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Analysis of Monomeric and Dimeric Phosphorylated Forms of Protein Kinase R†
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ABSTRACT: PKR (protein kinase R) is induced by interferon and is a key component of the innate immunity
antiviral pathway. Upon binding double-stranded RNA (dsRNA) or dimerization in the absence of dsRNA,
PKR undergoes autophosphorylation at multiple serines and threonines that activate the kinase. Although it
has previously been demonstrated that phosphorylation enhances PKR dimerization, gel filtration analysis
reveals a second monomeric phosphorylated form. These forms are termed phosphorylated dimeric PKR
(pPKRd) and phosphorylated monomeric PKR (pPKRm). These two forms do not reversibly interconvert.
Sedimentation equilibrium measurements reveal that pPKRm dimerizes weakly with a Kd similar to that of
unphosphorylated PKR. Isoelectric focusing and mass spectrometry demonstrate that both pPKRm and
pPKRd are heterogeneous in their phosphorylation states, with an average of 9 or 10 phosphates. Equilibrium
chemical denaturation analysis indicates that phosphorylation destabilizes the kinase domain by ∼1.5 kcal/
mol in the dimeric form but not in the monomeric form. Limited proteolysis also reveals that phosphorylation
induces a conformational change in pPKRd that is not detected in pPKRm. pPKRm binds dsRNA with an
affinity similar to that of unphosphorylated PKR, whereas binding cannot be detected with pPKRd. Despite
these substantial differences in biophysical properties, both pPKRm and pPKRd are catalytically competent
and are activated to phosphorylate the PKR substrate eIF2R in the absence of dsRNA. Thus, both
monomeric and dimeric forms of phosphorylated PKR may participate in the interferon antiviral pathway.

Protein kinase R (PKR) is an interferon-induced kinase that
plays a key role in the innate immunity response to viral
infection (1, 2). PKR also functions in the control of cell growth
and proliferation and has been implicated as a tumor suppressor
protein (3, 4). The form of PKR induced by interferon is not
functional, but it is activated by binding double-stranded RNA
(dsRNA) to undergo autophosphorylation. The most well-char-
acterized cellular substrate of PKR is the R-subunit of eukaryotic
initiation factor eIF2. Phosphorylation of eIF2R1 at serine 51
blocks the recycling of eIF2 between GTP- and GDP-bound
states, thereby inhibiting translation initiation. Thus, production
of dsRNAduring viral infection (5) results in PKRactivation and
inhibition of viral and host protein synthesis.

PKR contains two tandem copies of the dsRNA binding
motif (6) at the N-terminus and a C-terminal kinase, with
an ∼90-amino acid linker lying between these domains. Each
of the dsRNA binding motifs has the typical RβββR fold (7) with
a short unstructured region between the folded regions. In the
crystal structure of a complex of the PKR kinase domain with an
N-terminal fragment of eIF2R, the catalytic domain adopts a

bilobal structure typical of protein kinases (8). The kinase forms
a dimer mediated by interactions between residues within the
C-terminal lobes. The large linker lying between the dsRNA
bindingmotifs and the kinase is unstructured (9), and small angle
scattering measurements indicate that the enzyme is flexible in
solution and adopts multiple conformations (10).

Although a variety of molecular models for the activation of
PKR have been put forth, a consensus has emerged that
dimerization plays a key role in the activation mechanism (11).
A defining feature of PKR is the “bell-shaped” curve for
activation, where low concentrations of dsRNA activate but
higher concentrations are inhibitory (12, 13). These data have
generally been interpreted to indicate that low concentrations of
dsRNA drive assembly of PKR dimers on a single dsRNA
whereas higher dsRNA concentrations dilute PKR monomers
onto separatemolecules of dsRNA (14). AlthoughPKR can bind
to dsRNAs as short as 15 bp (15-17), a minimum of 30 bp are
required for activation (13). The ability of dsRNAs to function as
PKR activators is correlated with binding of two or more PKR
monomers (18), supporting a model in which the role of the
dsRNA is to bring two or more PKR monomers into proximity
to enhance dimerization via the kinase domain. PKR alone exists
in a weak monomer-dimer equilibrium, and dimerization of
PKR in the absence of dsRNA is sufficient to activate PKR to
undergo autophosphorylation (19).

PKR autophosphorylates at multiple serine and threonine
sites in a highly complex process. The activity of protein kinases
is often modulated by autophosphorylation of one or more
residues within the activation loop that lies outside of the
catalytic site (20, 21). In the PKR activation loop, Thr 446 is
phosphorylated in vivo and in vitro (22, 23). Mutation of either
Thr 446 or 451 to Ala impairs PKR activity (23). However,
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phosphorylation of Thr 451 has not been detected by mass
spectrometry. In addition to the activation loop, three phosphory-
lation sites (Ser 252, Thr 255, and Thr 258) lie within the linker
region between the dsRNA binding domain and kinase (24)
and one (Thr 33) lies within the first dsRNAbinding domain (22).
Six phosphorylation sites have been localized to the region
between the first and second dsRNA binding domains (22, 25),
and another cluster of six sites exists in the kinase insert region
between kinase subdomains IV and V (22). Overall, ∼15 serines
and threonines are believed to be phosphorylated in PKR (22, 26).
Outside of the activation loop, the only phosphorylation site that
appears to be functionally important is Thr 258 (24); however,
others report that only Thr 446 and Thr 451 were critical for PKR
activity in yeast (26). In addition to these serine and threonine
sites, it has been reported that PKR also autophosphorylates at
three tyrosines (27).

The structural and functional consequences of PKRautophos-
phorylation are not well understood. Once autophosphorylated,
PKR is constitutively activated and is only minimally stimulated
by further addition of dsRNA (14, 28). PKR autophosphoryla-
tion reduces the binding affinity for dsRNA (9, 29). In the absence
of dsRNA, PKR dimerizes weakly, with a Kd of ∼500 μM (19).
Remarkably, dimer stability is enhanced (30) by ∼500-fold upon
autophosphorylation (19). In the crystal structure of the kinase
domain, phosphothreonine 446 interacts with basic residues
within helix RC which in turn interacts with the substrate binding
site and forms a portion of the dimer interface, suggesting a
possible mechanism linking dimerization to enzymatic activa-
tion (8). Autophosphorylation induces a change in the conforma-
tion of the activation loop that blocks trypsin proteolysis and
slightly reduces the thermodynamic stability of the kinase do-
main (31). NMR chemical shift changes observed upon PKR
phosphorylation are localized within the kinase domain (9).

In this study, we have investigated the biophysical properties
of autophosphorylated PKR. Gel filtration analysis reveals that
phosphorylated PKR can be separated into two distinct forms:
one that dimerizes strongly and one that dimerizes weakly with
an affinity similar to that of the unphosphorylated enzyme. We
characterize the biophysical properties of these two forms of
phosphorylated PKRand correlate themwith enzymatic activity.
Our results indicate that both forms are catalytically competent
and are activated to phosphorylate the PKR substrate eIF2R in
the absence of dsRNA.Thus, bothmonomeric anddimeric forms
of phosphorylated PKR may participate in the interferon anti-
viral pathway.

MATERIALS AND METHODS

Expression and purification of unphosphorylated PKR were
performed as previously described (19). PKRundergoes dsRNA-
independent autophosphorylation upon incubation at protein
concentrations greater than 0.5 μM in the presence of ATP (19),
and this reaction was used to generate phosphorylated enzyme
for biophysical analysis. PKR was exchanged into 50 mM Tris,
100mMNaCl, 12mMMgCl2, 0.1mMEDTA, and 10mMBME
(pH 8.0) using either disposable spin columns containing Biogel
P6 (Bio-Rad) or dialysis and concentrated to 80 μM.The reaction
was initiated by addition of 6 mM ATP and proceeded at room
temperature for 4 h. The resulting material was centrifuged at
15000g for 10 min to remove aggregates that form during
phosphorylation andapplied to a Superdex 200 16/60 preparative
gel filtration column (GE Healthcare) equilibrated in AU200

buffer [20 mM HEPES, 200 mM NaCl, 0.1 mM EDTA, and
0.1mMTCEP (pH 7.5)]. Two fractions were isolated, with∼80%
of the material eluting at the volume corresponding to the
PKRmonomer and∼20% eluting at a volume corresponding to
the dimer. These fractions are designated pPKRm and pPKRd,
respectively.

The homogeneity of pPKRm and pPKRd phosphorylation
was analyzed by isoelectric focusing using pH 3-7 gels
(Invitrogen) and IEF gel standards with pI values ranging from
3.5 to 10.7 (Serva). On the basis of its amino acid composition,
unphosphorylated PKR is predicted by SEDNTERP (32) to have
a pI of 8.76 and does not enter the gel. Control experiments using
pH3-10 gels confirmed that the unphosphorylated enzyme has a
pI between 8 and 9 (data not shown). The phosphorylation states
of pPKRmandpPKRdwere analyzed by liquid chromatography
and electrospray mass spectrometry. Samples were prepared by
buffer exchange into a solution containing 0.5% acetic acid and
50% methanol. HPLC was performed using a 10ADvp system
(Shimadzu, Columbia, MD) and a reverse-phase column
(Hypersil GOLD, 1.9 μm, 100 mm� 1.0 mm, Thermo Scientific,
Waltham, MA). Solvent A consisted of formic acid, acetonitrile,
and H2O [2:10:988 (v/v/v)], and solvent B consisted of formic
acid, H2O, and acetonitrile [2:10:988 (v/v/v)]. Electrospray mass
spectrometry was performed on a QSTAR Elite instrument
(Applied Biosystems, Foster City, CA). The deconvoluted spec-
tra were recorded by Bayesian Protein Reconstruction in Analyst
QS version 2.0.

Equilibrium chemical denaturation experiments were per-
formed and analyzed as previously described (31) using CD to
detect global unfolding and tryptophan fluorescence to selec-
tively monitor the kinase domain. The data were fit using
Savuka (33, 34). Limited trypsin proteolysis measurements were
performed as previously described (31). Sedimentation velocity
analysis was performed at 20 �Cand 50000 rpmusing absorbance
optics at 260 nm with a Beckman-Coulter XL-I analytical
ultracentrifuge. Standard two-channel cells were usedwithquartz
windows. Initial analysis was performed using DCDTþ (35) to
determine g(s*) distributions. Multiple data sets were globally fit
to heteroassociation models using SEDANAL (36). Sedimenta-
tion equilibrium experiments were performed at 20 �C and rotor
speeds of 18000 and 24000 rpmusing interference optics. Samples
were loaded into aged, six-channel external loading cells
equipped with sapphire windows (37). Water blanks were taken
before and after the run at each speed. The match routine in
HETEROANALYSIS was used to determine when equilibrium
was established. The data were analyzed using HETEROANA-
LYSIS (38). Extinction coefficients, molecular masses, partial
specific volumes, and solvent densities were calculated using
Sednterp (39).

Enzymatic activity assays were performed at 32 �C in 20 mM
HEPES, 50mMKCl, 5mMMgCl2, and 0.1mMTCEP (pH 7.5).
A construct encoding residues 3-183 of the PKR substrate
eIF2R was cloned into pET-30a, which provides a C-terminal
histidine tag. eIF2R was purified by metal ion affinity chroma-
tography on His-trap FF and gel filtration on Superdex 75 (GE
Healthcare). Phosphorylation reaction mixtures contained 100
nM PKR, 385 nM eIF2R, variable concentrations of poly(rI):
poly(rC) dsRNA (GE Healthcare), and 40-400 μM ATP con-
taining 1 μCi of [γ-32P]ATP per sample. The reaction was
quenched by addition of SDS-PAGE loading buffer and heating
at 70 �C for 10 min. The samples were run on 12% SDS-PAGE
gels (Invitrogen) for 75 min at 200 V. Incorporation of 32P into
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PKR and eIF2R was visualized and quantitated using a PMI
phosphorimager (Bio-Rad).

RESULTS

Detection of a Monomeric Form of Phosphorylated
PKR. PKR was autophosphorylated in the absence of dsRNA
by incubation at a high protein concentration in the presence of
ATP.Figure 1 shows that two forms are resolved by gel filtration.
The larger peak has the same elution volume asmonomeric PKR,
whereas the smaller feature corresponds to a PKR dimer (19).
Previously, we demonstrated that this PKR dimer fraction is
phosphorylated and characterized its dimerization affinity, func-
tional activity, and stability (19, 31). Data shown below demon-
strate that the larger peak at 70 mL also corresponds to a
phosphorylated form of PKR and not to residual unphosphory-
lated enzyme. Here, we characterize this monomeric, phosphory-
lated fraction and compare its properties to those of the
unphosphorylated and dimeric phosphorylated forms of PKR.

There are two alternative explanations for the monomer and
dimer forms of PKR detected in gel filtration: (1) two distinct
molecular components that do not interconvert and (2) two

species representing a single component engaged in a reversible
monomer-dimer equilibriumwhere the rate of interconversion is
slow on the time scale of the experiment. To discriminate between
these possibilities, each fraction was collected, reconcentrated to
the original concentration, allowed to equilibrate for 5 days, and
reapplied to the Superdex 200 column (Figure 1A). The dimer
fraction gives rise to a predominant dimer peak with a smaller
monomer feature. Given the limited resolution of gel filtration, it
is not possible to baseline-separate the two forms, and the
presence of a monomer peak in the dimer fraction is at least
partially associated with cross contamination with monomer. In
addition, we have previously used analytical ultracentrifugation
to demonstrate that the fraction isolated from the dimer peak
itself exists in a reversiblemonomer-dimer equilibriumwith aKd

of 0.95 μM (19). Thus, the dimer fraction will produce a peak
corresponding to the monomer due to dissociation during the
dilution that occurs upon gel filtration. In sedimentation velocity
experiments, where dilution isminimal, amonomer peak near 3.5
S increases in area as the sample concentration decreases from0.6
to 0.1 mg/mL (Figure S1 of the Supporting Information). How-
ever, at the highest concentration, the monomer peak is less than
5% of the total area. Like the dimer fraction, the monomeric
fraction retains its chromatographic behavior after prolonged
incubation and elutes as a monomer with a trace of dimer
(Figure 1A). The amplitude of the dimer peak corresponds
to ∼6% of the total area. Similarly, sedimentation equilibrium
analysis (vide infra) indicates ∼5% dimer contaminant. In
summary, the monomer and dimer fractions isolated by gel
filtration represent distinct molecular components with a low
level of cross contamination. The monomeric fraction will be
designated as pPKRm and the dimer fraction pPKRd. However,
as demonstrated below, each of these components engages in
reversible dimerization, with pPKRm exhibiting weak self-asso-
ciation and pPKRd forming a stronger dimer.
Analysis of Phosphorylation States of PKR. The phos-

phorylation states of pPKRm and pPKRd were evaluated by
isoelectric focusing andmass spectrometry. On the basis of amino
acid composition, the isoelectric point of unphosphorylated PKR
is predicted to be 8.76, and addition of acidic phosphate groups is
expected to reduce the pI. In isoelectric focusing conducted over a
pH range of 3-7, unphosphorylated PKR essentially does not
enter the gel and produces a band at the well (Figure 2A). In
contrast, both phosphorylated forms give rise to a broad range of
bands at pI ∼6-4.5 with the most intense bands centered at
pI ∼5. Thus, pPKRm and pPKRd are considerably more acidic
than unphosphorylated PKR, consistent with a high degree of
phosphorylation. The average level of phosphorylation appears
to be slightly higher in pPKRd than in pPKRm. In addition, the
pPKRm band has a fraction that does not migrate into the gel,
possibly indicating the presence of some portion of this fraction
that has little or no phosphorylation. However, it is not possible
to distinguish aggregate from unphosphorylated PKR in this gel
system, and this material may correspond to an aggregate.

Electrospray ionization mass spectrometry of intact proteins
was used to characterize the phosphorylation states of pPKRm
and pPKRd. A series of peaks are detected in the deconvoluted
mass spectrum of pPKRm that range from 62527 to>63222 Da
(Figure 2B). The interval between successive peaks is 80 Da,
corresponding to a single phosphate group. On the basis of the
mass of unphosphorylated PKR of 62095 Da (19), pPKRm
consists of a distribution corresponding to 6-16 phosphates/
PKR, with the most populated form containing nine phosphates.

FIGURE 1: Gel filtration analysis of phosphorylated PKR. (A) Over-
plot of the initial reaction mixture (;) and reapplication of purified
pPKRd (---) and pPKRm ( 3 3 3 ). The pPKRm and pPKRd
fractions were isolated by preparative gel filtration, concentrated
to ∼5 mg/mL, and equilibrated for 5 days at 4 �C. The chromato-
grams are vertically offset for the sake of clarity. (B) Overplot of
pPKRm (;) and pPKRm after rereaction with ATP ( 3 3 3 ). pPKRm
isolated from initial preparative gel filtration was concentrated to
80 μM and equilibrated into 50 mM Tris, 100 mM NaCl, 12 mM
MgCl2, 0.1mMEDTA,and10mMBME(pH8.0).Half of the sample
was incubated with ATP and MgCl for 4 h at 20 �C. Both samples
were separately reapplied to the column. Analytical gel filtration
chromatography was performed on a GE Healthcare Superdex 200
10/300 column in AU200 buffer at a rate of 0.5 mL/min and 4 �C.
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Asimilar distribution is observed for pPKRd (Figure 2C), but the
most populated form is slightly shifted to 10 phosphates/PKR.
These data confirm the IEF results and demonstrate that both
pPKRm and pPKRd are both heterogeneously phosphorylated
and that pPKRd is slightly more heavily phosphorylated than
pPKRm. The IEF analysis appears to resolve a larger number of
phosphorylated forms than mass spectrometry. Given the pre-
sence of as many as 15 potential phosphorylation sites in PKR, it
is likely each peak in Figure 2B actually consists of a population
that contains the same total number of phosphates distributed on
different sites in the protein. These forms would likely have
different pI values, giving rise to additional bands in the IEF
analysis. We do not detect any unphosphorylated material in the
mass spectrum of pPKRm.We have observed small quantities of
unphosphorylated PKR in some preparations of pPKRmby IEF
analysis on pH 3-10 gels (data not shown).

The heterogeneity in phosphorylation states is not kinetically
controlled. A control experiment using trace quantities of
[γ-32P]ATP to quantitate PKR labeling demonstrated that the
extent of PKR labeling is saturated over the 4 h time interval used
to prepare phosphorylated PKR (C. Quartararo, E. Anderson,
and J. Cole, unpublished observations). Given the large number
of phosphates incorporated into PKR, it has not proven feasible
to separate the individual phosphorylation states present in either
pPKRm or pPKRd by ion exchange chromatography and
related methods (E. Anderson and J. L. Cole, unpublished
observations).

We considered the possibility that pPKRm represents an
intermediate in the formation of pPKRd. After isolation of
pPKRm from gel filtration, the protein was concentrated, re-
equilibrated into the phosphorylation buffer, and incubated in
the presence of ATP under the same conditions that we used
originally to prepare the phosphorylated protein. Figure 1B
shows that this material coelutes on gel filtration with pPKRm

that was not subject to a rephosphorylation, with the major peak
eluting at a volume corresponding to the PKR monomer. The
formation of a shoulder eluting at 60mL likely corresponds to the
formation of an aggregate. These data indicate that pPKRm
cannot be converted into pPKRd by additional phosphorylation
and thus does not represent an intermediate in the formation of
pPKRd. Similar to the human enzyme, mouse PKR also forms
pPKRm and pPKRd upon in vitro autophosphorylation, de-
monstrating that these forms are not specific to the human
enzyme (R. S. Brown and J. L. Cole, unpublished observations).
Monomeric and dimeric phosphorylated forms of human PKR
are also produced upon dsRNA-dependent autophosphorylation
of PKR at a lower protein concentration (0.25 μM) in the
presence of poly(rI):poly(rC) dsRNA (Figure S1 of the Support-
ing Information). IEF analysis of the monomeric fraction reveals
that the distribution of phosphorylation states is similar to those
of pPKRm and pPKRd generated in the absence of dsRNA.
Thus, production of both pPKRm and pPKRd occurs with
multiple PKR constructs and is independent of the mechanism
used to induce autophosphorylation. This heterogeneity in
phosphorylated PKR may be physiologically significant. Thus,
we have characterized the biophysical and enzymatic properties
of pPKRm and compare the properties of this form with those
from previous studies of pPKRd (9, 18, 19, 29, 31).
Stability and Conformation of pPKRm. We have pre-

viously used limited proteolysis to define the accessible and
unstructured regions of PKR and to monitor conformational
changes associated with ligand binding and activation (31).
Figure 3A compares the trypsin proteolysis patterns of pPKRm
and pPKRd. At the lowest protease concentration, both phos-
phorylated forms are cleaved to generate peptides of ∼40
and ∼30 kDa. This cleavage occurs near the N-terminus of
the kinase domain, and the 40 kDa peptide corresponds to the
kinase domain (31). In the case of pPKRm, at higher trypsin

FIGURE 2: Analysis of pPKRm and pPKRd phosphorylation states. (A) IEF gel of unphosphorylated and phosphorylated PKR forms. Samples
were loaded at a concentration of 3mg/mLand analyzedona pH3-7 IEFgel (Invitrogen)with SERVAmarkers according to themanufacturer’s
instructions. Gels were stained with Coomassie blue. (B) Deconvoluted electrospray ionization mass spectrum of pPKRm. (C) Deconvoluted
electrospray ionization mass spectrum of pPKRd. See Materials and Methods for experimental details.
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concentrations, the 40 kDa kinase domain peptide is cleaved and
additional bands appear at 25 and 11 kDa. This trypsin proteo-
lysis pattern is similar to that of unphosphorylated PKR, where
the second cleavage occurs within the activation loop (31). In
contrast, as we previously reported, the 40 kDaband in pPKRd is
dramatically stabilized to cleavage by trypsin (31).

PKR contains three tryptophans, all localizedwithin the kinase
domain, and we have previously used intrinsic tryptophan
fluorescence to selectively probe the stability of the kinase domain
and CD to measure global stability (31). Urea denaturation

measurements indicated that unfolding of unphosphorylated
PKR monitored by tryptophan fluorescence occurs as a single
transition with a ΔG� of 6.66 ( 0.53 kcal/mol. Figure 3B shows
that the unfolding of pPKRm monitored by tryptophan fluor-
escence also occurs as a single transition with a ΔG� of 6.41 (
0.31 kcal/mol. Thus, phosphorylation to form pPKRm does not
perturb the stability of the PKR kinase domain. In contrast,
the stability of the kinase domain in pPKRd is reduced by
∼1 kcal/mol to 5.45 ( 0.28 kcal/mol (31).

We have also compared the CD spectra of PKR, pPKRm, and
pPKRd to detect potential differences in secondary structure and
conformation. The spectra of the two phosphorylated forms
overlay with that of latent PKR, indicating the absence of
significant differences in secondary structure (data not shown).
Dimerization of pPKRm. Latent PKR exists in a weak

monomer-dimer equilibriumwith aKd of 450 μM, and formation
of pPKRd results in 500-fold enhanced dimerization affinity such
thatKd= 0.95 μM.Here, we define the self-association properties
of pPKRm. In our preliminary analysis of sedimentation equilib-
riumdata obtainedwith pPKRmusing amonomer-dimermodel,
we found that it was necessary to incorporate the presence of
incompetent dimer to obtain satisfactory fits. In this model, the
incompetent dimer corresponds to a nonequilibrating component
with a mass corresponding to a dimer of pPKRm. As shown in
Figure 1, it is not possible to baseline-separate the two phosphory-
lated forms of PKR and the dimer contaminant found in our
preparation of pPKRm is likely pPKRd. Figure 4 shows a fit of
the pPKRm sedimentation equilibrium to a monomer-dimer
model with a Kd of 473 (377, 624) μM incorporating 5%
incompetent dimer (the values in parentheses refer to the one
standard deviation joint confidence interval). Thus, the Kd of
pPKRm is similar to that of the unphosphorylated enzyme and is
significantly higher than that of pPKRd.
Binding of pPKRm and pPKRd to dsRNA. Sedimentation

velocity analytical ultracentrifugation monitored by UV absor-
bance at 260 nmwas used to define the dsRNAbinding affinity of
monomeric and dimeric phosphorylated PKR. We have pre-
viously demonstrated that PKR binds to a 20 bp dsRNA with a
Kd of 860 nM (18). We were unable to detect any binding of

FIGURE 3: Analysis of the stability of phosphorylated PKR. (A)
Limited proteolysis of pPKRmand pPKRd. Samples were incubated
at 1 mg/mL at several PKR:trypsin ratios at 20 �C for 30 min.
Reactions were quenched by the addition of SDS sample loading
buffer and themixtures being heated to 90 �C for 10min.The samples
were run on a 4 to 12% acrylamide Bis-Tris gel under denaturing
conditions and visualized with Coomassie blue staining. Lane 1
contained unphosphorylated PKR that has not been digested. Lanes
2-5 contained pPKRm with increasing concentrations of trypsin.
Lanes 6-9 contained pPKRd and increasing concentrations of
trypsin. (B) Analysis of the stability of pPKRm by equilibrium urea
unfolding titration. pPKRm was prepared at 0.15 mg/mL and
variable urea concentrations and equilibrated at 20 �C for 3 h.
Unfolding was monitored by tryptophan fluorescence emission with
excitation at 295 nm and emission at 340 nm. The data are shown as
filled circles, and the fit to a two-state model using SAVUKA is
shown as a solid line. The best-fit parameters are as follows: ΔG� =
6.41( 0.31 kcal/mol, andm=2.11( 0.01kcalmol-1M-1. The inset
shows residuals of the fit.

FIGURE 4: Sedimentation equilibrium analysis of pPKRm dimeriza-
tion. The empty symbols are the data, and the solid lines are global
fits using a monomer-dimer equilibrium model incorporating
incompetent dimer. For the sake of clarity, only every third data
point is shown. The inset shows a superposition of the residuals from
the global fit. The best-fit parameters are as follows: Kd = 473 (377,
624) μMwith 5% incompetent dimer and rms = 0.0158 fringe.
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pPKRd to the same dsRNA under similar conditions (data not
shown). These results are consistent with previous observations
indicating that phosphorylation of PKR interferes with RNA
binding (9, 29). In contrast, pPKRmbound readily as revealed in
an overlay of normalized g(s*) sedimentation coefficient distri-
bution functions for a titration of the 20 bp dsRNAwith pPKRm
(Figure S2 of the Supporting Information). The apparent sedi-
mentation coefficient increases continuously upon addition of
pPKRm from ∼2.5 to ∼4.5 S in the presence of a 6-fold molar
excess of protein. This behavior is consistent with a simple 1:1
binding model. We previously reported a similar shift upon
binding of unphosphorylated PKR to the same dsRNA (18).
We globally fit these data using SEDANAL with this model to
extract Kd. Figure 5 shows that the data fit very well as indicated
by minimal systematic deviations in the residuals and a low rms
deviation of 0.0071 OD. The best fit Kd is 3.10 (1.67, 5.49) μM.
Thus, pPKRm binds to dsRNA ∼3-4-fold weaker than the
unphosphorylated enzyme.
Functional Activity of pPKRm and pPKRd. PKR is

activated upon binding to dsRNA to undergo autophosphoryla-
tion and subsequently phosphorylate the physiological substrate,
eIF2R. Typically, these reactions are assayed by monitoring the
transfer of 32P from [γ-32P]ATP into PKR and eIF2R. We have
used this assay to measure the ability of pPKRm and pPKRd
prepared using unlabeled ATP to subsequently catalyze phos-
phorylation of eIF2R with [γ-32P]ATP. In control experiments,
the ability of unphosphorylated PKR to phosphorylate eIF2R is

dependent on dsRNA (Figure 6A). Interestingly, pPKRm is also
capable of catalyzing phosphorylation of eIF2R. Although
pPKRm binds dsRNA (Figure 5), eIF2R phosphorylation does
not require dsRNA and is essentially constant up to a concentra-
tion of 30 μg/mL (Figure 6A).

Several lines of evidence indicate that the eIF2R kinase activity
of pPKRm is not due to pPKRd contamination. First, we have
consistently observed that all preparations of pPKRmare able to
phosphorylate eIF2R with similar rates, which suggests that this
reaction is not due to contamination. Second, additional data
from the experiment depicted in Figure 6B strongly argue that
both phosphorylated forms are active. Even though pPKRmand
pPKRdare produced in a reaction using unlabeledATP,we have
consistently observed that both of these preparations also under-
go low levels of autophosphorylation upon subsequent incuba-
tion with [γ-32P]ATP. Presumably, this reaction occurs because
of the incomplete incorporation of phosphates in pPKRm and
pPKRd as indicated by the IEF and mass spectrometry analysis
in Figure 2. We measured the extent of PKR autophosphoryla-
tion in the experiment depicted in Figure 6B in addition to the
phosphorylation of eIF2R. Importantly, the amount of 32P
incorporated into pPKRm is 92% of the amount incorporated
into pPKRd. If the activity of pPKRm were associated with
contaminating pPKRd, this amount of 32P incorporation would
be much lower, on the order of 5%.

pPKRd is capable of phosphorylating eIF2R (Figure 6B).
pPKRm and pPKRd phosphorylate eIF2R to the same extent in

FIGURE 5: Sedimentation velocity analysis of pPKRm binding to a 20 bp dsRNA. Samples were prepared at 1 μM dsRNA with 0.5 equiv of
pPKRm (A), dsRNA with 1 equiv of pPKRm (B), dsRNA with 2 equiv of pPKRm (C), and dsRNA with 6 equiv of pPKRm (D). The
sedimentation velocity profiles were subtracted in pairs to remove time-invariant noise, and the four data sets were globally fit to a 1:1 binding
stoichiometry model using SEDANAL (36). The top panels show the data (points) and fit (solid lines), and the bottom panels show the residuals
(points). The best-fit parameters are as follows: Kd = 3.10 (1.67, 5.49) μM and rms deviation = 0.0071 OD.
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a manner independent of the presence of dsRNA. Under the
same conditions, complete phosphorylation of the substrate by
PKR requires dsRNA. Although both pPKRm and pPKRd are
active enzymes, the kinetics of eIF2R phosphorylation are
different (Figure 6C). Under the same conditions, the reaction
catalyzed by pPKRd is ∼10-fold faster than that catalyzed by

pPKRm. In the presence of a saturating level of dsRNA, the rate
of eIF2R phosphorylation catalyzed by PKR is intermediate
between those of the phosphorylated enzymes. These results
demonstrate that both pPKRm and pPKRd are both catalyti-
cally competent and do not require dsRNA to transphosphory-
late substrate.

DISCUSSION

We (19) and others (9, 30) have previously reported that
autophosphorylation of PKR results in enhancement of dimeriza-
tion affinity. In these studies, the phosphorylated enzyme was
purified by collecting the fraction eluting from a gel filtration
column as a dimer (pPKRd). However, biophysical analysis of the
monomer fraction reveals that component is also phosphorylated,
and we refer to this form as pPKRm. These two forms do not
reversibly interconvert and thus represent distinct molecular
components. pPKRm cannot be converted into pPKRd upon
additional phosphorylation, suggesting that it does not represent
an intermediate in the activation process. Furthermore, both
forms are generated upon activation of humanPKR in the absence
and presence of dsRNAas well as upon activation ofmouse PKR,
suggesting this heterogeneity in self-association affinity is an
intrinsic property of the activated enzyme. On the basis of these
observations, we have undertaken to characterize the biophysical
and functional properties of pPKRm for the sake of comparison
with previous analyses of pPKRd (9, 18, 19, 29, 31).

IEF and mass spectrometry indicate that both pPKRm and
pPKRd are heterogeneously phosphorylated, with each contain-
ing a range of ∼6-16 phosphates with a maximum population
near 9 phosphates per enzyme for pPKRm and 10 for pPKRd.
Thus, the overall level of phosphorylation is similar for the forms.
The maximal number of phosphates we observe is close to the
14-15 phosphorylation sites previously detected in PKR (22, 26).
The heterogeneity in phosphorylation state was previously ob-
served in IEF gels of wild-type PKR expressed in Escherichia coli
in the absence of a phosphatase (40). In contrast, NMR analysis
of phosphorylated PKR (presumably pPKRd) suggested a
homogeneous population (9); however, this preparation was
not characterized by methods that directly probe the distribution
of phosphorylation states. The origin of the heterogeneity in
phosphate incorporation in pPKRm and pPKRd is not known.
The autophosphorylation reaction reaches a plateau level, sug-
gesting that phosphatate incorporation is not kinetically con-
trolled. There is no apparent consensus sequence flanking the
serine and threonine phosphorylation sites in PKR. Possibly,
some of them are poorly recognized by the kinase and thus only
rarely phosphorylated, resulting in an incompletely phosphory-
lated product.

Although both pPKRm and pPKRd exhibit a similar overall
level of phosphorylation, they have distinct biophysical proper-
ties. The sensitivity of pPKRm to limited trypsin proteolysis and
the thermodynamic stability of the kinase domain are similar to
those characteristics of unphosphorylated PKR. In contrast, the
activation loop in pPKRd is stabilized against proteolysis,
suggesting that it adopts a more ordered conformation upon
phosphorylation (31). The stability of the kinase domain is
reduced in pPKRd (31). pPKRm exists in a monomer-dimer
equilibrium with a dissociation constant that is similar to that of
the unphosphorylated enzyme, whereas the dimer affinity is
enhanced ∼500-fold in pPKRd (19). Finally, pPKRm binds to
a 20 bp dsRNA∼3-4-foldweaker than unphosphorylated PKR,

FIGURE 6: eIF2R kinase activity of pPKRmand pPKRd. (A) Effects
of dsRNA on eIF2R phosphorylation. Unphosphorylated PKR
control (O) and pPKRm (0). (B) Comparison of unphosphorylated
PKR(white), pPKRm(gray), andpPKRd (black).ForbothpanelsA
and B, samples contained 400 μMATP and reactions were quenched
after 20 min. (C) Kinetics of eIF2R phosphorylation catalyzed by
unphosphorylated PKR (O), pPKRm (0), and pPKRd (]). All
samples contained 40 μM ATP, and the unphosphorylated PKR
sample contained 10 μg/mL dsRNA. The best fit line for a single-
exponential fit is shown for each reaction, with rate constants of
0.64 min-1 for PKR, 0.22 min-1 for pPKRm, and 2.2 min-1 for
pPKRd.
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whereas binding is undetectable for pPKRd. Thus, with the
exception of the greatly decreased pI induced by phosphoryla-
tion, the biophysical properties of pPKRm are very similar to
those of the unphosphorylated enzyme and differ dramatically
from those of pPKRd.

Despite the considerable differences in the biophysical
properties of pPKRm and pPKRd, both forms are functional
and are capable of phosphorylating eIF2R. Both pPKRm and
pPKRd are constitutively activated and are not stimulated by
addition of dsRNA, which has previously been reported for
activated forms of PKR (14, 28). Thus, the conformational
changes and enhanced dimerization in pPKRd are not required
for activation of PKR. Both pPKRm and pPKRd are produced
under a variety of conditions, and our results suggest that both
monomeric and dimeric forms of phosphorylated PKRmay be
physiologically relevant and participate in the interferon anti-
viral pathway. PKR isolated from the cytosolic fraction from
interferon-induced cells exists predominantly as a dimer,
whereas PKR isolated from a ribosomal salt wash is mostly
monomeric (30). Both forms are partially phosphorylated,
suggesting that pPKRm and pPKRd may exist in vivo. One
difference between the two activated forms is that pPKRd
phosphorylates eIF2R more rapidly than pPKRm. This differ-
ence may be associated with the enhanced dimerization of
pPKRd. The heterogeneity in PKR phosphorylation may serve
to confound viral countermeasures for evading PKR.
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