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Translation of hepatitis C virus (HCV) is initiated at an internal ribosome entry site (IRES) located at the
5’end of its RNA genome. The HCV IRES is highly structured and greater than 50% of its nucleotides form
based-paired helices. We report here that the HCV IRES is an activator of PKR, an interferon-induced
enzyme that participates in host cell defense against viral infection. Binding of HCV IRES RNA to PKR
leads to a greatly increased (20-fold) rate and level (4.5-fold) of PKR autophosphorylation compared to

'lf%’z words: previously studied dsRNA activators. We have mapped the domains in the IRES required for PKR activa-
Translation tion to domains III-IV and demonstrate that the N-terminal double-stranded RNA binding domains of
HCV PKR bind to the IRES in a similar manner to other RNA activators. Addition of HCV IRES RNA inhibits cap-
IRES dependent translation in lysates via phosphorylation of PKR and elF2a. However, HCV IRES-mediated
elF2 translation is not inhibited by the phosphorylation of PKR and elF2a. The results presented here sug-

gest that hydrolysis of GTP by elF2 is not an essential step in IRES-mediated translation. Thus, HCV
can use structured RNAs to its advantage in translation, while avoiding the deleterious effects of PKR

activation.

© 2009 Published by Elsevier B.V.

1. Introduction

Viral RNAs control key aspects of both viral and host function.
Beyond their function as genomic material, viral RNAs can act as cis-
regulatory elements, as binding sites for proteins or other nucleic
acids and their complexes. Hepatitis C virus (HCV) is a positive-
sense RNA virus of the flaviviridae family and is the main causative
agent of chronic hepatitis, cirrhosis, and hepatocellular carcinoma
(Guidotti and Chisari, 2006). Translation of the HCV genome is ini-
tiated using an RNA element at its 5'end, known as an internal
ribosome entry site (IRES) (Tsukiyama-Kohara et al., 1992; Wang
et al.,, 1993). The host 40S ribosomal subunit binds directly to the
IRES with high affinity, positioning the IRES start codon proximally
to the ribosomal peptidyl-tRNA site (P-site) where the initiator
tRNA codon-anticodon interaction forms (Otto and Puglisi, 2004;
Pestova et al., 1998). The cap binding and scanning activities of
a subset of initiation factors, including elF4E and elF4G, are not
required for HCV IRES-mediated initiation (Otto and Puglisi, 2004;
Pestova et al., 1998; Reynolds et al., 1996). IRES-40S complex for-
mation leads to subsequent stepwise assembly of translationally
competent complexes. Only a subset of host translation factors
is required for HCV IRES-mediated initiation, including initiator
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tRNAMet | the trimeric GTPase elF2, as well as the IF2 orthologous
elF5B, another GTPase, and the large multiprotein assembly elF3 (Ji
et al,, 2004; Otto and Puglisi, 2004; Pestova et al., 1998). Hydrol-
ysis of GTP by elF2 or elF5B gates downstream events leading to
assembly of the 80S initiation complex and translation of the HCV
viral proteins (Locker et al., 2007; Pestova et al., 2001; Terenin et
al., 2008).

The HCV IRES is highly structured and conserved among viral
genotypes. The IRES contains a large fraction of based-paired
secondary structure, with over 50% of the 372nts involved in
Watson-Crick or G-U pairing (Honda et al., 1999; Zhao and
Wimmer, 2001). The secondary structure of the IRES consists of 4
structural domains rich in double-helical regions (domains I-1V)
(Fig. 1A). Structural features of these domains have been deter-
mined using NMR spectroscopy and X-ray crystallography (Kieft
et al,, 2002; Kim et al., 2002; Lukavsky et al., 2000, 2003). The
functional and structural roles of these domains in IRES mediated
translation have been defined; domain I is thought to be dispens-
able for IRES function, whereas domains II-1V form the functional
core. Domain III directs high-affinity contact with a protein-rich
ribosomal surface near the tRNA exit site (E site) (Kieft et al., 2001;
Kolupaeva et al., 2000; Lytle et al., 2001; Otto et al., 2002; Otto and
Puglisi, 2004). The domain Illabc junction, stem loop Ille, and the
RNA pseudoknot are essential for ribosomal interaction. Domain II
is located near the ribosomal P-site codon, and likely modulates
factor binding and function (Locker et al., 2007).
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Host response to double-stranded RNAs is a hallmark of innate
immunity. Double-stranded RNA-dependent protein kinase (PKR)
is central to this response (Gale and Katze, 1998). PKR is a 551 amino
acid protein, containing tandem double-stranded RNA binding
domains (dsRBDs) at the N-terminus and a C-terminal serine-
threonine kinase domain, connected by a flexible 80 amino acid
linker (Clemens and Elia, 1997). Both dsRBDs are required for
PKR binding to and activation by dsRNA (Bevilacqua and Cech,
1996; Kim et al., 2006; McKenna et al., 2007d). Upon RNA bind-
ing, self-association of PKR facilitates autophosphorylation of PKR
at a key threonine in a canonical activation loop (Dey et al., 2005;
McKenna et al., 2007d; Wu and Kaufman, 1997). The phosphory-
lated, catalytically active form of PKR regulates protein synthesis
via efficient substrate phosphorylation of the a-subunit of eukary-
otic initiation factor 2 (elF2a) at Ser51, inhibiting the guanine
nucleotide exchange activity of the elF2 heterotrimeric complex
and resulting in a reduction in translation efficiency (Gale and
Katze, 1998).

Long stretches of double-stranded RNA are unusual in host RNAs.
However, viral RNAs can be rich in secondary structure to accom-
modate packing into capsids. In addition, double-stranded RNAs
can be formed during viral replication as intermediates. To probe
how PKR responds to structured viral RNAs, we have investigated
the activation of PKR by the HCV IRES. Here we show that the HCV
IRES is an extremely potent activator of PKR kinase activity. We have
mapped the domains in the IRES required for activation to domains
III-1V, which mediate interaction of the IRES with the ribosome,
and demonstrated that the dsRBDs of PKR bind to the IRES in a sim-
ilar manner as to other RNA activators. We show that addition of
HCV IRES RNA to translation extracts leads to potent inhibition of
canonical cap-mediated translation. However, HCV IRES-initiated
translation is not affected by PKR-mediated elF2 phosphorylation.
Thus, HCV is able to use structured RNAs to its advantage in trans-
lation, while avoiding the deleterious effects of PKR activation.
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2. Materials and methods
2.1. Plasmid architecture

Plasmids for transcription of HCV IRES, pT7HCVIRES (J1), (JFH-
1), (H77c), and (S52) carry the cDNA of nucleotides 1-374 of
HCV J1 (genotype 1b), JFH-1(2a), H77c(1a), and S52(3a) under
a T7 promoter, respectively. A PCR product containing, in order,
a HindllII site, T7 promoter, HCV IRES sequence, BsmBI site, and
EcoRlI site was cloned into HindlIII and EcoRI sites of pUC118. Plas-
mids for the transcription of HCV IRES domains, pT7Il, pT7III-1V,
pT7IlIb, pT71llacd, and pT7Illef-1V carry cDNA of nucleotides 45-117,
119-354, 178-221, (137-178 and 221-287), and (119-139 and
285-354) of HCV J1were designed as above, with the exception that
the BsmBI and EcoRlI sites are replaced with a Bsal site for domain
II and Bbsl site for domains III-1V, IlIb, Illacd, and Illef-1V.

DNA fragments for luciferase reporter RNAs are under the
control of a T7 promoter; pT7HCVLuc carries nucleotides 1-374
(5’UTR and 33nt of core protein-coding region of HCV J1) and
nucleotides 9372-9549 (3'UTR) of HCV J1 at the 5’ and 3’end of the
firefly luciferase gene, respectively. pT7EMCVLuc contains EMCV
IRES (nucleotides 271-831) at the 5’end of Firefly luciferase gene
(Shimoike etal., 1999). pT7HCVLuc, pT7EMCVLuc, and pRL-null that
carry the Renilla luciferase gene under control of a T7 promoter
(Promega) are linearized with BamHI, Xhol, and Xbal, respectively.

2.2. RNA and protein preparation

For the preparation of HCV IRES (J1, JFH-1, H77c, and S52),
II, II-1V, IIlIb, Illacd, Illef-I, TAR (Kim et al., 2006), and VA; RNA
(McKenna et al., 2006), pT7HCV IRES, II, IlI-1V, IIIb, Illacd, Illef-IV,
PTAR, and pVA; were linearized with BsmBI (HCV IRES), Bsal (II,
VA\), BbsI (IlI-1V, IlIb, Illacd, Illef-IV), or BstZI (TAR), respectively.
All viral RNAs were prepared via in vitro transcription as described
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Fig. 1. Sequences and secondary structures of HCV IRES RNA. (A) Predicted secondary structure of HCV 5'UTR and immediately downstream the open reading frame (denoted
as “HCV IRES”, 1-374 nts) (Honda et al., 1999; Zhao and Wimmer, 2001). Individual stem-loop structures are indicated by roman numerals, and the translation initiation
codon (AUG) is highlighted in bold font. (B) Truncations of HCV IRES RNA employed, including domain II (II), domains IIl and IV (IlI-1V), domain IIIb (IlIb), domains IlIa, Illc,
and I11d (Illacd), and domains Ille, I1If, and IV (Illef-1V). Nucleotide modifications to stabilize the secondary structure of each construct are indicated in bold.
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Fig. 2. HCV IRES is a potent activator of PKR autophosphorylation. In all cases, reaction components are resolved by SDS-PAGE, and the extent of PKR autophosphorylation
is quantified by autoradiography. (A) Purified PKR (500 nM) incubated with HCV IRES or HIV TAR RNA activator in the presence of [y->2P]-ATP at 30°C for 1h. (B) Progress
curves of PKR autophosphorylation where PKR (200 nM) was incubated in the presence of HCV IRES, HCV IRES domain truncations, and HIV-TAR (300 nM). Each time point
was performed at least in triplicate, with error bars representing the standard deviation from the mean result. (C) Purified PKR (200 nM) incubated with IRES elements from
four distinct HCV genotypes (1b, 2a, 1a, and 3a; 300 nM) in the presence of [y-32P]-ATP at 30°C for 0, 1, 2, 4, 10, 30, and 60 min. (D) Purified PKR (200 nM) incubated in the

presence of HCV IRES, HCV IRES domain truncations, and HIV-TAR (300 nM).

in detail elsewhere (McKenna et al., 2007a). It should be noted that
this approach eliminates perfectly duplexed RNA that may have
been generated as a result of transcription from a linearized plas-
mid.

Reporter RNAs, HCV FLuc, EMCV FLuc, and cap-RLuc for in
vitro translation experiments were transcribed in vitro using T7
polymerase at 37°C for 2h, incubated with DNase (Ambion) at
37°C for 20 min, and purified by buffer-exchange with HPLC H,0
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(J.T. Baker) using a Vivaspin2 concentrator (10 kDa MWCO, Viva-
science).

The purification of PKR, mutant K296R PKR and dsRBDs is
described extensively elsewhere (McKenna et al., 2007c). For the
in vitro translation, buffer in which purified PKR and mutant K296R
PKR contain was exchanged with 50 mM Tris-HCI pH7.5, 100 mM
KCl, 5mM [(3-mercapto ethanol by Vivaspin concentrator (30 kDa
MWCO, Vivascience).

Fig. 3. Affinity of PKR for HCV IRES RNA. (A) Native gel-shift mobility assays, where HCV IRES, Illacd, II, or HIV TAR RNA (200 nM) was incubated with an increasing amount
of the dsRBDs of PKR (residues 1-169), were performed. Protein-RNA complexes were separated on non-denaturing TBE gels (5% or 10%) and stained with 1x SybrGreenll
fluorescent dye for quantitation. (B) Superposition of ' H-">N TROSY NMR spectra of uniformly > N-labeled dsRBDs in complex with either Illacd (grey) or HIV TAR RNA (black).
(C) PKR-RNA complexes were pre-assembled (200 nM), and incubated at 30 °C for 0 or 60 min in the presence or absence of ATP and MgCl,. RNA dissociation was quantified
by resolving reaction components on non-denaturing TBE gels (5% or 10%) and dsRNA staining by SybrGreenll. Each data point represents at least a triplicate measurement,

with the associated standard deviation shown.
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2.3. Autophosphorylation assays

All autophosphorylation assays were performed as described
previously (McKenna et al., 2006). Kinetics experiments were ana-
lyzed using Berkeley Madonna X (version 8.3.12) software to fit
the differential equations that describe a bimolecular model of PKR
activation as discussed elsewhere (McKenna et al., 2007d).

2.4. Invitro translation assay

HelLa cell S10 lysate was prepared from HeLa-S3 cells (National
Cell Culture Center) with the methods described previously (Otto
and Puglisi, 2004), with the following exception; 60 mM KCl was
used to obtain the translations initiated by HCV IRES, or EMCV IRES
and by cap.

HCV FLuc, EMCV FLuc, or capped RLuc were incubated with puri-
fied PKR in HeLa cell S10 lysate (50% volume) in 50 mM Tris-HCl
pH7.5, 1 mM MgCl,, 1 mM ATP, 60 mM KCl, 25 M amino acid mix-
ture (Promega), 0.5 U/p] SUPERase In RNase inhibitor (Ambion) at
30°C for 1 h. The translational efficiencies were measured by using
Dual-Luciferase Reporter Assay System (Promega) and Luminome-
ter (Analytical Luminescence Laboratory).

2.5. Western blotting

Immobilon-P Transfer membrane (Millipore) was incubated
with primary antibody; anti-p-PKR (446T, sc16565R, Santa Cruz
Biotechnology), anti-PKR (sc6282, Santa Cruz Biotechnology), anti-
p-elF2a (Ser-51, ab4837, Abcam), or anti-elF2a (ab5369, Abcam),
and then with secondary antibody, Immun-Star GAM-HRP conju-
gate, or Immun-Star GAR-HRP conjugate (Bio-Rad). The membrane
filters were incubated with ECL western blotting detection reagents
(GE Healthcare), and exposed to X-ray Hyperfilm (GE healthcare).

2.6. NMR spectroscopy

All NMR samples were prepared to final volumes of approxi-
mately 225 pl and performed as described previously (McKenna et
al.,, 2007d).

2.7. Native gel-shift mobility assay

All samples were prepared and run as described elsewhere
(McKenna et al., 2007d).

3. Results

3.1. HCV IRES RNA is a potent activator of PKR
autophosphorylation

Secondary-structure predictions and determinations demon-
strated a highly structured HCV IRES element (Fig. 1A) (Honda et
al.,, 1999; Kieft et al., 2002; Kim et al., 2002; Lukavsky et al., 2000,
2003; Zhao and Wimmer, 2001). We therefore hypothesized that
the IRES should interact with and activate PKR. We first deter-
mined whether HCV IRES stimulates PKR autophosphorylation.
Using well-established protocols for RNA synthesis and purifica-
tion in our laboratory, we ensured that IRES RNA was chemically
and conformationally homogenous (McKenna et al., 2007a). Puri-
fied full-length HCV IRES RNA was incubated with purified PKR in
the buffer containing ATP, [y32-P]-ATP and Mg2*. As expected, in
the absence of RNA ligand no significant phosphorylation of PKR
was observed (Fig. 2A). Inclusion of HCV IRES RNA in the reac-
tion resulted in significant PKR autophosphorylation, establishing
a maxima when equimolar amounts of PKR and HCV IRES were
mixed. HCV IRES RNA leads to a higher plateau level of multiple

phosphates per mole of PKR compared with HIV TAR activation
(Fig.2A).Similar levels of autophosphorylation were detected when
comparing HCVIRES and poly I:CRNA, although a quantitative com-
parison was not possible due the heterogeneous composition of the
poly I:C reagent (data not shown).

PKR autophosphorylation in the presence of dsRNA often
proceeds via a bimolecular reaction mechanism (McKenna et
al,, 2007b,d). To test whether HCV IRES follows this previously
observed reaction scheme, we probed the kinetics of autophos-
phorylation. A sigmoidal buildup of product was observed with a
short lag phase prior to maximal rates of PKR autophosphorylation,
and fitted well with a simple bimolecular reaction scheme (Fig. 2B,
IRES). A maximal rate of autophosphorylation was observed within
5min of HCV IRES RNA addition, and the reaction was complete
in less than 30 min. When compared to HIV TAR RNA, a known
viral activator of PKR (Kim et al., 2006; McKenna et al., 2007d), HCV
IRES RNA leads to a faster rate of autophosphorylation and a higher
plateau level of multiple phosphates per mole of PKR.

Despite the high conservation of HCV IRES sequence, various
HCV genotypes may introduce nucleotide variations that affect PKR
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least triplicate. Note that the y-axis begins at 60% for comparison purposes.
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activation. PKR autophosphorylation was monitored using IRES ele-
ments from four distinct HCV genotypes (Fig. 2C). Regardless of
genotype, similar levels of PKR autophosphorylation were observed
at all time points examined.

3.2. Intact domains IIl and IV are necessary for maximal PKR
activation by HCV IRES

We then explored the structural requirements within the IRES
for PKR activation. A minimum dsRNA duplex length of only
16-18bp is required for high-affinity interaction between the
dsRBDs and dsRNAs (Bevilacqua and Cech, 1996; Kim et al., 2006).
As the length of the HCV IRES far exceeds this requirement, a spe-
cific domain of HCV IRES may mediate the activation of PKR. To test
this hypothesis, five constructs of HCV IRES RNA were transcribed
and purified (Fig. 1B); we have previously characterized the folding
and function of these domains (Kim et al., 2002; Lukavsky et al.,
2000, 2003; Otto et al., 2002). The stimulation of PKR autophos-
phorylation by each construct was monitored as above.

Truncation of the IRES by removal of domain I or domains I and
Il have only a minor effect on IRES-stimulated autophosphoryla-
tion. Domain II in isolation, which adopts a long helix interrupted
by internal loops, multi-nucleotide bulges and non-canonical base
pairs, does not significantly activate PKR (Fig. 2D). Intact domains
III-1V are required for efficient stimulation of PKR autophosphoryla-
tion as deletions within this domain attenuate the plateau level of
autophosphorylation. Autophosphorylation kinetics confirms the
importance of domains Il and IV; both the plateau level of phospho-
rylation of PKR and the rate of autophosphorylation are significantly
attenuated for deletions within domain IlI-V (Fig. 2B).
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A simple bimolecular reaction scheme fits the kinetic data, indi-
cating that the HCV IRES, its domain truncations, and TAR all employ
a similar reaction mechanism to activate PKR. Both HCV IRES and
[II-1V achieve maximal rates of autophosphorylation within 5 min
of RNA addition, and achieve reaction completion in less than
30min (Fig. 2B). Conversely, HIV TAR, Illacd, and Illef-1V require
15-30 min to achieve maximal rate of autophosphorylation, and do
not achieve completion until well after 1h. These results confirm
the supposition that domains Il and IV are crucial to the acti-
vation process, and that a fundamental structural or electrostatic
feature of the full-length IRES leads to potent autophosphorylation
of PKR.

3.3. Affinity of PKR for HCV IRES RNA

Domains IIl and IV of HCV IRES are crucial for stimulation of
PKR activity, as demonstrated by the deletion mutants, above. To
probe whether a change in affinity for PKR was responsible for this
effect, native RNA gel-shift mobility assays were performed. Quan-
titative determination of complex formation was performed, and
binding curves established for the interaction between HCV IRES,
Illacd, and HIV TAR with PKR (Fig. 3A). Regardless of the RNA moi-
ety employed, roughly equivalent binding curves were obtained,
with nearly equivalent dissociation constants (Kp) 93 +7, 125+ 12,
and 83 +8 nM determined for HCV IRES, HCV-Illacd, and HIV-TAR,
respectively. Therefore, a difference in an affinity of RNA for PKR
does not appear to lead to different levels of PKR autophosphory-
lation. Domain II oligonucleotide binds with much weaker affinity
to the dsRBDs of PKR (Kp =8.9 + 0.8 wM), consistent with the lack
of PKR activation by this domain.
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Fig. 6. HCV IRES-dependent translation is not inhibited by PKR autophosphorylation. In all cases the relative efficiency of translation was determined in HeLa cell S10 lysate
with a 1 hincubation at 30 °C. After incubation portions of the same reaction mixture are used to determine translational efficiency (via luciferase assay) and phosphorylation
state (by Western blotting). Standard deviations are shown from experiments repeated in at least triplicate. Either HCV FLuc (30 nM (A)) or EMCV FLuc (30nM (B)) and
capped RLuc (30 nM) were incubated with increasing amounts of purified wild type PKR. Either HCV FLuc (30 nM (C)) or EMCV FLuc (30 nM (D)) and capped RLuc (30 nM)
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We next used nuclear magnetic resonance spectroscopy (NMR)
to probe molecular features of the IRES-PKR interaction. 'H-1>N-
TROSY spectra for dsRBDs in equimolar complex with either HCV
[llacd or HIV TAR (a known activator) were acquired, and each dis-
played a well-dispersed and resolved spectrum (Fig. 3B). Strikingly,
the two overlaid spectra were virtually identical, indicating that a
very similar interface within PKR is used to mediate the interaction
with either RNA molecule. These regions cluster to specific con-
tiguous surface-exposed regions of the protein, and include both
dsRBDs and the linker regions joining them (Kim et al., 2006). We
performed identical experiments with HCV IRES and >N-dsRBDs
complex; unfortunately the signal-to-noise ratio was quite poor due
to increased line widths of the large (>100 kDa) complex (data not
shown). While this observation precludes any definitive conclu-
sions, the cross-peaks were roughly superimposable upon either
the Illacd-dsRBDs or TAR-dsRBDs spectra. These NMR data strongly
suggest that PKR dsRBDs bind in a similar manner to either HCV
IRES or HIV TAR.

3.4. Phosphorylated PKR has decreased affinity for HCV IRES

Upon phosphorylation of PKR, activator RNA ligands signifi-
cantly reduced affinity for PKR (McKenna et al., 2007d). Since HCV
IRES is an activator of PKR autophosphorylation, we hypothesized
that a similar reduction in affinity for HCV IRES should be observed.
To test this hypothesis, native gel-shift mobility assays were per-
formed on three activators (HCV IRES, Illacd, HIV TAR), and one
inhibitor (VA; dsRNA) in the presence of PKR under activating
(ATP/MgCl;) conditions at 0- and 60-min time points. Whereas
inhibitor RNA did not dissociate from PKR under activating con-
ditions, each of the activator RNAs examined resulted in almost
complete complex dissociation (Fig. 3C). These results were depen-
dent on activation, as removal of either ATP or MgCl, abrogated the
effect. Therefore, HCV IRES behaves as a typical activator in terms
of its affinity for phosphorylated PKR.

3.5. Cap-dependent translational inhibition by PKR
autophosphorylation

Since HCV IRES activates PKR, we next investigated whether this
activation process inhibited canonical cap-mediated translation.
S10 lysates of HeLa cells were prepared for in vitro translation of
luciferase reporter constructs. Capped Renilla luciferase RNA (cap-
RLuc)was incubated in the presence of HCV IRES RNA and PKRin S10
lysates. After incubation, the efficiency of a cap-dependent transla-
tion was measured by the enzymatic activity of Renilla Luciferase.
Cap-dependent translation was inhibited with increasing con-
centration externally added PKR (Fig. 4A). A similar experiment
employing a catalytically inactive PKR mutant, K296R, showed
no inhibition (Fig. 4A), demonstrating that PKR autophosphory-
lation is required for the inhibition of cap-dependent translation.
Total PKR (endogenous and externally added PKR), phosphorylated
PKR, total elF2a (endogenous), and phosphorylated elF2a were
detected by western blotting (Fig. 4B). The amount of phosphory-
lated PKR and elF2a increased only with increasing concentrations
of wild-type PKR, and not with K296R PKR addition. A converse
experiment confirmed these results. A fixed concentration of wild
type or mutant K296R PKR was used for cap-dependent trans-
lation, and domain Ill-oligonucleotide (Illacd RNA) was added at
increasing concentrations. These data show that increasing Illacd
RNA leads to translational inhibition in the presence of wild-type
PKR, with no effect on translation in the presence of K296R mutant

PKR (Fig. 5A). Western blots suggest that this effect is linked to
PKR and elF2a autophosphorylation (Fig. 5B). The same experiment
was performed using domain II RNA, which does not lead to PKR
autophosphorylation; increasing concentrations of domain II RNA
had no effect on the Cap-dependent translation (Fig. 5C). Western
blotting demonstrated that increasing concentrations of domain Il
RNA did not increase the extent of PKR or elF2a phosphorylation
(Fig. 5D). These results together strongly suggest that HCV IRES RNA
inhibits cap-dependent translation through activation of PKR and
phosphorylation of elF2a.

3.6. HCV IRES-dependent translation is not inhibited by PKR
autophosphorylation

To explore whether IRES-stimulated activation of PKR inhibits
IRES-mediated translation, a fusion reporter of HCV IRES with Fire-
fly luciferase (HCV FLuc) was incubated with PKR and cap-RLuc
in S10 lysate. Using this experimental design, the effects of HCV
IRES and PKR on both cap- and IRES-mediated translation can be
monitored simultaneously in the same reaction. Increasing concen-
tration of PKR inhibits cap-mediated translation (Fig. 6A), as shown
above. Western blotting demonstrated increased elF2a phospho-
rylation and PKR autophosphorylation (Fig. 6A), indicating that
HCV IRES mediates PKR and elF2a phosphorylation. Interestingly,
translation initiated by HCV IRES was not inhibited (Fig. 6A). As
a control, we included the highly structured Encephalomyocardi-
tis virus (EMCV) IRES within a reporter construct (EMCV FLuc);
EMCV IRES RNA also strongly mediated PKR autophosphorylation
(Fig.6B). A fusion of EMCV IRES with Firefly luciferase was incubated
with PKR and cap-RLuc in S10 lysates. Addition of PKR increased
the ratio of the inhibition of both EMCV IRES-mediated and cap-
dependent translation (Fig. 6B). Western blotting confirmed PKR
and elF2 phosphorylation. As with canonical translation, EMCV
IRES-mediated translation was inhibited by elF2 phosphorylation.
These results support a specific lack of response of HCV IRES-
mediated translation to elF2 phosphorylation.

To support the specific role of PKR in the process, we performed
identical experiments in HeLa cell S10 lysates using a catalytically
inactive mutant of PKR, K296R PKR. As expected, addition of K296R
PKR to lysates containing either HCV FLuc and cap-RLuc (Fig. 6C)
or EMCV FLuc and cap-RLuc (Fig. 6D) did not lead to attenuation of
translation efficiency.

3.7. The release of inhibition by VA; RNA

To confirm our previous observations, we used VA; adenovi-
ral RNA that is a potent inhibitor of PKR autophosphorylation
(McKenna et al., 2006, 2007b). When HCV FLuc and cap-RLuc were
simultaneously incubated in the presence of PKR, inhibition of cap-
dependent translation was relieved by addition of an increasing
concentration of VA; RNA (Fig. 7A). In contrast, increasing amounts
of VA| RNA had no effect on the translation initiated by HCV IRES
(HCV FLuc), even though PKR and elF2a phosphorylation decreased
(Fig.7B). As expected, when EMCV FLuc and cap-RLuc were simulta-
neously incubated in the presence of PKR, an increasing amount of
VA, dsRNA relieved translation inhibition initiated by either EMCV
IRES or cap (Fig. 7C), while again PKR and elF2a phosphorylation
decreased (Fig. 7D). These results strongly suggest that the inhibi-
tion of cap-dependent translation is caused by phosphorylation in
the PKR-elF2«a pathway, and that translation initiated by HCV IRES
is not inhibited by phosphorylation of elF2c.

were incubated with increasing amounts of purified catalytically inactive K296R PKR. The intensities of phosphoryated and total elF2a were quantified and are indicated

beneath each lane (with the intensity set to 1.0 when no external PKR is added).
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4. Discussion

Large RNAs rich in secondary structure are hallmarks of viral
genomes or replication intermediates. The structure of the 350 nt
HCV IRES has been previously defined using biochemical and
structural methods. The IRES contains three structural domains;
domains II and III contain long helical stretches that could poten-
tially activate PKR. Here, we demonstrated that the HCV IRES is
a potent activator of recombinant PKR autophosphorylation. We
have mapped the high-affinity PKR-IRES RNA interaction to domain
I1I-1V, which also mediates IRES-40S subunit interaction. Domains
I and II are dispensable for PKR-IRES interaction, and domain II in
isolation binds only weakly to PKR.

NMR and biophysical studies confirmed that the dsRBDs of PKR
bind to domain III with affinity and specificity similar to other
dsRNA ligands of PKR (Kp ~100nM) (Kim et al., 2006; McKenna
et al., 2006). The binding site was localized to the lower por-
tion of domain III, below the four-way junction, which contains
long stretches of double-helical RNA. The precise secondary struc-
ture around the pseudoknot region has not been defined. Neither
domains I, II nor IlIb mediate high-affinity interaction with PKR.
Domain II binds 80-fold more weakly, and NMR does not reveal a
strong interaction between dsRBDs and domain II. Prior structural
studies of domain II revealed a long, bent helix, interrupted by a
loop E motif near the apical loop, a stretch 13 base pairs of helix that
contains 4 non-canonical pairs, that lead to a multinucleotide hinge
bulge. Clearly, these helical distortions disrupt the ability of the
dsRBDs to make high-affinity contacts. These data underscore the
modulatory role of RNA distortions in PKR recognition and affinity
for RNA ligands.

Vyas et al. (2003) have previously reported that HCV IRES binds
to and inhibits the autophosphorylation PKR, whereas we report
here that HCVIRES is a potent activator of PKR under our in vitro con-
ditions. This discrepancy may be accounted for by the fact that Vyas

et al. tested concentrations of HCV IRES under the Kp (~100 nM)
of the PKR-RNA interaction, whereas our assays explored a higher
upper threshold. We observed no autophosphorylation under the
conditions examined by Vyas et al. (2003). Furthermore, our puri-
fied protein was devoid of background phosphorylation (due to
co-expression with phosphatase, and re-purification after treat-
ment with phosphatase), whereas Vyas et al. (2003) employed a
different purification scheme. In our hands, the presence of HCV
IRES RNA led to a greatly increased (20-fold) and level (4.5-fold) of
autophosphorylation compared to previously studied viral dsSRNA
ligands in our laboratory (McKenna et al.,2007d). The increased rate
of autophosphorylation may be related to the high charge density
of the IRES. Likewise, the high level of PKR autophosphorylation
suggests that the IRES-PKR complex is a promiscuous substrate
for phosphorylation by PKR. A simple model would predict phos-
phorylated PKR, which dissociates from the IRES, subsequently
phosphorylates PKR-IRES complexes at multiple sites. We are
currently investigating these hypotheses in greater mechanistic
detail.

Efficient activation of PKR by the HCV IRES leads to rapid phos-
phorylation of elF2a. Experiments in S10 extracts showed rapid
buildup of PKR and elF2a phosphorylation in the presence of the
IRES. Using simple luciferase translational reporter constructs, we
monitored the response of different translation initiation modes
to elF2a phosphorylation. Consistent with many prior observa-
tions, the efficiency of cap-mediated translation decreased as the
concentration of p-elF2a increased. Addition of exogenous HCV
IRES-stimulated autophosphorylation of PKR and subsequent elF2a
phosphorylation, causing inhibition of cap-mediated translation.
Addition of increasing quantities of VA; RNA, an inhibitor of PKR
autophosphorylation that competes for IRES binding, relieved the
inhibition of translation. Likewise, translation initiation from a dis-
tinct IRES, such as EMCV, was also inhibited by PKR activation
and elF2a phosphorylation, with a similar restoration upon addi-
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tion of VA; RNA. EMCV IRES-mediated initiation requires almost
a complete set of initiation factors outside of elF4E (Pestova et
al., 2001). These data confirm the importance of elF2-GTP con-
centration for canonical cap-mediated and standard IRES-mediated
translation.

HCV uses a distinct mechanism of translation initiation that is
not inhibited by elF2 phosphorylation. The IRES binds directly to
the 40S subunit with high affinity, and mediates assembly of a 48S
intermediate. GTP hydrolysis, linked to the function of domain II,
is required for progression to a stable 80S initiation complex for
polyprotein synthesis. GTP hydrolyis, by either or both elF2 or eIF5B,
are required for subunit joining. Our prior data supports this obser-
vation (Otto and Puglisi, 2004), but at this stage it is unclear whether
elF2 or elF5b is the culprit. Our results and those of Robert et al.
(2006) show that the IRES-mediated initiation is insensitive to elF2
phosphorylation, and subsequent buildup of elF2-GDP. There are
also alternate pathways for HCV IRES-mediated initiation. Sarnow
and co-workers demonstrated that factor-independent initiation of
the IRES can occur under certain conditions (Lancaster et al., 2006),
and recent results highlight the absence of a role of elF2 in IRES-
mediated translation (Terenin et al., 2008). The thermodynamic
driving force of high-affinity IRES-40S subunit interaction, which
positions the start codon near the P-site of the 40S subunit means
that the normal search for initiator tRNA codon-anticodon inter-
action is not needed. The precise role of GTP hydrolysis by elF2 is
not clear, but may be linked to recognition of the correct start codon
during scanning. The results presented here suggest a model for the
IRES-mediated translation in which hydrolysis of GTP by elF2 is not
an essential step for subsequent subunit joining and initiation. In
support, Pestova et al. (2008) have demonstrated that an alterna-
tive mode of initiation on the CSFV IRES involving elF5B in place of
elF2.

Given its upstream position in signal transduction pathways rel-
ative to PKR activation, it would be interesting to investigate the
upstream activation of RIG-I and TLR-3 by HCV IRES. Recent reports
have indicated that both the 3’ untranslated region (especially poly
U/C region) and IRES of HCV activate the promoter of IFN-f3 (Saito
et al., 2008). While these investigations are outside the scope of
this manuscript, the role of IRES-mediated interactions with these
innate immune proteins will be described elsewhere.

Viruses embrace many strategies to circumvent host response.
Despite stimulating a strong PKR response, with subsequent
and rapid phosphorylation of elF2, HCV can readily translate
its polyprotein in an early step of replication. By evolving a
high-affinity ribosome-genomic RNA interaction, which obviates
scanning, IRES-mediated translation is resistant to phosphoryla-
tion of elF2. By downregulating host cap-dependent translation,
HCV may gain a further selective advantage for replication and
propagation. After the preferential translation of viral proteins
in an early step of viral replication, translated HCV NS5A and
E2 proteins inhibit PKR-activation by binding of “PKR-binding
domain” of NS5A and PKR/elF2a phosphorylation homologous
domain (PePHD) of E2 to PKR. This may release the inhibition of
both cap- and HCV IRES-dependent translation and permit infected
cells to maintain persistent growth and infection that are char-
acteristic of HCV. The effect of HCV IRES, and of NS5A and E2
on PKR-activation, opposes each other. But both may work to the
advantage of HCV. Dicer, a central component of the RNA interfer-
ence mechanism, can digest the HCV IRES into an siRNA of ~22
nucleotides capable of inhibiting the replication of a HCV subge-
nomic replicon (Wang et al., 2006). However, the RNAI antiviral
response is counteracted by the direct interaction between HCV
core protein and Dicer. The role of PKR and its interaction with
other HCV components (NS5A and E2 proteins, RNAi components,
and the genome RNA, etc.) must therefore be explored in more
detail.
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