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Summary
Protein kinase R (PKR) is a component of the innate immunity antiviral pathway. PKR is
activated upon binding to dsRNA to undergo dimerization and autophosphorylation. Adenovirus
virus-associated RNA I (VAI) is a short, non-coding transcript whose major function is to inhibit
the activity of PKR. VAI contains three domains: an apical stem-loop, a highly structured central
domain, and a terminal stem. Previous studies have localized PKR binding to the apical stem and
central domain. However, the molecular mechanism for inhibition of PKR is not known. We have
characterized the stoichiometry and affinity of PKR binding to VAI and several domain constructs
using analytical ultracentrifugation and correlated VAI binding and PKR inhibition. Although
PKR binding to simple dsRNAs is not regulated by divalent ion, analysis of the interaction of the
isolated dsRNA binding domain with VAI reveals that the binding affinity is enhanced by divalent
ion. Dissection of VAI into its constituent domains indicates that none of the isolated domains
retains the PKR binding affinity or inhibitory potency of the full length RNA. PKR is capable of
binding the isolated terminal stem, but deletion of this domain from VAI does not affect PKR
binding or inhibition. These results indicate that the apical stem and the central domain are both
required to form a high affinity PKR binding site. Our data support a model whereby VAI
functions as a PKR inhibitor because it binds a monomer tightly but does not facilitate
dimerization.
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Introduction
Protein kinase R (PKR) is a component of the innate immune pathway and plays a critical
role in the antiviral response in eukaryotes.1 PKR binds to and is activated by dsRNA,
which is a byproduct of transcription in positive-strand RNA and DNA viruses.2 Activated
PKR undergoes autophosphorylation and phosphorylates the α subunit of the translational
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initiation factor, eIF2, leading to an arrest of viral protein synthesis in the host cell. Many
viruses have developed sophisticated strategies to inhibit PKR and thereby permit
replication.3 In particular, Epstein-Barr virus and adenovirus each produce non-coding
RNAs which act as RNA decoys and sequester PKR but do not activate, thereby allowing
viral replication to proceed.

PKR contains two domains: an N-terminal dsRNA binding domain (dsRBD)* and a C-
terminal protein kinase. These domains are connected by a long (~90 residue) unstructured
linker. The dsRBD contains two tandem RNA binding motifs, dsRBM1 and dsRBM2,
joined by a short (20 residue) linker. Both of these modules adopt an αβββα fold which is
typically found in dsRNA binding motifs.4 The crystal structure of a dsRNA binding motif
bound to dsRNA reveals that the protein spans about 16 bp and primarily interacts with the
2’-hydroxyls and the phosphate backbone of an A-form dsRNA helix.5 These observations
explain why PKR binds to dsRNA in a sequence-independent manner. However, there is
evidence for sequence specific dsRNA recognition by the dsRBMs from ADAR26 and
Aquifex aeolicus RNase III7 and shape specific recognition of a tetraloop by yeast RNase
III.8 Although the tandem dsRBMs from PKR show strong sequence and structural
homology, dsRBM1 binds to dsRNA with higher affinity than dsRBM2.9 The presence of
dsRBM2 enhances the binding affinity of dsRBM19,10 and interacts with RNA when PKR
binds to longer dsRNA sequences.9–11

The crystal structure of the catalytic domain of PKR in complex with eIF2α reveals a bilobal
structure that is typical of many protein kinases.12 Interestingly, the kinase domain
crystallizes as dimer. Dimerization plays a key role in the mechanism of PKR activation12,13

and the structure suggests a possible pathway linking the dimer interface to the catalytic site.
A minimum dsRNA length of 30–33 bp is required to activate PKR and to form a
catalytically competent dimer. 14– 16

Adenovirus synthesizes two non-coding RNAs, adenovirus-associated RNA (VAI) and
adenovirus-associated RNA II (VAII). VAI is produced at high (micromolar) levels in the
host cell during late stages of infection and its primary function is inhibition of PKR.17–19 It
has also been implicated in the suppression of the RNA interference pathway,20,21 the
induction of interferon,22 and the regulation of 2',5'-oligoadenylate synthetase.23,24 VAI
RNAs from different serotypes of adenovirus exhibit limited sequence homology and vary
in length.25 However, extensive phylogenetic analysis26 and enzymatic and chemical
probing experiments25,27,28 reveal a conserved secondary structure consisting of three
distinct domains: an apical stem, a highly structured central domain, and a terminal stem
(Figure 1A). The apical stem represents the primary PKR binding site28–31 and consists of a
20 basepair stem loop interrupted by two mismatches. Enzymatic structure probing indicates
a minor population of VAI with slightly altered base pairing within the apical stem exists in
equilibrium with the secondary structure depicted in Figure 1A.32 The terminal stem
contains a shorter duplex with two mismatches and a seven base bulge adjacent to the
central domain. This stem is thought to stabilize the central domain.25,27 Deletion of the
terminal stem does not affect PKR binding or inhibition.27,33 The central domain has a
complex secondary structure centered on a three way junction and represents a secondary
binding site for PKR.28–31 This region is believed to play a role in PKR inhibition.28,34–38

The central domain contains a conserved tetranucleotide pair within stem 4 that is critical for
PKR inhibition and may be involved in tertiary interactions.25,38,39 Other evidence for
tertiary structure are protection of bases in loops 8 and 10 in enzymatic and chemical

*Abbreviations: DMS, dimethyl sulfate; dsRBD, double-stranded RNA binding domain; dsRBM, double-stranded RNA binding
motif; VAI, adenovirus-associated RNA I; VAII, adenovirus-associated RNA II; AS, apical stem; TS, terminal stem; CD1, central
domain construct 1; CD2, central domain construct 2.
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probing experiments39 and involvement of a protonated base in stabilizing the structure of
the central domain.27

The detailed molecular mechanism for inhibition of PKR by VAI is not well understood.
Early studies proposed that VAI inhibits PKR by binding a single monomer, thereby
preventing dimerization on the RNA and subsequent activation.18,40 Although two PKR
monomers sequentially bind to VAI in the absence of divalent ion, a single PKR binds to
VAI in the presence of Mg2+, supporting the model whereby VAI functions as a inhibitor by
binding a PKR monomer.33 Other studies reported that the isolated apical stem functions as
a PKR activator and that other regions of VAI mediate inhibition.41 It has also been
proposed that VAI inhibits by disrupting PKR dimerization.42 In the present study, we have
refined our analysis of the contribution of divalent ion to PKR-VAI interactions and
dissected the contributions of each region of VAI to PKR binding and inhibition. We find
that divalent ion differentially affects PKR and dsRBD binding to VAI. In the presence of
Mg2+, PKR binds weakly to the isolated domains of VAI. The apical stem and central
domain cooperatively form a high affinity PKR binding site.

Results
Divalent ion modulates PKR binding to VAI RNA

In order to further understand the strong effect of divalent ion on PKR-VAI interactions we
have characterized binding of the PKR dsRBD to VAI as a function of Mg2+. Figure 2A
shows an overlay of g(s*) distributions obtained by titrating VAI with increasing
concentrations of dsRBD in the absence of divalent ion. The peak gradually shifts to higher
S with increasing dsRBD concentration, consistent with weak binding of a single dsRBD.
Indeed, in global analysis the combined data fit well to a 1:1 binding model with Kd = 950
nM (Figure 2B, Table 1). Thus, under similar conditions, dsRBD binds more weakly than
full length PKR33 and with a reduced stoichiometry. The Kd for dsRBD binding to VAI is
higher than previously reported41 due to the higher salt concentration in the present work.
Sedimentation velocity measurements were repeated using dsRBM1 and dsRBM2
constructs, but the binding affinities were too low to obtain meaningful results (data not
shown). To determine whether the presence of the kinase domain in PKR affects binding of
a second monomer in the absence of Mg2+, we also investigated the interaction of the
isolated kinase domain with VAI. However, this construct did not bind VAI under these
conditions (data not shown).

In the presence of 5 mM Mg2+ the Kd for binding of dsRBD to VAI decreases about two-
fold to 505 nM (Table 1), which is close the Kd we previously reported for full length
PKR.33 This enhancement in binding affinity upon addition of divalent ion is unusual as the
affinity of PKR for regular duplex RNA decreases about three fold in the presence of 5 mM
Mg2+.33 The hydrodynamic parameters for the dsRBD-VAI complex are also affected by
divalent ion. The corrected sedimentation coefficient (s20,w) of the complex decreases from
7.93 S to 6.98 S upon addition of 5 mM Mg2+, corresponding to an increase the frictional
ratio (f/fo) from 1.21 to 1.38. Divalent ion is present under physiological conditions. Given
the substantial effects of divalent ion on PKR-VAI interactions, subsequent analysis of PKR
binding to VAI domain constructs was performed in the presence of 5 mM Mg2+.

Contribution of VAI domains to PKR binding
We synthesized VAI domain constructs to define the contribution of each region to PKR
binding and inhibition (Figure 1). The AS construct contains the entire apical stem
(nucleotides 43–90) with two additional G-C base pairs to promote T7 RNA polymerase
transcription. The TS construct contains the duplex region of the terminal stem (nucleotides
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1–20 and 136–155) with a highly stable UCCG tetraloop52 appended. Analysis of these
constructs by denaturing and native gel electrophoresis and sedimentation velocity analysis
indicates that they are homogeneous and monomeric (data not shown). The central domain
has a complex secondary structure centered on a three-way junction. In order to stabilize the
fold of the central domain in isolation, constructs were engineered to contain either three
(CD1) or four (CD2) base pairs of the apical stem capped by a UCCG tetraloop. An
additional G-C base pair was appended to the terminal region to enhance transcription by T7
RNA polymerase.

DMS structure probing was used to confirm that the central domain constructs adopt the
native fold found within full length VAI. DMS methylates the base-pairing faces of unpaired
adenosines and cytosines.53 As expected, the two cytosines within the designed UCCG
tetraloop in CD1 and CD2 are modified by DMS (Figures 3B and 3C). However, loop 8
shows significant protection from DMS modification. Both cytosine 104 and 105 are
protected whereas adenine 103 and cytosine 107 are modified. The same modification
pattern within loop 8 is observed in full length VAI (Figure 3A). Consistent with the present
results, several bases in loop 8 are protected from single-strand specific nuclease digestion
and it has been proposed that loop 8 engages in tertiary interactions with loop 10.39 In
addition to modification of adenosines and cytosines, DMS is also capable of methylating
N7 of guanosines.53 This modification is usually silent because it does not block reverse
transcriptase, but we observe a stop at guanosine 106 for all of the VAI constructs. There are
some minor differences in the pattern of DMS modification of VAI and the central domain
constructs. In full length VAI, both adenosine 35 and 36 are methylated by DMS but only
A35 is modified in CD1 and CD2. Conversely, C98 is modified in CD1 even though it lies
within a duplex region. Taken together, the DMS modification data indicate that both of the
central constructs adopt the native VAI fold.

Sedimentation velocity titrations were used to analyze PKR binding to the VAI domain
constructs. For both AS and TS, the g^(s*) distributions gradually shift to the right with
increasing concentrations of PKR, consistent with weak binding (Figure 4). The small
magnitude of the shifts is consistent with binding of a single PKR monomer. Global analysis
of these data indicate that PKR binds somewhat weakly to the TS stem-loop with Kd = 5.53
µM (Table 1). PKR binds with somewhat higher affinity to AS with Kd = 1.71 µM.

In contrast to AS and TS, there is no distinct shift in the g^(s*) distributions for either CD1
or CD2, indicating the absence of substantial population of a complex. The slight shift to the
left upon addition of 6 eq. PKR is due to the contribution of free PKR with s ~ 3.3 S. Note
that these plots do not exclude the possibility of very weak interaction of PKR with CD1 and
CD2 and the data were globally analyzed to estimate Kd. Because of the low population of
the complex, it was necessary to fix the sedimentation coefficients assuming binding of a
single PKR. This parameter was estimated by assuming a frictional ratio of f/f0 = 1.4, which
is typical for complexes of PKR with RNAs of this size.11,16,33 Although the global fits
converge to very weak Kd values of 134 µM and 63 µM for CD1 and CD2, respectively, the
narrow confidence intervals indicate that these parameters are statistically reliable (Table 1).

Inhibition of PKR by VAI domains
In order to correlate RNA binding with function, we have measured inhibition of PKR
activation by the VAI domain constructs using autophosphorylation assays. The assays were
performed in the same buffer as the analytical ultracentrifugation experiments. As we
previously reported,33 VAI itself is a potent inhibitor of PKR autophosphorylation induced
by dsRNA and reduces activity below 20% at 1 µM (Figure 5). Although AS inhibits PKR,
it is considerably weaker and only reaches a comparable level of inhibition at 10 µM. TS
does not significantly inhibit PKR activation over the concentration range examined and
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CD2 shows only very slight inhibition at 10 µM. Thus, the ability of the VAI domain
constructs to inhibit PKR correlates with their binding affinity. In control experiments
performed in the absence of poly (rI:rC), CD2 showed some activation of PKR but the other
VAI constructs did not exhibit significant background activation (data not shown). Because
PKR binds CD2 with Kd >> 10 µM, the activation of PKR by CD2 is most likely due to the
presence of a monomeric or dimeric impurity at concentrations below the limit of detection
for our methods.

Discussion
Although PKR binding to simple duplex RNAs is not regulated by divalent ion, apart from
nonspecific salt effects,33,54 the interaction with VAI is modulated by Mg2+. ITC and
sedimentation velocity data indicate that two PKR monomers sequentially bind to VAI in
the absence of divalent ion, with Kd1 = 14 nM and Kd2 = 601 nM, whereas only a single
PKR binds with Kd = 334 nM in the presence of 5 mM Mg2+.33 Interestingly, the interaction
of the dsRBD with VAI shows a different dependence: a single dsRBD binds in the absence
and presence of divalent ion and the binding affinity of dsRBD is enhanced about two-fold
upon addition of Mg2+. It is noteworthy that Kd2 for PKR binding to VAI in the absence of
Mg2+ is about two-fold greater than Kd in the presence of Mg2+ and the Kd values for PKR
and dsRBD converge to about the same value in the presence of divalent ion (Table 1).
Thus, the divalent ion sensitivity and affinity for binding of the second PKR to VAI closely
correlates with the binding behavior for dsRBD, suggesting that they correspond to
equivalent interactions. In this model, Mg2+ prevents binding of the first PKR and slightly
enhances binding of the second, lower affinity PKR. Previous studies have also reported that
two PKRs bind to VAI in the absence of Mg2+.27,55 However, they associated the lower
affinity binding event with nonspecific interactions. In contrast, our results indicate that the
lower-affinity PKR corresponds to the PKR that binds in the presence of Mg2+ and is thus
physiologically relevant. The dsRBD does not exhibit the high affinity interaction with VAI
in the absence of Mg2+, suggesting that other regions of PKR contribute to this interaction.
Our data indicate that the kinase domain alone does not bind to VAI; however, the linker
region lying between the dsRBD and kinase domain may be involved.

The hydrodynamic parameters for the dsRBD-VAI complex are also affected by divalent
ion. In the presence of Mg2+ the sedimentation coefficient of the complex decreases with a
corresponding increase in the frictional ratio. These data indicate that the dsRBD-VAI
complex becomes more asymmetric or undergoes a change in hydration in the presence of
divalent ion. Note that the frictional ratio and Rg of VAI itself are not significantly affected
by Mg2+,33 suggesting that the effects of divalent ion on dsRBD or PKR binding to VAI,
and the hydrodynamic properties of the resulting complexes, are not due to large scale
changes in VAI conformation. However, addition of Mg2+ does induce some changes in the
pattern of nuclease and chemical cleavages in the central domain that may be associated
with local structural rearrangements.28 In contrast, using DMS or 1-methyl-7-nitroisatoic
anhydride modification, we do not detect changes in VAI structure upon addition of Mg2+

(K. Launer-Felty and J.L. Cole, unpublished results). Experiments are in progress to
characterize the site of Mg2+ binding. Given that PKR kinase activity is dependent on
divalent ion and Mg2+ is present in the cytoplasm, the PKR-VAI interactions parameters
determined in the presence of divalent ion are more physiologically-relevant than those
obtained in the absence of Mg2+.

Dissection of VAI into AS, TS and CD1/2 constructs reveals that none of the isolated
domains retains the PKR binding affinity or inhibitory potency of the full length RNA. Even
though the primary site of PKR binding has previously been mapped to the apical stem,28–31

PKR exhibits a ~6-fold lower binding affinity for AS relative to full length VAI. Secondary
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structure defects, such as internal loops and bulges, typically reduce PKR activation and
may also reduce binding affinity.56–58 However, the lower affinity binding of PKR to AS is
unlikely to be caused by the two mismatches in this domain. PKR binds to a 20 bp perfect
RNA duplex with similar affinity (Kd = 1.63 µM) under the same conditions.).33 In addition,
replacement of these mismatches with Watson-Crick pairs does not alter PKR binding in the
context of a full length VAI construct (K. Launer-Felty, E. Stassen and J. Cole, unpublished
results). Thus, PKR binds to AS nonspecifically. Our results do not support the previous
report that the isolated apical stem functions as a PKR activator.41

Deletion of the terminal stem does not affect PKR binding affinity or inhibition27,33 and
footprinting studies have not detected PKR binding to the terminal stem in the context of full
length VAI. Our measurements show that PKR has the potential to bind to TS, albeit rather
weakly. PKR binds to a construct that contains both the central domain and terminal stem
with approximately the same affinity as TS (K. Launer-Felty and J.L. Cole, unpublished
results). PKR binding affinity increases with length of dsRNA,10,11,14 and the reduced
affinity of PKR for TS relative to AS may be due to the shorter duplex in the TS construct.
As in the case of AS, we see no evidence for any specificity for PKR binding despite the two
mismatches present in TS.

Although the isolated central domain adopts the same fold as found in full length VAI, PKR
binds extremely weakly to the CD1 and CD2 constructs. In support of this observation, a
previous study demonstrated that PKR binds weakly to the central domain; however, this
construct lacked loop 10.41 The weak binding affinity for the central domain may be due to
the absence of extended duplex RNA. In addition, our DMS probing results and previous
studies39 suggest that the central domain is stabilized by tertiary interactions that may
impede PKR binding. Footprinting28,31 and affinity cleavage29,30 measurements suggest that
PKR interacts with a region of the central domain proximal to the apical stem. Indeed, the
PKR binding affinity of full length VAI or a truncation lacking the terminal stem33 is
significantly greater than either the apical stem or central domain alone. Thus, the central
domain and apical stem interact to mediate high affinity PKR binding. In addition to perfect
RNA duplexes, PKR recognizes RNAs containing symmetrical defects, A-form dsRNA
mimics, and coaxial stacks of helices.59 Possibly, the central domain and apical stem adopt a
structure that mimics an extended duplex.

The ability of VAI domains to inhibit PKR activation by dsRNA parallels their PKR binding
affinity, supporting the model whereby VAI inhibits PKR simply by sequestering the
enzyme as a monomer and thus preventing activation via dimerization and
autophosphorylation.18,40 Our data do not support earlier proposals that the central domain
specifically functions as an inhibitory region. However, the fact that the stoichiometry for
PKR binding to each of the constituent domains of VAI is not additive in the full length
RNA suggests steric hindrance where binding of a PKR to the preferred site comprising the
apical stem and central domain prevents binding of a second PKR at the terminal stem. The
sequestration of PKR by adenovirus VAI represents one of the many mechanisms employed
by viruses to inhibit this enzyme3 and underscores the significance of PKR in the innate
immune response to viral infection.

Materials and Methods
All reagents purchased were of reagent grade. Unphosphorylated PKR43 and the kinase
domain of PKR44 were purified as previously described. The dsRBD (containing dsRBM1
and dsRBM2)45, and dsRBM1 alone10 were purified as described with some modifications.
Following Sepharose-SP and heparin Sepharose FF chromatography, dsRBD and dsRBM1
were further purified on Superdex 200 and Sephacryl S-100 columns, respectively. dsRBM2
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was expressed and purified using the same protocol used for dsRBM1, except that the
Sephacryl S-100 column was replaced with Superdex 75. All size exclusion chromatography
columns were equilibrated in either AU200 (20 mM HEPES, 200 mM NaCl, 0.1mM EDTA,
0.1 mM TCEP) or AU200 + 5 mM MgCl2. The extinction coefficients for all proteins were
calculated using SEDNTERP.46

RNAs were synthesized by in vitro transcription using plasmid templates and T7 RNA
polymerase. DNA sequences encoding VAI and VAI domains (Figure 1) were ligated into a
plasmid containing a 3’ modified HDV ribozyme sequence.47 Plasmids were linearized with
either DraI or XbaI and transcribed as previously described.33 Transcripts were purified by
denaturing gel electrophoresis and extracted from the gel by either electroelution or crush-
and-soak. Purified RNAs were annealed by diluting to 1 µM in 1X TE buffer (10 mM Tris-
HCl, 0.1 mM EDTA, pH 7.5) and heating to 95°C for 3 minutes followed by snap cooling
on ice. Extinction coefficients were measured by digesting each RNA with ribonuclease
(Riboshredder, Epicentre, Chicago, IL) for 20 minutes and comparing the absorbance at 260
nm for the digested and undigested samples. The extinction coefficients are: VAI, 1.19×106

M−1cm−1; AS, 3.66×105 M−1cm−1; TS, 3.32×105 M−1cm−1; CD1, 5.28×105 M−1cm−1; and
CD2, 5.22×105 M−1cm−1.

Prior to analytical ultracentrifugation, proteins and RNAs were buffer exchanged into
AU200 or AU200 + 5 mM MgCl2 using Biogel P6 spin columns. RNAs were diluted to
concentrations corresponding to an absorbance of ~ 0.5 OD at 260 nm for a 1.2 cm
pathlength and 1, 2 and 6 equivalents of protein were added. To better elucidate the low
binding affinity for TS 7 equivalents of protein was also added to the analyses.
Sedimentation velocity measurements were performed using a Beckman-Coulter XL-I
analytical ultracentrifuge with an An50-Ti rotor at 20°C. Samples were loaded into cells
containing double sector aluminum-epon or charcoal-epon centerpieces with quartz
windows. Rotor speeds were: 35,000 RPM (VAI + dsRBD), 40,000 RPM (CD1 + PKR,
CD2 + PKR), 42,000 RPM (TS + PKR, AS + PKR) and 44,000 RPM (VAI + dsRBM1,
VA1 + dsBM2). In each experiment, at least 80 scans were collected using absorbance
optics at 260 nm. Sedimentation coefficients of the free RNAs were obtained from single
discrete species analysis using Sedfit.48 Sedimentation velocity data for protein-RNA
mixtures were initially analyzed using a model-independent approach by generating g(s*)
distributions with the program DCDT+.49 Subsequently, global analysis was performed
using SEDANAL50 to obtain protein-RNA dissociation constants and sedimentation
coefficients for the complexes. Frictional ratios were calculated using SEDNTERP.46

RNA structure analysis was performed using DMS probing. Prior to analysis, RNAs were
annealed at 95°C for 3 min in 20 mM phosphate, 0.1 mM EDTA, pH 7.5 and snap-cooled on
ice. 200 mM NaCl and 5 mM MgCl2 were added and the RNAs were allowed to fold for 30
min at 37°C. RNAs were treated with 38.4 mM of DMS dissolved in ethanol for 15 min at
room temperature and the reactions were quenched by adding 51.8 mM β-mercaptoethanol.
Control samples were prepared by substituting 1 µL 100% ethanol for the DMS solution.
Samples were ethanol precipitated, dried, and resuspended in 0.5 × TE. DNA primers were
5’-end labeled using polynucleotide kinase (New England BioLabs) and γ-32P-ATP and
were annealed to the RNAs by heating to 65°C for 5 min, 35°C for 5 min, and 4°C for at
least 1 min. Reverse transcription was performed according to a previous protocol.51

Samples were loaded on an 8% (VAI) or 12% (CD1 and CD2) TBE-urea sequencing gels
and the dried gels were exposed to a phosphor screen overnight and imaged using a
Typhoon Trio (GE Life Sciences).

PKR inhibition assays were performed as previously described33 except that the inhibiting
RNAs were preincubated with 100 nM PKR for 15 minutes. The solution was then
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incubated with poly(rI:rC) for 15 minutes before addition of ATP. Fixed and dried gels were
exposed to a phosphor storage screen overnight. Images were scanned using a Typhoon Trio
and band intensities were measured using ImageQuant TL software. Experiments were
performed in triplicate.
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Highlights

• Divalent ion regulates PKR binding to VAI RNA

• PKR binds weakly to the isolated VAI domains

• The apical stem and central domain together form a high affinity PKR binding
site.
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Figure 1.
Secondary structure of VAI and domain constructs. A) Secondary structure of full length
VAI as proposed in reference 35. Stem 4, loop 8 and loop 10 are annotated as indicated in
reference 30. Shaded region indicates conserved tetranucleotide pair. Secondary structures
of B) apical stem (AS), C) terminal stem (TS), D) central domain-1 (CD1), E) central
domain-2 (CD2). All domain constructs are numbered according to full length VAI. Bases in
depicted in red denote those added for efficient in vitro transcription.

Launer-Felty and Cole Page 13

J Mol Biol. Author manuscript; available in PMC 2015 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Sedimentation velocity analysis of dsRBD binding to VAI in the absence of Mg2+. A)
Normalized g^(s*) distributions of 0.4 µM VAI (black), VAI + 1 eq. dsRBD (blue), VAI + 2
eq. dsRBD (green) and VAI + 6 eq. dsRBD (red). B) Global analysis of sedimentation
velocity difference curves for dsRBD binding to VAI. The top panels show the data (points)
and fit (solid lines) and the bottom panels show the residuals (points). The best fit
parameters are shown in Table 1.
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Figure 3.
DMS structure probing of VAI (A), CD1 (B) and CD2 (C). Gels are shown on the left and
secondary structures diagrams are shown on the right with modified bases indicated by a
black dot. Each gel includes a sequencing ladder, a control lane without DMS (−) and a lane
with DMS (+). Artifacts arising from reverse transcriptase pause sites are marked with an
asterisk.
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Figure 4.
Sedimentation velocity analysis of PKR binding to VAI domain constructs. Normalized
g^(s*) distributions for AS (A), TS (B), CD1 (C) and CD2 (D). For each construct the
curves are labeled as follows: RNA alone (black), RNA + 1 eq. PKR (blue), RNA + 2 eq.
PKR (green) and RNA + 6 eq. PKR (red).
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Figure 5.
Inhibition of PKR activation by VAI domain constructs. VAI (black), AS (gray), TS
(diagonal lines), and CD2 (white). PKR was incubated with VAI domain constructs at the
indicated concentration prior to addition of 10 µg/ml poly(rI:rC) and 0.4 mM ATP
containing 4 µCi of γ-32P[ATP]. The percent inhibition was calculated relative to a sample
containing no inhibitory RNA. The data represent the average of three experiments with
error bars indicated.
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Table 2

PKR - RNA interaction parameters derived from sedimentation velocity analysis in the presence of 5 mM
Mg2+.

RNA Kd (µM) s(RP)a RMSb

VAIc 0.334 (0.278, 0.401) 7.18 (7.07, 7.29) 0.00691

AS 1.71 (1.54, 1.90) 4.82 (4.76, 4.89) 0.00703

TS 5.04 (4.18, 6.10) 4.03 (3.94, 4.12) 0.00887

CD1 134 (97.0, 212) 5.37 (fixed)d 0.00672

CD2 62.9 (53.7, 75.4) 5.44 (fixed)d 0.00561

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

a
Uncorrected sedimementation coefficient (Svedbergs).

b
Root mean square deviation of the fit in absorbance units

c
Data were previously reported in reference 29.

d
The sedimentation coefficients of the complexes could not be determined by global analysis and were fixed assuming a frictional ratio of f/f0 =

1.4.
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