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Protein kinase R (PKR) is an interferon-induced kinase that plays a pivotal
role in the innate immunity pathway for defense against viral infection. PKR
is activated to undergo autophosphorylation upon binding to RNAs that
contain duplex regions. Activated PKR phosphorylates the α-subunit of
eukaryotic initiation factor 2, thereby inhibiting protein synthesis in virus-
infected cells. Viruses have evolved diverse PKR-inhibitory strategies to
evade the antiviral response. Adenovirus encodes virus-associated RNA I
(VAI), a highly structured RNA inhibitor that binds PKR but fails to activate.
We have characterized the stoichiometry and affinity of PKR binding to
define the mechanism of PKR inhibition by VAI. Sedimentation velocity and
isothermal titration calorimetrymeasurements indicate that PKR interactions
with VAI are modulated by Mg2+. Two PKR monomers bind in the absence
of Mg2+, but a single monomer binds in the presence of divalent ion. Known
RNA activators of PKR are capable of binding multiple PKR monomers to
allow the kinase domains to come into close proximity and thus enhance
dimerization. We propose that VAI acts as an inhibitor of PKR because it
binds and sequesters a single PKR in the presence of divalent cation.
© 2010 Elsevier Ltd. All rights reserved.
Viral infection activates the host innate immunity
response, leading to the synthesis of type 1 inter-
ferons and subsequent induction of a large number
of antiviral genes.1 Among these, the double-
stranded RNA (dsRNA)-activated protein kinase R
(PKR) plays a dominant role.2 The enzyme is
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induced in a latent form, but is activated by binding
to dsRNA or RNAs containing duplex regions to
undergo autophosphorylation. Activated PKR
blocks cap-dependent translational initiation by
phosphorylating the α-subunit of eukaryotic initia-
tion factor 2 at serine 51. Thus, production of dsRNA
during viral infection3 results in PKR activation and
inhibition of protein synthesis.
PKR contains an N-terminal dsRNA binding

domain that consists of two tandem copies of the
dsRNA binding motif4 and a C-terminal kinase,
with an ∼90-aa interdomain linker lying between
these domains. The structures of the isolated dsRNA
binding domain5 and a complex of the kinase
domain with the α-subunit of eukaryotic initiation
factor 2 have been solved.6 The linker is flexible, and
d.
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PKR adopts multiple compact and extended con-
formations in solution.7

Dimerization plays a key role in PKR activation.8,9

PKR dimerizes weakly in solution, and dimerization
is sufficient to activate PKR in the absence of RNA.10

Activation of PKR by dsRNA follows a “bell-
shaped” curve where low RNA concentrations
activate, but higher RNA concentrations inhibit.11,12

These results can be rationalized in a model where
low concentrations of dsRNA favor the assembly of
multiple PKR monomers on a single dsRNA,
whereas high dsRNA concentrations dilute PKR
monomers onto separate molecules of dsRNA.13

Consistent with the dimerization model, a minimum
of 30 bp of dsRNA is required to bind two PKR
monomers and to activate autophosphorylation,
Fig. 1. Secondary structures of RNAs used in this study. (a)
The secondary structures are based on enzymatic structure p
transcription from plasmid templates, as previously describe
electroeluted. The RNAs were annealed by heating to 90 °C, t
supporting a model where the role of dsRNA is to
bring two or more PKRmonomers in close proximity
to enhance dimerization via the kinase domain.14,15
The importance of PKR in antiviral defense is

underscored by the large number of viruses that
produce PKR inhibitors and the variety ofmechanisms
used.16 Adenovirus and Epstein–Barr virus encode
RNA decoys that bind PKR but do not activate,
thereby serving to block the antiviral response.
Adenovirus virus-associated RNA I (VAI) is an
∼160-nt RNA that accumulates to high concentration
late in viral infection. VAI contains three major
domains: the terminal stem, a complex central
domain, and an apical stem loop (Fig. 1).20,21 There
is evidence that the central domain is stabilized
by tertiary interactions and possibly forms a
Wild-type VAI. (b) ΔTS mutant lacking the terminal stem.
robing measurements.17 RNAs were prepared by in vitro
d,18,19 and purified on preparative denaturing gels, then
hen snap cooled.
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pseudoknot.22 Early enzymatic structure probing
measurements23 suggested that Mg2+ alters VAI
conformation, but it was recently reported that
Fig. 2. Sedimentation velocity analysis of PKR binding to
(black), VAI+1 Eq PKR (green), VAI+2 Eq PKR (blue), and V
DCDT+.32 (b) Global analysis of difference curves. The data we
four data sets at the indicated PKR/VAI ratios were fitted
parameters were as follows: sedimentation coefficients of the
constants. The top panels show the data (points) and the fit (co
(points). The best-fit parameters are shown in Table 1. For clar
were prepared in a buffer consisting of 20 mM Hepes (pH 7.5
and 0.01 mM Tris(2-carboxyethyl)phosphine (AU 200), and loa
equipped with quartz windows. Data were collected using
ultracentrifuge. Conditions: rotor speed, 35,000 rpm; tempera
melting of VAI is insensitive to divalent ion.18,24

The binding sites for PKR have been mapped to the
apical stem and the central domain.17,20,21,23,25–29
VAI. (a) Normalized g(s⁎) distributions of 0.4 μM VAI
AI+6 Eq PKR (red). Distributions were calculated using
re subtracted in pairs to remove systematic noise, and the
to a 2:1 binding model using SEDANAL.33 The fitted
complexes, VAI loading concentrations, and dissociation
ntinuous lines), and the bottom panels show the residuals
ity, only every-second difference curve is shown. Samples
), 200 mM NaCl, 0.1 mM ethylenediaminetetraacetic acid,
ded into two-channel aluminum–epon double-sector cells
absorbance optics in a Beckman Coulter XL-I analytical
ture, 20 °C; wavelength, 260 nm.

image of Fig. 2


Table 1. PKR–RNA interaction parameters derived from sedimentation velocity analysis

RNA
[Mg2+]
(mM) Model Kd1 (nM) Kd2 (nM) s(RNA)a s(RP)a s(RP2)

a RMSb

VAI 0 R+P↔RP; RP+P↔RP2 14 (3, 41) 601 (359, 1200) 5.34 6.78 (6.63, 7.04) 8.54 (8.30, 9.00) 0.00841
ΔTS 0 R+P↔RP 158 (136, 182) — 4.33 6.43 (6.38, 6.48) — 0.00854
VAI 5 R+P↔RP 334 (278, 401) — 5.29 7.18 (7.07, 7.29) — 0.00691
ΔTS 5 R+P↔RP 367 (302, 440) — 4.38 6.19 (6.10, 6.29) — 0.0104

Measurements were performed in AU 200 buffer or AU 200 buffer+Mg2+ at 20 °C at a rotor speed of 35,000 rpm (VAI and ΔTS).
Parameters were obtained by global nonlinear least squares analysis of four samples at PKR/RNA ratios of 0, 1, 2, and 6 using
SEDANAL.34 The values in parentheses correspond to the 95% joint confidence intervals obtained using the F-statistic to define a
statistically significant increase in variance35 upon adjusting each parameter from its best-fit value.

a Uncorrected sedimentation coefficient (in Svedbergs).
b RMSD of the fit in absorbance units.

†The Mg2+ concentration of 5 mM was chosen to match
the conditions for PKR activity assays and is somewhat
higher that the typical intracellular concentration
(∼0.5 mM Mg2+).36 We also detected a strong inhibition
of the second PKR binding event by 0.5 mM Mg2+ (data
not shown).
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PKR binding and inhibitory potency are unaffected
by the deletion of the entire terminal stem.18

Isothermal titration calorimetry (ITC)18,30,31 and gel-
filtration measurements18 indicate that VAI can bind
multiple PKR monomers. However, the mechanism
of inhibition by VAI remains unclear. It was
reported that the isolated apical stem functions as
a PKR activator, and that interactions with other
regions of VAI mediate inhibition.31 Alternatively, it
was proposed that VAI functions by blocking PKR
dimerization.30 Here, we characterize PKR binding
to VAI by sedimentation velocity measurements
performed under the same conditions employed for
enzymatic activity assays.
We have used sedimentation velocity analytical

ultracentrifugation to define the stoichiometries and
affinities of PKR binding to VAI and ΔTS, a VAI
mutant that lacks the terminal stem (Fig. 1). The data
were initially analyzed by the time derivative
method to verify binding and to define the
association model. Figure 2a shows that VAI has a
sedimentation coefficient near 5 S, and the peak
shifts to the right upon binding PKR. At the highest
PKR concentration (6 Eq), the main peak is located
near 8.5 S, with a shoulder near 3.5 S, corresponding
to free PKR. Assuming a model of a single PKR
molecule binding to VAI leads to a frictional ratio
(f/f0) estimate of 1.28, which is much lower than
that of the RNA alone or those of other PKR–RNA
complexes (Supplementary Material, Table S1).
Therefore, we considered a model of two PKR
molecules binding sequentially to VAI. The data fit
well to this model in a global analysis of
sedimentation velocity difference curves using
SEDANAL (Fig. 2).33 More reasonable f/f0 values
for the VAI–PKR complexes are obtained from this
fit. As expected, a poor fit is obtained for a model
of a single PKR monomer binding, with an RMS of
0.00946 and systematic deviations in the residuals.
However, using a model of two PKR molecules
binding results in an RMS of 0.00841 without
significant systematic deviations (Fig. 2). The first
PKR binds with high affinity (Kd=14 nM), and
the second PKR binds with a lower affinity
(Kd=600 nM) (Table 1). In contrast to wild-type
VAI, only one PKR binds to the ΔTS mutant
lacking the terminal stem. A dissociation constant
of 158 nM (Table 1) lies between Kd1 and Kd2 for
VAI. The fit quality is not improved by using a
model that incorporates the binding of a second
PKR, and the fitted sedimentation coefficients for
the PKR–ΔTS complexes are unreasonable.
Because Mg2+ has been reported to affect VAI

conformation,23 we have analyzed the effects of
divalent ion on the hydrodynamic properties of VAI
and the binding of PKR. The uncorrected sedimen-
tation coefficient of VAI decreases very slightly in the
presence of Mg2+ (Table 1). However, this effect is
due to the change in buffer density and viscosity; in
both cases, f/f0=1.61 (Supplementary Material,
Table S1). Thus, Mg2+ does not induce a large-scale
change in VAI conformation, which would affect
the hydrodynamic properties of the RNA. The sedi-
mentation velocity results are supported by small-
angle X-ray scattering studies, where the radius of
gyration (Rg) of VAI increases very slightly from
45.48±0.15 Å to 47.72±0.14 Å upon the addition
of 5 mM Mg2+ (C.J.W., K.L.-F., and J.L.C., unpub-
lished observations). Although Mg2+ does not
induce significant structural changes, the affinity
of PKR for VAI is strongly reduced by about 20-
fold in the presence of 5 mM Mg2+, and the second
PKR binding event is not even detected (Table 1)†.
We have confirmed the sedimentation velocity

results using ITC. In the absence of Mg2+, a
distinctly bimodal isotherm is observed, indicating
that two PKR monomers bind to VAI under these
conditions (Fig. 3). The dissociation constants
obtained by fitting these data are in good agreement
with those derived from sedimentation velocity.
The enthalpy change for binding of the first PKR



Fig. 3. ITC analysis of PKR binding to VAI. Measure-
ments were performed using a VP-ITC calorimeter
(Microcal, Inc.) at 20 °C. Both RNA and protein were
exchanged in AU 200 buffer by exhaustive dialysis. The
calorimeter cell contained 4 μM VAI, and the syringe
contained 75 μM PKR. A single 2-μl injection was
performed, followed by twenty-nine 10-μl injections. The
top panel shows background-corrected ITC data, and the
bottom panel shows integrated data (points) and the fit of
the data to a model of two independent binding sites
(continuous line) performed using ORIGIN (Microcal, Inc.)
The best-fit parameters are shown in Table 2.

Fig. 4. Inhibition of the dsRNA activation of PKR by
VAI (Circle) and ΔTS (Square). PKR autophosphorylation
assayswere performed, as previously described,10,15 inAU
200+5 mM MgCl2. PKR (100 nM) and variable concentra-
tions of VAI were preincubated for 10 min at 30 °C,
followed by addition of 10 μg/ml poly(rI:rC). After 20min,
0.4 mM ATP containing 4 μCi of γ-32P[ATP] was added,
and the reaction was incubated for another 40 min before
quenching with sample loading buffer. PKR autopho-
sphorylation was quantified by PhosphorImager analysis
and referenced to samples containing no inhibitor. Each
point represents the average of three measurements, and
error bars indicate the estimated standard error.
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is about twice that of the second PKR. In the
presence of Mg2+, only one PKR binds (Fig. S1);
again, the Kd values agree well with the previous
results in Table 2. The large enthalpy change
correlates with the first high-affinity PKR binding
event observed in the absence of Mg2+.
To validate the functional relevance of the

sedimentation velocity and ITC experiments per-
Table 2. PKR–VAI interaction parameters derived from ITC

[Mg2+] (mM) Model Kd1 (nM) N1

0 R+P↔RP; RP+P↔RP2 10±7 0.68±0.02
5 R+P↔RP 667±125 1.12±0.04

ITCmeasurements were performed in AU 200 buffer or AU 200 buffer+
least squares analysis of titration data using ORIGIN (Microcal, Inc.).
using the variance–covariance matrix and do not account for parame
formed in the presence of Mg2+, we performed
enzymatic activity assays under the same conditions
used for biophysical measurements. Figure 4 shows
the inhibition of dsRNA-induced PKR autopho-
sphorylation bywild-type VAI andΔTS. Both RNAs
effectively inhibit this reaction; within error, their
apparent potencies are about the same. Consistent
with the present data, it has previously been
reported that the central domain and the apical
stem comprise the PKR binding regions of
VAI,17,20,21,23,25–29 and deletion of the terminal
stem does not affect PKR-inhibitory potency.18

Although it is difficult to quantitatively analyze
PKR activation kinetic data due to the existence of
multiple phosphorylation sites and the complexity
of autocatalytic reactions,10 the fact that VAI and
ΔTS completely inhibit autophosphorylation at
concentrations above 0.5 μM is consistent with the
PKR binding affinities determined for these RNAs in
the presence of Mg2+ (Table 1). Note that divalent
analysis

ΔH1 (kcal/mol) Kd2 (nM) N2 ΔH2 (kcal/mol)

−15.9±0.5 794±367 1.34±0.10 −7.6±1.1
−13.2±0.5 — — —

Mg2+ at 20 °C. The parameters were obtained by global nonlinear
The error ranges correspond to the values obtained with ORIGIN
ter correlation.

image of Fig. 3
image of Fig. 4
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ion is required for PKR activity, so it is not possible
to assess inhibition in the absence of Mg2+. The
inhibitory potency of VAI reported here is also
consistent with previous studies where PKR inhibi-
tion is only detected at VAI concentrations above
100–300 nM.18,26,30,34 Neither VAI nor ΔTS is
capable of activating PKR in the absence of the
dsRNA poly(rI:rC) (data not shown).
It is notable that Mg2+ strongly modulates the

affinity of PKR for VAI. Typically, PKR binding is
not dependent on divalent ion,35 and the ∼20-fold
increase in Kd upon addition of Mg2+ is larger than
expected from the slight increase in ionic strength.
For example, the Kd for PKR binding to an
unrelated 20-bp dsRNA increases only about 3-fold
upon the addition of 5 mM Mg2+ in the presence of
200 mM NaCl (Supplementary Material, Table S2).
Similarly, divalent ion only slightly reduces PKR
binding affinity for ΔTS (Table 1). Thus, our data
suggest that Mg2+ induces a change in the
mechanism of PKR binding to VAI. This change
is not reflected in the hydrodynamic properties of
VAI (Table 1; Table S1), ruling out a large-scale
rearrangement in VAI conformation. In thermal
denaturation experiments, addition of Mg2+

induces an overall stabilization of VAI, but there
is no evidence for specific interactions.18,24 How-
ever, Mg2+ does alter the pattern of enzymatic
cleavage and chemical modification within the VAI
central domain.23 Divalent ion is often required for
the stabilization of the RNA tertiary structure, and
we propose that Mg2+ is required for the correct
folding of the VAI central domain. However, the
nature of the structural change in VAI induced by
Mg2+ is not clear, and further experiments are
underway to probe the structure of the central
domain and to define the role of divalent ion.
It is well established that dimerization plays a key

role in the activation of PKR by RNA. Binding of
multiple PKR monomers is required for the activa-
tion of PKR by both homogeneous duplex RNAs15

and natural RNA hairpins that contain secondary
structure defects.14 Thus, we propose that VAI acts
as an in vivo inhibitor of PKR because it binds only a
single PKR under physiological conditions where
magnesium is present. It was previously suggested
that viral RNA inhibitors are capable of binding
only one PKR monomer.8 The high affinity of PKR
for VAI or ΔTS is noteworthy. Typically, PKR binds
most strongly to regions of homogeneous duplex
RNAs, and secondary structure defects impede
interaction. The apical stem consists of a stem
loop with about 21 bp of duplex interrupted by two
one-base bulges and three noncanonical base pairs,
and the central domain contains a short stem loop
with only 7 bp. PKR binds weakly to the isolated
apical stem, with KdN3 μM in the presence of Mg2+

(K.L.-F. and J.L.C., unpublished observations).
Thus, the highly structured central domain is likely
responsible for mediating the high affinity of PKR
for VAI and thus comprises a novel PKR binding
motif.
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