cold
refolding buffer (100 mM sodium phosphate, 100 mM ammonium sulfate, 100 mM arginine
hydrochloride, 5mM DTT, pH 7.2). The refolding was allowed to proceed overnight at 4°C
without stirring and the solution was filtered through 0.2 wm Express Millipore filter. The
protein was precipitated by addition of 0.6 g/ml ammonium sulfate and centrifuged at 8,000
g (30 min). The pellet was suspended in 25 ml 50 mM Na phosphate, 100 mM ammonium
sulfate, 5 mM DTT (pH 7.2), dialyzed against the same buffer, and precipitated once more
with ammonium sulfate. The pellets were dissolved in minimal volume of the above buffer
and loaded on a Superdex 200 gel filtration column (Amersham). The collected fractions
were concentrated by ammonium sulfate precipitation and dialyzed against cold NMR buffer
(20 mM sodium phosphate, 50 mM ammonium sulfate, 3 mM DTT, pH 6.70). Typically, the
yield from 1L of bacterial culture was 10 mg of purified protein (~10%). The kinase was
only soluble to 250 M in cold buffer and gradually precipitated to 100.M at room
temperature, in the course of 3 days. Precipitated protein was recycled by a second
refolding.

Nuclear Magnetic Resonance

All NMR experiments were acquired at 25°C on Bruker Avance and Varian Inova 600 MHz
instruments equipped with cryogenic probes. All protein samples were extensively
deuterated to reduce proton-proton relaxation, except in the case of amino acid-specific
labeling, where the protocol does not allow inexpensive deuteration. Trosy-HNCO, Trosy-
HNCA/HNCOCA, Trosy-HNCACB/HNCOCACB and 3D 1°N-NOESY-HSQC were
acquired on fully deuterated, 13C/1°N-labeled protein in 93%H,0/7%D,0 buffer. 15N-
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HSQC experiments were acquired on protonated protein that was specifically 15N-labeled at
Leu, Val, Phe, Tyr or Lys residues. Due to the poor solubility of the samples, the HNCACB/
HNCOCACB pair of experiments was acquired using a 700 complex point non-linear
schedule.32 The non-linear data was processed by maximum entropy reconstruction in the
Rowland NMR toolkit33 (http://www.rowland.harvard.edu/rnmrtk/toolkit.ntml). All other
data was processed by FFT in nmrPipe.41 NMR titrations were performed on 100-200 pM
samples of 15N-labeled, perdeuterated protein with gradual addition of a concentrated stock
of unlabeled binding partner followed by concentration in a spin-filter (Amicon) at 4°C.
Chemical shift changes were calculated as V[(AH)? + (0.2AN)2].

Backbone resonance assignment

Spectral analysis was performed in Sparky42 (http://www.cgl.ucsf.edu/home/sparky/). The
spin systems were assigned manually and by iterative runs of the program MARS34 which
uses triple resonance data, amino acid-specific assignments and chemical shift predictions.
The manual analysis included 3D 15N-NOESY-HSQC data in conjunction with a homology
model of the kinase generated in SwissModel. The program ShiftX43 was used to generate
chemical shift predictions for the homology model of the kinase. In-house perl scripts were
written to generate candidate assignments based the ShiftX predictions, as described in
detail by others.44

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

a) PKR domain structure and constructs used in this work. b) Some of the known
mechanisms of PKR activation. Kinase catalytic activity is denoted with ‘+’. PKR exists in
an autoinhibited state characterized by interactions between the kinase and regulatory
domains. Prior to this work only RBD2-KD interactions have been observed, and the
surfaces involved have not been identified. Activation requires sequestering of the RBD
from the kinase, phosphorylation at mutliple sites, and dimerization. Dimerization is
mediated by RBD1 and the N-terminus of the KD1,15,18-20,30 and is enhanced by
phosphorylation of the activation loop of the kinase,15,21,30 but the precise details and
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relationship between activator binding, dimerization and auto-phosphorylation are not
completely understood.
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[v] 520 551

a)Trosy-15N-HSQC spectrum of the PKR K296R kinase domain (residues 252-551, 250u.M
in 50 mM sodium phosphate, 25 mM ammonium sulfate, pH 6.70); b) PKR kinase primary
sequence showing in black the assigned amino acids. With the exception of the K296R
mutation (red) the sequence used is that of the wild-type protein. Secondary structure motifs
are taken from the X-ray crystal structure.15 Regions with unknown structure are shown

with dashed lines.
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Figure 3.

a) 15N-HSQC spectra of the kinase domain alone (0.1 mM, blue trace) and in the presence of
0.2 mM (red) and 0.7 mM (black) RBD2 (97-178). Amide residues that display the most
significant changes are labeled; b) Structure of the PKR KD15 (PDB 2A1A) showing in red
the locations of the affected amide labeled in (a) (orange: 0.03ppm > 68 > 0.01ppm; red: 66
> 0.03ppm). Unassigned and ambiguous residues are shown in gray, while unaffected
residues are in cyan; c) Surface representation of the results shown in (b). The view on the
right corresponds to the orientation of the middle structure in (b) and is identical to (d); d)
Structure of the KD showing the elF2a docking site. Residues within 5 angstroms of
resolved elF2a atoms are colored purple.
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Figure 4.

a) 15N-HSQC spectrum of the kinase domain (K296R) alone (0.2 mM, blue trace) and in the
presence of 0.6 mM (red) RBD (1-178). Amide residues that display the most significant
changes are labeled; b) Structure of the PKR KD15 (PDB 2A1A) showing the locations of
the affected amide groups labeled in (a) (orange: 86 > 0.01ppm, red: 66 > 0.03ppm and
broadening).
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Figure>5.

a) 15N-HSQC spectrum of the full-length dsSRNA binding domain, RBD (1-178) alone
(black trace) and in the presence of two-fold excess KD (K296R 252-551, red). Assignments
are based on published datal4; Residues that display reproducible changes (66 > 0.01ppm)
in the titration are labeled; b) Structure of the PKR RBD14 (PDB 1QUG6) showing the
locations of the amide residues affected by addition of KD (orange: 66 > 0.01ppm, red:
broadening and 66 >0.03ppm); c) Structure of the PKR RBD showing NMR chemical shift
changes observed in titrations with various viral dSRNAs.22,47
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Figure6.

a)15N-HSQC spectrum of the F495A/K296R kinase alone (blue) and in the presence of 5-
fold excess RBD (1-178) (red). Affected residues (red labels) are assigned based on the
corresponding peaks in the K296R KD spectrum (black trace). Major differences between
the K296R and the K296R/F495A spectra are observed in the vicinity of F495 (labeled in
black letters); b) Mapping of the residues indicated in (a) on the kinase structure. Chemical
shift changes upon addition of RBD are indicated in red (66 > 0.03ppm) and orange
(0.03ppm > 68 > 0.01ppm). Differences in the spectra of K296R and K296R/F495A labeled
in (a) are colored green. The mutated F495 is shown in blue.
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A detailed model of PKR regulation showing previously known activation scenarios in the
context of the present work. According to our data, RBD2 masks the substrate elF2a
docking site, while the N-terminal region of the RBD weakly interacts with the kinase N-
lobe. The precise location of the RBD1-KD interaction is unknown, indicated by the
“blurry” RBD1. Access to the active site may be hindered by the activation loop,
allosterically, or by the linker connecting the kinase and RBD2. Activation by heparin
occurs vig interactions with the kinase N-lobe26 and subsequent c/s-autophosphorylation.27
PKR activation by PACT occurs via sequestering of the regulatory domain from the kinase
and requires interactions of domain d3 with the kinase N-lobe.24,48 DsRNA releases the
RBD from the kinase domain and stimulates dimerization and frans-autophosphorylation.
11,17-21 Activation loop phosphorylation stimulates dimerization and is required for
activity.1,15,21,30 In addition, multiple phosphorylation sites along the protein may serve to
prevent the RBD from re-associating with the kinase, to fine-tune enzymatic activity, or to
mediate various non-covalent interactions of PKR. A major challenge that remains is to
elucidate the sequence and mechanism of autophosphorylation events that occur during PKR
activation.
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