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Abstract

PKR is a member of the eIF2α family of protein kinases that inhibit translational initiation in 

response to stress stimuli and functions as a key mediator of the interferon-induced antiviral 

response. PKR contains a dsRNA binding domain that bind to duplex regions present in viral 

RNAs, resulting in kinase activation and autophosphorylation. An emerging theme in the 

regulation of protein kinases is the allosteric linkage of dimerization and activation. The PKR 

kinase domain forms a back-to-back parallel dimer which is implicated in activation. We have 

developed a sensitive homo-FRET assay for kinase domain dimerization to directly probe the 

relationship between RNA binding, activation, and dimerization. In the case of perfect duplex 

RNAs, dimerization is correlated with activation and dsRNAs containing 30 bp or more efficiently 

induce kinase domain dimerization and activation. However, more complex duplex RNAs 

containing a 10–15 bp 2'-O-methyl RNA barrier produce kinase dimers but do not activate. 

Similarly, inactivating mutations within the PKR dimer interface that disrupt key electrostatic and 

hydrogen binding interactions fail to abolish dimerization. Our data support a model where 

activating RNAs induce formation of a back-to-back parallel PKR kinase dimer whereas 

nonactivating RNAs either fail to induce dimerization or produce an alternative, inactive dimer 

configuration, providing an additional mechanism for distinguishing between host and pathogen 

RNA.

PKR is a key mediator of the Type I interferon-induced antiviral response.1 PKR belongs to 

the eIF2α family of protein kinases that inhibit translational initiation in response to 

different stress stimuli. PKR is activated by duplex regions present in viral RNAs2 to 

undergo autophosphorylation. Phosphorylation of eukaryotic initiation factor 2 (eIF2α) by 

activated PKR inhibits protein synthesis within infected cells, leading to apoptosis and the 

inhibition of viral replication. PKR also participates in stress response and inflammation 
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pathways and regulates cellular growth and proliferation, nutrient signaling and 

metabolism.3–5

The N-terminal regulatory module of PKR consists of two dsRNA binding domains 

(dsRBDs.6 Although the PKR dsRBDs bind dsRNA without sequence specificity,7 there is 

evidence for shape recognition and sequence readout in the minor groove in some other 

dsRBDs.8 The catalytic domain has the typical bilobal architecture found in protein kinases, 

consisting of a smaller N terminal (N-) lobe and a larger C terminal (C-) lobe.9

A key mechanistic issue is how interaction of the PKR dsRBDs with dsRNA leads to 

activation of the kinase. Early studies supported an autoinhibition model in which the latent 

form of PKR is locked in a closed conformation where the second dsRBD interacts with the 

kinase and blocks substrate binding.10 In this scenario, RNA binding to the dsRBDs leads to 

an open, active state. This view is supported by NMR chemical shift perturbation 

measurements that reveal interaction between the second dsRBD and the kinase.11,12 

However, this interaction is extremely weak (Kd ~ 250 μM).13 SAXS,14 AFM,15 and 

NMR16 analysis of latent PKR reveal that the long (~90 amino acid) linker between the 

dsRBDs and the kinase domain is flexible and unstructured, giving rise to a range of open 

and closed conformations that is inconsistent with the autoinhibition model.

An emerging mechanism in the regulation of protein kinases is the allosteric linkage of 

dimerization with a conformational transition to an active state.17 Structural and biophysical 

analyses support a pivotal role for dimerization in activation.10 The PKR kinase domain 

forms a dimer in both active, phosphorylated9 and inactive states.18 PKR dimerizes only 

weakly (Kd ~ 500 μM); however, this reaction is sufficient to activate autophosphorylation 

in the absence of dsRNA.19 In the context of duplex RNA, the minimum length of ~30bp of 

duplex required to activate PKR20,21 correlates with the minimum length capable of binding 

two PKR monomers with high affinity.22 PKR activation exhibits a characteristic bell-

shaped curve where high dsRNA concentrations inhibit20, consistent with a model where 

PKR dimers are dissociated by dilution onto separate dsRNAs.23 These results support a 

PKR activation model where RNA binding functions to bring two kinase domains into close 

proximity and facilitate dimerization.

Dimerization plays a role in the activation of all eIF2α kinases. PERK dimerization is linked 

to activation24 whereas HRI25 and GCN226 exist as constitutive dimers. The structure of a 

phosphorylated PERK kinase domain reveals a back-to-back parallel dimer similar to PKR27 

Although a similar N-lobe dimer interface is observed in a structure of an unphosphorylated 

GCN2 kinase domain, it adopts a novel, antiparallel orientation where one subunit is rotated 

approximately 180°.28 Interdimer hydrogen bonding (Y323-D289) and salt-bridge (R262-

D266) residues are conserved within the eIF2α kinase family. Mutations designed to disrupt 

the salt-bridge in PKR, GCN2 and PERK block kinase activity and charge reversal restores 

biological function29–31 This contact is formed in the parallel PERK dimer, but the 

corresponding residues are too far apart in the antiparallel GCN2 dimer to form a salt bridge. 

The antiparallel GCN2 dimer likely corresponds to an inactive conformation17,28 and 

activation may be associated with rotation to a parallel structure that results in formation of 

the essential salt-bridge.29
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Interestingly, simultaneous binding of two or more PKRs to an RNA does not necessarily 

activate. For example, at low salt two PKRs can bind RNAs as short as 20 bp without 

inducing autophosphorylation.22 Typical protein-RNA interaction measurements can count 

the number of protein monomers bound to an RNA but cannot determine whether the 

proteins directly interact on the RNA to form a dimer. Thus, we have developed a sensitive 

fluorescence assay to directly probe the role of PKR kinase domain dimerization in RNA-

induced activation. We observe efficient dimerization upon binding to activating duplex 

RNAs. Surprisingly, several non-activating RNAs that bind multiple PKRs also induce 

dimerization. We propose that PKR can adopt an alternative, non-activating dimer 

configuration.

Materials and Methods

Reagents

RNAs were chemically synthesized (GE Life Sciences). Duplexes were annealed at 80°C 

and slowly cooled to room temperature.

The pPET-PKR/PPase PKR expression vector19 was modified by substituting an amber stop 

codon (TAG) at K261, K371 or N301 and replacing the endogenous amber codon with 

ochre (TAA). PKR mutants were co-expressed with tRNA synthetase/suppressor tRNA pair 

for pAzF encoded by the pEVOL-pAzF vector32 in ArcticExpress (DE3) cells (Agilent 

Technologies). The cells were grown in LB media at 37°C. At an A600nm ~ 0.3, expression 

of the pAzF tRNA synthetase/suppressor tRNA pair was induced with 0.02% arabinose 

(Acros Organics) and 1 mM pAzF (Bachem) was added to the medium. PKR expression was 

induced with 1 mM IPTG at A600nm ~ 1.2 for 4 hours at room temperature. Subsequent 

purification steps were performed in the dark to avoid pAzF-mediated photocrosslinking. 

PKR constructs were purified as previously described22 and equilibrated into AU200 buffer 

(20 mM HEPES, 200 mM NaCl, 0.1 mM EDTA, pH 7.5) by gel filtration on a Superdex 200 

column. Incorporation of pAzF was confirmed by electrospray ionization mass spectroscopy 

(predicted mass: 62154.3 Da, observed mass: 62023.3 Da).

Fluorescence labeling was performed by reacting 35 μM of pAzF-containing PKR with 80 

μM dibenzocyclooctyne (DIBO) conjugate of Alexa Fluor 488 (Molecular Probes) or Cy3 

(Click Chemistry Tools) for 1 hour at room temperature in AU200. Free dye was removed 

by buffer exchange (two times) into either AU200 or AU75 (20 mM HEPES, 75 mM NaCl, 

0.1 mM EDTA, pH 7.5) containing 0.1 mM TCEP using spin columns packed with Bio-gel 

P-6 (Biorad). Specific labeling was confirmed by mass spectroscopy (predicted mass: 

63032.16Da, observed mass: 62858.9Da). The efficiency of labeling with Alexa Fluor 488 

determined by absorbance is approximately 80%.

Fluorescence Measurements

Steady state fluorescence anisotropy and emission spectra were recorded with a 

FluoroMax-3 fluorimeter equipped with Glan-Thompson polarizers (Jobin Yvon Inc., New 

Jersey). All measurements were performed at 20°C using a 2 ×10 mm quartz cuvette 

(Precision Cells). Fluorescence anisotropy measurements were performed with Alexa 488-
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labeled PKR at excitation and emission wavelengths of 495 nm and 518 nm and bandwidths 

of 2 and 3 nm, respectively. Intensities were integrated at each polarization for 5 s with three 

repetitions. The data were corrected for buffer background and the anisotropy (r) was 

calculated as

(1)

where I∥ and I⊥ correspond to the fluorescence intensity with the excitation polarizer 

oriented in the vertical position and the emission polarizer in the vertical and horizontal 

positions, respectively. The G factor corrects for instrument polarization bias and was 

measured to be ~0.64.

Analytical ultracentrifugation

Sedimentation velocity analysis of PKR-dsRNA interactions was performed in AU200 

buffer at 20°C using absorbance optics at 260 nm as previously described.22,33 

Sedimentation equilibrium analysis of PKR dimerization was performed in AU200 buffer at 

20°C using interference optics as previously described.19

Activity Assays

Quantitative PKR autophosphorylation assays were carried out using [γ-32P] ATP as 

previously described.19,22

Results

PKR Dimerization on activating RNAs

A homo-Förster Resonance Energy Transfer (homo-FRET) fluorescence assay was 

developed to directly monitor dimerization of PKR kinase domains induced by RNA 

binding. Homo-FRET occurs between fluorophores of the same kind provided the Stokes 

shift is small, and is readily detected by depolarization of the emission using steady-state 

anisotropy measurements. Based on the dsRNA dissociation constants for PKR,22 the 

equilibrium populations of PKR dimers are expected to be low and we have used homo-

FRET to assay PKR kinase domain dimerization due to the high precision of the 

measurement and convenience of labeling. Because PKR contains 8 cysteines, 7 of which 

are highly conserved, unnatural amino acid mutagenesis32 was employed to introduce a 

single p-azido-L-phenylalanine (pAzF) residue into wild-type PKR for labeling with extrinsic 

fluorophores (Fig. 1A). Labeling sites were selected based on their proximity, solvent 

accessibility, and lack of interference with the dimer interface. Highly conserved residues 

were excluded. The K261pAzF mutant (Fig. 1B) was chosen for detailed analysis based on 

high expression, ease of labeling, and strong homo-FRET (see below).

K261pAzF PKR reacts readily with Alexa Fluor 488-dibenzocyclooctyne to produce a stable 

conjugate, denoted pAzF-261-A488. The integrity of the labeled protein was monitored by 

autophosphorylation assays, dsRNA binding, and solution dimerization analysis. pAzF-261-

A488 is an active kinase and undergoes autophosphorylation upon addition of a 40 bp 
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dsRNA at a level about 2.5 -fold higher than unlabeled PKR (Fig. 2A). As previously 

observed for unlabeled PKR,21,22 two monomers of pAz-F261-A488 bind to the activating 

40 bp dsRNA with comparable dissociation constants (Fig. 2B). As assayed by 

sedimentation equilibrium experiments in the absence of RNA, pAzF-261-A488 PKR 

undergoes reversible dimerization with Kd = 94 (85, 103) μM (Fig. 2C) which is ~5 fold 

lower than the Kd for dimerization of unlabeled PKR.19 The enhancement in activation of 

pAzF-261-A488 relative to unlabeled PKR may be due to stronger dimerization. This 

enhancement in dimerization is not observed for PKR labeled at position 371, which is more 

distant from the dimer interface (Kd = 1,260 μM). However, the energy transfer efficiency is 

too low for useful analysis. For the pAzF-261-A488 dimer, the predicted inter-chromophore 

distance is R = 25 Å (Fig. 1B) and R0 for Alexa Fluor 488 is 48 Å,34 with a corresponding 

energy transfer efficiency of 98% and a steady-state anisotropy about half the monomer 

value (Supporting Information).

Significant anisotropy changes are induced by binding of pAz-F261-A488 to duplex RNAs 

(Fig. 3A). The anisotropy decreases upon addition of dsRNAs ≥ 30 bp capable of activating 

PKR and binding two or more monomers, but non-activating, 20 and 25 bp duplexes that 

bind a single PKR22 produce negligible anisotropy changes. Thus, RNA binding alone does 

not significantly affect the steady state anisotropy of pAzF-261-A488, and the 

depolarization induced upon addition of the longer duplexes can be ascribed to homo-FRET 

within kinase domain dimers. Note that the dsRBD is separated from the kinase domain by a 

long (~ 90 residue) unstructured linker, so that the changes in rotational correlation time of 

the dsRBD due to RNA binding are not expected to affect the kinase.

Quantitative analysis of the anisotropy changes produced by the activating dsRNAs provides 

useful mechanistic insights. The amplitude of the anisotropy change increases with the 

length of the dsRNA, but even for the longest (40 bp) RNA the maximum decrease of 12% 

does not approach the ~50% effect predicted to occur upon formation of a dimer of 

pAzF-261-A488 (Supporting Information). Also, the anisotropy returns to the monomer 

value at higher RNA concentrations. These observations can be understood in the context of 

the binding equilibria for pAzF-261-A488 titrated with the 40 bp RNA depicted in Figure 

3B. RNA-induced formation of the kinase domain dimer requires that two PKR monomers 

bind to the same RNA (Fig. 4). For an RNA that binds two protein ligands, the concentration 

of the species containing two PKRs bound to the same RNA (RP2) is expected to rise and 

then fall as PKR monomers are diluted onto separate RNAs, as is observed in the anisotropy 

titrations (Fig 3A). The maximum fraction of PKR present in the RP2 species is dependent 

on the binding affinities (Fig 2B). In a simulation of a titration of 200 nM pAz-F261-A488 

with the 40 bp dsRNA, the peak value of RP2 is predicted to correspond to only 14% of the 

total protein (Fig. 3B, Table 1). We can compare this value with the maximum amount of 

kinase domain dimer to determine the efficiency of dimerization upon binding of two PKRs 

to a single dsRNA (Fig. 4). The amplitude of the anisotropy changes for the 40 bp dsRNA 

indicates that a maximum of ~30% of the kinase domains exist as dimers (Table 1). If the 

kinase domains present in the RP2 species quantitatively formed dimers, the ratio of the 

maximum % dimer to % RP2 would equal one. For the 40 bp dsRNA this value is about two, 

implying that the maximum dimer population must be overestimated due to additional 
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sources of depolarization. Regardless of the origin of this discrepancy, the shape of the 

anisotropy titration is consistent with the RNA concentration dependence of the RP2 species 

and the amplitude implies that RNA-induced dimerization of the kinase domain occurs 

efficiently upon sequential binding of two PKRs to the same RNA.

Control experiments confirm that the dsRNA-induced anisotropy changes are due to FRET 

within kinase domain dimers. Addition of unlabeled PKR to pAzF-261-A488 is expected to 

reduce the extent of homo-FRET by formation of mixed labeled/unlabeled heterodimers. 

Assuming random formation of heterodimers, the anisotropy change should be linear in the 

fraction of labeled PKR (see Supporting Information). For higher order oligomers a 

nonlinear dependence is predicted. Figure 5A demonstrates that mixing increasing amounts 

of unlabeled PKR with pAzF-261-A488 linearly reduces the anisotropy decrease induced by 

binding to a 40 bp dsRNA (R = 0.991 for a linear fit).

In principle, the increase in rotational correlation time of pAzF-261-A488 upon dimerization 

could result an increase in anisotropy. However, if this were the case, the y-intercept of Fig. 

5A, corresponding to the anisotropy at infinite dilution, would be greater than the anisotropy 

of free, monomeric pAzF-261-A488. The y-intercept of 0.2846 is very close to the 

anisotropy of the free protein (0.2869), indicating that changes in rotational mobility upon 

dimerization do not contribute substantially to the observed signal.

Alexa Fluor 488 can serve as an efficient FRET donor to Cy3 (R0 ~ 67 Å)35. The 

fluorescence spectrum of a 1:1 mixture of PKR labeled at pAzF261 with Alexa Fluor 488 

and Cy3 overlays with the sum of the spectra of the two components, indicating the absence 

of FRET (Fig. 5B). Binding of the mixture to the 40 bp dsRNA results in significant donor 

quenching and enhanced Cy3 emission due to hetero-FRET.

Finally, the fluorescence anisotropy of pAz-F261-A488 in the absence of RNA decreases at 

high protein concentrations consistent with formation of a dimer (Fig. 5C). The extent of 

dimerization is on the order predicted by the weak Kd measured by sedimentation 

equilibrium (Fig. 5C). Thus, depolarization is due to dimerization rather than RNA binding 

per se.

PKR dimerization without kinase activation—In the PKR dimer interface, R262 

forms a salt bridge with D266 (Fig. 6A) and disruption of this interaction in a R262D PKR 

mutant blocks kinase activity.31 Similarly, disruption of a hydrogen-bonding interaction 

between Y323 and D289 in PKR Y323A reduces activation. We expected that these 

mutations block PKR activation by preventing kinase dimerization and would serve as 

negative controls for the homo-FRET assay. Surprisingly, fluorescence anisotropy titrations 

indicate that pAzF-261-A488 containing either interface mutation undergoes dimerization 

upon binding to the 40 bp dsRNA (Fig. 6B). The maximal amplitudes of the anisotropy 

changes are somewhat smaller than observed for wild-type PKR with a corresponding 

dimer/RP2 ~ 0.8 (Table 1). PKR autophosphorylation assays confirm that these constructs 

are inactive (Fig. S1). Consistent with the anisotropy data, sedimentation equilibrium 

analysis of R262D PKR demonstrates reversible dimerization in free solution with Kd of 923 

(714, 1267) μM (Figure 6C), or about 2-fold weaker than WT. Similarly, Y323A PKR also 
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dimerizes with a Kd of 689 (590, 820) μM. Thus, the disruption of interdimer salt-bridge or 

hydrogen bonding interactions abolishes PKR activation while only slightly reducing 

dimerization affinity.

The reduction in the dimer/RP2 ratio for R262D suggests that this mutant dimerizes less 

efficiently. Alternatively, the dimers could form with the same frequency but adopt an 

altered geometry that places the fluorophores further apart, resulting in reduced energy 

transfer and an apparent decrease in the % dimer. Formation of an antiparallel dimer 

modeled on the GCN2 structure would increase the distance between pAzF-261-A488 

fluorophores from 25 to 49 Å (Fig. S2) resulting in diminished energy transfer. To test this 

model, wild-type and R262D PKR were labeled at position 301 where the energy transfer 

efficiency should be enhanced in a GCN2-type antiparallel, inactive dimer relative to the 

active parallel structure, with interfluorophore distances of 24 and 60 Å, respectively. 

Titration of either pAzF-301-A488 or pAzF-301-A488/R262D PKR with 40 bp dsRNA 

results in a similar low amplitude anisotropy change (Fig. S3), indicating that the inactive 

R262D dimers do not adopt a GCN2-type structure.

The 20 bp dsRNA binds a second PKR upon reducing the concentration of NaCl from 200 

to 75 mM.22 Although this short RNA does not activate PKR at either NaCl 

concentration,21,22 it does induce an anisotropy change in 75 mM NaCl (Fig. 6D) 

corresponding to a maximum dimer population of about 9%. However, PKR binds very 

strongly to the 20 bp RNA at low salt22 so that the maximum population of RP2 is high 

(49%), resulting in dimer/RP2 of only 0.19 (Table 1). Thus, only a small fraction of the 

bound PKRs form dimers upon binding to this short dsRNA.

Dimerization on barrier containing RNAs—The introduction of helical imperfections 

into dsRNAs typically reduces PKR binding and activation.36,37 However, PKR is also 

activated by certain RNAs that contain bulges, loops, pseudoknots and single-stranded 

tails 2. PKR can be activated by dimers of TAR38 and the HDV ribozyme39 that contain 

short duplex regions separated by a distorted central region that serves as a barrier. To 

systematically probe the effect of structural distortions on PKR dimerization and activation 

by dsRNA, we introduced structurally defined, inert, rigid barriers into a model duplex. The 

dsRBD interacts with the RNA 2'-OH8 and the barriers consist of 2'-O-methyl dsRNA. The 

RNAs contain two dsRNA regions of 15 bp, the minimal length required to each bind one 

PKR with high affinity, separated by variable length, 2'-O-methyl dsRNA barriers and are 

denoted as X-Me, where X is the length of 2'-O-methyl dsRNA (Fig. 7A). PKR is not 

activated by 2'-O-methyl dsRNA40 and does not bind to a 15 bp 2'-O-methyl duplex RNA 

(Fig. S4).

PKR binding to the barrier-containing RNAs was characterized using sedimentation velocity 

analytical ultracentrifugation. As expected, each of the RNAs binds two PKR monomers 

(Table 2). The dissociation constants for 5-Me are similar to a 30 bp dsRNA (zero-length 

barrier).21 The dissociation constants for the binding of the first PKR are not very sensitive 

to barrier length but Kd2 increases systematically from 5-Me to 15-Me.
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PKR activation is strongly affected by the introduction of longer barriers (Fig. 7B). 5-Me 

activates PKR but 10-Me and 15-Me elicits little to no autophosphorylation. These results 

are supported by previous work where introduction of a 11 bp DNA-RNA chimeric duplex 

between two 20 bp dsRNAs greatly attenuated PKR activation.36 Binding of pAzF-261-

A488 to all three barrier-containing dsRNAs results in a significant anisotropy decrease due 

to kinase domain dimerization (Fig. 7C). The maximal anisotropy change is slightly 

attenuated with increasing barrier length, but even for the inactive 10-Me and 15-Me 

constructs it is comparable to that induced by the activating 30 bp dsRNA. All three RNAs 

have a high dimer/RP2 ratio, indicating efficient kinase domain dimerization.

Discussion

The homo-FRET assay directly probes PKR kinase domain dimerization on RNA and 

provides new insights into the factors that distinguish RNA activators and inhibitors. As 

previously inferred10 dsRNA activators promote kinase domain dimerization and the extent 

of dimerization correlates with activation potency. These data support a dimerization 

model 10,23 where activating duplex RNAs function to bring PKR monomers into close 

proximity, leading to dimerization of the kinase domains.

PKR binds to dsRNA nonspecifically in multiple configurations41 so that PKR monomers 

may be quite far apart along the nucleic acid lattice. Thus, it is noteworthy that duplex RNA 

activators ≥30 bp induce efficient dimerization following assembly of two PKRs onto a 

single RNA. Other proteins harboring dsRBDs can travel along dsRNA by passive 

diffusion42 and efficient assembly of kinase domain dimers may occur via this mechanism.

In contrast to longer dsRNAs, kinase domain dimerization is inefficient on short, 

nonactivating dsRNA that bind two PKRs in low salt. The impaired dimerization for short 

duplexes is correlated with a difference in RNA binding mode. Affinity cleavage,43 NMR 

shift perturbation,41 and RNA binding22,41 analyses reveal that short dsRNAs that fail to 

activate predominantly interact with dsRBD1 whereas longer activators interact extensively 

with both dsRBDs. Thus, interaction of dsRBD2 with RNA appears to regulate kinase 

domain dimerization despite the fact that these regions are separated by a long linker. 

Although this linker is unstructured in the free enzyme,14–16 it may become at least partially 

ordered in the presence of RNA and serve to sterically regulate kinase domain interactions.

In contrast to perfect duplexes, the correlation between PKR activation and kinase domain 

dimerization breaks down in the context of more complex RNAs, indicating that 

dimerization is required but not sufficient to activate the kinase. Abrogation of PKR 

activation by insertion of 2'-O-Me dsRNA barriers ≥ 10 bp does not appreciably affect the 

efficiency of dimerization. A barrier of 10 bp of A-form RNA duplex corresponds to a 

distance along the helical axis of only ~ 28 Å. It is reasonable that the barrier does not 

disrupt dimerization given that the linker between the dsRBD and the kinase is long and 

would be capable of spanning this short distance. However, barriers ≥ 10 bp induce a change 

in RNA binding mode that modulates activation, indicating long-range communication 

between the dsRBDs and kinase domain. The structural basis for the dramatic dependence of 

activation on barrier length is not clear. The effect of barrier length on binding affinity for 
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the second PKR (Table 1) implies that weak cooperative interactions that stabilize binding 

of the second PKR become attenuated as the length of the barrier increases.

The relationship between PKR dimerization and activation can be interpreted within the 

broader context of the other members of the eIF2α family of protein kinases. PKR9,18 and 

PERK27 share a similar back-to-back parallel dimer and conservation of interface residues 

suggests that this structure is a common element among the other eIF2α kinases. We 

propose that PKR activation requires formation of a back-to-back parallel interface. 

Although R262D and Y323A PKR mutations that disrupt interdimer salt bridge and 

hydrogen-bonding interactions block PKR activation (Fig. S1)30,31 they do not prevent 

dimerization at high concentration in the absence of RNA or upon binding to an activating 

dsRNA. Although the energy transfer efficiency of pAzF-261-A488 is reduced by these 

mutations, implying a rearrangement in the dimer interface, it is not enhanced in pAzF-301-

A488/R262D, indicating that the inactive dimer does not correspond to the model based on 

the antiparallel GCN2 interface. Some nonactivating RNAs, such as the 20 bp duplex at low 

salt, bind multiple PKRs but fail to induce kinase domain dimerization. Other nonactivating 

RNAs, such as the barrier containing molecules, induce formation of an inactive dimer 

configuration analogous to that found in the R262D and Y323A PKR mutants. The allosteric 

pathway linking the PKR dimer interface to the kinase active site9,17 is likely disrupted in 

this inactive dimer configuration.

The inactive PKR dimer configuration may provide an additional mechanism for 

distinguishing between host and pathogen RNA. About half of the mammalian genome is 

comprised of noncoding retrotransposons such as SINEs and Alus, which typically form 

dsRNA duplexes44 and high throughput transcriptional analysis has revealed the presence of 

hundreds of natural dsRNAs in human cells.45 PKR must be able to distinguish host RNAs 

from pathogen-derived molecules to avoid inappropriate activation of the innate immunity 

response. One level of recognition could be achieved based on dsRNA length, where a 

minimum of ~30 bp of duplex are required for activation.7,20–22 Replication of positive 

strand RNA viruses and DNA viruses induces formation of dsRNAs longer than 40 bp.46 

Here, regulation of PKR is controlled by dimerization; short duplexes do not induce 

dimerization (Fig. 6D). Alternative regulation may be controlled by the dimer orientation. 

Our analysis of 2'-O-methyl barrier-containing duplexes suggests that some secondary 

structure defects may regulate PKR activation by induction of inactive dimers and this may 

serve to prevent aberrant response to host transcripts. In this regard, adenosine deaminases 

acting on RNA (ADARs) catalyze the conversion of adenosine to inosine, inducing I-U 

mismatches. ADAR1 carries out hyperediting of long dsRNAs and this activity suppresses 

activation of the dsRNA innate immunity pathway and PKR.47,48 A knock-in mutation to 

inactivate ADAR1 results in activation of the interferon and dsRNA sensing pathways.49 

Further investigation is required to determine how I-U mismatches regulate PKR activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

dsRBD double-stranded RNA binding domain

dsRNA double-stranded RNA

eIF2α eukaryotic initiation factor 2α

PKR RNA activated protein kinase

RMSD root mean square deviation.
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Figure 1. Synthesis of pAzF-261-A488
(A) Conjugation of fluorophores with pAzF-substituted PKR. (B) Structure of the PKR 

kinase domain parallel dimer (PDB accession 2A1A) rendered in PyMol (Schrödinger). 

Alexa Fluor 488 DIBO conjugated at pAzF-261 was modeling onto the structure, with the 

ligand indicated in stick representation and the chromophore in green.
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Figure 2. Characterization of pAzF-261-A488
(A) Activation of pAzF-261-A488 by 40 bp dsRNA. Top: Phosphorimager analysis of wild 

type, unlabeled PKR (red) and pAzF-261-A488 (blue) activation. Bottom: quantitation. Data 

were normalized to wild type, unlabeled PKR at 30 nM 40 bp. (B) Sedimentation velocity 

analysis of pAzF-261-A488 binding to 0.75 μM 40 bp dsRNA. Global analysis of difference 

curves for at three concentrations of pAzF-261-A488 fit to a 2:1 binding model provides 

best-fit dissociation constants of Kd1= 0.324 (0.280, 0.376) μM and Kd2 = 0.517 (0.448, 

0.579) μM with RMSD = 0.0060 OD. The top panels contain the data (points) and fits (lines) 

and the bottom panels contain the residuals. (C) Sedimentation equilibrium analysis of 

pAzF-261-A488 self-association. Global analysis of 5 concentrations and two rotor speeds 

(18000 rpm – blue, 28000 rpm – red) to a monomer-dimer model results in Kd = 94 (85, 

103) μM with RMSD = 0.0327 fringes.
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Figure 3. Analysis of PKR dimerization induced by activating dsRNAs
(A) Anisotropy titrations of pAzF-261-A488 with dsRNAs. Samples contained 200 nM 

pAzF-261-A488. (B) Species distribution for pAz-F261-A488 binding to the 40 bp dsRNA. 

The fractional concentrations of free protein (P, blue), the the 1:1 complex (RP, red) and the 

1:2 complex (RP2, green) are plotted. The fractional concentrations were determined using 

the experimentally determined dissociation constants Kd1= 0.324 μM and Kd2 = 0.517 μM 

(Fig. 2) and numerically solving the equilibria with IGOR Pro (Wavemetrics, Lake Oswego 

OR). The width of the distributions corresponds to the two standard deviation confidence 

intervals.
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Figure 4. Schematic of formation of the kinase domain dimer
The kinase domain is depicted in green, dsRBD1 in blue and dsRBD2 in red. The 

fluorophore is depicted as an orange star. Upon binding of two pAz-F261-A488 monomers 

to a single dsRNA the kinase domains may dimerize in the back-to-back parallel 

configuration, leading to homo-FRET (top). Alternatively, the protein may bind to the 

dsRNA in a configuration that does not support kinase domain dimerization that leads to 

homo-FRET (bottom). The term RP2 encompasses all forms of the RNA containing two 

bound PKR monomers.
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Figure 5. Depolarization is due to FRET-induced dimerization
(A) Dependence of anisotropy on the fraction of labeled PKR. Samples contained 100 nM 40 

bp dsRNA, 200 nM pAz-F261-A488, and variable amounts of unlabeled PKR. A linear fit to 

the data gives a linear correlation coefficient of R=0.991 and a y-intercept of 0.2846. (B) 

Analysis of PKR dimerization by hetero-FRET. Donor: pAz-F261-A488, acceptor: pAz-

F261 PKR labeled with DIBO-Cy3. Spectra: 1:1 mixture (200 nM total) of donor and 

acceptor (blue), 1:1 mixture (200 nM total) of donor and acceptor with 100 nM 40 bp 

dsRNA (red), algebraic sum of 100 nM donor and 100 nM acceptor spectra (grey). (C) 

Fluorescence anisotropy analysis of pAzF-261-A488 dimerization in the absence of dsRNA. 

Top: raw anisotropy as a function of concentration. Bottom: experimental % dimer 

calculated from the anisotropy data compared to the % dimer predicted using the Kd 

determined by sedimentation equilibrium of 94 μM. The slits were adjusted during the 

titration to maintain the count rate in the linear range.
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Figure 6. Dimerization without activation of PKR
(A) Critical intermolecular salt bridge (R262 – D266) and hydrogen bond (Y323-D289) 

interactions in the PKR kinase dimer interface (PDB accession 2A1A) rendered in PyMol 

(Schrödinger). (B) Anisotropy titrations of PKR dimer interface mutants with 40 bp dsRNA. 

The anisotropy of the free protein was subtracted from each data set. (C) Sedimentation 

equilibrium analysis of R262D PKR. The points are the data and the solid lines are the best 

fit. For clarity, only every fourth point is shown. The inset shows the residuals. Global 

analysis reveals that R262D dimerizes, with a best-fit Kd = 923 (714, 1267) μM (the values 

in parentheses correspond to the one standard deviation confidence intervals) and an RMS 

deviation of 0.041 fringes. The Kd for WT PKR dimerization under the same conditions is 

450 μM.19 (D) Anisotropy titration of pAzF-261-A488 PKR with a 20 bp dsRNA in AU200 

and AU75 buffers.
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Figure 7. Interaction of PKR with dsRNAs containing 2'-O-methyl barriers
(A) Schematic of 2'-O-methyl (2'-O-Me) barrier-containing dsRNAs. Chimeric dsRNAs 

were designed to contain 5, 10 and 15 bp 2'-O-Me barriers inserted between two 15 bp 

dsRNA regions. (B) Activation of WT PKR by 2'-O-Me barrier-containing dsRNAs. The 

percent activation is normalized to the signal from the 40 bp dsRNA at 100 nM. (C) 

Anisotropy titration of pAzF-261-A488 PKR with 2'-O-Me barrier-containing dsRNAs. For 

reference, the maximal anisotropy changes associated with PKR binding to regular 30 and 

40 bp dsRNAs are indicated by arrows. (D) Fractional concentrations of the 1:2 RNA:PKR 

complex (RP2) for PKR binding to the 2'-O-Me barrier-containing dsRNAs. The fractional 

concentrations were determined using the experimentally determined dissociation constants 

(Table 1). The maximal fraction of RP2 for PKR binding to a 40 bp dsRNA is indicated with 

an arrow.
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Table 1

Correlation of PKR dimerization and RNA binding.

Sample Max. % Dimer
a Max. % RP2

b
Dimer / RP2

c

WT + 40 bp 29.5 ± 0.6 14.2 ± 1.4
d 2.08 ± 0.21

R262D + 40 bp 11.4 ± 1.5 14.2 ± 1.4
d 0.81 ± 0.13

Y323A + 40 bp 11.1 ± 2.2 14.2 ± 1.4
d 0.78 ± 0.17

WT + 20 bp (75 mM NaCl) 9.2 ± 0.3 48.7 ± 4.5
e 0.19 ± 0.02

WT + 5-Me 20.9 ± 2.1 17.9 ± 2.0
f 1.17 ± 0.18

WT + 10-Me 11.6 ± 2.3 10.2 ± 2.2
f 1.14 ± 0.34

WT + 15-Me 9.5 ± 1.3 4.7 ± 0.5
f 2.02 ± 0.35

a
Maximum % dimer calculated from the largest anisotropy change and the anisotropy of the dimer (Eq. S3).

b
Maximum population of the RP2 species based on Kd1 and Kd2 for sequential binding of two PKR monomers under the conditions indicated.

c
The ratio of the maximal % dimer to the maximal % RP2.

d
Data from Fig. S1.

e
Data previously reported.22

f
Data from Table 2.
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Table 2

Analysis of PKR binding to barrier-containing dsRNAs.

RNA Kd1 (nM) Kd2 (nM) RMS
b

5-Me 173 (127, 235) 375 (319, 440) 0.0067

10-Me 360 (263, 492) 784 (606, 1036) 0.0082

15-Me 266 (231, 306) 1,930 (1709, 2194) 0.0091

Parameters were obtained by global nonlinear least square analysis of sedimentation velocity measurements. The values in parentheses represent 
the 95% joint confidence intervals obtained using the F-statistic.

a
Uncorrected sedimentation coefficient (Svedbergs).

b
Root mean square deviation of the fit in absorbance units.
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