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Summary

PKR (protein kinase R) is a key component of the interferon antiviral defense pathway. Upon binding
dsRNA, PKR undergoes autophosphorylation reactions that activate the kinase. PKR contains an N-
terminal double-stranded RNA binding domain (dsRBD), which consists of two tandem dsRNA
binding motifs, and a C-terminal kinase domain. We have used small angle X-ray and neutron
scattering to define the conformation of latent PKR in solution. Guinier analysis indicates a radius
of gyration of about 35 A. The p(r) distance distribution function exhibits a peak near 30 A with a
broad shoulder extending to longer distances. Good fits to the scattering data require models that
incorporate multiple compact and extended conformations of the two interdomain linker regions.
Thus, PKR belongs to the growing family of proteins that contain intrinsically unstructured regions.
We propose that the flexible linkers may allow PKR to productively dimerize upon interaction with
RNA activators that have diverse structures.
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Introduction

Protein kinase R (PKR) is an interferon-induced kinase that plays a key role in the innate
immunity response to viral infection.1:2 The enzyme is synthesized in a latent form but it is
activated by binding dsRNA to undergo autophosphorylation. The most well characterized
cellular substrate of PKR is the alpha subunit of eukaryotic initiation factor elF2.
Phosphorylation of elF2a inhibits protein synthesis in virally-infected cells. Thus, production
of dsSRNA during viral infections results in PKR activation and subsequent inhibition of viral
and host protein synthesis. PKR also functions in the control of cell growth and proliferation
and as a tumor suppressor protein 45

PKR is comprised of an N-terminal double-stranded RNA binding domain (dsRBD) and C-
terminal kinase domain, with a central region of unknown function. The dsRBD consists of
two tandem copies of the ~70 amino-acid dsRNA binding motif. In the NMR structure of the
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PKR dsRBD, each motif adopts the canonical apppao fold.® The folds of the two domains are
quite similar, with a backbone RMSD of 2A.8 Inthe X-ray structure of a complex of the PKR
kinase domain with elF2q, the catalytic domain has a typical protein kinase fold consisting of
%n N-terminal lobe that is mostly  sheet and a C-terminal lobe that is predominantly helical.

The mechanism of PKR activation by dsRNA has intrigued researchers for decades and several
models have been proposed.8 In the autoinhibition model, the latent enzyme exists in a closed
conformation mediated by interaction of the dsRBD with the kinase domain that blocks
substrate access. Binding of dsRNA activates PKR by inducing a conformational change that
relieves the latent enzyme of inhibition. It has long been known that PKR is capable of
dimerizing in the absence and the presence of dsSRNA 9-13 and recent structural and
biophysical data indicate a critical role for PKR dimerization in the activation process. The
PKR kinase-elF2a, complex crystallizes as a back-to-back dimer with the interface formed by
the kinase N-terminal lobes.” Dimerization is sufficient to activate PKR in the absence of
dsRNA.LL Fusion of a heterologous dimerization domain with the PKR kinase domain
enhances autophosphorylation. 4:15 sedimentation velocity analysis of PKR binding to short
dsRNASs supports an activation mechanism where the role of the dsRNA is to bring two or
more PKR monomers in close proximity to enhance dimerization via the kinase domain.16
Hybrid autoinhibition/dimerization models have also been proposed where dsRNA binding
induces a conformation change in PKR that leads to protein dimerization and activation.17:18

It is critical to develop structural models of the PKR holoenzyme in both inactive and active
states to define the mechanism of activation. The existing structures of the dsrRBDG19 and
kinase domain’ are insufficient to define the holoenzyme structure, how the domains interact,
their relative orientations and how RNA binding is linked to productive dimerization and
activation. The two dsRNA binding motifs are connected by an unstructured linker of ~ 20
amino acids.® Furthermore, PKR contains a large (~90 residue) region between the dsRBD
and kinase domain of unknown structure. This sequence has the signatures of an intrinsically
disordered region (Figure 1).20?21 It has low sequence complexity with a high content of
uncharged, polar residues and is particularly enriched in serines (22 residues). In NMR studies,
this region appears unstructured or dynamic in TROSY-HSQC spectra.18 AFM images of PKR
reveal up to three distinguishable structured regions linked by bridge-like stretches that adopt
multiple structures.22 These results suggest that PKR may be a flexible protein that likely
contains intrinsically disordered regions. Structural characterization of flexible multidomain
proteins presents significant challenges for conventional X-ray diffraction and NMR
approaches. Small angle scattering X-ray and neutron scattering (SAXS and SANS) provide
low - resolution structural information on macromolecules in solution.23-25 When combined
with high-resolution domain structures, small angle scattering data provide constraints that
allow detailed structural modeling of multiprotein complexes or multidomain proteins. These
approaches are being increasingly applied to flexible proteins that contain disordered segments.
24,26-34 Te experimental scattering curves from such systems comprise an ensemble — and
time — average of the contributions from conformations present in solution. Recently, an
approach was developed for structural analysis of flexible systems that uses a genetic algorithm
to select an ensemble of structural models that best fit the experimental scattering data from a
pool of randomly-generated structures.26

Here, we have used SAXS and SANS to define the conformation of latent PKR. It is useful to
employ both methods. In SAXS, the high flux obtainable at synchrotron sources results in high
precision scattering data but also may induce radiation damage. Although the flux of cold
neutrons available at reactor sources is lower, an advantage of SANS is the absence of radiation
damage. The scattering data and the p(r) distance distributions derived from the scattering data
indicate that PKR adopts a range of compact and extended conformations. Using the
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coordinates of the dsSRNA binding motifs and kinase domain, we refined structural models of
the intact enzyme against the scattering data. The data do not fit well to structures obtained by
rigid body modeling of the folded domains coupled with addition of the linkers. Good fits are
obtained using models where flexibility of the linkers is accommodated by allowing for the

contributions of multiple conformations to the experimental scattering profiles, indicating that
PKR contains natively unstructured regions and adopts compact and extended conformations.

Small angle scattering measurements require homogenous preparations and samples for SAXS
and SANS analysis of PKR monomer were prepared to minimize contributions from dimer
and higher aggregates. Our previous sedimentation equilibrium and velocity measurements
have demonstrated that PKR exists as a homogeneous monomer at lower protein concentration,
and at higher concentrations we detected a weak monomer - dimer equilibrium with Kq ~ 450
ul\/l.ll Thus, scattering data were recorded at multiple PKR concentrations and detailed
structural analysis was limited to low-concentration samples that contained the least amount
of dimer. Higher aggregates were removed by gel filtration and subsequent ultrafiltration
through 0.02 um membranes immediately prior to analysis. Dynamic light scattering confirmed
that the samples were free of higher molecular weight contaminants with a hydrodynamic
radius consistent with a PKR monomer (data not shown).

Model-Independent Analysis

Figure 2A shows SAXS scattering profiles obtained over a concentration range of 1 to 4 mg/
mL. The scattering curves are flat in the low Q range, confirming the absence of higher
aggregates. The profiles obtained at different protein concentrations have the same shape,
indicating that there is no dramatic increase in self-association with loading concentration over
the range examined. Guinier analysis was used to quantitatively assess the effect of protein
concentration on PKR association state and to define the radius of gyration (Rg). Figure 1B
shows Guinier plots of the same SAXS datasets depicted in Figure 1A. The plots are linear
over the Guinier region at low Q where Rg*Q < 1. Table 1 shows that values of Ry derived
from linear fits to the Guinier plots are slightly concentration dependent, decreasing from 42.03
+0.16 A at 4 mg/mL to 40.74 + 0.29 A at 2 mg/mL PKR, but then hardly decreasing to 39.92
A +0.53 Aat 1 mg/mL. These results indicate that self-association of PKR is detectable above
2 mg/mL but, within error, the Rq values are concentration-independent at lower
concentrations.

Table 1 also shows the scattering intensity extrapolated to zero angle (lg) obtained from the
Guinier analysis. The value of Iy is predicted to be proportional to protein concentration and
molecular weight. As expected, lg increases with protein concentration such that for the SAXS
data the ratios Iy (2 mg/mL)/lp (1 mg/mL) = 2.07 and lg (4 mg/mL)/lg (2 mg/mL) = 1.99. Mass
action PKR self-association would tend to increase these ratios above two. The near-linear
relationship of Iy and protein concentration indicates that PKR does not undergo substantial
association in these experiments. Although it is possible to calculate molecular weights from
Iy using appropriate standards, we have found that values based on this method are somewhat
unreliable because they depend on absolute protein concentrations, which are difficult to
measure. In contrast, molecular weights obtained by analytical ultracentrifugation are not
dependent on absolute concentration and our previous studies have demonstrated that PKR is
homogenous and monomeric at low protein concentrations.

The pair distance distribution function, p(r) was obtained by indirect Fourier transformation
of the scattering data using the program GNOM.35Figure 2C shows SAXS p(r) curves,
normalized by I to allow comparison of data obtained at different protein concentrations. The
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distributions are smooth and highly asymmetric, with maxima near 30 A and tails extending
to longer distances. Typically, multidomain proteins with long linkers exhibit extended tails
inp(r) functions.24 Thus, the shape of these distributions indicating that PKR populates highly
extended conformations and is consistent with the presence of flexible linker regions that adopt
multiple conformations. There are slight changes in the shapes of the curves with protein
concentration. As the concentration is decreased from four to two mg/mL, the amplitude of the
peak near 30 A increases and the shoulder at longer distances decreases. There is a very slight
increase in the peak upon further reducing the protein concentration from two to one mg/mL,
but the distributions at longer distances are superimposable. These slight changes in the shapes
of the p(r) distributions with protein concentration are consistent with the Guinier analysis and
indicate that some PKR self-association is detectable by SAXS above two mg/mL. Consistent
with these observations, the PKR samples at one and two mg/ml are expected to contain only
about 6 and 11% dimer, respectively, based on the Kq ~ 450 uM.ll Given the low amount of
dimer present, these lower concentration samples are appropriate for detailed structural
analysis.

As indicated in figure 2D-F, analogous small angle scattering measurements were performed
with neutrons. Although the SANS profiles are slightly noisier than the corresponding SAXS
data, their shapes are similar and do not vary appreciably with protein concentration. The Ry
values derived from the SANS Guinier analysis are slightly lower than those obtained by
SAXS. Although SANS data reported here were collected in 100% D0 buffer to enhance the
contrast, this difference is not likely due to solvent effects because we obtain similar Rq values
for PKR from SANS experiments performed in D,O and H,0 buffers (J. Wong and James
Cole, unpublished observations). The difference in Ry may be due to the effects of hydration:
in SAXS the hydration layer has higher electron density than the bulk solvent and contributes
to the scattering whereas in SANS the hydration layer is invisible.36:37

The p(r) distributions derived from the SANS data closely resemble the SAXS distributions
with a peak at shorter internuclear distances and a broad tail extending to longer distances. The
peak near 30 A increases in amplitude upon decreasing the PKR concentration from 4 to 2 mg/
mL; however, the distributions obtained at two and one mg/mL are nearly superimposable.
Thus, as observed in the SAXS studies, there is no concentration dependence in the range of
1 to 2 mg/mL and these SANS profiles are essentially free from contributions of PKR
oligomers. The SANS studies thus confirm the SAXS data in demonstrating that PKR populates
highly extended conformations.

Modeling of PKR

Based on the p(r) distributions, we have pursued structural models where PKR consists of three
folded domains connected by linkers that adopt multiple conformations. Detailed structural
analysis of PKR based on SAXS and SANS is particularly challenging given this flexibility.
Here we use a recently-developed EOM approach26 that treats the folded domains as rigid
units and uses a genetic algorithm to select an ensemble of conformers that best agree with the
data from a large pool of models where the conformations of the flexible linkers are randomly
varied. We focused on the SAXS data, which are of higher precision, using the highest
concentration samples (2 mg/mL) where self-association is not detectable. Similar results were
obtained using the 1 mg/mL SAXS data as well as the 1 and 2 mg/mL SANS data (data not
shown).

Figure 3A shows that a very good fit to the SAXS profile is obtained using EOM, with y= =
0.414 for the optimized ensemble containing 20 structures. The quality of fit deteriorates upon
reducing the size of the ensemble. The value of 2 rises to 0.491 for an ensemble size of 6 and
x2 = 2.25 when the ensemble is reduced to a single structure. Thus, the best fit to the SAXS
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data requires a superposition of multiple conformations of the linker regions, suggesting that
PKR is flexible.

The distribution of structures selected by the genetic algorithm was analyzed using several
descriptors. In figure 3B, the distribution of Ry of the selected conformations is compared to
the starting pool. The distribution of the starting pool is a broad and asymmetric distribution
with a peak near 40 A and extending to a large Rq of about 70 A. The selected distribution is
biased towards more compact structures, with a peak near 30-35 A and a broad tail to longer
distances. The distribution of maximum distances (Dmax) Shows similar trends (Figure 3C).
The pool is a broad asymmetric distribution with a peak near 125 A and the selected structures
are biased towards less extended conformations. The shapes of these distributions are
insensitive to truncation of the scattering data at the high-Q range to 0.19 A1 and the low Q
range to 0.014A 1, indicating that the EOM analysis is stable (data not shown).

These results suggest weak interdomain interactions may be inducing PKR to adopt more
compact conformations. We have tested for specific interdomain interactions by generating
distributions of the distances between the centers of mass for each of the three domains for the
pool and for the selected. For each of the interdomain distance plots (Figure 3D—F), the pool
distribution has a shape that appears similar to a Gaussian distribution. In the case of the
dsRBM1-dsRBM2 distribution, the selected structures mostly overlay the pool with perhaps
a slight bias to longer distances. Thus, the linker connecting these domains is essentially
unstructured.

As expected for domains connected by a much longer linker, the distribution of dSRBM2-
kinase domain distances extends out further (Figure 3E). Interestingly, the selected structures
are biased to shorter distances relative to the pool, with a peak near 40 A and a tail extending
out to longer distances. Similarly, the distribution of dsSRBM1-kinase distances is also biased
to shorter interdomain distances relative to the pool (Figure 3F). These results suggest that one
or both of the dsSRBMs interact with the kinase. For multidomain proteins containing identical
domains, previous simulations have shown that the EOM method cannot readily discriminate
which of the domains interact.26 Given that dsRBM1 and dsRBM2 have nearly identical
structures, it is likely that the method cannot determine which of the two domains is interacting
with the kinase.

Although it is not possible to infer specific conformations from ensemble analysis, it is useful
to examine the range of structures that are selected by EOM from the random pool. Figure 4
shows an overlay of 20 representative conformers selected by EOM aligned on the kinase
domain. Because the linker connects to the kinase via the N-lobe, in most of the conformers
the dsRNA binding motifs are closer to the N-lobe than to the C-lobe. When viewed end-on
(Figure 4, right), there appears to be no strongly preferred orientations for the dsRNA binding
motifs. As expected from the distance distributions, some conformers contain highly extended
linkers (e.g., magenta, Rg=75.8 A) such that the dsRNA binding motifs are far from kinase
whereas others are more compact where dsRBM1 or dsRBM2 is close to the kinase domain
(e.g., red, Rg=31.6 A).

We have confirmed that structural modeling of PKR against SAXS data requires a
superposition of multiple structures by attempting to fit the data to a single structure using the
program BUNCH. In this approach, an initial model is built containing the folded domains
connected by flexible linker residues and simulated annealing is performed to define the
optimal positions and orientations of the folded domains and configurations of the linkers that
best fit the experimental data. Five independent simulated annealing runs were performed using
the same SAXS data set and domain structures that were employed in EOM. The values of
%2 obtained with BUNCH range from 1.50 to 2.10, which are significantly above the value of
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2 = 0.414 obtained with EOM using an ensemble size of 20, but in agreement with the EOM
result obtained with an ensemble size of one. The PKR conformations generated by BUNCH
are not similar to each other (Figure 5). In four cases, the dsSRNA binding domains are extended
out beyond the kinase C-lobe and in one case they are located near the N-lobe. However, the
Rg values are very close, ranging from 39.2t0 41.5 A for the group. Presumably, these partially
extended structures are required to fit the average Rg of the SAXS data and represent averages
lying between the more fully extended and compact structures observed in figure 4.

Discussion

A comprehensive picture of how dsRNA binding activates PKR to undergo
autophosphorylation and phosphorylate elF2a requires structures of the full-length enzyme in
both latent and activated forms. As a first step in this endeavor, we have used small angle X-
ray and neutron scattering to develop a structural model for latent PKR. Typically, it is not
possible to construct a unique three-dimensional structure using one-dimensional small angle
scattering data from unoriented samples in the absence of additional constraints. This problem
is compounded for flexible systems where the observed scattering may arise from an ensemble
of interconverting structures. In modeling PKR, we have constrained the conformations of the
dsRBD and kinase to agree with the previously determined domain structures®:7+19 and
considered alterative models for the interdomain linkers. Our analysis demonstrates that PKR
is flexible and contains two intrinsically unstructured regions. Good fits to the scattering data
require models that incorporate multiple conformations of the linker regions to account for the
flexibility of the protein. The structures contained within the pool selected by the genetic
algorithm are quite diverse and include a range of extended and compact conformations. Our
results are consistent with previous NMR studies indicate that the PKR interdomain regions
are unstructured or in rapid exchange among multiple conformations®:18 and AFM images
that reveal uzp to three structured regions linked by bridge-like stretches that adopt multiple
structures.2? These results are also supported by equilibrium chemical denaturation
experiments that reveal that the folded domains of PKR are only minimally stabilized in the
context of the full length enzyme relative to the isolated domains.38

Although the PKR interdomain linkers are unstructured, there is a clear bias in the distribution
of dsRBD-kinase domain distances towards more compact conformations in the selected
structures relative to the random pool, suggesting weak attractive interactions between these
regions of the protein. This observation is consistent with sedimentation velocity experiments
where we showed that dsRBD and kinase domain constructs bind weakly, with K ~ 4 x 103
Mm-138 Using a worm-like chain model for the linker region,39 this intermolecular binding
constant corresponds to an intramolecular equilibrium constant of Kj = 1-10. These
calculations suggest that PKR exists in an equilibrium between open and closed states, in
agreement with the small angle scattering experiments. Additional evidence for a weak
interaction between the dsRBD and kinase comes from NMR chemical shift perturbation
measurements.19:40 Our structural model for PKR is not consistent with an autoinhibition
model8 which postulates that latent PKR is locked into a stable closed conformation that blocks
access to the kinase active site.

In previous SANS analysis of PKR, Rq values of 49 A and 44 A were reported for a latent PKR
K296R mutant® and a phosphorylated PKR construct, 41 respectively. These values are
somewhat larger than the parameters reported here. Note that the earlier studies were performed
at only a single protein concentration and it was reported that both preparations were
predominantly dimeric. Structural models were developed for several oligomeric,
phosphorylated PKR preparations and complexes of PKR with an antibody, but flexibility was
not considered.
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Our results demonstrate that PKR belongs to the family of proteins that contain intrinsically
disordered regions. Intrinsically disordered proteins and multidomain proteins that contain
large intrinsically disordered sezgments are common and the abundance of such proteins is
enhanced in higher organisms. 0:21 Asis typical of intrinsically disordered regions, the long
linker between the PKR dsRBD and kinase domain has low sequence complexity with a high
content of polar residues. The N-terminal region is enriched in acidic residues and C-terminus
is basic (Figure 1). Interestingly, the length of the linker varies considerably among different
spemes from about 90 residues in the human enzyme down to 28 residues in M. auratus PKR.
42 Thus, the overall length of the linker is unlikely to play a critical role in the PKR activation
mechanism. The C-terminal basic region is fairly well conserved among species containing
linkers of different lengths (Figure 1) and may play a role in modulating PKR dimerization
(see below). Inaddition to its function in translational regulation, PKR participates in numerous
signal transduction pathways. 43 Possibly, the longer linkers may contain additional interaction
maotifs that function in signaling.

We propose that the two flexible linker regions in PKR may allow the enzyme to productively
interact with RNA activators that have diverse structures. In the dimerization model for PKR
activation, binding to RNA serves to bring the kinase domains into proximity to allow
dimerization, leading to enzymatic actlvatlon The interferon-y mMRNA activates PKR through
a pseudoknot in its 5’ untranslated reglon 4 Other highly-structured RNAs that activate PKR
include the 3’ untranslated regions of several cytoskeletal muscle mMRNAs, 4 the mRNA of
P23/TCTP40 and the expanded CUG repeats found in the 3'-region of the DMPK gene " The
secondary structure elements present in these complex RNA activators may reduce the
accessible dsRNA regions required for PKR binding, thereby preventing PKR monomers from
binding to adjacently regions of dsRNA. Flexible tethers would permit dimerization of kinase
domains in cases where the dsRBDs of two bound PKR monomers are bound at more distal
regions of the RNA activators.

There is evidence that the unstructured linker between the dsRBD and kinase may affect PKR
activation and dimerization. It has long been know that PKR can dimerize®~13 and
dimerization in the absence of dsRNA is sufficient to induce autophosphorylation at higher
protein concentrations. 1118 pKR constructs containing the flexible linker and kinase domain
are also capable of dSRNA-independent activation18 whereas the isolated kinase domain exists
as a monomer38 and does not undergo activation in the absence of dsRNA.18 The mechanism
by which the linker modulates PKR dimerization is not clear but most likely involves the most
conserved, C-terminal basic region. In the crystal structure of the PKR kinase domain-elF2a
complex, the dimer interface is formed by the kinase N-terminal lobes. Intrinsically disordered
proteins often fold into an ordered structure upon binding atarget.20 21 Thus, the linker region
may contribute to the dimer interface in the context of full length PKR. Similarly, this region
may become ordered upon RNA binding. Further structural studies of dimeric PKR and PKR-
RNA complexes will be required to better define the role of the flexible regions of PKR in the
activation mechanism.

Materials and Methods

All reagents used were reagent grade purchased from Fisher Scientific except as noted.
Unphosphorylated PKR was expressed and purified as previously described.L Samples for
SAXS were prepared in a buffer containing 20 mM HEPES, 200 mM NaCl, 1 mM TCEP, 0.1
mM EDTA, 5% glycerol, pH 7.5 and SANS samples were in 20 mM HEPES, 75 mM NacCl,
0.1 mM TCEP, 0.1 mM EDTA, pH 7.5 in D,0. In both cases, samples were filtered through
0.02 pm filters (Whatman Anatop 10) and centrifuged at 14K RPM for 10 minutes immediately
prior to measurement. SAXS data were collected at beamline 181D at the Advanced Photon
Source.48 configured with a sample-detector distance of 2.3 meters with a range of Q= 0.006
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t0 0.37 AL atan X-ray wavelength of 1.03 A. The sample was flowed though a 1 mm ID quartz
capillary maintained at 4°C so that protein was exposed to x-rays for less than 100 ms.49 Data
obtained using a 2-fold attenuated beam overlaid scans recorded using an unattenuated beam,
confirmed the absence of radiation damage. Data were reduced to | vs. Q using the BioCAT
Igor Pro macros. SANS data were collected at the NG3 and NG7 instruments at the NCNR
using sample-detector distances of 11m and 1.75 m to give a range of Q = 0.006 to 0.34 A1
at a wavelength of 6 A. Samples were loaded into 2mm (D,0) and 1 mm (H,0) pathlength
quartz cells maintained at 6°C. Data reduction was performed using the NCNR Igor Pro macro
package.50 I vs. Q data were subsequently corrected for buffer scattering and incoherent
scattering from hydrogen in the sample.

Guinier analysis was performed using the low Q portion of the data where RgeQ < 1. The
program GNOMS3® was used to calculate the p(r) pair distance distribution function by an
indirect Fourier transform of the scattering data over the range Q ~ 0.014 to 0.22 AL, The
value of p(r) was constrained to be 0 at r=0 but was unconstrained at the maximum distance
(Dmayx)- The shapes of the p(r) curves were essentially independent of the value of Dp,ax used
in the transform. Values of Dyay = 175 and 150 A were used for the SAXS and SANS data,
respectively.

Structural modeling of PKR was performed using two methods with the 2 mg/mL SAXS data
over a range Q ~ 0.008-0.30 A1, In the EOM package,26 the folded domains are treated as
treated as rigid units and a genetic algorithm is used to select an ensemble of conformers that
best agree with the data from a large pool of models where the conformations of the flexible
linkers are randomly varied. The coordinates of the kinase domain were obtained from the
crystal structure of the PKR kinase domain-EIF20 complex (PDB 2A1A)7 and coordinates for
dsRBM1 and dsRBM2 were obtained from the NMR structure of the dsSRBD (PDB 1QU6). A
missing loop within the kinase domain (residues 338 to 354) was modeled into the structure
using ArchPRED.?! Two flexible regions were identified between dsRBM1 and dsRBM2
(residues 80—100)6 and between dsRBM2 and the kinase domain (residues 169 to 257)18 based
on NMR studies. A pool of trial structures was generating assuming a random conformation
for the two flexible linkers. Control experiments demonstrated that a pool size of 3000 was
sufficient based on the value of 2 The optimized ensemble was selected with a genetic
algorithm using an ensemble size of 20 with 50 ensembles for 1,000 generations with 50
repetitions. Distributions of Rq and Dyax Were obtained with the EOM software and a perl
script was written to generate distributions of interdomain distances. Alternatively, the program
BUNCH?®2 was used to define a single optimal arrangements of the three structured domains
and linker regions using a simulated annealing protocol. Protein structures were visualized
using Pymol (Delano Scientific, Palo Alto, CA, www.pymol.org).
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Figure 1.

Sequence alignment of PKR linker. The sequence of the second linker region in human PKR
(residues 169-257) was aligned with the corresponding regions in R. norvegicus and M.
auratus enzymes. The residues are colored as follows: acidic, blue; basic, red; polar uncharged,
green; nonpolar, grey.

J Mol Biol. Author manuscript; available in PMC 2010 April 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

VanOudenhove et al. Page 13

A
10° 4
- Y s
g LY g
107 | L .
£
5 's,_'g‘
EY
5
- k%
il i
6« 1 89 2 ] 4 5 6 7T 00 2 3
0.01
A’
N °
55t 8 i ]
.
’.:‘ 6o} \\\ S
= = . =
E T T 5 -25¢ N
- L ] agq
s S|
£5F
\ i
*s o
N . . et ¥ o . "
ik 00002 00003 00004 O0Q005 00008  0.0007  0.0008 0.0002 0.0004 0.0006 0,0008 0.0010
o*rah Q'A%
0.0012} c 0.0014} F o1
anot2f
oo10-
" _. 0.0010F
= =
£ ooo0sf E
k-1 =
2 & o0.0008f
g 0.0006
k] ¢ 0.0006F
2 Z2
0.0004-
0.0004
n.0002F sinoaill
— . i 2 i i i i
0 50 100 150 0 50 100 150
Distance (A) Distance {A}

Figure 2.

Small angle scattering analysis of PKR. Protein concentrations: 1 mg/mL (blue), 2 mg/mL
(red) and 4 mg/mL (black). A) SAXS scattering profiles. B) SAXS Guinier plots. The solid
lines indicated regions used in the Guinier fits. C) SAXS p(r) distributions. D) SANS scattering
profiles. E) SANS Guinier plots. The solid lines indicated the regions used in the Guinier fits.
F) SANS p(r) distributions. Errors in A and D correspond to 1 stand deviation. Errors in B and
C are not shown for clarity and are within the scatter of the data.
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Figure 3.

EOM analysis of PKR SAXS data. A) Scattering profile. The red points are the experimental
data (2mg/mL) and the solid black line is the fit. Error bars are omitted for clarity and
correspond to those shown in figure 2A. For details see Materials and Methods. B) Ry
distribution. The red line is the pool and the blue line corresponds to the ensemble of structures
selected by the genetic algorithm. The same color convention is used for B—F. C) Dpmax
distribution. D) Distribution of dsSRBM1 - dsRBM2 distances. E) Distribution of dsRBM1 -
kinase distances. F) Distribution of dsSRBM2 - kinase distances.
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90°

Figure 4.

Overlay of PKR structures selected by EOM. The 20 PKR conformations from the ensemble
selected by EOM analysis of the 2 mg/mL SAXS data are superimposed by alignment on the
kinase domain. The kinase domain is shown in a tan surface representation, the dsRBM1 and
dsRBM2 are shown in ribbon representation and the Co atoms in the flexible linkers are shown
as spheres. Each of the 20 conformations is depicted in a different color. In the view on the
left, the kinase domain is oriented with the C-lobe on the left and the N-lobe to the right. The
arrows indicate representative compact (red) and extended (magenta) conformers. The
ensemble on the right is rotated by —90° about the y-axis such that the kinase N-lobe points
out of the page.
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Figure 5.

Overlay of structures generated by simulated annealing runs using BUNCH. The five PKR
conformations from BUNCH analysis of the 2 mg/mL SAXS data are superimposed by
alignment on the kinase domain. The kinase domain is shown in a tan surface representation,
the dsRBM1 and dsRBM2 are shown in ribbon representation and the Ca atoms in the flexible
linkers are shown as spheres. The orientation corresponds to the right-hand representation in
figure 4.

J Mol Biol. Author manuscript; available in PMC 2010 April 10.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

VanOudenhove et al.

Table 1
Concentration dependence of Rg and 1,.2
Protein Concentration (mg/mL) SAXS R, (A) SANS R, (A) SAXS 1, SANS I (cm )P
1 39.92 +0.53 37.39 +1.39 0.00142 0.0529
2 40.74+0.29 36.62 +0.75 0.00294 0.106
4 42,03 +0.16 39.33+0.33 0.00583 0.242

a . - . . _—
Parameters obtained from Guinier analysis as depicted in figure 1.

bErrors for SAXS and SANS I( values are approximately 5%.
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