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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 dsSRNA, PKR undergoes autophosphorylation reactions that activate
the kinase leading it to phosphorylate elF2a, thus inhibiting protein synthesis in virally-infected cells.
PKR contains a dsSRNA binding domain (dsRBD) and a kinase domain. The dsRBD is composed of
two tandem dsRNA binding motifs. An autoinhibition model for PKR has been proposed whereby
dsRNA binding activates the enzyme by inducing a conformational change that relieves the latent
enzyme of the inhibition that is mediated by interaction of the dSRBD with the kinase. However,
recent biophysical data support an open conformation for the latent enzyme where activation is
mediated by dimerization of PKR induced upon binding dsRNA. We have probed the importance of
interdomain contacts by comparing the relative stabilities of isolated domains with the same domain
in the context of the intact enzyme using equilibrium chemical denaturation experiments. The two
dsRNA binding motifs fold independently, with C-terminal motif exhibiting greater stability. The
kinase domain is stabilized by about 1.5 kcal/mole in the context of the holenzyme and we detect
low-affinity binding of the kinase and dsRBD constructs in solution, indicating that these domains
interact weakly. Limited proteolysis measurements confirm the expected domain boundaries and
reveal that the activation loop in the kinase is accessible to cleavage and unstructured.
Autophosphorylation induces a conformation change that blocks proteolysis of the activation loop.

Protein kinase R (PKR) is an interferon-induced kinase that plays a key role in the innate
immunity response to viral infection in higher eukaryotes (1-3). PKR has also been implicated
in avariety of cellular signal transduction pathways (4,5). The enzyme is synthesized in a latent
state, but upon binding dsRNA, or structured RNAs containing dsRNA regions, it undergoes
autophosphorylation at multiple serine and threonine residues resulting in activation. The most
well characterized cellular substrate of PKR is the alpha subunit of initiation factor elF2.
Phosphorylation of elF2a inhibits the initiation of translation. Thus, production of dSRNA that
occurs during infection with viruses with positive-stranded RNA, dsRNA or DNA genomes
(6) can result in PKR activation and subsequent inhibition of viral and host protein synthesis

().

PKR is a 62 kDa protein that contains an N-terminal double-stranded RNA binding domain
(dsRBD) and C-terminal kinase domain, with a central region of unknown function (Figure
1A). The dsRBD consists of two tandem copies of the ~70 amino-acid dsSRNA binding motif
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(dsRBM) (8), dsRBM1 and dsRBM2. In the NMR structure of the PKR dsRBD, the two motifs
each adopt the canonical apppa dsRBM fold and are connected by an unstructured linker of ~
20 amino acids (9). The overall structures of the two domains are quite similar, with a backbone
RMSD of 2A (9). However, dsRBM1 does exhibit significantly more backbone motion on the
millisecond timescale than dSRBM2 (10). The X-ray structure of a complex of the PKR kinase
domain with an N-terminal fragment of elF2a was recently solved (11). Like other protein
kinases (12), the catalytic domain of PKR contains two lobes: the N-terminal lobe is smaller
and predominantly B sheet and the C-lobe is mostly helical (Figure 1B). The region between
dsRBM2 and the kinase domain appears unstructured or dynamic in TROSY-HSQC spectra
(13).

It is not well understood how RNA binding at the dsRBD results in activation of the kinase
and several models have been proposed (14). In the autoinhibition model, latent PKR exist in
a closed conformation in which the dsRBD interacts with the kinase domain and blocks
substrate binding. RNA then functions to activate the kinase by binding to the dsRBD and
inducing a conformational change that exposes the active site. In support of this mechanism,
an interaction of dsSRBM2 with the kinase domain has been reported based on NMR chemical
shift perturbation experiments (10,15). In contrast to this picture of a closed conformation for
the latent enzyme, sedimentation velocity (16), AFM (17) and neutron scattering experiments
(18,19) suggest that PKR can adopt an extended structure in solution and nucleotide substrates
have free access to the active site in both active and inactive forms of PKR (17). NMR
resonances associated with the dsRBD are essentially superimposable in spectra of the isolated
domain and full length enzyme (13), which argues against strong interactions of the dsSRBD
and kinase.

It has long been recognized that PKR is capable of dimerizing in the absence and the presence
of dsRNA (16,18,20-22) and recent structural and biophysical data now favor models where
dsRNA principally functions to enhance dimerization of PKR. The PKR kinase-elF2a complex
crystallized as a back-to-back dimer with the interface formed by the kinase N-terminal lobes
(11). Helix aC in the N-lobe comprises part of the dimer interface and conformational changes
in this helix often regulate protein kinase activity (12), suggesting that dimerization may
allosterically modulate kinase activity. Latent PKR exists predominantly as a monomer but
does dimerize weakly, with Kg ~ 500 uM and dimerization at high protein concentrations in
the absence of dsRNA is sufficient to activate PKR (16). Fusion of a heterologous dimerization
domain with the PKR kinase domain enhances autophosphorylation (23,24). These data
support a model whereby dsRNA activates by binding multiple PKR monomers in close
proximity, thereby enhancing dimerization via the kinase domain (14). Alternatively, RNA
binding at the dsSRBD may induce a conformation change in PKR monomers that enhances
dimer stability and leads to subsequent dimerization (13). However, a defining feature of PKR
activation by dsRNA is the “bell shaped” curve, where high RNA concentrations are inhibitory
(25), which is not explained in the context of the latter model. In contrast, these observations
are compatible with the former model, where inhibition would occur by dissociation of a PKR
dimer residing on one dsRNA molecule into two monomers each bound to a separate RNA
(26).

In order to differentiate among the alternative models for PKR activation it is necessary to
define the nature of the interactions between domains and the conformational changes that
accompany activation. The folding mechanisms and thermodynamic stabilities of multidomain
proteins have been extensively studied (27-29). In general, the presence of large, densely
packed domain interfaces results in stabilization of the neighboring domains and cooperative
folding (28). Conversely, in multidomain proteins where the domains are connected by flexible
linkers with no significant domain interfaces, the domains are thermodynamically and
kinetically independent (30-32). Thus, one can gain insights into the interdomain contacts by
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comparing the relative stabilities of an isolated domain and the same domain expressed in the
context of a multidomain protein. Here, we have compared the stabilities of full length PKR
and its constituent domains using limited proteolysis and equilibrium chemical denaturation.
PKR contains three tryptophans, all localized within the kinase domain, and we have used
intrinsic tryptophan fluorescence as a probe to selectively detect unfolding of the kinase domain
and CD spectroscopy to monitor the global unfolding reactions. In addition, we have used
limited protease digestion to probe unstructured and accessible regions of PKR and to define
conformational changes associated with cofactor binding and autophosphorylation. We find
that the two dsRBM units fold independently, with dSRBM2 exhibiting greater stability. The
kinase domain is slightly stabilized by the dsRBD, suggesting weak interaction between the
domains. Protease digestion measurements indicate that autophosphorylation induces
conformation changes that include structuring of the activation loop.

Materials and Methods

Reagents and Materials

All reagents used were reagent grade purchased from Fisher Scientific except as noted.
Ultrapure urea was obtained from MP Biomedical, Trypsin was obtained from Sigma-Aldrich
and chymotrypsin and papain were from Worthington Biochemical Corp. Solutions containing
urea were purified by adding 5% wi/v Biorad AG501-8X resin, swirling gently for 45 minutes
and filtering.

Protein Expression

Expression and purification of the following PKR constructs has previous been described: Full-
length PKR (16); dsRBD, encompassing both dsSRBM1 and dsRBM2 (PKR 1-184) (33) and
dsRBM1 (PKR 1-91) (34). The kinase domain (PKR 242-551) containing the K296R—R
mutation was cloned into pET-11a and resulting plasmid was transformed into BL21 (DE3)
E. coli expression cells (Novagen, Rosetta2 pLysS) Cells were grown in LB containing 50
ng/ml ampicillin or carbenicillin and 34 ug/ml chloramphenicol at 37°C until the OD at 600
nm = 0.7. The cells were cooled to 18°C and expression was induced by the addition of 1 mM
isopropyl-1-thio-p-D-galacto-pyranoside. The cells were harvested 4-5 hours post-induction
by centrifugation at 3,000 g for 10 minutes and were frozen at —80°C. The cell pellets were
thawed at room temperature and resuspended in buffer A (20 mM HEPES, 50 mM NacCl, 0.1
mM EDTA, 10% glycerol (pH 7.5) 10 mM B-mercaptoethanol) containing protease inhibitor
cocktail (Sigma-Aldrich) and were lysed by sonication. The lysate was centrifuged at 22,000
g for 15 minutes to pellet cell debris. The supernatant was loaded onto a Heparin Sepharose
column (GE Healthcare) and kinase domain was eluted with a NaCl gradient. The peak
fractions were pooled, concentrated to ~ 10 mg/ml and applied to a Superdex 75 column (GE
Healthcare) that had been equilibrated in AU200 buffer (20 mM HEPES, 200 mM NacCl, 0.1
mM EDTA, 0.1 mM TCEP, pH 7.5). PKR autophosphorylation reactions were carried out at
a protein concentration of 5 mg/ml in a buffer containing 50 mM Tris, 100 mM NaCl, 0.1 mM
EDTA, 5mM MgCl,, 10 mM BME, pH 8.0 and 5 mM ATP at room temperature for 4-5 hours.
After incubation, the dimeric fraction was purified by gel filtration on a Superdex 200 column
equilibrated in AU200 buffer.

Limited Proteolysis

PKR Proteolysis experiments were carried out using trypsin, chymotrypsin and papain. PKR
(1 or 0.01 mg/ml) was incubated with variable amounts of protease for 30 minutes at 20°C.
The reaction was quenched by adding SDS-PAGE sample buffer and heating to 90°C for 10
minutes. Proteolysis products were separated on 12% or 4-12% acrylamide bis-tris denaturing
gels (Invitrogen) and visualized with Coomassie blue staining or silver staining. Cleavage sites
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were identified by transferring peptides onto a PVDF membrane for N-terminal sequencing at
the Yale Keck facility.

Equilibrium chemical denaturation

Equilibrium urea denaturation studies were performed at 0.15-0.05 mg/ml protein in a buffer
containing 10 mM HEPES, 200 mM NaCl, 0.1 mM EDTA, and 0.1 mM TCEP (pH 7.5).
Samples were prepared at urea concentrations ranging from 0-8.5 M using a Hamilton
Microlab 500 titrator and were equilibrated at 20°C for 3 hours. CD experiments were
performed in an Applied Photophysics Pi Star 180 spectrapolarimeter at 20°C. Equilibrium
titrations were recorded using a 5 mm pathlength cuvette monitoring the CD signal at 222 nm
with entrance and exit slit widths of 3 nm. CD spectra were obtained with a 1 mm cuvette at
1 mg/ml protein concentration. Tryptophan fluorescence measurements were conducted with
aJobin Yvon Horiba FluoroMax-3 fluorimeter at 20°C. Tryptophan fluorescence changes were
monitored using a 10 mm x 3 mm cell with an excitation wavelength of 295 nm (2 nm slit
width) and an emission wavelength of 340 nm (4 nm slit width).

The CD and fluorescence data were globally fit to equilibrium transition models using the
program SAVUKA (35,36). The dependence of the observed signal on denaturant
concentration is given by

Yol).s:YN"'Fapp(Yu - YN) (1)

where Y o5 is the observed signal at a given denaturant concentration and Yy and Yy are the
signals for the native and unfolded forms at the same denaturant concentration, and Fgpp is the
apparent fraction unfolded. Both Y\ and Y\ at a given denaturant concentration are obtained
by making linear extrapolations from the baseline regions

X\,:Y2+SN [urea]
YU:Y1(3+SU [urea] @)

where YO and YO, represent the signals for native and unfolded states in the absence of urea,
respectively, and sy and sy are the slopes that describe their denaturant dependence. For a
simple two-state model, Fapp is given by

U1 _ Ky
[Ul+[N] 1+K,, 3)

F, app

where [U] and [N] are the concentrations of the unfolded and native forms, respectively, and
Knu is the equilibrium constant describing the N—U transition. For a 3-state transition
involving an intermediate, I, Fapp is given by

ZK,,+K

NU

Fpy=—2D N
PPT14+K,,+K,, 4
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where Z represents the spectroscopic properties of the intermediate and is given by Z =
(Y1=YN)/(Yyu—YN). The value of Z is zero when the intermediate resembles the native state
and 1 when it resembles the unfolded state, as probed by a given optical system.

A linear dependence of the free energy of unfolding on urea concentration was assumed:

AG° (D) =AG° (H,0) +m | D]
AGY (D)= — RTInK (5)

where AG°(D) is the standard free energy of unfolding in the presence of denaturant, AG®
(H20) is the standard free energy change in the absence of denaturant and m is a measure of
the sensitivity of the apparent free energy change to denaturant concentration. In global analysis
of the unfolding data, AG°(H,0) and m were treated as global parameters and YO, sy, YO,
sy and Z were fit as local parameters.

Analytical ultracentrifugation

Results

Sedimentation velocity analysis was conducted at 20°C and 55,000 RPM using interference
optics with a Beckman-Coulter XL-I analytical ultracentrifuge. Double sector synthetic
boundary cells equipped with sapphire windows were used to match the sample and reference
menisci. Extinction coefficients, molecular masses, partial specific volumes and solvent
densities were calculated using Sednterp (37). Initial analysis was performed using Sedfit
(38) to abtain c(s) distributions and DCDT+ (39) to obtain g(s*) distributions. Multiple datasets
were globally fit to hetero-association models using the programs Sedanal (40) and Sedphat
(41).

Limited proteolysis

We have used limited proteolysis to define the accessible and unstructured regions of PKR and
to monitor conformational changes associated with ligand binding and activation. Figure 2
shows SDS PAGE analysis of limited trypsin digests of PKR and phosphorylated PKR. At the
lowest trypsin concentration, PKR is cleaved to generate two main peptides migrating as bands
near 40 kDa and 30 kDa. N-terminal sequencing of these peptides reveals two nearby cleavage
sites after Ry41 and Ro46 located in the linker region near the N-terminus of the kinase domain
(Figure 1A, site A). This region is extremely susceptible to trypsin cleavage: addition of a
1:20,000 ratio of trypsin: PKR results in nearly complete cleavage in 30 minutes at 20°C. At
higher [trypsin], the 40 kDa kinase domain peptide is cleaved and additional bands develop at
25 kDa and 11 kDa. Sequencing of these peptides reveals a cluster of nearby cleavage sites
after Ry45, Ras7 and Ryg3 located within the kinase domain activation loop (site B). At the
highest trypsin concentrations, the 30 kDa fragment is cleaved to 18 kDa and 10 kDa products
at K;g located between dsRBM1 and dsRBM2 (site C).

We have investigated the effects of ligand binding and activation on the PKR cleavage reactions
catalyzed by trypsin. The nonhydrolyzable ATP analogue AMPPNP binds to PKR with K4 ~
100 puM (17). However, addition of 200 uM AMPPNP does not affect the trypsin proteolysis
pattern. Similarly, binding of PKR to a 40 bp activating dsSRNA or a 16 bp nonactivating RNA
(34) also does not strongly perturb the proteolysis pattern. However, PKR autophosphorylation
dramatically changes the proteolysis pattern (Figure 2). Although the initial cleavage at site A
occurs, the resulting 40 kDa kinase domain fragment is stabilized against cleavage at site B
within the activation loop. Interestingly, the 30 kDa dsRBD fragment is not detected in the
phosphorylated samples, suggesting that the phosphorylation enhances proteolysis of this
region of PKR by trypsin. Note that phosphorylation of PKR enhances dimerization such that
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Kq decreases from 450 to 0.95 uM (16). Thus, at the protein concentrations used in the
proteolysis experiments, the unphosphorylated enzyme is predominantly monomeric whereas
a significant fraction of the phosphoenzyme is dimeric. The 40 kDa kinase domain fragment
from the phosphoenzyme is also resistant to proteolysis in measurements performed at 100-
fold lower PKR concentration (0.01 mg/ml, 0.16 uM), indicating that the effect is not due to
enhanced dimerization but is associated with phosphorylation.

Reversibility of PKR unfolding by urea

We carried out equilibrium urea denaturation measurements on full-length PKR and several
domain constructs to define the thermodynamic stability and domain interactions.
Thermodynamic interpretation of these experiments requires that the unfolding transitions are
fully reversible. Control experiments were performed to demonstrate reversible unfolding of
full-length PKR by comparing urea titrations starting from 0 M urea (fully folded) and 6.2 M
urea (fully unfolded). These two samples were incubated at 20°C for 3 hours and then diluted
to identical final urea and protein concentrations and equilibrated an additional 3 hours. The
two titrations overlay closely, indicating that urea unfolds PKR reversibly without significant
population of off pathway intermediates or aggregates (see supporting information). Because
the entire multidomain protein unfolds reversibly it is reasonable to assume that the domain
constructs also unfold reversibly.

dsRBD stability

Equilibrium denaturation experiments were performed on several PKR domain constructs as
well as the holoenzyme. Figure 3 shows titrations performed using two constructs
encompassing dsRBM1 alone and a dsRBD construct encompassing both dsRNA binding
motifs. Because the dsRBD does not contain any tryptophans, the unfolding reactions for these
constructs were monitored with CD at 222 nm to detect a-helical content. When normalized
and baseline-subtracted, the two datasets do not overlay, with the dsSRBD unfolding reaction
occurring over a broader range of urea concentrations and with a higher midpoint. As indicated
by the random distribution of the residuals (Figure 3, inset), the dSRBM1 data fit well to a
simple two state model with no intermediate and a stability of AG = 2.45 + 0.48 kcal/mol and
m=0.88 +0.13 kcal mol"2 M1, (Table 1). Attempts to fit the dsSRBD data to a two-state model
gave unreasonably low apparent stability and slopes (data not shown). However, a good fit to
the dsRBD is obtained using a three state model incorporating an intermediate. Because the
two motifs have the same fold, they are expected to contribute equally to the CD change upon
unfolding and the Z-parameter was fixed at 0.5. The linker between the motifs is unstructured
and does not contribute to the unfolding reaction. Within error, AGy_; for the dsRBD construct
is equal to the stability of dSRBM1, but AGN,_y occurs with a significantly higher free energy
change of 4.61 £ 0.71 kcal/mol. Thus, the N— transition is assigned to unfolding of dSRBM1
and I—U with unfolding of dSRBM2, with the latter domain showing greater stability. A
correlation has been established between m-values and the amount of surface area exposed
upon chemical denaturation (42). Consistent with our assignments of the N—I and 1—-U
transitions, the m-values for the two unfolding steps are equal and agree with that obtained for
the dsRBM1 construct (Table 1). To confirm this interpretation, the dsSRBM1 and dsRBD data
were globally fit to the three-state model by fixing the Z values to 1.0 for dsSRBM1 and 0.5 for
dsRBD. The data fit well and the parameters derived from the global fit are in good agreement
those obtained from separate fits to the two data sets.

Kinase domain stability

Based on the results of the limited proteolysis experiments above, our chemical denaturing
measurements of the kinase domain utilized a construct encompassing PKR residues 242-551.
The K296R mutation was introduced to prevent autophosphorylation during expression.
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Sedimentation velocity experiments were performed over a concentration range of 0.2 to 1.8
mg/ml to evaluate the association state of this construct. Analysis of these data using
sedimentation coefficient distribution functions revealed a major peak at ~2.7 S that did not
shift with loading concentration, indicating that the kinase does not undergo concentration-
dependent self-association (data not shown). A small (3%) impurity is also observed near 4 S
that is assigned to irreversible dimer. Sedimentation velocity data from a sample prepared at
0.6 mg/ml fit well to a discrete model with spg \, = 2.750 S and M= 35,653 Da. This molecular
weight agrees well with predicted molar mass of 35,811 kDa, indicating that the kinase domain
construct exists as a homogeneous monomer over the concentration range that was examined.
The frictional ratio for the construct, f/fy = 1.36, is in the range typically found for globular
proteins.

The kinase domain contains three tryptophans (Figure 1B) and urea-induced unfolding was
monitored using a combination of CD and fluorescence spectroscopy. The tryptophan emission
spectrum of PKR has a maximum at 347 nm which shifts to 355 nm and undergoes a 40%
decrease in amplitude upon urea denaturation (see supplementary materials). The red-shift and
quenching of the emission is associated with transfer of the tryptophan side chain from a
hydrophobic environment to a solvent exposed state upon denaturation. Figure 4 shows the
unnormalized (panel A) and normalized (panel B) CD and fluorescence titrations. The
normalized CD and fluorescence data are not coincident, indicating the presence of at least one
folding intermediate. The fluorescence change occurs at a lower urea concentration indicating
that this signal predominantly monitors the N— | transition. When analyzed along, the
fluorescence and CD data each fit well to a simple two-state model (Table 1) and the fit quality
is not substantially improved with a three-state model incorporating an intermediate. As
expected, global analysis of the fluorescence and CD data clearly requires a three-state model
(Figure 4). The parameters for the N— | transition correlate closely with those obtained from
a two-state analysis of the fluorescence data alone and those associated with the N— U step
correspond to analysis of the CD data alone. The high value of Z = 0.88 £ 0.07 for fluorescence
confirms that the tryptophan emission change occurs mostly in the N— | step whereas Z = 0.34
+ 0.19 for CD indicates that the most substantial decrease in a-helical content happens at the
I— U transition. The first transition occurs with a higher free energy change and m-value than
the second.

Stability of full length PKR

Equilibrium thermodynamic analysis of the stability of full length PKR holoenzyme was
performed using CD and fluorescence titrations analogous to those performed above for the
kinase domain. PKR exists in monomer-dimer equilibrium (16) and parallel experiments were
performed at two protein concentrations of 0.15 mg/ml and 0.05 mg/ml to assess potential
contributions of the association reaction to the unfolding thermodynamics. The CD titrations
recorded at the two protein concentrations were coincident (data not shown) indicating that
dimer dissociation does not contribute to the unfolding equilibria. Based on the measured Kq4
for PKR dimerization of ~ 500 uM, less that 1% dimer is populated at 0.15 mg/ml, so the
absence of a concentration dependence is reasonable.

Figure 5 shows unnormalized and normalized urea denaturation curves for full length PKR.
The data are qualitatively similar to those obtained with the isolated kinase domain. The
fluorescence and CD data are clearly non-coincident, indicating the presence of at least one
intermediate. The difference between the two signals is even more pronounced than was
observed with the kinase domain. The CD curve is quite broad and a linear baseline in the
unfolded region is not apparent at 7 M urea. Control CD titrations were carried out to higher
urea concentrations (8.6 M) to verify the baseline slope in this region. Analysis of the unfolding
thermodynamics of full length PKR is complicated by the presence of multiple overlapping
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transitions. Based on the analyses above, the kinase domain and dsRBD will each contribute
two transitions. However, tryptophan fluorescence selectively reports on the N— | transition
of the kinase domain. Thus, we initially analyzed the fluorescence channel separately to
compare stabilities of the kinase in the context of the isolated domain and full length PKR. As
we observed for the kinase domain, the tryptophan fluorescence titration of full length enzyme
fits well to a two state model. The free energy change of AG= 6.7 kcal/mol is about 1.5 kcal/
mol larger than observed for the isolated kinase domain, suggesting that some stabilization of
the kinase occurs in the context of the full length enzyme. The slightly higher m-value for PKR
relative to the kinase domain construct indicates that the unfolding transition is coupled to
exposure of a somewhat larger surface area.

The resolution of the urea titrations for PKR is not sufficient to reliably extract parameters for
all of the transitions that are expected to occur upon unfolding of this multidomain protein.
The fluorescence and CD titrations were globally analyzed using both three-state and four-
state models. However, fits to the three state model gave random residuals and there was no
improvement in fit quality for the four-state model. Thus, only the three-state fits are presented
in table 1. The free energy change for the N— | transition in this fit is slightly lower than
obtained from independent analysis of the fluorescence data. The poorer agreement between
the single channel and global analysis relative to what is obtained upon analysis of the kinase
domain data likely reflects the contribution of the dsRBD unfolding transitions to the data for
the full length enzyme. Thus, the three-state global analysis of full length PKR unfolding should
be viewed as a phenomenological description of the data rather than a thermodynamic
dissection of the complete unfolding pathway. For example, the low m-value for the | — U
reaction of 0.64 kcal mol™ M1 is likely an artifact due to broadening by overlapping
transitions. The value of Z=1.0 for the fluorescence channel does confirm that the N— |
unfolding reaction of the kinase occurs early in the titration.

Chemical denaturation of the phosphorylated form of PKR was also characterized to determine
whether activation induces a global change in stability in addition to the conformation change
in the activation loop detected by limited proteolysis. As with latent PKR, we detect no
concentration dependence for the unfolding reaction of the phosphoenzyme (data not shown).
Dimerization of PKR is greatly enhanced by phosphorylation, and based on the measured Kq4
of 0.95 uM (16) the enzyme is 65% dimeric at 0.15 mg/ml. Thus, the absence of any protein
concentration dependence to the unfolding reactions monitored by CD and fluorescence
changes is unexpected. However, given the complexity of this multidomain unfolding it is
possible that a concentration-dependent step is masked by other overlapping transitions.

Figure 6 shows fluorescence and CD titrations for the phosphoenzyme. The CD signal change
is very broad, suggesting the presence of multiple overlapping transitions. The fluorescence
change fits well to simple two-state model with a free energy of 5.45 * 0.28 kcal/mol (Table
I). Comparing this value to those obtained from analysis of the florescence titrations of the
other constructs indicates that phosphorylation destabilized the kinase domain in full length
PKR by about 1 kcal/mol such that it is only slightly more stable than the isolated kinase. As
in the case of the latent enzyme, even with global analysis of fluorescence and CD data it is
not possible to resolve the each of the intermediates that are expected to be populated upon
unfolding of phosphorylated PKR.

Sedimentation velocity analysis of the interaction of kinase and dsRBD constructs

Previous NMR chemical shift perturbation experiments indicate that the PKR kinase domain
and dsRBD construct interact (10,15). We have quantitatively examined this interaction using
sedimentation velocity experiments. Data were initially analyzed using continuous

sedimentation coefficient [c(s)] distributions. This method removes diffusional broadening and
is useful to define the species present in an unknown sample. Figure 7A shows c(s) distributions
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for samples containing kinase domain, dsSRBD and a 1:1 (molar) mixture of these constructs.
As indicated above, the kinase domain sediments as an s = 2.7 S, monomeric species. The
dsRBD is also monomeric (34), with s ~ 1.7 S. The same features associated with the kinase
domain and dsRBD monomeric species are observed in the c(s) distribution of the mixture but
no additional higher S species are detected, indicating that a stable kinase-dsRBD complex is
not formed at appreciable concentrations under these conditions.

We have tested for weak complex formation by comparing the sedimentation velocity data
obtained from 1:1 kinase-dsRBD mixtures prepared at several dilutions. The data were
analyzed using normalized g(s*) distributions to facilitate comparison of data obtained at
different concentrations. Figure 7B shows the overlay of distributions obtained from a mixture
containing 50 uM kinase domain and dsRBD (3.2 mg/ml total protein) along with 1:3 and 1:9
dilutions of this mixture. Although the resolution of the kinase domain and dsRBD is reduced
by diffusional broadening in this analysis method, there is a clear shift of the distributions to
the left in the 1:3 dilution which persists in the 1:9 dilution. The weight-average sedimentation
coefficients obtained by integration of these distributions decreases from 2.335 £ 0.001 S at
the highest concentration to 2.307 + 0.002 S in the 1:3 diluted samples. This shift to lower
sedimentation coefficient upon dilution is consistent with a weakly associating system in rapid
exchange on the timescale of the sedimentation experiment. Note that potential complications
from hydrodynamic and thermodynamic nonideality preclude sedimentation experiments at
higher protein concentrations.

Finally, whole-boundary global fitting methods were used to estimate the Ky of the interaction
using four datasets obtained at multiple ratios of kinase: dsRBD and loading concentrations.
A 1:1 kinase:dsRBD stoichiometry for the complex was assumed. The sedimentation
coefficients for the monomers were fixed at the experimentally determined values. Because
very little of the complex is populated, even at the highest loading concentration, it was not
possible to treat the sedimentation coefficient of the complex as an adjustable parameter.
Although the frictional properties of the complex are not known, it is reasonable to assume
that s will lie between the values obtained for the kinase domain alone (2.7 S) and full-length
PKR (3.5 S). Constraining s to lie between 3.0 and 3.5 S gave a best fit values of Ky between
163-307 uM with RMSD = 0.021 fringes (data not shown). The data fit significantly less well
to a noninteracting mixture model with RMSD = 0.035 fringes, indicating that the interacting
model is a better description of the data and the kinase domain does bind to dsRBD, albeit with
low affinity.

Discussion

Analysis of the thermodynamic stability of PKR and its constituent domains by equilibrium
chemical denaturation and limited proteolysis experiments indicates limited interaction
between domains. Consistent with previous NMR evidence that dsSRBM1 and dsRBM2 do not
interact (9,10), we find that their folding energetics are noncooperative and the linker
connecting them is accessible to cleavage by trypsin. Although the overall structures of the
two domains are quite similar, with a backbone RMSD of 2 A (9), dsRBM2 is about 1.6 kcal/
mole more stable than dsSRBM1. dsRBM1 does exhibit significantly more backbone motion
on the millisecond timescale than dsSRBM2 (10) and this conformational flexibility may be
correlated with reduced thermodynamic stability.

Global analysis of PKR kinase domain unfolding monitored by CD and tryptophan
fluorescence reveals the presence of an equilibrium intermediate. The fluorescence change
occurs almost exclusively at the N — I transition. In contrast, the Z-value of 0.34 for CD implies
a substantial loss of helical content is associated with both transitions. The kinase domain
contains three tryptophans: W327 lies in the B-sheet in the N lobe, W377 is in helix oD on the
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C-lobe and W539 is near the bottom of the C-lobe on helix aJ (Figure 1B). Calculations of the
side chain solvent accessible surface areas (43) indicate that each of the three tryptophans are
substantially buried, with only 7%, 17% and 5% solvent exposure, respectively. Thus, it is not
possible to assign the observed fluorescence change to one of the tryptophans based on their
changes in solvent exposure upon denaturation. In two receptor tyrosine kinase domains, a
single conserved tryptophan located in the catalytic cleft dominates the fluorescence emission
spectrum (44, 45). However, this tryptophan is not conserved in Ser/Thr protein kinases such
as PKR.

Because PKR tryptophan fluorescence changes reports on an unfolding transition localized in
the kinase domain, this signal can be used to assess the effects of domain interactions on the
stability of the kinase domain. Using this approach, we find that the kinase domain is slightly
stabilized by ~1.5 kcal/mole in the context of the holoenzyme. In multidomain proteins, the
degree of domain stabilization correlates with the size of the interface (28) and domains that
are only connected by flexible linkers fold independently (30-32). Thus, the small stabilization
we observe of the kinase domain of PKR implies that the catalytic domain does not interact
extensively with other regions of the enzyme. The slight stabilization is reversed upon
phosphorylation. This reduction in stability may be associated with reduced interaction of the
kinase domain with other regions in the phosphorylated enzyme or may reflect a loss of intrinsic
stability of the kinase domain. Consistent with the latter explanation, phosphorylation of the
isolated insulin receptor kinase decreases its stability by about 2 kcal/mole (44).

Sedimentation velocity experiments indicate that the dsRBD binds weakly to the kinase. No
discrete peak associated with a dsSRBD-kinase complex is observed in the c(s) distributions of
mixtures of these constructs, but the shift of the g(s*) distributions to lower s upon dilution
indicates weak, reversible interaction. Based on global analysis of the sedimentation velocity
traces we estimate Ky ~250 uM. Previously, a K4 of 0.5 uM was determined by surface plasmon
resonance (10) and K4 < 100 uM was reported based on NMR titrations (15). The origin of
these discrepancies is not clear. The surface plasmon resonance measurements were performed
using a maltose binding protein PKR kinase fusion construct and experimental conditions were
not reported. The Kq < 100 uM from NMR was estimated as the lowest dsSRBD concentration
that affects the NMR spectrum of the kinase at 50 uM. This estimate is dependent on sensitivity
and the magnitude of the chemical shifts.

The 80 amino acid linker region lying between the dsRBD and kinase domain is reported to
be unstructured (13) and thus may serve as a flexible tether to enhance this interaction in the
intact enzyme. We can estimate the intramolecular binding constant using the expression

K=K p(d) ®)

where K; is the intramolecular binding constant, K is the measured intermolecular binding
constant (~4x103 M~1) and p(d) is the probability density for the peptide linker to have an end-
to-end distance of d (46). The parameter p(d) can be treated as an effective concentration.
Although the structure for the bound state is not known, NMR chemical shift perturbation
measurements indicate that dSRBM2 binds to a region in the C-lobe of the kinase (15), and
modeling a range of potential geometries indicates that d lies between 30-60 A. Evaluating p
(d) using a worm-like chain model for the linker (47) gives a range of effective concentrations
of ~ 0.3 — 3 mM and thus the equilibrium constant K; ~1- 10. These calculations suggest that
PKR exists in an equilibrium between closed and open states and are consistent with our
previous AFM results (17) where we observed both closed and open conformations and our
hydrodynamic (16) data indicating an extended shape. However, the fact that K; lies close to
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1 argues against the autoinhibition model, where latent PKR is locked in a stable, closed
conformation and dsRBD interacts with the kinase domain to block substrate binding.

Limited proteolysis results support the previously defined domain structure of PKR and provide
new insights into the activation mechanism. As expected, some cleavages occur at domain
boundaries. In particular, the N -terminus of the kinase is extremely susceptible to trypsin
hydrolysis at R241 and R246, and this region is also readily cleaved by papain and
chymotrypsin (E. Anderson, unpublished observations). The sensitivity of this region to
proteolysis may be physiologically significant. PKR is specifically cleaved by caspases at D251
upon stimulation of apoptosis, resulting in enhanced phosphorylation of elF2a and inhibition
of protein synthesis (48). We also observe that the linker lying between dsRBM1 and dsRBM2
can be cleaved by trypsin at K79, consistent with previous evidence that this region is flexible
and unstructured (9,10). Interestingly, these interdomain cleavage reactions are not appreciably
affected upon binding ATP analogues or dsSRNA activators. These results suggest that binding
of nucleotides or activators does not induce large scale domain rearrangements that would be
expected to modulate accessibility to trypsin hydrolysis.

A cluster of proteolysis sites at R445, R447 and R453 lie within the activation loop of the PKR
kinase domain. The activity of many kinases is modulated by phosphorylation in the activation
loop, leading to an ordered conformation associated with a catalytically competent state (12,
49). Multiple autophosphorylation sites have been identified in PKR, including T446 (50,51)
and possibly T451 (52). The PKR activation loop adopts the canonical, ordered conformation
in the crystal structure of PKR kinase domain phosphorylated at T446 (11). Although cleavage
of the activation loop is not affected by substrate or activator binding it is strongly inhibited
by autophosphorylation. We propose that phosphorylation at T446 and/or T451 induces an
ordered active loop conformation that is resistant to trypsin digestion. The affinity and kinetics
of nucleotide binding to PKR are not affected by phosphorylation state (17), indicating that
the conformational change in the activation loop does not alter active site accessibility but may
instead affect the kinetics of phosphoryl transfer.

Supporting Information

Figure S1: Limited proteolysis of PKR at low concentration.
Figures S2: Reversibility of urea-induced denaturation of PKR
Figure S3: Effect of urea-induced unfolding on the PKR tryptophan emission spectrum.

This material is available free of charge via the internet at http://pubs.acs.org.
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CD

circular dichroism
dsRBD

dsRNA binding domain
dsRBM

dsRNA binding motif
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dsRBM1
dsRNA binding motif 1 consisting of PKR residues 6-79
dsRBM2
dsRNA binding motif 2 consisting of PKR residues 96-169
dsRNA
double-stranded RNA
elF2a
eukaryotic initiation factor 2a
TCEP
Tris[2-carboxyethyl] phosphine
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Figure 1.

PKR structure. A: Schematic representation of PKR domain organization. The letters “A,B,C”
refer to the principal trypsin cleavage sites. The grey portion of the kinase domain corresponds
to the kinase insert region. B: Structure of PKR kinase domain. The protein backbone is shown
as a ribbon diagram in blue with the activation loop in brown. The three tryptophan side chains
are shown in VVan der Waals representation in red and AMPPNP is drawn in stick format. The
solventaccessible surface is beige. The coordinates (PDB 2A19) were obtained from the crystal
structure of a complex of the PKR kinase domain with elF2c.and AMPPNP (11) and the figure
was rendered with PYMOL (Delano Scientific, Palo Alto, CA).
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Figure 2.

Limited proteolysis of PKR. PKR was incubated at 1 mg/ml at several ratios of PKR: trypsin
at 20 °C for 30 minutes. Reactions were quenched by the addition of SDS sample loading buffer
and heating to 90°C for 10 minutes. The samples were run on a 4-12% acrylamide bis-tris gel
under denaturing conditions and visualized with Coomassie blue staining. Lane 1 contains
unphosphorylated PKR that has not been digested. Lanes 2-5 contain unphosphorylated PKR
with increasing concentrations of trypsin. Lanes 6-9 contain phosphorylated PKR and
increasing concentrations of trypsin.
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Figure 3.

Analysis of the stability of dsSRBM1 and dsRBD by equilibrium urea unfolding titrations.
Samples were prepared at 0.1 mg/ml (dsRBM1) or 0.15 mg/ml (dsRBD) and incubated at
variable urea concentrations at 20°C for 3 hours. CD data were collected at 222 nm in a 5 mm
path length cuvette. The data were background-subtracted, normalized and fit with a two-state
model (dsRBML1) or a three-state model (dsRBD) using the program SAVUKA. The points
are the normalized data for dSSRBM1 («-) and dsSRBD (-«-). and the lines are the respective two-
and three-state fits. The inset shows the residuals. The best-fit parameters are in Table 1.
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Figure 4.

Analysis of the stability of the kinase domain. Samples were prepared at 0.15 mg/ml and
variable urea concentrations and incubated at 20°C for 3 hours. Unfolding was monitored using
CD at 222 nm (=-) and tryptophan fluorescence emission with excitation at 295 and emission
at 340 nm (-«-). A) Raw data. B) Background subtracted and normalized data. The lines are the
global fit of the CD and fluorescence data to a three-state model obtained using SAVUKA.
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Analysis of PKR stability. Full length PKR was prepared at 0.15 mg/ml and variable urea
concentrations and incubated at 20°C for 3 hours. Unfolding was monitored using CD at 222
nm («-) and tryptophan fluorescence emission with excitation at 295 and emission at 340 nm
(+-). A) Raw data. B) Background subtracted and normalized data. The lines are the global fit
of the CD and fluorescence data to a three-state model obtained using SAVUKA.
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Analysis of the stability of phosphorylated PKR stability. Full length PKR was prepared at
0.15 mg/ml and variable urea concentrations and incubated at 20°C for 3 hours. Unfolding was
monitored using CD at 222 nm (»-) and tryptophan fluorescence emission with excitation at
295 and emission at 340 nm (-.«-). A) Raw data. B) Background subtracted and normalized
data. The lines are the global fit of the CD and fluorescence data to a three-state model obtained
using SAVUKA.
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Figure 7.

Sedimentation velocity analysis of the interaction of dsRBD and kinase domains. A)
Continuous sedimentation coefficient distribution analysis of dsRBD (black), kinase domain
(blue) and 1:1 (molar) mixture of dsRBD and kinase domain (red). The distributions are
normalized by peak height and offset for clarity. The small feature near 4 S in the samples
containing kinase domain is assigned as an irreversible kinase dimer contaminant. Conditions:
sample concentrations, 0.5 mg/ml (dsRBD), 0.5 mg/ml (kinase domain), 1 mg/ml (mixture);
rotor speed, 55,000 RPM; temperature, 20°C; interference optics. B) g(s*) analysis of 1:1
mixtures of dsSRBD: kinase domain at concentrations of 3.2 mg/ml (red), 1.1 mg/ml (blue) and
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0.36 mg/ml (black). The distributions are normalized by concentration. Conditions: rotor speed,
55,000 RPM; temperature, 20°C; interference optics.
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