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Abstract

The RNA-activated protein kinase, PKR, is a key mediator of the innate immunity response to
viral infection. Viral double-stranded RNAs induce PKR dimerization and autophosphorylation.
The PKR kinase domain forms a back-to-back dimer. However, intermolecular (#rans)
autophosphorylation is not feasible in this arrangement. We have obtained PKR kinase structures
that resolves this dilemma. The kinase protomers interact via the known back-to-back interface as
well as a front-to-front interface that is formed by exchange of activation segments. Mutational
analysis of the front-to-front interface support a functional role in PKR activation. Molecular
dynamics simulations reveal that the activation segment is highly dynamic in the front-to-front
dimer and can adopt conformations conducive to phosphoryl transfer. We propose a mechanism
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where back-to-back dimerization induces a conformational change that activates PKR to
phosphorylate a “substrate” kinase docked in a front-to-front geometry. This mechanism may be
relevant to related kinases that phosphorylate the eukaryotic initiation factor elF2a.

Introduction

The RNA activated kinase, PKR, plays a pivotal role in antiviral defensel~2 and has also
been implicated in cell cycle regulation?, metabolic disorders®6, neurodegenerative diseases,
and cancer’=9. The importance of PKR is underscored by the elaborate and diverse strategies
viruses have evolved to inhibit its activityl%:11. Activation of PKR upon binding to viral
RNAs induces autophosphorylation at a conserved threonine residue lying within the
activation segment of the kinase domain. The activated enzyme then phosphorylates its
major substrate, the translational initiation factor elF2a.. The resulting translational arrest
blocks viral replication. PKR belongs to a conserved family of four protein kinases (PKR,
PERK, GCN2, HRI) that all phosphorylate elF2a in response to different stimulil2,
triggering the integrated stress response®3. In the case of PKR, the regulatory region consists
of two tandem dsRNA binding domains. The regulatory region is separated from the C-
terminal kinase domain by an unstructured linker.

Dimerization plays a key role in the activation of PKR by RNAS3. A minimum length of 30
bp of dsRNA is required to bind two PKRs and to activate autophosphorylation415, PKR
dimerizes weakly in solution (Kg ~ 500 uM), inducing activation at high concentration in the
absence of RNA6. A crystal structure of a complex of phosphorylated PKR kinase and
elF2a revealed that the kinase has the typical bilobal structure and forms a back-to-back
(BTB) dimer mediated by the N-lobes!”. The interfacial residues are highly conserved
amongst elF2a kinases and mutagenesis implicates the BTB dimer in PKR functionl8.
FRET measurements demonstrate that the kinase domains dimerize when PKR binds to
activating dsRNAs1. These observations support a model where activating RNA serves as a
scaffold to bind multiple PKR monomers, increasing the local concentration to enhance
kinase dimerization. A similar kinase dimer architecture is found in PERK?0, IRE12!, RNase
122, NEK723 and in the Ser/Thr kinases PknB24:25 PknD26 and PknEZ2’ from M.
tuberculosis.

Protein kinases are highly regulated modules that switch between inactive and active
conformations in response to signals such as ligand binding, phosphorylation, or interaction
with protein binding partners. A key regulatory element is helix aC in the N-lobe, which
typically undergoes displacement in the inactive to active transition. The BTB interface of
the PKR kinase dimer incorporates a large region of helix aC; thus, this element may serve
to link formation of the dimer with an inactive-to-active conformational transition. A
recurring theme in kinase activation is the inter- or intra-molecular binding to a hydrophobic
patch on the N-lobe that induces reorientation of helix aC28. In fact, dimerization-induced
activation is widespread across the kinome2°.

Several studies indicate that PKR autophosphorylation occurs via an intermolecular (#rans)
mechanism16:30-34 [for a contrary view see3%]. The BTB dimer orients the active sites away
from the dimer interface in a configuration that cannot mediate this reaction. Here, we report
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structures of wild-type, unphosphorylated PKR kinase. The kinase domains interact via the
BTB interface and adopt an active conformation in the absence of activation loop
phosphorylation. Our structure also reveals a novel, front-to-front (FTF) interface that is
formed by activation loop exchange. Mutational analysis and molecular dynamics
simulations support a model where this interface facilitates PKR trans-autophosphorylation.

Materials/Experimental Details

Protein expression and purification.

229-kinase construct encompassing residues 229-551 of human PKR (Uniprot ID P19525.2)
was produced as by expression of full length enzymel6:36 containing a TEV protease
cleavage site at residue 229, as previously described3’. Full-length PKR was treated with
TEV protease overnight at 4 °C. The 229-kinase cleavage product was purified on a CHT
hydroxyapatite column (Biorad) using a 40-400 mM KH,PO, gradient at pH 7.0 in the
presence of 10 mM B-mercaptoethanol. TEV protease was obtained from Thermo Fisher
Scientific or was expressed as a His-tagged construct38, Immediately prior to use, 229-
kinase was further purified by size exclusion chromatography on Superdex 75 or 200
HiLoad 16/60 columns (GE Healthcare) equilibrated in 20 mM HEPES (pH 7.5), 75 mM
NaCl, 0.1 mM EDTA, 0.1 mM TCEP. The S462A and G466L mutants were purified using
the same protocol and eluted from the size exclusion column at a similar position as wild-
type PKR kinase. Proper folding of the mutants was verified by dynamic light scattering.

Crystallization, Data collection and Structure Determination.

The apo form was crystallized by mixing 3 pL 10 mg/ml 229-kinase containing a 3-fold
molar excess of heparin hexasaccharide with 1 L crystallization solution containing 0.1 M
Bis-Tris pH 5.5 and 2.0 M ammonium sulfate using hanging drop vapor diffusion at 20°C.
The crystals were cryoprotected in sodium malonate (between 1.5 - 1.7 M final
concentration) and frozen in liquid nitrogen. A complete dataset was collected to 3.1 A at
the FMX (17-1D-2) beam line at NSLS-11. The AMPPNP complex was prepared by adding
10 mM AMPPNP and 10 mM Mg?2* to 10 mg/ml 229-kinase and was crystallized by mixing
3 uL protein with 1 pL crystallization solution consisting of 0.1 M HEPES (pH 7.5), 6-7 %
v/v PEG-400, and 2.0 M ammonium sulfate followed by hanging drop or sitting drop vapor
diffusion at 20 °C. Crystals were cryoprotected by adding 2 M LiSO4 to the drop and were
frozen in liquid nitrogen. A 2.6 A dataset was collected at SSRL beamline 14-1.

Data were processed using iMosflm and scaled with Aimless in the CCP4i2 suite39:40,
Phases were solved by molecular replacement with PHASER?! using the phosphorylated,
AMPPNP-bound PKR kinase domain as the search model (molecule B, PDB id code
2A1917). Rebuilding was performed in COOT#2 and refinement was done using Refmac543.
The data statistics and final structure quality are summarized in Table 1.

Activity Assays.

PKR autophosphorylation was monitored by incorporation of 32P from [y—32P]ATP (Perkin-
Elmer) as previously described3”. Reactions contained 200 nM PKR and variable
concentrations of dsRNA activator (poly(rl:rC), GE Healthcare). Reactions were quenched
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with 20 mM Tris (pH 8.0), 100 mM EDTA, 0.2% SDS and spotted on 0.45 pm nitrocellulose
filters (GE Healthcare). The filters were washed with 20 mM Tris, 150 mM NacCl, 20 mM
sodium pyrophosphate, pH 8.0. The filters were exposed to a phosphor screen and 32P was
quantified on a Typhoon phosphorimager using ImageQuant TL Software (GE Healthcare).

Molecular Dynamics Simulations.

Unresolved regions of the structure of the PKR kinase-AMPPNP complex were modeled in
order to perform MD simulations. Residues 256-257, 441-450, and 335-355 from chain A,
255, 334-355, and 439-451 from chain B, and 334-356, 441-444, and 449 from chain C
were inserted and Prime version 1 (Schrédinger, LLC)** was used to generate a
configuration of the missing loops. The complete models were energy-minimized with
Desmond (Schrédinger, LLC)*5 using the OPLS3 forcefield*® for 1,460 steps. ATP was
modeled into the active site by superposition with the bound ADP using UCSF-Chimera
version 447 and manual adjustment using Maestro version 5 (Schrédinger, LLC).

MD simulations of complete kinase domain dimers were prepared and run using the
GROMACS 2016 package?8. 1 s simulations were performed in the NPT ensemble for FTF
(chains A and B) and BTB (chains B and C) dimers using the CHARMM36m forcefield4°.
In both cases, a cubic box was used. The boxes were solvated with the CHARMM TIP3P
water model and 150 mM NaCl. The total solvated system sizes for the FTF and BTB
simulations were 134,834 atoms and 137,567 atoms, respectively. Both systems were energy
minimized using a steepest-descent integrator; the FTF system converged after 1,322 steps,
and the BTB system converged after 1,787 steps. The systems underwent 100 ps of NVT
equilibration at 300 K, followed by a further 100 ps of NPT equilibration (300 K) at 1 atm.
A velocity rescaling stochastic thermostat®® with a 0.1 ps time constant was employed for
temperature coupling. Parinello-Rahman®! pressure coupling was used to isotropically
maintain the system at 1.0 bar, with a time constant of 2.0 ps. The minimization,
equilibration, and production simulations employed particle mesh Ewald for long range (>10
A) electrostatics with a Fourier spacing of 1.6 A. Short-range van der Waals and electrostatic
interactions were smoothly shifted to zero at a cutoff distance of 10 A. A leap-frog MD
integrator was used for the production simulation, with a time step of 2 fs.

The first 50 ns of data was considered further equilibration and was not included in analyses.
RMSD (root mean square deviation), COM (center of mass) buried surface area, and atom-
atom distances analyses were performed using GROMACS 2016 tools. RMSD and COM
calculations excluded the highly dynamic kinase-insert loops (residues 333-355) and
activation loops (residues 432-465). The RMSD calculations were performed on the
backbone atoms and used the initial frame of each simulation as the reference structure.
Buried surface areas were determined using a Shrake-Rupley algorithm®2 with a 1.4 A probe
radius.

Figures were made in PyMOL version 2.2.0 (The PyMOL Molecular Graphics System,
Schrdédinger, LLC).
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Results

Oligomeric Assemblies

Crystallization trials of a wild-type, unphosphorylated PKR kinase construct (242-551) and
a construct including a previous-defined3’ basic region (229-551) yielded several crystal
forms. Crystals of the 229-551 construct (apo) diffracted to 3.1 A and those obtained in the
presence of adenosine-5"-(B,y-imido)triphosphate (AMPPNP) diffracted to higher
resolution (2.6 A). The structures were obtained in different space groups with a single
monomer in the asymmetric unit for the apo form compared to three monomers in the
nucleotide-bound form (Table 1). Nonetheless, the overall pattern of intermolecular
interactions in the two lattices are remarkably similar. The kinase domains form alternating
BTB and front-to-front (FTF) contacts that produces an extended, filament-like assembly
within both crystals (Figure 1). In the apo structure, the BTB interface lies on a two-fold
symmetry axis and is mostly contributed by the N-lobes. It closely resembles the dimer
interface observed in the co-crystal structures of PKR kinase and elF2a.17 and a structure of
an inactive PKR kinase®3. The novel FTF interface principally involves the C-lobes and is
formed by domain swapping where the activation segment is inserted into the reciprocal
protomer. In the nucleotide complex, the asymmetric unit contains three monomers, labeled
A, B, and C, generating four interfaces. The B:C and A:A’ interactions form similar BTB
dimers. The FTF A:B interface involves exchanged activation loops, as observed in the apo
structure. In the C:C’ interface, the two subunits adopt a different FTF orientation which
does not exchange activation loops. The largest interface is the FTF with exchange, which
contributes 1215-1248 AZ of buried surface area per molecule (Table 2). The FTF interface
without exchange is 871 A2 and the BTB interfaces range from 818 to 958 A2. None of the
interfaces resemble the FTF interface reported by Li and coworkers®3, which involves both
N- and C-lobes and comprises only 432 A2,

Architecture of the Kinase Domains

Further structural analysis will focus on the nucleotide complex owing to the significantly
higher resolution of this structure. Figure 2A shows the structures of the three unique
protomers in the asymmetric unit superimposed on the structure of an active, phosphorylated
PKR kinase (PDB 2A19)17. The elF2a kinases possess a characteristic insert lying between
B4 and B5 (Fig. S1). This region is disordered in both constructs. PKR and other elF2a
kinases contain a slightly elongated a.G helix which is displaced from the canonical position
occupied in other kinases!”-20, This helix forms the docking site for elF2al’. Thus, it is
noteworthy that helix aG occupies that same position in the absence of substrate. As is
typical of structures of unphosphorylated protein kinases, portions of the activation loop are
disordered (A: 441-450, B:440-450), but in chain C a shorter region is disordered (447-
449). The RMS deviation between chains A and B is low (1.37 A) but is substantially higher
(~5.2 A) when they are compared to chain C (Table 3). However, the deviations between the
three chains drops to about 1.1 A when the activation segment is removed from the
alignment. Each of the chains align well with the phosphorylated kinase when the activation
segment is excluded (Table 3). In chains A and B which undergo domain swapping, helix

a EF swings out away from the body of the kinase domain to extend the activation segment
outward to interact with the reciprocal protomer. In chain C, helix a EF adopts an inward-
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facing conformation similar to phosphorylated PKR. The two families of structures diverge
between the DFG motif at the N-terminus of the activation segment and G466 located
between helices o EF and aF.

Figure 2B shows a superposition of the active sites of unphosphorylated (chain B, gold), and
the previously-reported phosphorylated (2A19, green) PKR structure. The unphosphorylated
enzyme adopts an active conformation and superimposes closely with the active
phosphorylated kinase. Helix a.C is oriented such that the E308-K296 salt bridge is formed,
positioning K296 to stabilize the bound nucleotide for catalysis. D432 coordinates the Mg2*
in a DFG-in conformation®*. The regulatory spine, corresponding to F433, L312 and Y323
in PKR, is complete, a characteristic of active kinase structures®®. The structures of the two
other active sites are similar to protomer B (Figure S2). In the phosphorylated kinase, R413
from the HRD motif coordinates with pT446 and stabilizes the activation loop. pT446 is
further stabilized by K304 and R307 providing a linkage between the activation loop and
helix aC. These interactions cannot form in the unphosphorylated kinase and the
corresponding side chains adopt alternative conformations.

Although the kinase was crystallized in the presence of AMPPNP and Mg?*, the electron
density in the nucleotide binding pocket was best modeled with an ADP, a Mg?*, and a
phosphate (Fig. 2B). The ADP a- and B-phosphates are coordinated by K296, a bound
Mg?2*, D432, and G279. It is likely that the nucleotide underwent hydrolysis during
crystallization and the phosphate remained bound to the active site, as has been previously
observed for protein kinase A (PKA)®8. In the PKA structure, the free phosphate is close to
the position that is occupied by the y-phosphate of ATP. In the present structure the
phosphate is displaced by about by 4 A but remains bound to the Mg2* and K316.

In the structure of phosphorylated PKR kinase containing an intact AMPPNP, two
magnesium ions are bound, Mgl and Mgll, but only one is bound to the inactive structures in
the same position as Mgll. This agrees with previous studies of PKA where release of Mgl
occurred coincident with phosphoryl transfer®’,

FTF Interface with Exchange

The most provocative interaction is the FTF interface with exchanged activation segments
formed between chains A and B. The activation segments are inserted into the
complementary protomer, suggesting an activation mechanism where T446 is
phosphorylated in #rans. The interface is created by docking of helix a.EF and adjoining
portions of the activation segment into the cleft formed between helices aF, aG, and al on
the opposite protein chain (Figs. 3A, 3B).

Many of the contacts made by the activation segment in monomeric PKR kinase are
recapitulated within the FTF dimer (Fig. 3C). Domain-swapped kinases often contain a
glycine or proline residue at the “hinge” position in the loop between helices a EF and a.F>8.
PKR contains a conserved glycine at the hinge location (G466). The only polar interactions
found exclusively in the FTF exchanged dimer are a pair of symmetrical hydrogen bonds
between the side chain hydroxyls of each S462 and the reciprocal backbone carbonyl
oxygens (Fig. 3B). R526 from the loop between aJ and al anchors the C-terminal portion of
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the activation loop by forming a salt bridge with E458 at the base of a EF. Q459 stabilizes
the HRD motif by a hydrogen bond to the main chain carbonyl of R413. The tip of the
activation segment is stabilized by a hydrogen bond between Y454 and E480 from aF. In the
FTF dimer, Y465 assumes two different conformations. In protomer B, it is oriented toward
the side chain of S462 from protomer A. On the opposite side of the interface, Y465 from
protomer A participates in a hydrogen bond interaction with Q459 in protomer B (Fig. 3B).

The mechanistic relevance of activation loop exchange was probed by assaying the
functional effects of mutations to selectively disrupt activation segment exchange. PKR
autophosphorylation induced by dsRNA shows a characteristic bell-shaped profile where the
inhibition observed at high concentration is due to dissociation of PKR dimers by excess
dsRNA (Fig. 3D). The S462A mutation disrupts hydrogen bonds exclusively found in the
FTF interface with exchange and decreases the maximal extent of activation by about two-
fold. In SPAK kinase, introduction of a bulky residue at the glycine hinge prevents refolding
of the activation segment to an extended conformation and disrupts the FTF dimer®8,
Similarly, the G466L hinge mutation in PKR essentially abolishes dsRNA-induced
autophosphorylation, supporting a functional role for the FTF exchange interaction in the
activation process. Note that it was not feasible to examine the effects of these mutations on
PKR dimerization due to interference from the BTB dimer interaction.

Other Interfaces

The AMPPNP complex forms a second FTF interface between symmetry-related C
protomers that does not involve exchanged activation segments. Like the FTF interface with
exchange, this interaction is mediated by the C-lobes but the dimer geometry is significantly
different (Fig. 4A). Aligning the A and C subunits within the exchanged and nonexchanged
dimers, respectively, reveals that the complementary protomers differ by a 38° rotation. The
resulting interface is formed by helix aEF from one protomer docking into the cleft formed
between the aEF and a.G helices on the reciprocal protomer (Fig. 4B). D497 near the end of
aG forms a salt bridge with K521 from the loop connecting aH and al. T496 from helix

a G hydrogen bonds to Q463 following o EF. The side chain of S462 hydrogen bonds to
T451 in the P+1 loop and the corresponding carbonyl oxygen interacts with S492 in aG.
Nonpolar residues contributing most significantly to the interface include 1460 which is
buried between aEF helices and L452 in the P+1 loop. The mechanistic significance of this
interface is unclear. 7ransautophosphorylation at T466 is not feasible in this geometry and
the docking site on helix a.G for the substrate elF2a is blocked. However, similar interfaces
utilizing the aEF and a.G helices have been reported for trans-autophosphorylation
complexes of PAK1% and PknB®0.

The AMPPNP complex forms two BTB interfaces between chains B and C and between
chains A and A’ (Fig. 1B). These interfaces closely resemble the previously PKR kinase
BTB interfaces. Figure S3 shows the B:C BTB dimer and Figure S4 shows an overlay with
the corresponding dimer of the phosphorylated kinase (2A19). With the B chains
superimposed, the complementary domains are related by a slight rotation of 11°. The
interface geometries of the two unphosphorylated BTB dimers are virtually identical
(rotation of less than 1°) (Fig S4B). Many of the polar interactions stabilizing the BTB
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dimer are shared by the unphosphorylated and phosphorylated forms. Interestingly,
additional salt bridges between H322 and D316 in the loop between a.C and p4 are only
formed in the unphosphorylated dimers. The differences in the overall geometry and
intersubunit interactions in two kinds of BTB dimers may relate to loss of the electrostatic
interactions of phospho-T446 in the unphosphorylated PKR kinase.

Molecular Dynamics Analysis of the FTF interface with Exchange

All-atom molecular dynamics (MD) simulations were employed to probe the stability and
mechanistic significance of the FTF dimer with exchanged activation segments. A FTF
model was built based on the A:B dimer which includes the p4-B5 loop and activation
segment residues that are unresolved in the crystal structure, ATP, and Mg2*. As expected,
the B4-B5 loop and activation segment are highly dynamic during the 1 us MD trajectory.
The remainder of both protomers are relatively rigid, maintaining a root-mean-square-
deviation (RMSD) of 3—4 A relative to the starting structure (Fig. 5A). As indicated by
analysis of the center-of-mass distances between monomers, the dimer remains associated
over the MD trajectory (Fig 5B, inset). Similarly, the buried surface area of the FTF
exchanged dimer does not change significantly during the simulation (Fig. S5). For
comparison with the established BTB interfacel8, we also simulated a BTB dimer based on
the B and C subunits of the AMPPNP complex. The RMSD of the B subunit is slightly less
than the C subunit (Fig. S6) and display a similar degree of structural stability as the FTF
protomers. Like the FTF dimer, the center-of-mass distances between monomers in the BTB
dimer does not change significantly over the course of the MD simulation. In summary, the
MD simulations demonstrate that the crystallographically-observed FTF interface is stable
on the us timescale, supporting its relevance in solution.

In the FTF dimer the activation segments are inserted into the complementary protomer, but
it is not clear whether the geometry is consistent with catalysis via trans-
autophosphorylation since the T446 phosphorylation sites are not resolved (Fig. 3).
Phosphoryl transfer in protein kinases likely occurs via in-line nucleophilic attack of the
substrate hydroxy! on the y-phosphate of ATP, with the catalytic aspartate functioning to
orient and/or deprotonate the substrate51-63, We examined whether the FTF dimer can
access conformations consistent with frans-autophosphorylation where T446 simultaneously
interacts with the carboxylate of the catalytic aspartate D414 and the y-phosphate of ATP.
As depicted in a two-dimensional distance histogram, the dimer predominantly populates
states inconsistent with fransautophosphorylation (Fig. 5C), but the activation segment can
transiently adopt conformations where T446 O is near hydrogen bonding distance to O8 of
D414 and within 6 A of the y-phosphate oxygens. Although the distances are somewhat
greater than reported for ternary complexes of protein kinase A with substrate and ATP61,
the angle of attack of the substrate oxygen on the ATP y-phosphate is 144°, comparable to
those observed in the experimental structures (140-173°). These results demonstrate that the
intermolecular frans-autophosphorylation of T466 is feasible in the FTF dimer. The
reproducibility of this observation was examined by running three additional, shorter
simulations. Three independent simulations of the FTF dimer were conducted, each of
approximately 120 ns in length. In the three additional trials a consistent qualitative behavior
of the activation loop exchange was observed. Monitoring the same variables presented in

Biochemistry. Author manuscript; available in PMC 2020 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mayo et al. Page 9
Fig 5B, it was observed that the protomer A T446 to protomer B D414 distance reached less
than 5 A in all three simulations, with a minimum distance of 2.7 A in one trial. The
protomer A T446 to the protomer B ATP y-phosphate also displayed close approaches in the
additional simulations, reaching less than 8 A in all trials, with a minimum approach
distance of 4.9 A,

Discussion

A prevalent mechanism in the regulation of protein kinases is the linkage of dimerization
with transition to an active conformation?®. In PKR, formation of a BTB dimer is believed to
represent a critical step in promoting autophosphorylation. However, this dimer geometry
places the two active sites distant from the dimer interface and is incompatible with data
demonstrating that this reaction can occur in frans. Here, we have identified a novel, FTF
dimer interface involving domain swapping of the activation segments that provides a
structural basis for frans-autophosphorylation. This interface is observed in two distinct
crystal forms, indicating that it is not a crystal-packing artifact. Mutations that disrupt this
interaction inhibit PKR activation. Molecular dynamics simulations demonstrate that the
FTF interface is stable and the activation loop can adopt a conformation conducive to frans-
phosphorylation of T446. The simulations results are based upon equilibrium simulations, an
approach which has been used previously in the study of kinase structure and dynamics®465.
Further avenues to explore with simulations could include free-energy calculations to
evaluate the coupling of dimer interfaces to the energetics of activation. Approaches
including umbrella sampling®¢ and constructing Markov state models6” have been used
previously to generate free energy surfaces of kinase structural transitions.

Activation segment exchange is a recurring motif in dimeric structures of kinases that
undergo autophosphorylation88-70, Like PKR, PknB2%:60 and IRE121.71.72 form BTB dimer
interfaces and also dimerize in a FTF geometry. However, PKR is the only example where
these interfaces coexist in the same crystal. The structure of an inactive (K296R) PKR
kinase mutant also revealed BTB and FTF interfaces®. However, this FTF dimer does not
involve domain swapping. Interestingly, when this FTF dimer is superimposed on the two
FTF dimers observed in the AMPPNP complex, the relative domain orientation is closer to
the B:C interface with exchange (rotation of 15°) than the C:C’ interface without exchange
(rotation of 28°). Potentially, the FTF interfaces without activation segment exchange
represent intermediate association states leading to the domain swapped complex. In both
crystal forms (Figure 1), the alternating BTB and FTF interfaces create extended chains of
kinase domains. Large supramolecular protein assemblies are implicated in signaling via
other pattern recognition receptors in the innate immunity pathway’3 and the unfolded
protein response sensor IRE1 forms a rod-like assembly 4. However, trimers or higher-order
oligomers of PKR kinase have not been detected.

It is noteworthy that all of the protomers in the unphosphorylated enzyme adopt a
conformation with the hallmarks of an active kinase: the DFG motif is oriented in, helix aC
is positioned to form the critical E308-K296 salt bridge, and a continuous regulatory spine is
assembled. This state, previous described as a “prone to autophosphorylate” conformation, is
typically enforced via dimerization or hetero-interaction with other kinases, pseudokinases,
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or regulatory proteins’9. The contribution of helix a.C to the BTB interface supports a model
where this interaction stabilizes the active conformation of PKR by inducing a reorientation
of this critical regulatory element that propagates to the active sitel”. In NEK7, formation of
a BTB dimer disrupts an autoinhibitory conformation of Y9723, This tyrosine is conserved
in the elF2a kinases and may also function to link BTB dimerization with PKR activation.
Each of the monomers in our structures engages in both BTB and FTF interactions but there
is no evidence that the latter is involved in stabilizing the prone to autophosphorylate
conformation. The structure of PKR kinase in the monomeric state is not available but it
presumably corresponds to an inactive conformation. In GCNZ2, the inactive enzyme has a
DFG-in, helix aC-out conformation’®. Interestingly, it exists as an antiparallel BTB dimer
where one subunit is rotated approximately 180°. There is evidence that PKR can also form
inactive dimers1®. In IRE1, the unphosphorylated kinase domains forms a BTB dimer in an
active-like conformation’! whereas the ADP complex exists in a FTF dimer in a DFG-in,
helix a.C-out, inactive conformation’2. Disruption of the active BTB dimer in the
structurally-related PknB kinase causes it to shift to a range of inactive conformations’6.

Our results support a multi-step model for PKR activation (Figure 7). In the first step, two or
more PKRs bind to an activating RNA via the tandem dsRBDs, bringing the kinase domains
into proximity to promote dimerization. Although both BTB and FTF dimers could form
upon RNA binding, only the BTB mode induces the prone to autophosphorylate
conformation. Potentially, RNAs that induced PKR kinase dimerization yet fail to activatel®
may preferentially promote one of the FTF dimers. In the second step, the BTB dimer
functions as an enzyme to phosphorylate, in frans, the activation loop of a PKR kinase
docked in a domain-swapped, FTF geometry. This substrate may be a monomer, as depicted
in Figure 7, or another BTB dimer. In either case, the reaction complex must be only
transiently formed since high-order oligomers have not been detected. PKR phosphorylation
produces a fully-active kinase and enhances dimerization by ~500-fold'6. The newly
phosphorylated product can thus serve as a seed to initiate an autocatalytic chain reaction
that results in rapid accumulation of activated enzyme. The other members of the elF2a
kinase family may activate via an analogous mechanism. PERK kinase forms a BTB dimer
similar to PKR20. Residues implicated in forming an intermolecular salt-bridge that
stabilizes the BTB dimer in PKR are conserved in allelF2a kinases. Disruption of this
interaction inhibits PKR as well as PERK and GCN277, suggesting that this interface is
critical for activation. Further studies are required to determine whether other members of
the elF2a kinase family undergo trans-autophosphorylation in a domain-swapped FTF
configuration.
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AMPPNP Complex

Figure 1. Arrangement of PKR kinase monomers in two crystal forms.
The top panels show a surface representation and the bottom panels show a cartoon

representation. The alternating interfaces form a continuous, filament-like assembly within
the crystal lattices. For clarity, only six protomers are shown in surface representation and
three are shown in cartoon representation to illustrate the unique interfaces.

A) Apo crystal form. B) AMPPNP complex crystal form. One protein chain occupies the
asymmetric unit (AU) in the apo crystal form. Three protein chains, labeled A, B, and C, are
in the AU in the AMPPNP complex. The face-to-face (FTF) and back-to-back (BTB)
interfaces are indicated in the cartoon representation of each structure. Each of the FTF
interfaces involves exchange of activation segments except for the C-C chains, la.
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Figure 2. Structural comparison of unphosphorylated and phosphorylated PKR kinase.
A) Alignment of the three unique protomers present in the asymmetric unit of the AMPPNP

complex of the unphosphorylated PKR kinase domain with the AMPPNP complex of a
phosphorylated PKR kinase domain (PDB 2A19, chain B). The color scheme is indicated in
the legend. B) Comparison of the active sites. For clarity, only chain B of the
unphosphorylated AMPPNP complex is shown. The nucleotide, free phosphate, and
important side chains are rendered as sticks. The Mg?* is indicated as a sphere. Hydrogen
bond and salt-bridge interactions in the unphosphorylated kinase are denoted as dotted lines.
The R-spine is shown in surface representation. A superposition of all three chains of the
unphosphorylated enzyme with phosphorylated PKR kinase domain is shown in Figure S2.
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Figure 3. Analysis of the PKR kinase face-to-face dimer with exchange of activation loops.
A) Structure of the interface. The A and B chains of the AMPPNP complex of PKR kinase

are depicted using the color scheme from Figure 1. The protomers are indicated in cartoon
representation with the disordered regions of the activation loop and the C-terminus shown
as dashes. The bound nucleotide is depicted in stick representation. B) Detailed view of the
interactions stabilizing the interface. Key side chain and main chain atoms are rendered as
sticks. Hydrogen bond and salt-bridge interactions are denoted by dashed lines. G466 is
shown as a sphere. C) Structural alignment of a monomeric, phosphorylated PKR kinase
(2A19) onto chain B forming a domain-swapped FTF dimer with chain A. The side chain
and main chain atoms involved in polar interactions at the interface are rendered as sticks.
D) Effect of interface mutations on PKR activation. The PKR autophosphorylation activity
was assayed as a function of dsRNA concentration. The data are normalized to the maximal
activation of wild-type PKR.
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Figure 4. Structure of the PKR kinase face-to-face dimer without exchange.
Two symmetry-related C chains of the AMPPNP complex of PKR kinase forming a FTF

dimer without exchange of activation segments are depicted using the color scheme from
Figure 1. The chains are referred to as C and C’. A) Comparison of the FTF interfaces. The
A:B dimer with exchange and the C:C’ dimer without exchange were aligned on the A and
C protomers on the left, treating the dimers as rigid units. Relative to the C’ protomer, the B
protomer is rotated by 38°. The bound nucleotide in chain C is depicted in stick
representation. B) Detailed view of the interactions stabilizing the interface. The orientation
corresponds to a 90° rotation of the structure depicted in part A. Key side chain and main
chain atoms are rendered as sticks. Hydrogen bond and salt-bridge interactions are denoted
by dashed lines.
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Figure 5. Molecular dynamics analysis of the face-to-face dimer with exchange of activation
loops.

A) RMSD over the course of the 1 ps simulation relative to the initial structure for subunit A
(top) and subunit B (bottom). The highly dynamic p4-B5 loop and activation segment were
excluded. B) Distribution of the center-of-mass distances between monomers for the FTF
dimer with exchange. The inset shows the trajectory of the distances over the simulation. C)
Two-dimensional histogram of the intermonomer T446-ATP and T446-D414 distances. The
data correspond to the protomer A Oy (T446)-protomer B Oy (ATP) and protomer A Oy
(T446)-protomer B O6 (D414) distances. The closest distances were recorded for the groups
of Oy (ATP) and the O8 (D414) atoms. The rainbow color scale for the 1 A x1 A pixels
corresponds to occupancies from 1 (red) to 200 (purple). D) Structure of the active site of
protomer A corresponding to the pixel circled in part C. The intermonomer T446-ATP and
T446-D414 distances are 5.96 A and 4.45 A, respectively. The Oy (T446)-Py (ATP)-PB
(ATP) pseudo-angle is 143.5°.
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Activating
RNA

BTB BTB FTF

Inactive Prone-to-autophosphorylate Trans autophosphorylation

Figure 7. Multistep model for PKR activation.
The kinase domain of monomeric PKR exists in an inactive conformation. In the first step,

PKR binds to activating RNAs via the tandem dsRBDs (dsRBD1 and dsRBD?2), bringing
two kinase domains into proximity to promote dimerization. Formation of the BTB dimer
stabilizes the prone-to autophosphorylate-conformation. In the second step, the BTB dimer
phosphorylates the activation loop of a PKR monomer docked in a domain-swapped, FTF
geometry. The kinase domain in the inactive conformation is depicted in blue and the prone-
to-autophosphorylate and active conformations are shown in green.
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Table 1.

Crystallographic data collection and refinement statistics.

Apo AMPPNP Complex
Data Collection
Beam line FMX, NSLS-I1 14-1, SSRL
Wavelength (A) 0.9790 0.9795
Space group P6,22 C222,
Unit cell dimensions
a,b,c(A) 92.69 92.69 123.33 106.48, 159.60, 172.99
a, B,y (°) 90, 90, 120 90, 90, 90
Resolution (&) 123.33-3.10 (3.10-3.181)  172.99-2.6 (2.6-2.667)
Molecules/ASU 1 3
Rieas 0.268 (0.070) 0.098 (0.034)
/ol 9.1(3.2) 9.4 (0.8)
Completeness (%) 100 (100) 97.1(98.1)
Refinement
Ruwork/Riree (%) 25.9/34.7 (38.3/38.6) 20.9/27.3(39.9/40.5)
Reflections Unique / Free 5801 /296 (410/ 16) 42,089 / 2245 (3,154 / 157)
r.m.s deviations from ideal
Bonds (A) 0.0108 0.013
Angles (°) 1.560 1.774
B-factor analysis (overall)
Molecule A (A2) 89.8 78.8
Molecule B (A2) - 86.8
Molecule C (A2) - 92.6
Model
Nonhydrogen atoms 2046 6480
Water molecules - 52
Metals - 1Mg?*
Ligands - ADP, 1 POy, 7 SO4
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Table 2.
Analysis of interfaces.
Structure  Chains Description Buried Surface Area (Az)a
Apo AA FTF exchange 1215
Apo AA BTB 958
AMPPNP AB FTF exchange 1248
AMPPNP c.c FTF no exchange 871
AMPPNP B:C BTB 857
AMPPNP  AA’ BTB 818

a . .
Buried surface area per molecule was calculated with PISA.78
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Table 3
. a
Structure-based alignment
Chain Chain RMSDb RMSD without Activation Segmentc
A B 1.37 1.06
A C 5.15 0.94
B C 5.19 1.07
A Phospho-PKR kinase? 524 1.04
B Phospho-PKR kinase? 527 1.13
C Phospho-PKR kinase? 190 1.22

aStructure-based alignment of the three subunits of the PKR-AMPPNP complex performed using PYMOL (The PyMOL Molecular Graphics
System, Version 2.2.0), Schrddinger, LLC).

b - .
Root-mean square deviation of the aligned atoms (A).
cRoot-mean square deviation of the aligned atoms omitting the activation segment residues 439-466 (A).

dPKR kinase domain phosphorylated on residue T446 corresponding to chain B of the PKR kinase — elF2a crystal structure PDB ID 2A19. 17
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