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Activation of PKR: An open and shut case?
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Abstract

The double-stranded (ds) RNA-activated protein kinase, PKR, plays a key role in the innate immunity
response to viral infection in higher eukaryotes. PKR contains an N-terminal dsRNA binding domain
and C-terminal kinase domain. In the prevalent autoinhibition model for PKR activation, dSRNA
binding induces a conformational change which leads to the release of the dSRNA binding domain
from the kinase, thus relieving the inhibition of the latent enzyme. Structural and biophysical data
now favor a model where dsRNA principally functions to induce dimerization of PKR via the kinase
domain. This dimerization model has implications for other PKR regulatory mechanisms and
represents a new structural paradigm for control of protein kinase activity.

Introduction

PKR is a soluble protein kinase that plays a key role in the innate immunity response to viral
infection in higher eukaryotes and has also been implicated in several cellular signal
transduction pathways [1-4]. PKR is induced by interferon in a latent state. Upon binding
double stranded RNA (dsRNA), which is produced as a replication intermediate in virally-
infected cells, PKR undergoes autophosphorylation reactions that activate the kinase leading
it to phosphorylate the alpha subunit of the translational initiation factor elF2, thus inhibiting
protein synthesis in virally-infected cells. PKR is also activated by the cellular protein PACT
[5], and is inhibited by viral proteins and RNAs [6]. PKR contains an N-terminal dsSRNA
binding domain (dsRBD), consisting of two dsSRNA binding motifs, and C-terminal kinase
domain (Figure 1). The NMR structure of the dsSRBD revealed that each motif adopts a similar
apppa fold [7]. The X-ray structure of a complex of the PKR kinase domain with elF2o was
recently solved [8]. Like other eukaryotic protein kinases, the catalytic domain of PKR consists
of N- and C-terminal lobes with the ATP binding site in the cleft between the two lobes.
elF2a binds to the larger C-lobe. Interestingly, the kinase crystallizes as a dimer with the
interface formed by the N-terminal lobes (Figure 1).

The regulation of PKR by dsRNA and other effectors has fascinated researchers for over 25
years. However, we lack a detailed molecular picture of how binding of dsSRNA to the N-
terminal dsRBD results in kinase activation. Evidence has accumulated in support of an
autoinhibition model in which the latent form of PKR exists in a closed conformation where
the dsRBD interacts with the kinase and blocks substrate binding [3]. In this model, dSRNA
activates PKR by binding to the dsRBD, thereby releasing it from the kinase (Figure 1c). Other
models stress the role of dimerization in PKR activation (Figure 1d). Here, we critically
evaluate these models in light of recent studies of PKR activation. These data argue against a
rigid closed conformation for the latent enzyme and favor a model where dsRNA principally
functions to induce dimerization of PKR via the kinase domain. This model has implications
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for our understanding of the regulation of PKR by other activators and viral inhibitors and
represents a new kinase regulatory mechanism.

The Autoinhibition Model

In many eukaryotic protein kinases, intramolecular interactions between the catalytic domain
and a regulatory domain inhibit activity by directly blocking nucleotide or peptide substrate
binding or by allosterically inducing an inactive conformation [9]. Four principle observations
have been invoked in support of such an autoinhibition model for PKR. First, deletion of the
dsRBD can produce a constitutively active kinase capable of autophosphorylation and
phosphorylation of elF2a. in the absence of dSRNA [10]. Second, photoaffinity labeling of PKR
with ATP derivatives requires either the presence of dsRNA [11,12] or prior
autophosphorylation [12], suggesting that enzymatic activation is associated with increased
accessibility of the nucleotide binding site. Third, NMR studies of the dsRBD indicate that
resonances associated with dsSRBM2 are broadened or disappear upon addition of the kinase
domain, suggesting that this domain contacts the catalytic domain [13]. This interaction would
presumably occur in the context of the holenzyme and inhibit the kinase. Finally, affinity
cleavage data support the importance of dSRBM2 in activation of PKR by RNA. In these
measurements RNAs that activate PKR, such as the HIV TAR stem loop, appear to bind both
dsRBMs whereas RNAs that fail to activate, such as adenovirus VA, bind only dsRBM1
[14].

Recent results have led us to re-evaluate the autoinhibition model for PKR. Although several
studies have confirmed that kinase domain can undergo constitutive autophosphorylation
[15-17] and PKR is activated during apoptosis by caspase-mediated cleavage to release the
kinase domain [18], these data do not necessarily indicate that the N-terminus constitutes an
autoinhibitory domain. First, PKR constructs are often autophosphorylated when
overexpressed [19] and the constitutive in vitro activity of kinase domain constructs may reflect
enhanced autophosphorylation. To our knowledge, constitutive activity of an
unphosphorylated PKR kinase domain construct has not been demonstrated. Second, fusion
of a heterologous dimerization domain with the PKR kinase domain enhances
autophosphorylation and phosphorylation of elF2a [20,21], suggesting that the constitutive
activation of kinase domain constructs may be associated with dimerization. Indeed, expression
of a fusion of PKR kinase with the dimeric GST affinity tag in E. coli yields an enzyme that
is stoichiometrically phosphorylated at T446 in the activation loop [8], which is a conserved
structural element in protein kinases that regulates activity and substrate binding. Third, the
relative activities of N-terminal deletion constructs do not support a role for dSRBM2 in the
repression of basal PKR activity. Deletion of dsSRBM1 abolishes PKR activity, deletion of
dsRBM2 only modestly activates whereas deletion of 25 residues N-terminal to dsSRBM2
strongly activates [16]. These data do not support a specific role for the interaction of cSRBM2
with the kinase in suppressing PKR activity.

New biophysical and structural data also argue against direct blockage of the kinase active site
by dsRBM2 in a rigid, closed conformation. Equilibrium and kinetic analysis of ATP binding
to PKR reveals that ATP can indeed interact with the latent enzyme [22]. Furthermore,
nucleotide binding affinities and kinetics are only weakly affected upon binding PKR to an
activating dsRNA or by PKR autophosphorylation. Thus, the active site is freely accessible in
both latent and activated PKR. Recent NMR shift perturbations measurements [23] support
early work [13] indicating that dSRBM2 binds to the kinase domain. Consistent with open
access of nucleotides, the binding site for dSSRBM2 maps to a region in the kinase C-lobe distant
from the catalytic cleft [23]. In contrast to this picture of a closed conformation mediated by
intramolecular domain interactions, sedimentation velocity measurements demonstrate that
latent PKR has a high frictional ratio of f/fy = 1.62, consistent with an extended, asymmetric
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shape [24], and neutron scattering data indicate an elongated structure [25]. Atomic force
microscopy images of latent PKR reveal monomers in extended conformations with clearly
visible linker segments as well as compact molecules [22], suggesting that PKR can adopt a
range of open and closed conformations. Consistent with this model, the interaction of dSRBM2
and kinase domains was reported to be weak [23].

The binding sites for dsSRBM1 and dsRBM2 on viral activator and inhibitor RNAs have been
recently characterized by NMR chemical shift mapping experiments [26,27]. Regions within
both dsRBM1 and dsRBM2 interact with the TAR RNA activator and the same interaction
pattern occurs with viral inhibitors. In contrast to the earlier affinity cleavage data [14], the
NMR data do not support a model where inhibitory RNAs interact exclusively with dsSRBM1
and indicate that binding of dSRBM2 by RNA is not sufficient for activation.

The role of dimerization in PKR activation by dsRNA

It has long been recognized that PKR is capable of dimerizing and several lines of evidence
support an important role for dimerization in the activation of PKR by dsRNA [3,24,28-31].
A defining feature of PKR is the “bell-shaped” curve for activation, where low concentrations
of dsSRNA activate but higher concentrations are inhibitory [32]. These data have generally
been interpreted to indicate that low concentrations of dSRNA favor assembly of multiple
proteins- possibly assembling as dimers- on a single dsSRNA whereas higher dsSRNA
concentrations dilute PKR monomers onto separate molecules of dsRNA [33]. Although the
optimal size of dsRNA for PKR activation is about 85 bp, activation can be detected on RNAs
as short as 30 bp. Presumably, the minimal sized RNA must be long enough to accommodate
binding of two PKR monomers and the RNA serves to enhance dimerization [3], as was
observed for PKR binding to the HIV TAR stem loop RNA activator [28].

More generally, dimerization has been implicated in the activation of PKR even in the absence
of RNA. Latent PKR exists predominantly as a monomer but can dimerize weakly, with Kq ~
500 uM [24,29]. Simply incubating PKR at relatively high concentrations (> 0.5 uM) in the
presence of ATP induces autophosphorylation in the absence of dsRNA [24]. The kinetics and
protein concentration dependence of this reaction are consistent with activation by
dimerization. Activation of the isolated PKR kinase domain by fusion to dimerization motifs
[20,21] also supports the notion that dimerization is sufficient to activate PKR without the
involvement of dsRNA. Although it has been reported that PKR dimerization is mediated by
interactions involving the dsRBD [30], analytical ultracentrifugation [34], NMR [35] and gel
filtration [36] measurements indicate that the dsRBD does not dimerize. Furthermore, the
structure of the PKR kinase domain complexed with elF2a revealed a dimerization interface
localized on the N-terminal lobe (Figure 2) [8]. In the context of the holoenzyme, mutations
designed to disrupt intermolecular interactions at this interface block PKR autophosphorylation
[15]. Thus, it appears that a physiologically-relevant PKR dimerization interface is located on
the N-lobe of the kinase. Despite low sequence homology to PKR, a strikingly similar dimer
architecture occurs in the PknB [37,38] and PknE Ser/Thr kinases [39] from Mycobacterium
tuberculosis (Figure 2). Although a biochemical role for dimerization in these prokaryotic
kinases has not been established, conservation of this oligomeric structure across diverse
species suggests that it has biological relevance. In GCN2, an elF2a kinase related to PKR,
the catalytic domain also crystallized as a dimer via a similar interface on the N-lobe [40].
Thus, back-to-back dimerization may be a general feature of the elF2a kinase family. However,
in contrast to PKR and the M. tuberculosis kinases, the GCN2 monomers are antiparallel
(Figure 2). The implications of this alternative dimer orientation are not yet clear.

The PKR crystal structure suggests a possible mechanism linking the dimer interface to
enzymatic activation (Figure 2) [8]. Helix aC in the N-lobe comprises part of the dimer
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interface. Conformational changes in this helix often regulates protein kinase activity [9]. A
conserved glutamate in helix aC (Glu308) forms an ion pair with Lys296 that coordinates the
a and p phosphates of ATP in a geometry that promotes the phosphoryl transfer reaction. Thus,
PKR dimerization may alter the conformation of helix aC to enhance catalytic activity.. As
well as interacting with Lys296, helix aC is also connected to the activation loop through the
interaction of Lys304 and Arg307 with the phosphate moiety of Thr446. This interaction may
mediate the enhancement in dimerization affinity of PKR [24,29] or the isolated kinase domain
[15] observed upon autophosphorylation. Conversely, dimerization may allosterically
modulate enzymatic activity via conformational changes of the activation loop.

Concluding remarks

On close examination, the case for latent PKR being locked in a closed, auto-inhibited state
by interaction of dRBM2 with the kinase is not well supported by the evidence. Instead, recent
biophysical data support a model where PKR exists in an open conformation, or an equilibrium
between open and closed states where dSRBM2 transiently interacts with the kinase at a location
on the C-lobe far from the active site. In either case, nucleotides bind readily to PKR in the
absence of dSRNA in contrast to the predictions of the autoinhibition model. It is possible that
interaction of dsSRBM2 with the kinase allosterically regulates PKR activity [23] or selectively
interferes with binding of the peptide substrate. However, it appears more plausible that PKR
is simply inactive as a monomer due to misalignment of critical catalytic residues. Because
dsRBM2 binds at the elF2a docking site, the intramolecular interaction may function to prevent
binding of elF2a before PKR has been activated by autophosphorylation. In the context of the
isolated kinase domain, it has been reported that phosphorylation in the activation loop is
required for binding of elF2a [15]. Possibly, additional phosphorylation sites in the dsRBD
regulates association with the kinase [23] and thus controls elF2a binding.

Structural and biophysical data suggest that dimerization represents the key step in the
activation of PKR by dsRNA. In this model (Figure 3), PKR exists in a weak monomer-dimer
equilibrium. ATP is capable of binding to both monomeric and dimeric enzyme. However, the
rate of the phosphory| transfer reaction is enhanced by dimerization. Although dimerization of
PKR can induce autophosphorylation in the absence of dsSRNA, this reaction is unlikely to
occur under physiological conditions. Instead, dsSRNA binding enhances functional
dimerization of the kinase and subsequent autophosphorylation. Phosphorylation of PKR
enhances dimer stability [24,29] and reduces dsRNA binding affinity [41]. Thus the phospho-
PKR dimer readily dissociates from dsRNA and this dimer likely represents the active enzyme
form that phosphorylates elF2a. The biological significance of PKR dimerization is
underscored by several viral inhibitors which act by blocking dimerization [6].

It should be appreciated that the dimer model for activation of PKR by dsRNA does not
necessarily imply intermolecular autophosphorylation within the dimer. In the back-to-back
PKR dimer structure, the active sites are pointed outward, which would seem to preclude
intermolecular autophosphorylation within the dimer [8]. Thus, if this geometry is maintained,
the reaction must be intramolecular (cis) or the dimer must phosphorylate other PKR dimers
or monomers. This issue is also complicated by the fact that PKR contains multiple
phosphorylation sites and it is possible that PKR undergoes both cis and trans
autophosphorylation upon activation by dsRNA. Clearly, the molecular mechanism of PKR
activation will continue to challenge biochemists and structural biologists for years to come
(Box 1).

Box 1. Outstanding questions
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What is the structure of the PKR holenzyme?

Although structures are available for the dsRBD and the kinase domain, we do not know
the relative orientation of these domains in the holoenzyme. The structure of the region
lying between these domains is not known. Also, the kinase domain used for structure
determination lacked a conserved loop within the N-lobe that may be important for function.
Structures of full-length PKR in both the free and dsSRNA-bound forms will be required to
define how RNA binding is linked to productive dimerization and activation.

What features distinguish RNA activators of PKR from inhibitors?

PKR is activated by dsSRNA sequence 30 bp or longer. The HIV TAR RNA consists of a
bulged stem loop containing only ~22 bp, yet it activates PKR. Does this short, structured
RNA activate PKR by the same mechanism as a homogeneous dsRNA? Other highly
structured viral RNAs bind to PKR, but fail to activate and serve as in vivo inhibitors of
PKR activation. What is the nature of this nonproductive binding mode?

How does PACT activate PKR?

The cellular activator of PKR, PACT, contains two dsRNA binding domains and a C-
terminal activation domain [5]. The activation domain binds to the N-lobe of the PKR kinase
[36] to induce autophosphorylation. Does this domain induce PKR dimerization or induce
conformational changes that activate the PKR monomer?

How does Heparin activate PKR?

Like dsRNA, heparin induces PKR autophosphorylation. Unlike dsSRNA, heparin binds to
the kinase domain and mediates cis but not trans autophosphorylation [42,43], suggesting
that the activation mechanism may be different. Does heparin activation involve PKR
dimerization? Why is trans-autophosphorylation not observed?
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Figure 1.

PKR domains and their interactions. (a) Domain organization and structures. The N-terminal
regulatory domain is comprised of two dsRNA binding motifs, dsSRBM1 and dsRBM2
connected by an unstructured linker. Each of these motifs adopts the canonical afppa fold in
the NMR structure of dsRNA binding domain (1QUS6). In the crystal structure of a complex
of the PKR kinase domain and elF2a (2A1A), the kinase domain has the typical bilobal
structure observed in other eukaryotic protein kinases and dimerizes via the N-terminal lobe
(note, the substrate elF2a was omitted from the figure for clarity). (b) Schematic diagram of
PKR. The color scheme corresponds to (a). (c) Autoinhibition model for PKR. The interaction
of dsSRBM2 with the kinase domain blocks activity of latent PKR. Binding to dsRNA activates
PKR by removing dsRBM2 from kinase. (d) Dimerization model for PKR activation by
dsRNA. Binding to dsRNA induces PKR dimerization via the kinase domain, resulting in
activation.
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Figure 2.

Structural analysis of PKR dimerization. (a) Comparison of the dimer structures of the kinase
domains of PKR, PknE and GCN2. PKR (green) and M. tuberculosis PknE (aqua) dimerize in
a similar parallel orientation using an interface on the back of the N-lobe. Although S.
cerevisiae GCN2 (orange/grey) dimerizes via a similar interface, the monomers are anti-
parallel. The two subunits of GCN2 are shown in different colors for clarity. (b) Helix aC links
the dimerization interface to the nucleotide binding site and the activation loop. Helix aC is
colored purple, residues comprising the dimer interface are colored grey and the activation
loop is colored blue. Glu308 of helix aC interacts with Lys296, which orients the o and 8
phosphates of AMP-PNP. Two basic residues from helix aC, Lys304 and Arg307, form salt
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bridges with the negatively charged phosphate moiety of phospho-Thr446. The figure was

generated using the following coordinates: PKR:AMP-PNP:elF2a, 2A19; PknE, 2H34; GCN2,
1ZYC.
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Figure 3.

Model for PKR activation. PKR exists in an open conformation (i) in a weak monomer-dimer
equilibrium. Dimerization is induced by binding to dSRNA (ii) or at high protein concentration
(iii), producing an enzyme form competent to undergo autophosphorylation. ATP is able to
bind readily to both monomeric and dimeric PKR. The autophosphorylated dimer dissociates
readily from dsRNA (iv). The PKR dimer is stabilized by phosphorylation (v) and represents
the enzyme form competent to phosphorylate elF2a. The PKR dimerization dissociation
constants were obtained from reference [24] and the ATP dissociation constants were obtained
from reference [22].
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