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Protein kinase R (PKR) is an interferon-induced kinase that plays a pivotal
role in the innate immunity pathway. PKR is activated to undergo
autophosphorylation upon binding to double-stranded RNAs or RNAs
that contain duplex regions. Activated PKR phosphorylates the o subunit of
eukaryotic initiation factor 2, thereby inhibiting protein synthesis. PKR is
also activated by heparin, a highly sulfated glycosaminoglycan. We have
used biophysical methods to define the mechanism of PKR activation by
heparin. Heparins as short as hexasaccharide bind strongly to PKR and
activate autophosphorylation. In contrast to double-stranded RNA, heparin
activates PKR by binding to the kinase domain. Analytical ultracentrifu-
gation measurements support a thermodynamic linkage model where
heparin binding allosterically enhances PKR dimerization, thereby activat-
ing the kinase. These results indicate that PKR can be activated by small
molecules and represents a viable target for the development of novel
antiviral agents.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

bp stem flanked by short single-stranded regions,
has been described.” The protein activator of PKR,

The RNA-activated kinase, protein kinase R (PKR),
plays a key role in the innate immunity response to
viral infection.'* In addition, PKR medlates apopto-
sis induced by a variety of stimuli®* and functions in
the control of cell growth and proliferation and as a
tumor-suppressor protein.>® PKR is induced by
interferon in a latent form that is activated by
binding double-stranded RNA (dsRNA) to undergo
autophosphorylation. An additional class of RNA
activators, which contain a 5’-triphosphate and a 16-

*Corresponding author. Department of Molecular and Cell
Biology, University of Connecticut, 91 North Eagleville
Road, U-3125, Storrs, CT 06269, USA. E-mail address:
james.cole@uconn.edu.

Abbreviations used: PKR, protein kinase R; dsRNA,
double-stranded RNA; elF2a, o subunit of eukaryotic
initiation factor 2; dsRBD, dsRNA binding domain; dp8,
heparin octasaccharide; dp6, heparin hexasaccharide;
bdp8, BODIPY-labeled dp8; dp2, heparin disaccharide.

PACT, activates PKR in response to a variety of
cellular stresses.”” The most well-characterized
cellular substrate is the o subunit of eukaryotic
initiation factor 2 (elF2a). Phosphorylation of elF2a
at serine 51 blocks the recycling of elF2 between the
GTP-bound state and the GDP-bound state, thereby
inhibiting initiation of protein synthe51s Thus,
production of dsRNA during viral infection " results
in PKR activation and inhibition of viral and host
protein syntheses.

PKR consists of an N-terminal dsRNA binding
domain (dsRBD), contammg two tandem copies of
the dsRNA binding motif'' and a C-terminal kinase,
with an ~90-amino-acid linker lying between these
domains. Each of the dsRNA binding motifs has the
typical apppa fold, w1th a short unstructured region
lying between them.'? The kinase domain adopts a
bilobal structure typical of protein kinases. "’

Although an autoinhibition mechanism was orig-
inally proposed for the activation of PKR by dsRNA,
recent data in support of a dimerization model have

0022-2836/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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accumulated.'*'® PKR dimerizes weakly in solu-
tion, and dimerization is sufficient to activate PKR in
the absence of RNA.'® The dimer interface has been
localized to the N-terminal lobe of the kinase, and a
potential allosteric pathway linking the dimer
interface to the kinase active site has been
identified.>'” Activation of PKR by dsRNA follows

a “bell-shaped” curve where low RNA concentra-
tions activate but higher concentrations inhibit. '*'?
These results can be rationalized in a model where
low concentrations of dsRNA favor the assembly of
multiple PKRs on a single dsRNA, whereas high
dsRNA concentrations dilute PKR monomers onto
separate molecules of dsSRNA.?° Consistent with the
dimerization model, a minimum of 30 bp of dsRNA
are required to bind two PKRs and to activate
autophosphorylation, supporting a model where the
role of dsRNA is to bring two or more PKR
monomers in close proximity to enhance dimeriza-
tion via the kinase domain. -2

There are several classes of compounds that are
capable of inducing PKR autophosphorylation in the
absence of dsRNA or PACT. PKR is activated by
polyanions, including heparin, a highly sulfated
glycosaminoglycan.?* In contrast to dsRNA, heparin
does not medlate intermolecular autophos-
phorylation,” and it has been suggested that
heparln activation does not involve PKR dimeri-
zation.” Actlvatlon does not require the presence of
dsRBD,? indicating that heparin does not bind at the
same site as dsRNA. Deletion mutagenesis studies
have located the bmdmg site at a region within the
kinase domain.”® The minimally sized heparin
reported to be capable of activating PKR is an
octasaccharide.* More recently, two small-molecule
PKR activators have been reported.*° These results
suggest that PKR is a viable target for the develop-
ment of novel antiviral agents that enhance the
innate immune response. Here, we have characte-
rized the nature of the interaction of PKR with a
series of heparin oligosaccharides. Our data support
a novel activation mechanism where heparin bind-
ing is thermodynamically linked to enhanced PKR
dimerization.

Results

PKR activation by heparin oligosaccharides

We have confirmed an early report™ indicating
that short heparin-derived oligosaccharides can
activate PKR. Autophosphorylation of PKR is
stimulated by both heparin octasaccharide (dp8)
and heparin hexasaccharide (dp6) (Fig. 1; also see
Fig. 51 for the gel Phosphorlmager scan). In earlier
studies,” dp6 was considerably less active than
dp8; the origin of this discrepancy is not clear.
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00"
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Fig. 1. Activation of PKR by dp8 (squares; broken line)
and dpé6 (circles; continuous line). Activation of PKR by
100 nM of a 40-bp dsRNA (x) is included for comparison.
The continuous horizontal line represents the background
autophosphorylation of PKR in the absence of activator.
Activation assays were performed at 100 nM PKR in P50
buffer [20 mM Hepes (pH 7.5), 50 mM KCl, 5 mM MgCl,,
and 0.1 mM tris(2-carboxyethyl)phosphine] for 20 min at
32 °C. Reactions contained 0.4 mM ATP and 2 pCi of
[y->*P]ATP. Figure S1 shows the Phosphorlmager gel scan
used to generate the data in this figure.

Smaller heparins do not elicit significant activation.
The maximal activation level is comparable to that
elicited by a small 40-bp dsRNA. Like dsRNA,
heparin oligosaccharides show a bell-shaped acti-
vation curve where higher concentrations inhibit.

Analysis of heparin binding to PKR

A homogeneous fluorescence anisotropy assay
was established to characterize the binding of short
heparin oligosaccharides to PKR. Labeled heparin
oligosaccharides were prepared by a reaction with
BODIPY-FL-hydrazide (4,4-difluoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-propionic acid hydra-
zide) at the reducing end.?! Binding of these
BODIPY-heparin conjugates to PKR results in an
increase in steady-state emission anisotropy due to a
reduced mobility of the BODIPY fluorophore. Figure
2a shows a titration of BODIPY-labeled dp8 (bdp8)
with PKR performed at 15 nM bdp8. The data fitted
well to a simple hyperbolic binding function with
Kq=224+27 nM. The relative stoichiometry of
heparin binding to PKR was determined by anisot-
ropy titrations performed at higher concentrations of
bdp8 well above Ky4. Figure 2b shows a data set
obtained at 1 uM bdp8. The best-fit stoichiometry of
N=1.07+0.07 bdp8/PKR indicates that this heparin
oligosaccharide binds to PKR in a 1:1 ratio. In control
experiments, potential contributions of the BODIPY
fluorophore to the binding affinity were assessed by
competing 500 nM bdp8+500 nM PKR with unla-
beled ligand (dp8). Addition of unlabeled heparin
oligosaccharide reduces the emission anisotropy of



Heparin Activation of PKR

975

[ T T T
0.14
012 |
>
[=% L
£ o010
5 [
@
= [
< 0.08
0.06
0.04 Liwout 1 £ A LA T
10 100 1000
[PKR] nM
2
=]
s
=]
»
[
<<
D_Do:nuul....luuln|..I|“||“|.I.n.l....l“..
0 1 2 3 4
[PKR] pM
e
)
[}
E
T
o
-
O
<

Heparin Length (sugars)

Fig. 2. Binding of heparin oligosaccharide to PKR
measured by anisotropy titration. (a) K4 measurement for
bdp8. The fluorescence anisotropy of 15 nM bdp8 was
measured at increasing concentrations of PKR at an
excitation wavelength of 488 nm and at an emission
wavelength of 515 nm, with spectral bandwidths of 6 nm
for excitation and emission, respectively. Each data point
represents the average of three 5-s measurements. The
continuous line is a fit of the data to a hyperbolic binding
model (Eq. (3)) to obtain Kq=224+27 nM, r¢=0.044+0.002,
and r,=0.142+0.002. (b) Stoichiometry analysis for bdp8.
The fluorescence anisotropies of 1 pM (@) bdp8 were
recorded as in (a). The continuous line is a fit of the data
to a binding model incorporating the depletion of free
ligand. The best-fit parameters are N= 1.07+0.07 and
1,=0.153+0.002. (c) Dependence of heparin oligosaccha-
ride binding affinity on length. The Ky values for the
binding of BODIPY-labeled dp2-bdp8 were measured,
and the binding free energies were calculated using
AG°=-RTIn(1/Kg).

bdpS§, indicating that these two ligands compete for
binding. The competition titration was fitted as
previously described to obtain K4=262+21 nM
for dp8 binding to PKR. Thus, fluorescence labeling
does not appreciably alter binding energetics.
However, labeling strongly reduces the ability of
dp8 to activate PKR autophosphorylation (data not
shown). Note that this observation does not affect the
interpretation of the linkage analysis performed
below using unlabeled dp8.

Shorter heparin oligosaccharides were also labeled
with BODIPY to determine the effect of length on
binding affinity. The K4 values increase dramatically
with decreasing oligosaccharide length such that
Kq=32.6+7.4 pM for heparin disaccharide (dp2; or
almost 150-fold weaker binding affinity than dp8).
Interestingly, binding free energies decrease linearly
with decreasing length over the range of dp8—dp2
(Fig. 2c). The fact that the energetic contributions of
each disaccharide unit are additive suggests that the
oligosaccharides interact nonspecifically with an
extended positively charged binding pocket on
PKR. Consistent with a large electrostatic contribu-
tion, the binding affinity is also strongly dependent
on salt concentration. For dp8, the K4 increases from
224 nM in 75 mM NaCl (Fig. 2a) to 2.61 +0.05 uM in
100 mM NaCl and 19.0£1.9 uM in 125 mM NaCl
(data not shown).

Because of the importance of dimerization in the
activation of PKR by dsRNA, > we hypothesized
that heparin may activate by altering the PKR
monomer—dimer equilibrium. Although PKR is
predominantly monomeric at the concentrations
employed for the fluorescence anisotropy titrations
described above (the Kq for the dimerization of free
enzyme is about 500 pM'®), heparin binding may
alter PKR dimerization. In principle, dimerization
should result in a measurable increase in the
rotational correlation time of a PKR-heparin com-
plex. However, it is difficult to sort out such complex
equilibria by analysis of steady-state fluorescence
anisotropy alone. Therefore, fluorescence-detected
sedimentation velocity was used to define the
hydrodynamic properties of the complex (or com-
plexes) formed upon the binding of bdp8 to PKR
under the same conditions employed in the anisot-
ropy assays. The velocity data were analyzed using
the time-derivative method ***° to obtain the weight-
average sedimentation coefficients (sy,) as a function
of [PKR] (Fig. 3a). The sedimentation coefficient of
bdp8 alone is about 1.4 S, consistent with a recent
study of the hydrodynamic properties of short
heparin oligosaccharides.*® Addition of PKR results
in an increase in s,, due to the formation of a PKR~-
heparin complex. The isotherm of s,, as a function of
[PKR] was fitted to obtain a Ky of 387+89 nM
and a sedimentation coefficient for the complex
of 435+0.16 S. The Ky is close to the value
derived from the anisotropy titration (Fig. 2a). The
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Fig. 3. bdp8 binding to PKR analyzed by fluorescence-
detected sedimentation velocity. (a) PKR titration. Sam-
ples contained 15 nM bdp8 and variable concentrations of
PKR. Weight-average sedimentation coefficients (s,,) were
obtained by the integration of g(s*) distributions and were
fitted to a hyperbolic binding model to give the following
best-fit parameters: K4=387+89 nM, s,,(bdp8)=1.38+0.10S,
and s,,(bdp8-PKR complex)=4.35+0.16 S. (b) c(s) distribu-
tions of 250 nM bdp8 (——) and 250 nM bdp8+10 Eq of PKR
(----). Conditions: rotor speed, 50,000 rpm; temperature,
20 °C; fluorescence optics.

sedimentation coefficient is greater than that of the
PKR monomer (about 3.5 S'¢) but is less than that of
the dimer (about 5.0 S based on the value obtained
with the phosphorylated PKR dimer®). The sedi-
mentation coefficient is consistent with a PKR-dp8
complex (Table S1). Taken together with stoichiom-
etry analysis (Fig. 2b), these results indicate that bdp8
binds to the PKR monomer to form a 1:1 complex. The
homogeneity of the complex was assessed in a
separate sedimentation velocity experiment in
which 250 nM bdp8 was titrated with a 10-fold excess
of PKR. Under these conditions, where essentially all
of the bdp8 is bound to PKR and [PKR]>>Kjg, the
system can be treated as essentially nonequilibrating,
and the c¢(s) method can be applied to produce high-
resolution sedimentation coefficient distributions.”®
Figure 3b shows that addition of PKR cleanly converts
bdp8 into a homogeneous complex with an apparent
sedimentation coefficient of about 4.1 S, which agrees

reasonably well with the value obtained from fitting
the weight-average data.

Analysis of the heparin-induced dimerization
of PKR

The effects of dp8 binding on the association state
of PKR were probed at higher protein concentra-
tions (up to 16 uM, ~1 mg/ml) using sedimenta-
tion velocity with interference optics to monitor
both the protein and the ligand. Initially, the data
were analyzed using the time-derivative approach
to define the qualitative effects of heparin binding
on the PKR association state.’ The resulting
normalized g(s*) distributions provide insight into
the nature of the reaction scheme and were over-

Normalized g(s*)

Normalized g(s*)

s (Svedbergs)

Fig. 4. Sedimentation velocity analysis of dp8 binding
to PKR. (a) Normalized g(s*) distributions obtained at a
fixed concentration of PKR (16 pM) with the indicated
concentrations of dp8: 0 uM (black), 8 uM (red), 16 uM
(blue), and 32 uM (green). The distributions are normal-
ized by peak maximum. (b) Normalized g(s*) distribu-
tions obtained at a fixed concentration of dp8 (60 uM) with
the indicated concentrations of PKR: 2 uM (black), 4 uM
(red), 8 uM (blue), and 16 pM (green). The distributions are
normalized by peak maximum. Conditions: rotor speed,
50,000 rpm; temperature, 20 °C; interference optics; scan
interval, 1 min. Note that the free dp8 is not resolved in
these distributions because the scan range was chosen to
emphasize the higher-S features and because diffusional
broadening reduces the resolution of the low-S region in
the time-derivative method.
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Fig. 5. Models for thermodynamic linkage of PKR
dimerization and heparin binding. (a) Linked model. (b)
Unlinked model. P, PKR; H, heparin. The binding constants
are defined as follows: L, is the dimerization constant for
unliganded PKR, L,; is the dimerization constant for the PH
complex, Ly, is the dimerization constant for the interaction
of P and PH, Py, is the constant for heparin binding to the
PKR monomer, B, is the constant for heparin binding to the
PKR dimer, and B, is the overall constant for the interaction
of two heparin monomers with the PKR dimer to produce
P,H,. The nomenclature was adapted from Fig. 6-5 in
Wyman and Gill.*’

plotted to define the qualitative effects of heparin
binding on the PKR association state. As observed
with fluorescently labeled heparin, the 1:1 PKR/
dp8 complex has a sedimentation coefficient of
about 4 S (Fig. 4a). However, at higher dp8
concentrations, the distributions continue to shift
to the right, indicating the formation of a larger
species. Because only one dp8 binds to the PKR
monomer, the increase in the sedimentation coeffi-
cient must reflect the self-association of PKR rather
than the binding of multiple heparins to a PKR
monomer. Furthermore, the g(s*) distributions shift
to the right with increasing PKR concentration in
the presence of a saturating, high concentration of
dp8 (60 uM) (Fig. 4b). The peak maximum increases
from ~4.0 S at 2 uM PKR to about 4.4 S at 16 uM
PKR. In contrast, the sedimentation coefficient of
unliganded PKR increases only by about 0.1 S as
the protein is increased from 1.6 pM to 25 uM, e
indicating that binding of heparin oligosaccharide
to PKR enhances dimerization.

In many allosteric systems, protein self-association
is thermodynamically linked to ligand binding,*’
and analytical ultracentrifugation is a useful method
for defining linkage relationships, as we have
recently demonstrated in our analysis of the dimer-
ization of SecA in the presence of signal peptide.*'
The thermodynamic linkage of heparin binding and
PKR dimerization was quantitatively resolved by a
global analysis of sedimentation velocity data
obtained at multiple PKR and dp8 concentrations
using the program SEDANAL.* Figure 5a depicts
the standard Wyman-Gill linkage model* that we
have employed to analyze the data. In this case, the

linkage free-energy coupling dimerization and li-
gand binding AGc is given by:
Lo

B2
AGc = RTIn—=% = — RTln—= 1
C ﬁ% LZO ( )

where R is the gas constant, T'is the temperature, and
the binding constants are defined in the legend to
Fig. 5.

%Nhen fitting data using such a complex model
containing multiple binding constants and sedimen-
tation coefficients as adjustable parameters, it is
useful to constrain as many of them as possible to
obtain narrow confidence intervals on the parame-
ters of interest. The binding constant for the
interaction of unlabeled dp8 with PKR monomer
(P11) was fixed based on the anisotropy binding
measurements. The dimerization of unliganded PKR
had been previously characterized (K4 ~500 pM). '®
However, these measurements were performed
under slightly different conditions (200 mM NaCl
versus 75 mM NaCl in the present study).
Dimerization of PKR was determined in 75 mM
NaCl by sedimentation velocity experiments over a
protein concentration range of 0.28-2.0 mg/ml
The best-fit value of the association constant
Ly0=2.48 (2.24, 2.74)x10°> M~ ! corresponds to a
slightly enhanced dimerization (Kq=404 pM) rela-
tive to the value obtained in 200 mM NaCl. Several
sedimentation coefficients were constrained (see
the legend to Fig. 6). We also made the reasonable
assumption that the dimer association constant for
P binding to PH (L) is equal to the geometric
mean of the association constants for P+P(L,j) and
PH+PH(L,,). However, the quality of the fit and
the magnitude of AG¢ are not strongly dependent
on this assumption (see the text below).

Figure 6 shows the global fit of six data sets
containing multiple heparin and PKR concentra-
tions to the linkage model (Fig. 5a) using the
constraints described above, and Table 1 contains
the best-fit parameters. The data fitted well to this
model, as indicated by the absence of large
systematic deviations in the residuals and the low
RMSD of 0.0196 fringes. The confidence limits on
the parameters are narrow, indicating that the
parameters are well defined by the data. Most
importantly, the best-fit value of L,,=7.19 (6.37,
8.06)x10° M™! indicates that dp8 binding en-
hances PKR dimerization, corresponding to a
coupling energy of AGc=-0.62 kcal/mol. When
we attempted to fit the data to a model where
heparin binding and PKR dimerization are mutu-
ally exclusive (Fig. 5b), the RMSD increased
substantially, indicating that the PKR-heparin
complexes are indeed able to dimerize. Further-
more, the data also do not fit as well to a model in
which L,, is constrained to be equal to Ly.
Although the increase in the RMSD is smaller
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than the increase for model B, it is well outside the
95% confidence range defined by the F test.

It is not possible to determine the equilibrium
contribution of the intermediate species P,H from
the present data. In fact, constraining L,;=0 to set
the population of P,H to zero results in a fit with

exactly the same RMSD as the original model, where
Ly, was fixed as the geometric mean of Ly and Ly,.
However, the best-fit value of Ly, increases slightly
to L,y =7.46x10% M~ 1. Because the mass and optical
properties of P,H and P,H, are virtually the same,
the sedimentation velocity analysis is only sensitive
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Fig. 6 (legend on next page)
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Table 1. Equilibrium binding constants for the interaction of dp8 and bdp8 with PKR

Model Method Ry M7! Lo MY sPH)®  s(P,H,)>  RMSDS
B Anisotropy* 4.47+0.54x10° — — — —
P+ He=pH isotropy +0.54x10
P+ H—>EH PH Anisotropy competition 3.82+0.54x10° — — — —
311
P+ H<—=PH FDSV<e 2.58+0.60 x 10° — 435 — —
Model Af Svs 3.82x10° (fixed) 7.19 (6.37, 8.10)x 10° 3.98 5.98 0.0196
Model Bf Svs 3.82x10° (fixed) — 426 — 0.0256
Model Af Sve 3.82x10° (fixed) 2.48x10° (fixed) 414 6.21 0.0218

Parameters were obtained by nonlinear least-squares analysis using the indicated model and the experimental method. The values in

parentheses represent the 95% joint confidence intervals.
2 See Fig. 5 for the definitions of the equilibrium constants.

b Uncorrected sedimentation coefficients (Svedbergs) of PKR-dp8 (PH) and PKR,—-dp8; (P>H,).

¢ Root mean square deviation of the fit in fringe units.
4 Data were obtained using bdp8.
N Fluorescence detected sedimentation velocity.

f See Fig. 5 for a definition of the model and the legend to Fig. 6 for a description of the fixed parameters.

& Sedimentation velocity using interference optics.

to the sum of their populations. Thus, if the
equilibrium population of P,H is set to zero, then
Ly, rises to increase the population of P,H,.

The heparin binding site on PKR

Previous studies have shown that PKR activation
does not require the presence of dsSRBD?” and have
assigned two heparm binding motifs lying within
the kinase domain.?® Fluorescence anisotropy mea-
surements reveal that bdp8 binds to a PKR kinase
domain construct with Kq=727+47 nM (Fig. S2).
Thus, heparin oligosaccharides do bind to the PKR
kinase domain, albeit with slightly lower affinity
than observed in the full-length kinase. Examination
of the crystal structure of the PKR kinase domain '?
reveals a prominent cleft on the kinase domain that
represents a potential binding site for negatively
charged heparin oligosaccharides (Fig. 7a). The rim
of the cleft is lined with several cationic side chains
(K304, R307, K310, K314, K408, K409, R413, and
K440). The resulting positive charge of the cleft
would give rise to a favorable electrostatic contri-
bution to heparin binding. The bottom of the pocket
is formed by the aliphatic side chains of L410 and
V436. We have tested the contribution of the pocket
to heparin binding by mutating these aliphatic
residues in the kinase domain. The L410E mutation

introduces a negative charge at the base of the pocket.
The K4 for L410E is 10,530 + 1530 nM, corresponding to
about a 15-fold reduction in binding affinity (Fig. S2).
The V436F mutation blocks the base of the cavity
with a bulky phenyl side chain. For this construct,
K4=9500+760 nM, indicating a 12-fold reduction in
binding affinity (Fig. S2). Together, these data
support a model where heparin binds at the
positively charged cleft on the kinase domain.

We have constructed a structural model for dp8
bound to the cleft present in the kinase domain.
Short heparin oligosaccharides adopt an extended
helical conformation in solution,304344 and this
structure is typically retained in protein complexes.
A model for dp8 was generated using NMR solution
data** and was docked 1r1t0 the positively charged
cleft using AutoDock Vina®® (Fig. 7b). The protein—
ligand complex shows good shape complementar-
ity, and the negatively charged sulfates interact
favorably with the cationic surface. The dimensions
of the pocket are clearly suitable for accommodating
heparin oligosaccharides as large as dp8.

Discussion

Our biophysical analysis of the interaction of short
heparin oligosaccharides with PKR supports a

Fig. 6. Global analysis of sedimentation velocity difference curves for dp8 binding to PKR. The data were subtracted in
pairs for six data channels collected at the following concentrations: (a) 2 pM PKR +60 pM dp8; (b) 4 uM PKR +60 uM dp8;
(c) 16 pM PKR +60 pM dp8; (d) 16 puM PKR+30 uM dp8; (e) 16 uM PKR+16 uM dp8; (f) 16 uM PKR +8 pM dp8. The data
(58 difference scans for each channel) were globally fitted to the binding model depicted in Fig. 4a with an RMSD of 0.0196
fringes. The value of 1, was fixed at 3.82x10° M~ ' based on the fluorescence anisotropy competition of bdp8 with dp8;
Lo was fixed at 2.48x10% M~ ! from the sedimentation velocity analysis of PKR d1mer1zat1on L, was constramed as the
geometric mean of Ly and Ly; sqps Was fixed at 1.17 S from published data®®; sprr was, flxed at 3.52 §'° ; S(PKR)2 Was
estimated to be 5.0 S based on the sedimentation analysis of the phosphorylated PKR dimer®” ; S(PKR)2-dp8 Was estimated as
5.5 S; and the ratio of spkr-dps)2 t0 Spkr-aps Was constrained to be 1.5. The top panels show the data (points) and fit
(continuous lines), and the bottom panels show the residuals (points). The best-fit parameters are shown in Table 1.
Conditions: rotor speed, 50,000 rpm; temperature, 20 °C; interference optics; scan interval, 1 min.
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Fig. 7. The positively charged cleft on the PKR kinase domain. (a) Electrostatic surface of the kinase domain. A solvent-
accessible surface of the PKR kinase domain alone was generated from the crystal structure of a complex of the kinase
domain and elF2a (Protein Data Bank ID: 2A1A) using PyMOL. The dimer interface is located on the top surface of the
kinase domain monomer. The electrostatic surface was produced using APBS and was contoured at +5 kT. (b) Model of
dp8 bound to the kinase domain in the positively charged cleft. The dp8 ligand was docked using AutoDock Vina. See

Materials and Methods for details.

model where these molecules activate PKR by
enhancing dimerization. Heparins as short as
hexasaccharides activate the kinase to undergo
autophosphorylation. Fluorescence anisotropy and
fluorescence-detected sedimentation velocity mea-
surements indicate that a single heparin binds to a
PKR monomer with an affinity that is strongly
dependent on heparin length and salt concentra-
tion. Binding of heparin enhances the dimerization
of PKR, and sedimentation velocity data obtained
over a broad range of PKR and dp8 concentrations
fit a classical linkage thermodynamic model with a
coupling free energy of AGc=-0.62 kcal/mol. We
propose that this enhancement in PKR dimeriza-
tion is responsible for activating the kinase.

It is noteworthy that the enhancement of PKR
dimerization affinity induced by dp8 is only about
4-fold and would thus appear insufficient to induce
autophosphorylation. However, it is important to
recognize that the extent of PKR autophosphoryla-
tion does not reflect an equilibrium process but
represents the end point of a series of autocatalytic
reactions. We have previously proposed a chain
reaction model to explain how the dimerization of
PKR at concentrations >0.5 uM induces activation
despite a much higher dimerization K4~ 500 pM. '
An analogous mechanism may mediate activation
by heparin. In the crystal structure of the PKR kinase
domain, a plausible allosteric pathway linking the
dimer interface to the kinase active site has been
identified.””'” A large body of biophysical and
biochemical data implicates dimerization as a key
step in PKR activation by RNA.'>*'"*?

Although PKR dimerization is common to the
models for dsRNA-induced and heparin-induced

PKR activation, it is likely that the detailed mecha-
nisms are quite different. First, these ligands bind at
different locations. Previous studies have determined
the following: (1) heparin does not compete with the
binding of adenovirus VAI RNA?; (2) dsRBD is not
required for the activation of PKR by heparins®’; and
(3) deletion mutagenesis defines two short heparin
binding motifs located at residues 295-300 and 443—
448 lying within the kinase domain.”® Our result
supports a model where heparins bind to an extended
positively charged cleft lying within the kinase
domain. This cleft is able to accommodate dp8 with
good shape and charge complementarity. This model
is supported by the linear dependence of binding free
energy on the length of the heparin, which implies an
extended binding interface. The model is also
consistent with the strong electrostatic contribution
to binding affinity. The positively charged cleft
partially overla}gs with the previously reported C-
terminal motif.

The mechanisms by which dsRNA and heparin
enhance PKR dimerization also differ. About 30 bp of
dsRNA are required to bind two PKRs and to activate
autophosphorylation, supporting a model where
dsRNA serves as a binding scaffold that brinﬁs two
or more PKR monomers into close proximity.* > In
our model for heparin-induced PKR dimerization,
one heparin binds to each PKR monomer rather than
serving as a template for the assembly of multiple
PKR monomers into a single activator. The length of
the minimal activating heparin (dp6) is about 25 A,
which appears too short to simultaneously occupy the
binding clefts on two PKR monomers. Furthermore,
the clefts face away from the kinase dimerization
surface, so it would not be feasible for a single heparin
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to interact with both monomers. Instead, the binding
of heparin likely indirectly modulates dimerization
affinity. In fact, there is evidence from sedimentation
velocity that heparin binding induces a conforma-
tional change in the PKR monomer. The increase in
the sedimentation coefficient of the PKR monomer
from 3.5 S to 4.0 S upon binding of dp8 is greater than
can be explained based on the mass increase of
~2600 Da and corresponds to a decrease in the
frictional ratio f/f, from 1.56 to 1.47 (Table S1). Thus,
heparin binding causes PKR to adopt a more compact
conformation that may be associated with the increase
in dimerization affinity.

Curiously, we found that both dsRNA-induced
activation and heparin-induced activation of PKR
follow a bell-shaped curve. Previously, a bell-shaped
curve for PKR activation by dsRNA'*'* was inter-
preted as evidence for a dimerization model in which
the inhibition at high dsSRNA concentrations results
from the dilution of PKR dimers lying on a single
dsRNA into PKR monomers bound to separate
molecules of dsRNA.? This explanation is not
compatible with the linkage model for heparin-
induced PKR dimerization (Fig. 5a), where one
heparin binds to each PKR monomer and addition
of excess heparin would not induce dimer dissoci-
ation. A bell-shaped curve would result if P,H, were
inactive and P,H represented the active species;
however, there is no direct evidence for such an
effect. Alternatively, the inhibition at high heparin
concentrations may be associated with a lower-
affinity binding of additional heparin (or heparins) at
other binding sites that block PKR. The fluorescence
anisotropy stoichiometry measurements indicate the
formation of a 1:1 PH complex, but we cannot rule
out the binding of additional heparin (or heparins) to
the dimeric P,H or P,H, species.

An earlier study proposed that heparin activation
of PKR does not proceed via a dimerization
mechanism.?® Point mutations that reportedly
block PKR dimerization do not affect heparin
binding and activation. 26 However, these mutations
are within dsRBD. We have demonstrated that the
isolated dsRBD does not self-associate or interact
with full-length PKR,* and crystallographic and
mutagenesis studies have localized the PKR dimer
interface within the kinase domain. >’

Interestingly, a catalytically inactive His-tagged
K296R mutant of PKR can be phosphorylated by
wild-type PKR upon activation by dsRNA, but not
by heparin.* This result suggests that PKR activat-
ed by heparin is incapable of mediating intermole-
cular autophosphorylation and implies that there is
a fundamental difference in the catalytic activities of
dsRNA-activated and heparin-activated enzymes.
However, heparin-activated PKR can phosphorylate
the substrate elF2«, indicating that this enzyme
form is competent for transphosphorylation. Simi-
larly, PKR activated in the absence of either dsSRNA

or heparin upon incubation at high concentrations is
competent to phosphorylate the K296R substrate. '®
Thus, the fundamental catalytic activities of PKR
activated by the three different routes may be
similar. Possibly, K296R PKR becomes incompetent
as a substrate upon binding heparin.

Because heparin is found in secretory granules in
mast cells and is not present in the cytosol, PKR is not
likely to be activated by heparin in vivo. Given that
PKR can be activated by multiple polyanionic
species,** the interaction of PKR with heparin is likely
anonspecific reaction thatis not relevant to its antiviral
role. However, the fact that molecules as small as
~2000 Da (hexasaccharide) are capable of activating
PKR indicates that small-molecule activation of PKR is
feasible and provides the impetus to search for novel
and specific activators of PKR. Potentially, small
molecules that bind within the PKR cationic cleft and
enhance dimerization similarly to heparin can be
identified. There is a precedent for the discovery of
synthetic small-molecule enzyme activators.*” Anoth-
er mediator of the interferon antiviral response, RNase
L, is activated by dimerization induced by the binding
of 2/,5"-linked oligoadenylates.**** High-throughput
screening has identified several small-molecule RNase
L activators with antiviral properties that act by
inducing dimerization.*

Materials and Methods

All reagents used were reagent grade and purchased
from Fisher Scientific, except as noted. Heparin oligosac-
charides were obtained from V-labs, Inc. (Covington, LA).
BODIPY-FL-hydrazide was purchased from Invitrogen, Inc.

BODIPY-FL-hydrazide was coupled to heparin oligo-
saccharides by a reductive amination of the reducing end
carbonyl with the hydrazide amine group present within
the fluorophore.” Heparin oligosaccharide (5 mM) dis-
solved in water (5 mM) was combined with 5 mM
BODIPY-FL-hydrazide dissolved in methanol at a 1:5
ratio and incubated for 1 h at room temperature. The
reaction mixture was dried in a SpeedVac and resus-
pended in 10 pl of dimethyl sulfoxide/glacial acetic acid
17:3 (vol/vol). The reaction mixture was then incubated for
4 h at room temperature, followed by a reduction of the
imine group with 10 ul of 1 M sodium borohydride
(reducing agent). The mixture was frozen in dry ice, dried
in a SpeedVac, and resuspended in a small volume of
methanol/100 mM ammonium acetate 1:1 (vol/vol). The
mixture was incubated at room temperature for 1 h and
diluted 10-fold with 100 mM ammonium acetate. The
conjugate was purified on an Oasis HLB column (Waters).
The column was rinsed with methanol, followed by
100 mM ammonium acetate. The reaction mixture was
applied to the column and incubated for 10 min. The
column was washed with 100 mM ammonium acetate, and
then a step gradient with increasing concentrations of
methanol was used for elution. Unlabeled heparin
oligosaccharides do not bind to the column, the conjugate
elutes between 20% and 30% methanol, and free dye elutes
at 40% methanol and above.



982

Heparin Activation of PKR

PKR was purified as previously described,'® with the
following modifications. The poly(rI)/poly(rC) dsRNA
affinity column was replaced with hydroxyapatite (CHT
ceramic hydroxyapatite; Bio-Rad). Following the hepa-
rin-Sepharose affinity column, PKR-containing fractions
were pooled, diluted 1:1 with buffer HA [20 mM
potassium phosphate and 10 mM p-mercaptoethanol
(pH 7.0)], and applied to a 70-ml CHT column at a flow
rate of 1 ml/min. The column was washed with buffer
HA until the absorbance and conductivity had returned
to baseline, followed by one column volume of 40% HB
[HB contains 400 mM potassium phosphate and 10 mM
p-mercaptoethanol (pH 7.0)]. PKR was eluted with a
gradient of 40-100% HB. The peak fractions elute at
~55% HB. Unless otherwise indicated, measurements
were performed in AU75 buffer [75 mM NaCl, 20 mM
Hepes, 0.1 mM ethylenediaminetetraacetic acid, and
0.1 mM tris(2-carboxyethyl)phosphine (pH 7.5)]. Equili-
bration was performed using spin columns packed with
Biogel P6 (Bio-Rad). The PKR kinase domain comprising
residues 242-551 containing the inactivating mutation
K296R was expressed as previously described.” Site-
directed mutants were produced using the Quik-Change
method and were verified by DNA sequencing.

Fluorescence anisotropy titrations were conducted
using a Jobin-Yvon Horiba Fluoromax-3 spectrofluorom-
eter equipped with Glan-Thompson polarizers. Fluores-
cence anisotropies of heparin oligosaccharides were
measured in a 1 cmx0.3 cm cuvette at 20 °C at an
excitation wavelength of 488 nm and at an emission
wavelength of 515 nm. K4 measurements were performed
using 15 nM labeled heparin oligosaccharide with spectral
bandwidths of 6 nm for excitation and emission. Stoichi-
ometries were measured using 1 pM bdp8 with spectral
bandwidths of 4 nm for excitation and emission. Fluores-
cence intensities at each polarizer orientation were
integrated for 5 s and corrected for background fluores-
cence. Each data point represents the average of three
measurements. PKR binding kinetics were examined to
determine the minimum time needed to reach equilibri-
um. In all cases, the equilibration time was less than 30 s.
Thus, titrations were performed with a 5-min equilibration
time between measurements. The binding isotherms were
fitted, using the program KaleidaGraph (Synergy Soft-
ware), to the hyperbolic binding model:

Tave =1t + (i’b - T’f) [ [P]

P] + Kd (2)

where 7, is the average anisotropy, ¢ and r, are the
anisotropies of the free and bound forms of the BODIPY-
labeled heparins, and [P] is the PKR concentration. The
fluorescence intensity or wavelength maxima of the
labeled heparins did not change upon binding to PKR
(E.A. and ].L.C., data not shown), so it was not necessary
to correct the anisotropies for intensity effects. Fluores-
cence competition titrations were fitted as previously
described®** using the program IGOR PRO (Wave-
metrics, Inc.). Stoichiometry titrations where [H]>Kq4
were fitted to a quadratic binding model:

€]

_ Ke+ NPl + H), ¢ (Ka + NIPly + [H)” - 4N[Ply [,
2 2

®)

where [C] is the concentration of the PKR-heparin
complex, N is the number of heparin oligosaccharide
binding sites/PKR, [P], is the initial concentration of PKR,
and [H] is the initial concentration of heparin oligosac-
charide. The average anisotropy is then given by:

Tave = ([H]O _[?I]‘I)]’(;f : [C]rb (4)

PKR activation assays were performed as previously
described.”

Sedimentation velocity analysis was conducted at 20 °C
and 50,000 rpm using either interference optics in a
Beckman-Coulter XL-I analytical ultracentrifuge or fluo-
rescence optics in an XL-I analytical ultracentrifuge
equipped with an AU-FDS detector (AVIV). Double-sector
synthetic boundary centerpieces (Beckman-Coulter) and
sapphire windows were used for interference measure-
ments. Menisci were matched as previously described.>
Double-sector SedVel60K centerpieces (Spin Analytical,
Inc.) and quartz windows were used for fluorescence
measurements. Protein partial specific volumes, extinction
coefficients, and solvent densities were calculated using
SEDNTERP.” Sedimentation velocity data were analyzed
with the time-derivative method using the program
DCDT+ to obtain weight-average sedimentation coeffi-
cients and normalized g(s*) distributions. c(s) distributions
were calculated using SEDFIT.>® Multiple velocity data
sets were globally fitted to alternative heteroassociation
models using SEDANAL.*

Structures were presented using PyMOL (Schrédinger
LLC). Electrostatic surfaces were generated using
APBS,”” with the PyMOL plug-in developed by M. G.
Lerner and H. A. Carlson (University of Michigan, Ann
Arbor, MI). dp8 was docked onto the kinase domain
using AutoDock Vina.*> The coordinates for dp8 were
obtained from Protein Data Bank ID 1HPN,** and the
kinase domain coordinates were obtained from Protein
Data Bank ID 2A1A."
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