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Abstract

PKR is a key component of the interferon-induced antiviral pathway in higher eukaryotes. Upon
recognition of viral dsSRNA, PKR is activated via dimerization and autophosphorylation. PKR
contains two N-terminal dsRNA binding domains (dsRBD) and a C-terminal kinase domain. The
dsRBDs and the kinase are separated by a long, unstructured ~80 amino acid linker in the human
enzyme. The length of the N-terminal portion of the linker varies among PKR sequences and it is
completely absent in one ortholog. Here, we characterize the effects of deleting the variable region
from the human enzyme to produce PKRAV. The linker deletion results in quantitative but not
qualitative changes in catalytic activity, RNA binding and conformation. PKRAV is somewhat
more active and exhibits more cooperative RNA binding. As we previously observed for the full-
length enzyme, PKRAV is flexible in solution and adopts a range of compact and extended
conformations. The conformational ensemble is biased towards compact states which may be
related to weak interactions between the dsSRBD and kinase domains. PKR retains RNA-induced
autophosphorylation upon complete removal of the linker, indicating that the C-terminal, basic
region is also not required for activity.

PKR is a key component of the interferon-induced antiviral pathway in higher eukaryotes.1:2 Upon
recognition of intracellular dsSRNA of 30 bp or longer it is activated via dimerization and
autophophorylation.3 Activated PKR phosphorylates elF2a, which locks the elF2A heterotrimer
in a GDP bound complex incapable of binding Met-tRNA and initiating translation. Consequently,
protein synthesis is halted, leading to apoptosis and containment of the viral infection. In addition,
PKR is involved in a plethora of signaling pathways involving stress response and inflammation
and regulates cellular growth and proliferation, nutrient signaling and metabolism.4-%

PKR is comprised of two N-terminal dSRNA binding domains (dsRBD) and a C-terminal
kinase domain (Fig. 1a). The dsRBDs are separated by a short (~20 amino acid) linker.
NMR analysis indicates that this region is disordered.” In the human enzyme (hPKR), the
regulatory and catalytic domains of the protein are separated by a long, ~80 amino acid
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linker. Residues 170-229 at the N-terminal end of the linker have the signatures of an
intrinsically disordered region (Fig. 1b) with low sequence complexity and high content of
polar amino acids interspersed with acidic residues. The C-terminal portion (230-252) is
enriched in basic residues. An extended region within the linker from 191-252 has a
PONDR score > 0.5 (Fig. 1c) and is thus predicted to be disordered. AFM,8 NMR,? and
SAXS10 measurements indicate that the linker is flexible and PKR can adopt a range of
closed and open conformations. The PKR kinase domain crystalizes as a dimer-11 and
biochemical and biophysical analyses support a pivotal role for dimerization in RNA-
mediated activation.3 PKR dimerizes only weakly (K4 ~ 500 pM); however, this process is
capable of inducing autophosphorylation in the absence of dsSRNA.12 The isolated kinase
domain is not autoactivated; however, constructs including the adjoining basic region (228-
551)13 or the entire linker (169-551)14 are activated in the absence of dsRNA, implying that
the basic domain may contribute to dimerization or regulate activation.

The role of the long interdomain linker in PKR is not well understood. In the context of the
dimerization model for PKR activation,3 the linker functions as a simple tether that brings
two kinase domains into close proximity upon binding of two PKRs to a single dsRNA
lattice. However, it has been suggested that the linker mediates communication between the
RNA binding domain and the kinase.® Recently, we demonstrated that dSRNAs capable of
activating PKR induce PKR kinase domain dimerization, but dimerization is inefficient on
nonactivating short (20 bp) dsRNAs capable of binding two PKRs at low salt.1> Thus, the
dsRNA binding mode affects kinase dimerization, implying some degree of interdomain
communication. Although the long linker appears to be unstructured in the free enzyme it
may become ordered upon binding RNA. Interestingly, the sequence and length of the N-
terminal portion of the linker are not conserved among mammalian PKR sequences and it is
virtually absent in the Syrian golden hamster (M. auratus) (Fig. 1b). This natural variability
suggests that this region might not play a critical role in the activation mechanism. Indeed, it
was recently reported that deletions of the linker region from hPKR do not affect dsSRNA
binding, activation or inhibition by noncoding viral RNA inhibitors.16

In order to gain insight into the contribution of the linker to the functional and
conformational properties of PKR we initially decided to compare the human enzyme with
that from M. auratus (maPKR), which contains the shortest known linker region. Because
maPKR is not amenable to biophysical investigations, we prepared a human deletion
construct that is analogous to maPKR. Removal of the variable region results in quantitative
but not qualitative changes in PKR activation and dsRNA binding affinity. SAXS
measurements indicate that this construct is flexible in solution and exists in a range of
extended and compact conformations. Although the conformational heterogeneity is greatly
reduced upon complete removal of the linker, dSRNA induced activation is retained,
indicating that a flexible linker is not required for function.

Materials and Methods

All buffers were made from reagent grade chemicals with deionized, distilled water (Mili-Q,
Millipore, MA). Linker-deleted hPKR constructs PKRAV and PKRAVB were created by
deleting regions 167-228 and 167-253 respectively from the full-length PKR plasmid using
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PCR. The dsRBD (1-169) was created by deleting the 170-551 region. These proteins were
expressed and purified as described previously for hPKR.17 The maPKR sequence was
cloned into the pET-PKR-PPase vector previously used to express the human enzyme.12
This vector encodes phage A phosphatase to produce fully dephosphorylated PKR. maPKR
was expressed in Arctic Express RIL DE3 cells (Agilent, CA) which supply cold shock
protein. The cultures were grown to an ODggq of 0.8 and were induced with 1 mM IPTG at
10°C for 16 hours. The cells were harvested, lysed and maPKR was purified using the
protocol for the human enzyme. All proteins were purified by size exclusion
chromatography immediately prior to use on either Superdex 75 or 200 (GE Healthcare) in
AU200 buffer (20 mM HEPES, pH 7.5, 200 mM NaCl, 0.1 mM EDTA, 0.1 mM TCEP)
RNAs of 20 — 40 nt were obtained from GE Dharmacon (Lafayette, CO) and were purified
on denaturing 8M urea gels followed by electroelution. Complementary strands were
annealed by heating to 80°C and slowly cooling to room temperature. The sequences are
depicted below: Autophosphorylation assays were performed using [y-32P] ATP as
described previously.1218 RNA-dependent activation was measured using at 0.1 uM of PKR
and RNA-independent assays were performed using 0.05 uM — 2 uM PKR.
Autophosphorylation reactions were allowed to proceed for 15 minutes at 32°C.
Sedimentation velocity analysis of protein-dsRNA interactions was performed as previously
described!® using a Beckman Coulter XL-1 analytical ultracentrifuge with absorbance
optics. Normalized g(s*) distributions were produced using DCDT+20 and global analysis
was performed using SEDANAL.2! The binding stoichiometries were determined as
previously described.1® Sedimentation equilibrium analysis of PKR dimerization was
performed using interference optics as previously described!2. Data at multiple loading
concentrations were obtained at 18,000 and 22,000 rpm and were globally fit using
HeteroAnalysis2? after subtraction of buffer blanks and trimming the gradients to a
maximum concentration difference of 4mg/ml between the meniscus and the top of the
gradient.

SAXS measurements were performed in AU200 buffer at 4°C using a Nanostar instrument
(Bruker, Madison, WI) equipped with a rotating anode source and 550 um scatter less
pinholes. Proteins were centrifuged at 14,000 rpm for 10 minutes prior to measurements.
Data were collected in four 1 h frames at a sample-detector distance of 67.2 cm providing a
range of q from 0.007 to 0.37 A~1, defined as q = (4 sinf)/\, where 26 is the scattering
angle and X is the radiation wavelength. Data were reduced using Bruker SAXS software.
The four scans overlaid, indicating the absence of radiation damage. Buffer background
scattering (15 1h frames) was subtracted from the data prior to analysis. Guinier analysis
was performed using the low-g portion of the data where Ryeq<1.3. The p(r) distributions
were produced using GNOM?3 and the maximum dimension (Dyax) Was manually adjusted
to the distance where the p(r) distribution approaches zero. Structural modeling was
performing with EOM?24.25 as previously described!® over a range of q ~0.01 - 0.3 A1,
Default parameters were used unless otherwise indicated. SAXS data were simulated in
IGOR Pro (Wavemetrics, OR) using scattering curves corresponding to an ensemble of 10
structures derived from the pool of 10,000 structures. The Rgs were spaced about equally
along the pool distribution and the amplitudes were derived from the pool. The normalized
standard deviation corresponding to the level of the 5 mg/ml PKRAYV data set was obtained
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by fitting a plot of standard deviation/intensity vs. q to a fifth-order polynomial. Gaussian
noise corresponding the amplitude of the standard deviation was added to the simulated
data.

Analysis of maPKR

In order to explore the importance of the variable region of the linker, we set out to
characterize maPKR, a naturally occurring PKR variant in which this region is largely
absent. maPKR does not yield soluble protein when it is expressed in E. coli using
conditions optimized for the human enzyme.12 Expression at lower temperature in Arctic
Express RIL DE3 cells that supply cold shock chaperones results in increased solubility.
However, the Cpn-10 chaperone binds strongly to maPKR and it was not feasible to produce
large amounts of homogenous enzyme for biophysical measurements. Sedimentation
velocity measurements indicate that maPKR binds to a 40 bp dsRNA (Fig. S1A). The g(s*)
distributions shift to the right with increasing protein concentration. Addition of 6 eq. of
maPKR induces a large shift from ~ 3.5 S to ~ 9 S (Fig. 4a), which is higher than the fitted
sedimentation coefficient for the 2:1 complex formed with hPKR (7.6 S).18 Thus, the
magnitude of the shift indicates that three maPKRs bind to the 40 bp RNA. In contrast only
two hPKRs bind to this RNA under identical conditions.1826 maPKR is activated by 40 bp
dsRNA and inhibited at high concentrations in a manner analogous to hPKR (Fig S1B).
However, the maximum extent of phosphorylation is ~8 fold higher for the hamster enzyme.

Analysis of PKRAV

Outside of the linker region missing in the hamster enzyme, human and hamster PKR are
very closely related, with about 60% sequence identity. Due to the practical limitations of
obtaining pure maPKR we examined an analogous construct derived from hPKR in which
the variable region is deleted. This construct, denoted PKRAV (Fig. 1A), displayed an
appreciable improvement in solubility and stability relative to hPKR. The activation and
RNA binding properties of this construct are similar to the hamster enzyme (vide infra). A
construct lacking the linker sequence, PKRAVB was also created to probe the importance of
the C-terminal, basic region of the linker.

hPKR is capable of being activated in an RNA-independent fashion at higher protein
concentrations due to weak dimerization.12 Similarly, PKRAV also undergoes RNA-
independent autophosphorylation (Fig. 2a). The degree of autophosphorylation increases
with protein concentrations and is significantly enhanced relative to hPKR. At lower protein
concentrations where autoactivation is not present, PKRAV is activated by dsRNAs with a
characteristic bell-shaped activation curve (Fig. 2b). The longest dSRNA examined (40 bp)
activates PKRAV ~2.5 fold more potently than hPKR and the maximum occurs at a low
dsRNA concentration of 3 nM compared to about 100 nM for hPKR.26 In contrast to hPKR,
the 30 bp dsRNA is a very poor activator of PKRAV and no activation is detected for the 20
bp duplex.

Biochemistry. Author manuscript; available in PMC 2017 January 19.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Husain et al.

Page 5

To test whether the increased activation of PKRAV is due to enhanced dimerization, the
dimer dissociation constant of PKRAV was measured by sedimentation equilibrium (Fig. 3).
The weight-average molecular weights increase with protein concentration, indicating that
PKRAV self-associates (data not shown). Data were collected over a protein concentration
range of 0.25 — 2 mg/ml and two rotor speeds and were globally fit to a monomer-dimer
equilibrium model. The best fit K4 = 1.105 (1.103, 1.210) mM, where the values in
parentheses correspond to the 95% joint confidence intervals. Thus, deletion of the variable
portion of the linker does not enhance dimerization affinity, indicating that the enhanced
degree of RNA-independent autophosphorylation of PKRAV must be due to other effects.

The stoichiometries and affinities for PKRAV binding to dsSRNA were measured for 20-40
bp sequences using sedimentation velocity and compared with hPKR. The stoichiometries
were determined from the magnitude of the shift in the g(s*) sedimentation coefficient
distribution function upon titration of the dsRNA with protein.1% For the 40 bp dsRNA,
addition of 6 eq. of PKRAV induces a large shift from ~ 3.5 Sto ~8 S (Fig. 4a), which is
greater than the fitted sedimentation coefficient for the 2:1 complex formed with hPKR (7.6
S).18 Thus, more than two PKRAV bind to the 40 bp dsRNA in AU200 buffer whereas only
two hPKR maonomers bind under comparable conditions. The data obtained at four protein
concentrations were globally fit a 3:1 binding model using SEDANAL (Fig. 4b). A good fit
is obtained with a low rmsd of 0.0070 OD and small residuals. The well defined confidence
intervals for binding of the third PKR support the 3:1 model (Table 1). The best-fit Kgs for
the first and second PKR binding events are 75 nM and 56 nM, respectively, with
considerably weaker binding of the third monomer. For hPKR, Ky = 38 nM and Kqo = 813
nM.28 Thus, the first PKRAV binds to the 40 bp dsRNA with similar affinity as hPKR but
the affinity for the second PKRAYV is enhanced by about 10-fold. Similarly, for the 30 bp
dsRNA the affinity for the second PKRAV is enhanced about 7-fold.

Analysis of PKRAVB

Recently, it was reported that deletion of the entire linker (170-250) does not affect
activation of hPKR by dsRNA or inhibition by a structured viral RNA, Adenovirus VAI.16
A similar deletion construct, PKRAVB, is activated by 40 bp dsRNA (Fig. S2). However,
the maximal activation level is only about 30% relative to hPKR. The maximal activation
occurs at 0.3 uM RNA, which is similar to hPKR. Thus, the basic region is not necessary for
RNA-induced activation but it does affect the extent of autophosphorylation. Sedimentation
equilibrium analysis of PKRAVB indicates weak dimerization, with Kq = 1.73 (1.53, 1.98)
mM and a low rmsd of 0.0185 fringes for the global fit (data not shown).

SAXS analysis of PKR conformation

hPKR contains two flexible linker regions and adopts a range of compact and extended
conformations.1 The contribution of the variable linker region of PKR to flexibility was
determined by small angle scattering analysis of PKRAV. Data were collected over a
concentration range from 1 - 5 mg/ml. The parameters derived from Guinier and GNOM
analysis did not vary substantially over this concentration range (Table S1) so the data at the
highest concentration were used for further analysis. A linear Guinier plot (Fig. 5a) indicates
the absence of aggregation. The radius of gyration (Rg) of 33.3 + 0.2 A is substantially
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smaller than for hPKR (~ 40 A),10 indicating that PKRAV does not adopt as extended a
conformation as the wild type protein. Similar to hPKR, the p(r) distribution of interatomic
distances peaks at about 30 A with a tail to longer distances, suggesting the presence of
flexible regions (Fig. 5b). However, the Dyay for PKRAV is smaller (110 A) relative to
hPKR (175 A). A Kratky plot of the scattering data (Fig. S3) exhibits a peak at lower g and
rises at higher g, which is characteristic of proteins containing both folded and disordered
regions.2’

Based on the evidence that PKRAV retains flexibility we have pursued structural models
consisting of three folded domains (dsRBD1, dsRBD2 and kinase) connected by linkers that
can adopt multiple conformations. The EOM program?4:2> was used to generate a large
(10,000) pool of structures and select the minimal ensemble from this pool that best fits the
SAXS data. Figures 5c and 5d show distribution of Ry and Dpay, respectively, for the initial
pool and the ensembles selected by EOM. In both cases, the selected structures exhibit broad
distributions, indicating the contribution of compact and extended conformations to the
ensemble. However, the distributions are biased towards more compact conformations
relative to the random pool, suggesting the presence of attractive interactions between
domains. We have confirmed that PKRAV is flexible by fitting the SAXS data using EOM
with an ensemble size of one or alternatively, by rigid body modeling of single structure
using BUNCH.28 The X2 of the fit increases from 0.996 in the default EOM analysis to
1.303 using an ensemble of one and 1.56 using BUNCH (Fig. S4). Thus, the SAXS data fit
poorly to models incorporating only a single conformation.

The Rq distribution and to a lesser extent, the Dy distribution, derived from EOM analysis
of PKRAV appears bimodal. This observation implies that PKRAV may cluster into two
families of compact and extended conformations. Consistent with this picture, the X2 of the
fit increases only slightly to 1.056 as the ensemble size is reduced to two. However,
simulations indicate that such bimodal distributions may be an artifact (Fig. S5). A
continuous distribution of structures was simulated by selecting ten conformations from the
pool with amplitudes derived from the pool distribution. Noise equal to the experimental
PKRAV scattering was added and the resulting simulated data set was fit using EOM with
the same pool. Interestingly, the selected distribution was also bimodal and reducing the
ensemble size to two results in only a marginal increase in X2 from 1.023 to 1.040. Thus, the
bimodal shape of the PKRAV distribution does not necessarily imply the presence of two
families of conformers. Repeating this process using noise-free data resulting in a selected
distribution that reproduced the underlying pool more faithfully (data not shown), indicating
that the noise level is an important determinant of the quality of the distributions produced
by EOM.

The flexibility of PKRAVB was also analyzed by SAXS. As expected, the Rg of 30.5 £ 0.3
A (Fig. 6a and Table S2) is slightly smaller than for PKRAV. Like the other PKR constructs,
the p(r) distribution also peaks near 30 A but it is less extended, with a D,y 0f 100 A (Fig.
6b). The scattering data fit well to a model of a single structure generated using BUNCH
with X2 = 1.02 (Fig. 6a). In this structure the dsSRBD2 and kinase form an interface and
dsRBD1 is extended away from dsRBD2 (Fig. 6¢). The lack of interdomain contacts is a
characteristic of dynamic systems.2® Presumably, the short (21 aa) region lying between

Biochemistry. Author manuscript; available in PMC 2017 January 19.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Husain et al.

Page 7

dsRBD1 and dsRBD2 remains flexible in PKRAVB. Fitting the data to a model allowing for
an ensemble of conformations using EOM results in only a slight improvement in the fit
quality (X2 = 0.937). Presumably the dsRBD1-dsRBD2 flexibility contributes weakly to the
overall scattering curve so that the data fit reasonable well to a model of a single
conformation.

Discussion

It is noteworthy that the length of the interdomain linker in PKR orthologs is highly
variable, leading to the question of how this variable region affects the structure and
function of the enzyme. This region is virtually absent in maPKR and we initial sought to
compare this construct to hPKR. However, maPKR is difficult to obtain in purified form.
We created an analogous deletion construct of the human enzyme, PKRAV, which is highly
homologous to the M. auratus enzyme and was chosen as a suitable alternative to probe the
role of the variable linker. Control experiments verify that PKRAV behaves similarly to
maPKR.

A key observation to emerge from our analyses is that the removal of the variable region of
the linker results in quantitative but not qualitative changes in the catalytic activity, RNA
binding and conformational properties of PKR. PKRAYV retains enzymatic activity and
undergoes both RNA-independent and RNA induced phosphorylation. The enhanced
autoactivation of PKRAV indicates that the linker in hPKR negatively regulates the rate of
PKR autophosphorylation. This enhancement is not simply due to higher affinity
dimerization. PKR autophosphorylates at multiple sites lying within the kinase domain, the
basic region and the dsRBD.30-33 Potentially the variable length linker separates the
domains and limits the rate with which the kinase domain catalyzes cis phosphorylation of
sites within the dsRBD. Deletion of the linker may allow more rapid phosphorylation of
serines and threonines in the dsRBD due to induced proximity. Alternatively, the variable
region may act as a steric barrier that limits access to the sites located in the dsRBD.

Like hPKR, PKRAV exhibits a bell-shape curve for activation by dsRNA where high
concentration inhibit. This effect has been attributed to dissociation of PKR dimers onto
separate RNAs at high RNA concentrations.34:35 The length dependence of dsSRNA
activation can be correlated with binding stoichiometry: 30 bp is the minimal length capable
of binding two PKRs; however, in contrast to full length hPKR, PKRAYV is barely activated
by 30 bp dsRNA. However, this may not represent a fundamental difference in the dsSRNA
activation requirements for the two enzymes. Because of the potent activation of PKRAV in
the absence of dsSRNA, it is necessary to reduce the protein concentration from 200 to 100
nM in the assays. Under these conditions, the concentration of the active species containing
two PKRs bound to a single RNA is reduced and it may be difficult to detect weak
activation.

The RNA affinities for binding of the first monomer PKRAYV are similar to those we
previously reported for hPKR18 with some enhanced affinity for the second PKR binding to
the 30 and 40 bp dsRNAs and detection of a third PKR binding to the 40 bp sequence.
Previously, we only detected a third PKR binding to this sequence upon reducing the NaCl
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concentration from 200 to 75 mM.18 The fact that the first binding events occur with similar
affinity for hPKR and PKRAV suggest that intrinsic free energy of association is similar for
the two constructs. The enhanced affinities for the second and third PKRAV suggests that
removal of the variable linker region enhances the cooperativity of assembly. The enhanced
activation of PKRAV by the 40 bp dsRNA is correlated with the increased binding affinity.
Based on the measured dissociation constants!® and the PKR concentration used for the
activation assays (100 nM), we have simulated the equilibria in the titration of PKR with the
40 bp to define the maximal fraction of PKR residing in the active species containing two
PKRs bound to a single RNA. For hPKR, the maximum is 5.5% but for PKRAV the
maximum increases to 36%. In the latter case, the population of the species containing three
bound PKRs is negligible due to the low protein concentration in the assay. Thus, the
enhanced activation of PKRAV, and possibly maPKR, by the 40 bp dsRNA is at least
partially due to the increased affinity for binding of the second monomer.

hPKR retains RNA-induced activation upon complete removal of the linker in PKRAVB,
indicating that the basic region is not absolutely required for activity. Similarly, Conn and
coworkers that reported that removal of the linker did not block activation of PKR by
dsRNA or inhibition by VAI RNA.16 They found that the functional properties of hPKR and
a linker-deleted construct are identical, whereas we detected some quantitative differences in
RNA-independent and dependent activation and RNA binding affinities. Interestingly, rat
PKR was reported to bind viral RNA inhibitor with the same affinity as the human enzyme
but the inhibition potency was greatly reduced. Surprisingly, the apparent affinity is affected
by reversal of the orientation of the titrant and titrand. The stoichiometry and affinity of
PKR binding to VAI RNA is modulated by divalent ion,38 and these discrepancies may be
due to differences in the experimental conditions: 100 mM NaCl with no divalent ion for the
isothermal titration calorimetry binding measurements and 50 mM KCI and 2 mM Mg?2* for
the activity assays.16

SAXS analysis reveals that PKRAV retains significant conformational flexibility despite the
removal of the bulk of the interdomain linker. The shapes of the Kratky plot and p(r)
distribution are characteristic of proteins containing disordered regions. Structural modeling
treating the regions lying between dsRBD1 and dsRBD2 and basic region as flexible linkers
reveals that good fits to the scattering data require models that incorporate an ensemble of
conformations. Although we cannot ascribe significance to the bimodal shapes of the Rg and
Dpax distributions, they are clearly biased towards more compact distributions that than the
random pool. Similar bias was observed in our previous SAXS studies of full length PKR.10
NMR chemical shift perturbation measurements3”:38 indicate interactions between dsRBD2
and the kinase domain that may be responsible for the compaction of the ensemble. This
interaction is weak and is expected to lead to population of both closed and open states.3°
The persistence of this conformational bias in PKRAV implies that the basic linker region
remains flexible to allow the kinase and dsSRBD2 to interact. Consistent with this
interpretation, deletion of the basic region in PKRAVB quenches the bulk of the flexibility
in PKRAV. However, further investigation is required to parse the contributions of the
dsRBD1-dsRBD2 linker and the basic region to the overall flexibility of the PKR.
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Our observation that the structural and functional properties of PKR are not strongly
affected by the presence of the variable linker region leads to the questions: why does this
region exist and why do PKR orthologs contain different length linkers? PKR is activated by
a diverse array of RNAs, some of which contain extensive tertiary structure,*? and we have
previously suggested that flexible tethers would permit dimerization of kinase domains and
activation in cases where the dsRBDs of two PKR monomers are bound at more distal
regions of RNA activators.10 In this case, the effects of linker length would become more
pronounced for RNAs that contain duplex binding sites that are far apart. However, PKRAV
is not more susceptible than the full-length enzyme to the effects of insertion of 2'-O-Me
dsRNA barriers in the middle of a 30 bp dSRNA (data not shown). Further investigation
using a more diverse range of PKR ligands may reveal a linker dependence. Alternatively,
the linker region may contribute to PKR function in vivo.16 Unstructured regions are often
involved in protein-protein interactions®! and PKR is involved in a plethora of signaling
pathways*-6 that may be dependent on interactions with the unstructured linker.

Supplementary Material

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

dsRBD double-stranded RNA binding domain

dsRNA double-stranded RNA

elF2a eukaryotic initiation factor 2a

hPKR human PKR

maRNA M. auratus PKR

PKR RNA activated protein kinase

rmsd root-mean square deviation
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Figure 1.
PKR domains and linker regions. (a) Domains of PKR and linker deleted constructs. The

interdomain linker contains a variable region (169-229) and a basic region (230-252)
depicted as blue and red solid lines respectively. (b) Linker sequence alignment for PKR
orthologs prepared using SeaView.*2 (c) Prediction of disordered regions in hPKR by
PONDR.3 The region indicated by the red line (191-253) is predicted to be disordered. The
entire linker (169-252) is indicated by the black line.
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Effect of the variable linker region on PKR activation. (a) dsSRNA-independent activation of
hPKR and PKRAV. (b) dsRNA-induced activation of PKRAV. Activation was monitored at
0.1 uM PKRAV with varying concentrations of 20 bp (black), 30 (blue) and 40 bp (red)
dsRNA. The data are normalized relative to the extent of (wild-type) hPKR activation at

0.03 uM 40 bp dsRNA.
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Dimerization of PKRAV. The Ky for self-association of PKRAV was measured using
sedimentation equilibrium. Data (open circles) were collected for 0.25, 0.5, 1, and 2 mg/mL
PKRAYV at two rotor speeds: 18,000 rpm (blue) and 22,000 rpm (red). For clarity, only every
other data point is shown and the curves are vertically offset. The solid lines indicate a
global fit of the data to a monomer-dimer equilibrium model. The best-fit K4 = 1.105 (1.103,
1.210) mM with an rmsd of 0.0256 fringes Inset: residuals.
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Figure 4.
Effect of the variable linker region on RNA binding. PKRAV binding to 40 bp dsRNA

measured by sedimentation velocity. Data were obtained at 0.75 uM RNA and variable
protein concentrations. (a) Normalized g(s*) distributions for samples containing 0 (black),
0.5 (blue), 1 (red), 3 (green) and 6 (tan) equivalents of PKRAV. (b) Global analysis of
difference curves for PKRAV binding to 40 bp dsRNA using a model of three sequential
binding events. The top panels show the data (points) and fit (lines) and the bottom panels
show the residuals (points). The best fit parameters are presented in Table 1.
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Figure 5.
SAXS analysis of PKRAV conformation. Data were collected at 4°C at a protein

concentration of 5 mg/ml. (a) Scattering data (points) and EOM fit (solid red line). Inset:
Guinier analysis yields Rg = 33.3 £ 0.2 A. (b) p(r) distance distribution produced by
transforming the data in part (a) using GNOM.23 Rg (¢) and Dpax (d) distributions produced
by fitting the data in part (a) using EOM.2425 The distributions of the random pool of
10,000 structures are shown in black dotted lines and the distributions selected by the
genetic algorithm to fit the experimental data are shown in solid blue. The error bars
correspond to the standard deviations of the distributions produced from three runs of
GAJOE.
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SAXS analysis of PKRAVB conformation. Data were collected at 4°C at a protein
concentration of 5 mg/ml. (a) Scattering data (points) and BUNCH fit (solid red line). Inset:
Guinier analysis yields Rq = 30.5 + 0.3 A. (b) p(r) distance distribution produced by
transforming the data in part (a) using GNOM.23 (c) Structural model produced by
BUNCH.28 The domains are shown in surface representation: dsRBD1 (orange), dsRBD2
(cyan) and kinase (salmon). The linker residues are depicted as yellow spheres.
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Table 1

Binding constants for PKRAV and duplex dsSRNAs

RNA  Kd; (nM) Kd, (nM) Kds (NM) rmsd@
20bp 235 (189, 286) - - 0.0079
30bp  77(24,215) 865 (480, 1700) - 0.0160
40bp 75 (43,121) 56(27,99) 2,290 (1,380, 3.870)  0.0070

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

a o .
Root-mean square deviation in absorbance units.
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Table 2
SAXS parameters for PKRAV

[*:T']'g}ﬁi?] Guinier Ry(A)2  GNOM Rg(A)b Porod Volume (A3)P

5 33.30+0.21 3410+0.14 87,200
2 3220+ 041 33.62+0.20 86,200
1 31.60 +0.67 33.46 £0.31 87,800

aRg determined from the slope of the Guinier plot.

bRg determined using GNOM.23
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