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A cornerstone of the antiviral interferon response is phosphorylation of eukaryotic initiation factor (eIF)2a. This limits the
availability of eIF2:-GTP-Met-tRNA;Me! ternary complexes, reduces formation of 43S preinitiation complexes, and blocks
viral (and most cellular) mRNA translation. However, many viruses have developed counterstrategies that circumvent this
cellular response. Herein, we characterize a novel class of translation initiation inhibitors that block ternary complex
formation and prevent the assembly of 43S preinitiation complexes. We find that translation driven by the HCV IRES is
refractory to inhibition by these compounds at concentrations that effectively block cap-dependent translation in vitro and
in vivo. Analysis of initiation complexes formed on the HCV IRES in the presence of inhibitor indicates that eIlF2a and

Met-tRNA;Met are present, defining a tactic used by HCV to evade part of the antiviral interferon response.

INTRODUCTION

Translation initiation in eukaryotes occurs by at least two
distinct pathways. For the majority of eukaryotic mRNAs,
ribosome recruitment is mediated by the 5’ cap structure
(m”GpppN, where N is any nucleotide) and involves reor-
ganization of the mRNA template by the eukaryotic initia-
tion factor (eIF) 4 class of translation factors. In this process,
the 40S ribosomal subunit is converted to a 43S preinitiation
complex by recruitment of the ternary complex [elF2-
GTP - Met-tRNA;M¢t] (hereafter referred to as TC), elFl,
elF1A, elF5, and the multisubunit complex elF3. Some cel-
lular and viral mRNAs initiate in a cap-independent man-
ner, involving direct binding of components of the transla-
tion machinery at or upstream of the initiation codon. This
mode of ribosome recruitment is driven by the ability of
internal ribosome entry sites (IRESs) to either interact with
initiation factors (Pestova et al., 1996, 1998) and recruit 43S
preinitiation complexes (Pestova et al., 1996) or to directly
engage the 40S ribosomal subunit (Wilson et al., 2000; Jan
and Sarnow, 2002; Pestova and Hellen, 2003). The latter case
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is exemplified by the cricket paralysis virus (CrPV) IRES,
which recruits 40S ribosomal subunits and initiates transla-
tion from the A site, in the absence of a Met-tRNA;Met
positioned in the P site (Wilson et al., 2000; Jan and Sarnow,
2002; Pestova and Hellen, 2003).

In hepatitis C virus (HCV), the IRES can recruit the 40S
ribosomal subunit independently of translation factors, fol-
lowed by formation of a 48S complex that contains elF3
(Buratti et al., 1998; Sizova et al., 1998; Kolupaeva et al., 2000;
Kieft et al., 2001; Otto and Puglisi, 2004). After binding of TC,
a 60S subunit is recruited to generate an 80S ribosomal
complex competent for elongation (Pestova et al., 1998). Al-
though the order in which the 40S ribosomal subunit, the
TC, and elF3 are recruited to the HCV IRES remains to be
defined, addition of TC to an HCV-bound 40S docks the
AUG into the ribosomal P site and the presence of elF3
allows for formation of the 80S initiation complex (Pestova et
al., 1998). Recent mutational analysis suggests that the HCV
IRES coordinates elF3 and elF2 interaction with the ribo-
some, leading to correct positioning of the Met-tRNA,;Met in
the P site (Ji et al., 2004). Whether the TC is recruited to the 40S
ribosome before binding the HCV IRES or assembles once the
40S ribosome has loaded onto the HCV IRES is not known.
Recently, an initiation factor-independent mode of ribosome
recruitment has also been described for the HCV IRES under
high Mg™*™* conditions in vitro (Lancaster et al., 2006).

A previous forward chemical genetic screen identified a
new inhibitor of translation initiation, named NSC119889,
that suppressed cap-dependent translation but did not sig-
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Figure 1. NSC119889 and NSC119893 inhibit TC formation. (A) Chemical structure of NSC119889 and NSC119893. (B) NSC119889 interferes
with 43S preinitiation complex formation. 43S preinitiation complexes were prepared as indicated in Materials and Methods and resolved on
4% nondenaturing polyacrylamide gels. Gels were dried and exposed to PhosphorImager plates (GE Healthcare). (C) NSC119889 inhibits TC
formation. [**S]Met-tRNA;M<t was incubated with increasing concentrations of eIF2 in the presence or absence of GTP and 10 1M NSC119889.
Results are expressed as the fraction of Met-tRNA;M** bound to eIF2 with bars representing the SD. (D) NSC119889 does not affect the
association of elF2 with GTP. [a-**P]GTP was incubated with 400 nM elF2 in the presence or absence of 10 uM NSC119889. The amount of
GTP bound to eIF2 was assessed by filter binding assays and represents the average of three experiments. (E) NSC119893 inhibits translation
in vivo. The rate of [*®S]methionine incorporation obtained in the control reaction was 28116 cpm/ug protein/15 min incubation. The rate
of [*H]thymidine and [*H]uridine incorporation obtained with the control reaction was 21467 cpm/ pg protein/15 min and 18020 cpm/ug
protein/20 min, respectively. The results are expressed relative to the incorporation in the presence of vehicle (0.5% DMSO) and represent
the average of three experiments. The effect of 100 uM NSC119889 on protein synthesis in vivo is also shown and represents the average of
three experiments. (F) NSC119893 inhibits TC formation. [**S]Met-tRNA Mt was incubated with increasing concentrations of elF2 in the
presence or absence of GTP and 10, 25, or 100 uM NSC119893. Results are expressed as the fraction of Met-tRNA;* bound to eIF2.
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niﬁcantly affect translation driven by the HCV IRES (Novac PgrkinElmer Lif'e e'md Analytica.l Scie'znces (Boston, MA). Preparatign of plas-

et al_/ 2004). Herein, we characterize the mode of action of mid DNA, restriction enzyme d1g_est10ns, agarose gel e%ectrophoresm of DNA

NSC119889 and find that it ts th iati £ Met and RNA, and SDS-PAGE analysis were carried out using standard methods.
and n a. 1t prevents the .EiSSOCIa 0n o et- Salubrinal and Sal003 were purchased from ChemBridge (San Diego, CA).

tRNA;Met to elF2. We find that translation from the HCV

IRES proceeds to near wild-type levels in the presence of this L )

class of TC inhibitors in vitro and in vivo. In addition, we 43S Preinitiation Complex Formation

demonstrate that the HCV IRES is still capable of recruiting 43S preinitiation complexes were formed essentially as described by Lorsch

elF2a and Met-tRNA.Met at concentrations of NSC119889 and Herschlag (1999). Essentially, purified elF2 was incubated for 10 min with
that block cap-depen élent translation. Our results indicate saturating 5’-guanylylimidodiphosphate (GMP-PNP) (1 mM final) to facilitate
p-dep : the exchange of elF2-bound GDP for GMP-PNP, followed by the addition of

that the HCV IRES has evolved a mechanism to facilitate [35S]Met-tRNA;Met and a 5-min incubation to form TC. TC was then added to
recruitment of TC under conditions when these are limiting 40S ribosomal subunits, eIF1A, eIF1, a minimal message (5-GGAA[UC]-

CIRCF : TR : _ 7UAUGICUJ,,C-3"), and NCS119889 (or other compounds). Final reaction
ior imitiation, as occurs durmg the cellular antiviral inter concentrations are as follows: 38 mM HEPES-KOH, pH 7.4, 135 mM KOAc,
eron response. 3.25 mM MgOAc,, 2.7 mM dithiothreitol [DTT], 25 mM sucrose, 2.5% glyc-
erol, 1 mM GMP-PNP, 200 nM elF2, 1 uM elIF1, 400 nM elIF1A, 200 nM 40S
ribosomal subunits, and 10 or 100 uM test compound (NCS119889). The
reaction was quenched via gel loading after 30 min. Samples were loaded
onto a 4% polyacrylamide gel running at 25 W in gel buffer [THEM: 66 mM

MATERIALS AND METHODS

Materials and General Methods HEPES acid, 34 mM Tris base, 2.5 mM MgCl,, and 0.1 mM EDTA, pH 7.5].
Restriction endonucleases and RNA polymerase were purchased from New Samples were mixed with 50% sucrose/0.02% each bromophenol blue and
England Biolabs (Beverly, MA). [5-3H]Cytidine triphosphate (20.5 Ci/mmol), xylene cyanol before loading. Samples were run no more than 65 min but no
[33S]methionine (>1000 Ci/mmol), a-[*?P]GTP (3000 Ci/mmol), [5-*H]uri- <35 min to separate complexes and still retain free [3°S]Met-tRNA;M¢t on the

dine (22 Ci/mmol), and [6-*H]thymidine (10 Ci/mmol) were obtained from gel. The gel was placed on Whatman paper, covered with Plastic wrap, and
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exposed to a PhosphorImager (GE Healthcare, Little Chalfont, Buckingham-
shire, United Kingdom) screen at —20°C overnight.

Ternary Complex Analysis

The kinetic parameters of TC formation in the presence or absence of
NSC119889 or NSC119893 were performed using yeast factors and ribosomes,
after the method of Wong and Lohman (1993). All binding assays were
performed in binding assay buffer: 25 mM HEPES-KOH, pH 7.5, 2.5 mM
magnesium acetate, 80 mM potassium acetate, pH 7.5, 2 mM DTT, and 0.285
g/l creatine kinase. Reactions were conducted in 96-well plates that had
been flushed with Sigmacote (Sigma-Aldrich, St. Louis, MO) and rinsed with
double-distilled H,O. Seven twofold serial dilutions of 1 uM eIF2 were made
in elF2 storage buffer [20 mM HEPES, pH 7.5, 100 mM KOAc, pH 7.5, 0.1 mM
Mg(OAc),, 2 mM DTT, and 10% glycerol) containing 0.6 ug/ml creatine
kinase (included in eIF2 dilutions for all experiments). Inclusion of creatine
kinase was found to be essential to prevent nonspecific loss of eIF2 to tube
walls at low concentrations of the factor, as observed previously for the
mammalian factor (Benne et al., 1979). For measurements of the dissociation
constant, 1 nM [3°S]Met-tRNA; was incubated for 10 min at 26°C with 10 ul
of a dialyzed elF2 dilution or storage buffer alone in a total volume of 25 ul
of binding assay buffer with 500 uM GTP-Mg*? or no nucleotide. Twenty
microliters of each reaction was filtered through an upper nitrocellulose
membrane (HAWP; Millipore, Billerica, MA) that retains protein‘tRNA com-
plexes and a lower Nytran Supercharge membrane (Whatman Schleicher and
Schuell, Keene, NH) that retains unbound tRNA. These membranes were
sandwiched between the halves of a dot-blotter (Topac, Hingham, MA).
Immediately after the sample passed through the filters, 200 ul of ice-cold
reaction buffer was applied as a wash. Filters were air dried and exposed to
PhosphorImager (GE Healthcare) screens overnight. The data produced from
the exposure of the plate was processed using ImageQuant software (GE
Healthcare). Values of fraction tRNA bound to elF2 [bound/(bound + free)]
were corrected for background binding of labeled ligand to the nitrocellulose
filter in the absence of eIF2 (<1%).

For GTP affinity measurement, binding assays were performed in binding
assay buffer described above. Reactions, 25 ul each, were conducted in 1.5-ml
microcentrifuge tubes. Eight twofold serial dilutions of GTP in water were
made beginning with a 50 uM sample and added to reaction mixture con-
taining 1 pl (~10 nM) gel purified o-[3?P]GTP and 10 uM final concentration
of NSC119889 dissolved in dimethyl sulfoxide (DMSO) when required. Con-
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pressed relative to the incorporation of [**SJmethionine
in the presence of vehicle (0.5% DMSO) and represent
the average of three experiments.

trol reactions without the compound received DMSO alone. To each reaction,
elF2 was added to 400 nM, and the reactions were incubated for 10 min at
26°C before 20 ul of each reaction was filtered through a 2.5-cm disk of HAWP
membrane (Millipore) on a standard vacuum manifold. Reactions were im-
mediately washed with 10 ml of ice-cold binding assay buffer. Filters were
placed into scintillation vials and subjected to scintillation counting after the
addition of 5 ml of Optifluor (PerkinElmer Life and Analytical Sciences)
scintillation fluid. Before use, filters were presoaked for 10 min in ice-cold
reaction buffer. A series of reactions with no protein were also performed and
used to correct each reaction for the background sticking of [a-3?P]GTP to the
filters in the absence of eIF2. Binding curves for Met-tRNA;M¢t and GTP were
fit according to the equation fraction bound = B,,,,.[S]/(K4 + [S]) using the
program Kaleidagraph, where B,, ., is the maximum fraction bound at infinite [S].

Purification of Initiation Complexes Bound to the
HCV IRES

Initiation complexes were formed on the HCV IRES following a modified
procedure of Ji et al. (2004). Essentially, 4-ml translation reactions containing
2 ml of micrococcal nuclease-treated Krebs-2 extract were prepared in the
presence of 50 uM NSC119889 or 0.5% DMSO with either GMP-PNP (1 mM
final) or cycloheximide (600 uM) as indicated. The reaction was incubated 10
min at 30°C before addition of 40 ug of MS2-HCV IRES RNA followed by
incubation at 37°C for 30 min. Then, 400 ug of MS2-MBP fusion protein (Ji et
al., 2004) was added, and the reaction further incubated at 37°C for 30 min.
The reaction was then stopped on ice and loaded onto a 2.5-ml amylose
column. The resin was washed with 10 volumes of binding buffer [20 mM
Tris-HCI, pH 7.5, 100 mM KCl, 2.5 mM MgCl,, and 2 mM DTT]. HCV
IRES-bound complexes were eluted with binding buffer supplemented with
10 mM maltose. Eluted fractions containing ribosomes (as determined by the
OD,4,) were pooled and loaded onto a 30-ml 10-50% sucrose gradient in
binding buffer and centrifuged at 23,000 rpm in a Beckman SW28 rotor for
15 h at 4°C. In reactions containing cycloheximide (80S complex formation),
the eluant was treated with micrococcal nuclease before being loaded onto the
sucrose gradient. The presence of the ribosomal complexes was detected by
absorbance at 254 nm. Fractions containing the 48S and the 80S ribosomes
were pooled and either used to extract RNA using TRIzol following the
manufacturer’s recommendation (Invitrogen, Carlsbad, CA) or to isolate pro-
teins by trichloroacetic acid (TCA) precipitation. Detection of rRNA was
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Figure 3. Effect of NSC119889 and NSC119893 on cap-
dependent, HCV-driven, and CrPV-driven translation.
(A) Schematic representation of mRNAs used to assess
the effect of NSC119889 on translation. Firefly and Re-
nilla luciferase cistrons are denoted by a black and white
box, respectively. The nature of the IRESs driving trans-
lation from the second cistron of each mRNA is indi-
cated. (B) Translation mediated by the HCV IRES is
resistant to NSC119889. Translations were performed
with 10 pug/ml mRNA in the presence of [**S]methi-
onine and supplemented with the indicated amounts of
NSC119889. Samples were analyzed by SDS-PAGE,
treated with EN®Hance, dried, and exposed to X-OMAT
film (Eastman Kodak). Quantitation of luciferase activ-
ity from three experiments, with standard deviations, is
provided to the right. The results are expressed as RLUs
with control translations containing 1.0% DMSO set to
1. (C) Translation mediated by the CrPV IRES is stim-
ulated by NSC119889. SDS-PAGE analysis of transla-
tion products obtained in Krebs-2 extracts programmed
with 10 pg/ml mRNA in the presence of [**S]methi-
onine and supplemented with the indicated amounts of
NSC119889. Quantitation of three experiments, with the
SD, is provided to the right. (D) Comparative effects of
NSC119889 and NSC119893 on translation of FF/
HCV/Ren in vitro. A representative experiment in
which the translation products were analyzed by
SDS-PAGE and autoradiography is presented. The
addition of NSC119889 and NSC119893 to the trans-
lation reaction is indicated above the panel. The right
panel summarizes data from two translations (each
done in duplicate) with the luciferase values ex-
pressed relative to the control reactions containing
only vehicle (0.5% DMSO).
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performed using 1 ug of the isolated RNA fractionated on a 1% agarose/
formaldehyde gel and stained using ethidium bromide. Detection of Met-
tRNA;Met was performed by fractionating 5 ug of isolated RNA on an 8§ M
urea/10% polyacrylamide gel that was transferred onto a Hybond-N" mem-
brane (GE Healthcare) by using a Transblot SD semidry apparatus (Bio-Rad,
Hercules, CA). The RNA was UV cross-linked using a UV-Stratalinker 2400
(Stratagene, La Jolla, CA) and Met-tRNA;M¢t detected by Northern blotting
using a 32P-labeled DNA oligonucleotide targeting mammalian Met-tRNA;-
Met (5'-CCATCGACCTCTGGGTTATGGG-3'). Western blot analysis for elF2«
(Abcam, Cambridge, MA) and eIF3 (p116 subunit) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) were performed from the TCA-precipitated 485 and
80S complexes, fractionated by SDS-PAGE, transferred to Immobilon P
(Millipore) membrane, and revealed by chemiluminescence.

In Vitro Translations

In vitro transcriptions were performed using pSP(CAG);3/FE/HCV//
Ren'pAs;, pKS/FF/EMCV/Ren, and pGL3/Ren/CrPV/FF (generously pro-
vided by Dr. Peter Sarnow, University of Stanford, Stanford, CA) digested
with BamHI (Novac et al., 2004). The transcribed bicistronic mRNAs were
used in translation reactions using Krebs-2 extracts at a final K* concentration
of 100 mM. The amount of Krebs-2 extract in the translations corresponded to
50% of the total reaction volume. We note that whereas, in general, translation
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of bicistronic constructs yields higher levels of cap-dependent than IRES-
mediated translation (Mizuguchi et al., 2000), the opposite is seen in our
preparations of Krebs-2 extracts. Firefly and Renilla luciferase activities (relative
light unit, RLU) were measured on a Lumat LB 9507 luminometer Berthold
Technologies (Bad Wildbad, Germany). After in vitro translations in micrococcal
nuclease-treated Krebs-2 extracts performed in the presence of [*°S]methionine,
protein products were separated on 10% polyacrylamide/SDS gels, which were
treated with EN®Hance, dried, and exposed to X-Omat (Eastman Kodak, Roch-
ester, NY) film. For in vitro translations using [>*S]Met-tRNA;M¢t, tRNAiMet was
charged with [3S]methionine according to Svitkin et al. (1981) and 200,000 cpm
of charged initiator tRNA was used per translation reaction.

Ribosome-binding Experiments

Ribosome-binding assays were performed as described previously (Novac et
al., 2004; Otto and Puglisi, 2004). In brief, 32P-labeled CAT, HCV, or CrPV
transcripts were added to Krebs-2 extracts and incubated at 30°C for 10 min
in 25-ul reaction volume in the presence of either 1 mM GMP-PNP or 600 uM
cycloheximide. Initiation complexes formed on mRNAs were resolved on
10-30% glycerol gradients by centrifuging for 39,000 rpm/3.5 h (Figure 4, A
and C) or on 5-20% sucrose gradients by centrifuging for 37,000 rpm/4 h
(Figure 4, B and D) in an SW40 rotor. The amount of Krebs-2 extract in the
ribosome binding assays corresponded to 50% of the total reaction volume.
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RESULTS was examined. When 30 nM preformed ternary complexes

Characterization of a Novel Ternary Complex Inhibitor

NSC119889 (Figure 1A) has been previously shown to in-
hibit 48S preinitiation complex formation in the presence of
the nonhydrolyzable GTP analogue GMP-PNP (Novac et al.,
2004). To better define its mode of action, we investigated
the possibility that NSC119889 acts upstream of the ribo-
some recruitment phase of initiation, and we assessed the
possibility that it prevents loading of Met-tRNA ;M on 40S
ribosomes. This was prompted by our observations that
NSC119889 stimulated translation from the CrPV IRES (de-
scribed below), a phenomenon associated with conditions
predicted to increase 40S availability (Wilson et al., 2000;
Fernandez et al., 2002b). The assembly of elF2, GTP, Met-
tRNAMet, elF3, elF1, elF1A, and mRNA into 43S preinitia-
tion complexes was monitored using a mobility gel shift
assay and found to be inhibited by NSC119889 (Figure 1B,
compare lanes 2 and 3 with 1). We then investigated the
possibility that NSC119889 interferes with TC formation. In
vitro assays were performed using [3°S]Met-tRNA;Met and
revealed that eIF2 bound Met-tRNAM¢* efficiently with an
apparent K, of ~10 nM, which increased to ~85 nM in the
absence of GTP (Figure 1C), as reported previously (Kapp
and Lorsch, 2004). On addition of NSC119889, Met-tRNA;Met
binding to eIF2 was significantly decreased, with a half
saturation point of 300 nM (Figure 1C). In the absence of
GTP, the extent of inhibition by NSC119889 was even more
pronounced with little TC formed even at 400 nM eIF2. To
monitor whether NSC119889 is affecting association of GTP
with elF2, a set of filter-binding experiments was performed
using [a-*?P]GTP and elF2 (Figure 1D). Results revealed that
the Ky of elF2 for GTP is ~2 uM, as established previously
(Kapp and Lorsch, 2004), and that this interaction is not
significantly altered by NSC119889 (Figure 1D). Last, the
effect of NSC119889 on release of Met-tRNA;Met from the TC
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were incubated in the presence of NSC119889, the observed
[3*S]Met-tRNA;Met off-rate was 0.08 min !, similar to the
previously determined off-rate of 0.03 min~' (Kapp and
Lorsch, 2004) (Kapp, unpublished data). Together, these re-
sults indicate that NSC119889 acts by preventing the asso-
ciation of elF2 with Met-tRNA;M¢t and that it has no impact
on the association of GTP with elF2 or on dissociation of
the TC.

A NSC119889 Congener Inhibits Translation In Vivo and
Targets elF2

NSC119889 could not be used in vivo to monitor TC depen-
dence of different mRNAs, because no significant inhibition
of translation in vivo was observed when cells were exposed
to concentrations of NSC119889 as high as 100 uM (Figure
1E, see diamond). Although we have not investigated the
reason for this, it may be due to a lack of cellular perme-
ability or in vivo modification of the compound to an inac-
tive derivative. We thus tested a set of eight congeners that
had previously demonstrated inhibition of cap-dependent
translation in vitro (Novac et al., 2004), for their ability to
inhibit protein synthesis in vivo. We identified NSC119893
(Figure 1A) as capable of inhibiting translation in vivo and
showing an ICs, of 3 uM (Figure 1E). Under our experimen-
tal conditions, RNA synthesis was not significantly affected,
whereas DNA synthesis was slightly inhibited (Figure 1E).
In vitro, NSC119893 also inhibited TC complex formation,
albeit with reduced potency in comparison to NSC119889
(Figure 1F). For example, 10 uM NSC119889 was sufficient to
inhibit 90% TC formation in the presence of 200 nM elF2,
whereas 25 uM NSC119893 achieved 50% inhibition at the
same concentration of elF2 (compare Figure 1, C and E).
Consistent with NSC119893 inhibiting translation initia-
tion, a reduction in polysomes was observed when MEFs

Molecular Biology of the Cell
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resed on a 10% SDS-polyacrylamide gel, treated with EN®Hance, dried, and exposed to X-OMAT film (Eastman Kodak).

were exposed to compound (Figure 2A). Translation inhibi-
tion by NSC119893 was reversible with protein synthesis
returning to levels present in untreated cells, 6 h after wash-
out. The kinetics of recovery was slower than those observed
when cells recovered from an anisomycin block (Figure 2B).
One possibility is that this may reflect the high binding
constant of NSC119893 for elF2 in vivo, resulting in a slow
off rate and prolonged recovery from inhibition. We also
observed that NSC119893 causes a transient phosphoryla-
tion of elF2« that peaks ~30 min after addition of compound
to cells (Figure 2C) and that has completely dissipated after
2 h (Figure 2C). To determine the extent to which phosphor-
ylation of elF2a on Ser51 contributes to the translation in-
hibition observed in vivo by NSC119893, we compared
protein synthesis in wild-type (wt) mouse embryonic fibro-
blasts (MEFs) to that of MEFs derived from homozygous
elF2aS51A/S51A “knockin” mouse embryos (Scheuner ef al.,
2001) (Figure 2D). The IC;, for wt MEFs exposed to
NSC119893 was ~3 uM, whereas for elF2a5514/551A MEFs it
was 6 uM. Hence, phosphorylation of elF2a by NSC119893
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is a minor contributor to the inhibition of protein synthesis
observed with this compound in vivo and is not responsible
for the inhibition observed during long-term exposure (>2
h) (Robert, unpublished data). The basis for the transient
nature of the NSC119893-induced phosphorylation of elF2«
remains to be elucidated, although one speculation is that
reduction of TC is itself a stress that could trigger elF2«a
phosphorylation.

Ribosome Recruitment to the HCV IRES Is Resistant to
Reduced Levels of Ternary Complex In Vitro

In characterizing the biological activities of NSC119889, we
performed a series of titrations in Krebs-2 extracts pro-
grammed with the bicistronic mRNAs FF/HCV/Ren and
Ren/CrPV/FF (Figure 3A). Given the different factor re-
quirement among IRESes, these constructs allow us to nar-
row potential biological targets of small molecules. In both
cases, translation of the first cistron was inhibited by
NSC119889 showing an IC5, of ~10-25 uM (Figure 3, B and
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C). In contrast, HCV-driven production of Renilla luciferase
was only slightly reduced (25%) at the highest concentration
tested (50 uM) (Figure 3B), whereas CrPV-driven transla-
tion was stimulated up to sevenfold by increasing con-
centrations of NSC119889 (Figure 3C). NSC119893 also
inhibited cap-dependent translation, although not as po-
tently as NSC119889 (Figure 3D) and consistent with its
weaker inhibitory effect on ternary complex formation (Fig-
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ure 1F). These results suggest that HCV IRES-driven trans-
lation proceeds under conditions that reduce TC availability
sufficiently to inhibit cap-dependent protein synthesis (Fig-
ure 3B). This presents a conundrum, because TC is required
for proper 40S positioning at the HCV AUG codon in the
ribosomal P site (Pestova et al., 1998).

We therefore assessed the consequence of NSC119889 on
ribosome recruitment to the HCV IRES (Figure 4). The non-

Molecular Biology of the Cell
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hydrolyzable GTP analog GMP-PNP was used to trap 485
preinitiation complexes on mRNAs, because it prevents re-
lease of assembled initiation factors from the small ribo-
somal subunit and impairs 60S subunit joining (Benne and
Hershey, 1978). Recruitment of 40S ribosomes to CAT
mRNA, although not very efficient in Krebs-2 extracts, was
inhibited by NSC119889 (Figure 4A). In the presence of
GMP-PNP, the HCV IRES forms two complexes that are
detectable on 5-20% sucrose gradients (Figure 4B). Unbound
HCV RNA remains at the top of the gradient in this exper-
iment, and the heavier moving complex sediments to the
similar location than does 48S complexes formed on CAT
mRNA (Figure 4B). The lighter complex cosediments with
40S ribosomes, as detected by monitoring the UV,s, (our
unpublished data). The formation of the 40S and 48S com-
plexes on the HCV IRES is not affected by the presence of
NSC119889 (Figure 4B).

The effect of NSC119889 on 80S complex formation was
also assessed. NSC119889 increased the amount of 80S com-
plexes formed on the CrPV IRES (from <0.5 to 8%) (Figure
4C); however, it slightly reduced 80S complexes on the HCV
IRES (from 69.2 to 61.8%), while increasing 48S complexes
(from 6.4 to 10.5%) (Figure 4D). This trend was reproducibly
observed in seven independent ribosome binding experi-
ments, with 80S complex formation decreasing by 14.7 =
3.4%. Together, these results indicate that NSC119889 1)
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inhibits ribosome recruitment to cap-dependent mRNAs, 2)
delays progression of the 48S complex to 80S complexes on
the HCV IRES, and 3) significantly stimulates ribosome
loading onto the CrPV IRES.

We probed initiation complexes formed on the HCV IRES
in the presence of NSC119889 to determine whether these
contained components of the TC. For this purpose, an RNA
fragment containing the HCV IRES fused to three MS2 bind-
ing sites was incubated in Krebs-2 extracts supplemented
with MS2-MBP fusion protein (Ji et al., 2004) and either
GMP-PNP or cycloheximide to trap 40S/48S or 80S com-
plexes, respectively. Subsequent chromatography on an
amylose matrix, followed by sedimentation velocity centrif-
ugation allows for isolation of the 40S/48S and 80S com-
plexes (Ji et al., 2004). The presence of MS2 binding sites does
not interfere with formation of these complexes on the HCV
IRES (Robert, unpublished data) (Ji et al., 2004). As well, use
of an HCV IRES lacking the MS2 sites failed to yield any
complexes after purification by amylose chromatography
and sedimentation velocity centrifugation (Robert, unpub-
lished data). The presence of the small and large ribosomal
subunits in the isolated complexes was confirmed by the
presence of 18S and 28S rRNA in these fractions (Figure 5A).
elF2a was present in the 48S fractions, but not in 80S com-
plexes, isolated from vehicle treated and NSC119889 treated
extracts (Figure 5B, top, compare lane 4 with 2 and 5 with 3).
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We also probed for the presence of the p116 subunit of
elF3 and observed that it was present in only 48S fractions
(Figure 5B, bottom, compare lane 4 with 2 and 5 with 3).
The presence of Met-tRNA;M¢t in the ribosome complexes
was probed by Northern blotting (Figure 5C). We found
tRNAiMet in 485 and 80S complexes, irrespective of whether
these had been formed in the absence or presence of
NSC119889 (Figure 5C, compare lane 7 with 5 and 8 with 6).
The probe was specific for mammalian tRNA;Me* (compare
lane 1 with 2 and 3) and treatment of the sample with
RNAse A before electrophoresis resulted in loss of the hy-
bridization signal (Figure 5C, compare lane 4 with 3). The
apparent increase in amount of tRNAi™et in fractions from
80S complexes may be a consequence of increased stabiliza-
tion by cycloheximide (Boehringer et al., 2005). These results
indicate that even under conditions of reduced TC availabil-
ity (i.e.,, 50 uM NSC119889), ribosomes bound to the HCV
IRES contain elF2a and Met-tRNA,Met,

To assess whether the Met-tRNA;Met recruited to the HCV
IRES/ribosome complex in the presence of NSC119889 is
functional, we performed in vitro translations using pre-
charged [*°S]Met-tRNA;Met. Titration of NSC119889 in
Krebs-2 extracts programmed with FF/HCV/Ren mRNA
and supplemented with [3°S]Met-tRNAM¢t resulted in a
dose-dependent inhibition of firefly expression with no ef-
fect on Renilla luciferase expression (Figure 5D, compare
lanes 4—8 with lane 1). These results indicate that the HCV
IRES utilizes Met-tRNA ;M during translation initiation at
concentrations of NSC119889 sufficient to inhibit recruit-
ment of 43S initiation complexes to cap-dependent mRNAs.

The Ternary Complex Inhibitor Aurintricarboxylic Acid
(ATA) Does Not Recapitulate the Effects of NSC119889 on
HCV Translation Initiation

ATA (Figure 6A) is a triphenylmethane dye that has been
previously reported as an inhibitor of translation initiation.
Although this compound has been reported to prevent TC
formation (Vazquez, 1979), it is known to be promiscuous
and exerts many off-target effects, including inhibition of
enzymes and protein-DNA interactions (Hallick ef al., 1977;
Catchpoole and Stewart, 1994). We assessed whether addition
of ATA to Krebs-2 extracts programmed with FF/HCV /Ren
or Ren/CrPV/FF could mimic the effects of NSC119889.
ATA produced a dose-dependent inhibition of HCV-driven
translation that paralleled that of the capped firefly lucif-
erase cistron (Figure 6B). Unlike NSC119889, ATA margin-
ally stimulated CrPV-driven translation at 10 uM (1.5-fold)
and inhibited both CrPV-driven and cap-dependent transla-
tion at higher concentrations (Figure 6C). In a reconstituted
system, ATA seemed to inhibit TC binding to the 40S ribo-
some rather than inhibit TC formation (Lorsch, unpublished
data). These results demonstrate that a promiscuous inhib-
itor that affects TC function, like ATA, does not recapitulate
the effects of NSC119889 on the HCV IRES.

HCV Translation Is Refractory to Conditions That Limit
Ternary Complex Availability In Vivo

To assess whether the results obtained in vitro could be
extended in vivo, we used NSC119893 to assess the be-
havior of the HCV and CrPV IRESes in vivo (Figure 7A).
Cells transfected with pGL3/Ren/CrPV/FF and exposed to
NSC119893 showed a dose-dependent inhibition of Renilla
luciferase expression and stimulation of CrPV-driven firefly
luciferase expression (Figure 7B). In contrast, HCV-driven
firefly luciferase expression was only slightly inhibited
(~20%) at concentrations of NSC119893 that block cap-
dependent translation threefold (i.e., 50 uM).
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Figure 8. HCV IRES-mediated translation is resistant to PKR acti-
vation in vivo. (A) Schematic representation of fusion constructs
used to induce coumermycin-mediated dimerization of GyrB-KD
fusion proteins. (B) elF2« is phosphorylated in response to coumer-
mycin-induced dimerization of GryB-PK. At specific periods after
treatment of HT1080 cells with 100 ng/ml coumermycin, protein
extracts were prepared, fractionated by SDS-PAGE, and analyzed
by Western blotting with the indicated antibodies. (C) The HCV
IRES is refractory to PKR activation and elF2«a phosphorylation in
vivo. The Ren/HCV/FF reporter construct (2 ug) was transfected
into HT1080 cells using Lipofectamine Plus. Thirty hours later, cells
were exposed to 100 ng/ml coumermycin for the indicated periods
of times, after which extracts were prepared and the firefly and
Renilla luciferase activities measured. Each transfection was done in
triplicate and repeated three times.

To independently confirm these results, we rendered TC
availability limiting by using two alternative approaches,
one of which prevents dephosphorylation of phospho-elF2«a
by using a recently described small molecule that potentially
targets the serine/threonine phosphatase PP1 and maintains
elF2« in a phosphorylated state, called salubrinal (Boyce et
al., 2005). For these studies, we used a derivative of salu-
brinal (Sal003) that is more potent and more soluble than
salubrinal (Supplemental Figure 1). We also activated the
elF2a kinase PERK by inducing a protein misfolding re-
sponse in the endoplasmic reticulum with tunicamycin. Ex-
posure of transfected cells to Sal003 or tunicamycin reduced
luciferase activity from both pGL3/Ren/CrPV/FF and
pcDNA3/Ren/HCV/FF by ~50-60% (Figure 7C). CrPV
IRES-mediated firefly expression translation was stimulated
2- to 2.5-fold, whereas expression from the HCV IRES re-
mained unaffected (Figure 7C). Western blotting demon-
strated that e[F2«a phosphorylation status was increased by
compound treatment in our experiments (Figure 7D).
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Our finding that HCV IRES-mediated translation occurs
efficiently under conditions of limiting TC availability pro-
vides a molecular mechanism that may explain why HCV
translation is more resistant to inhibition by activated
PKR, an interferon-induced, double-stranded RNA-acti-
vated elF2« kinase. PKR is targeted by the virus for inhibi-
tion by the viral proteins NS5A and E2 (Gale et al., 1998;
Taylor et al., 1999; Pflugheber et al., 2002) as well as by the
HCV IRES itself (Vyas et al., 2003). To assess whether HCV
IRES-mediated expression was more resistant to PKR acti-
vation than cap dependent mRNAs, we activated PKR by
using coumermycin-mediated dimerization of a fusion be-
tween the Escherichia coli GyrB protein and the kinase do-
main of PKR, called GyrB-PKR (Figure 8A). As a control, we
used a catalytically inactive variant of GyrB.PKR, called
GyrB.PKRK296H. On exposure of HT1080 cells expressing
GyrB.PKR or GyrB.PKRK296H to coumermycin, there was a
time-dependent increase in phosphorylation of elF2« (Fig-
ure 8B) (Kazemi ef al., 2004). Transfection of the Ren/
HCV/FF reporter into HT1080 cells resulted in a decrease of
cap-dependent mediated translation without altering HCV-
driven expression observed only in the presence of coumer-
mycin (Figure 8C). These results provide a link between
PKR activation, e[F2a phosphorylation, and resistance of
HCV translation to reduced ternary complex availability.

DISCUSSION

In this study, we characterized a novel inhibitor of eukary-
otic TC formation and used it to demonstrate that the HCV
IRES can efficiently recruit TC under conditions when these
become limiting for cap-dependent translation. Our in vitro
data with NSC119889 is consistent with inhibition occurring
at the level of TC formation and impairing cap-dependent
ribosome recruitment (Figures 1 and 4). A related, cell-
permeable congener, NSC119893, also inhibited TC forma-
tion (Figure 1F) and inhibited cap-dependent, but not HCV-
mediated translation, at 50 uM (Figure 3D). Both the g and
v subunits participate in binding to Met-tRNA;Mt (Hinneb-
usch, 2000), suggesting that NSC119893 might bind the in-
terface between the B and vy subunits of elF2 to prevent
association of elF2 with the initiator tRNA. Consistent with
this, in the presence of the NSC119889 the elF2, GTP, Met-
tRNA;Met binding curve becomes distinctly sigmoidal (Fig-
ure 1C). Binding of compound to the interface would desta-
bilize trimer formation, in which case the observed curve
would represent elF2 assembly, followed by tRNA binding.

Stimulation of CrPV IRES-driven expression in response
to NSC119889 (and NSC119893) is consistent with these
compounds reducing TC availability (Figures 3C and 7B).
This effect on the CrPV IRES is also observed when cells are
treated with thapsigargin (Wilson et al., 2000; Fernandez et
al., 2002b), tunicamycin (Figure 7C), or starved of amino
acids (Fernandez et al., 2002b)—manipulations known to
render elF2-GTP-Met-tRNA;Met complexes limiting. Further-
more, Thompson ef al. (2001) have shown that the CrPV IRES
can only be efficiently translated in yeast strains with ex-
tremely reduced levels of TC (after disruption of two
tRNA™e* genes and a constitutively active GCN2 gene). The
CrPV IRES initiates translation by interacting directly with
the 40S subunit (or the 80S ribosomes) in the absence of
initiation factors, and this event is decreased when 43S ri-
bosomal complexes are present (Pestova et al., 2004). One
possible model by which to explain the stimulation of trans-
lation by NSC119889 and NSC119893 on CrPV IRES-medi-
ated translation is that by decreasing 43S preinitiation com-
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plex formation, the pool of free 40S ribosomes is increased.
This hypothesis remains to be directly tested.

That NSC119889 had a minimal effect on HCV-mediated
translation (Figure 3B) was surprising given that previous
studies have demonstrated that Met-tRNA;Met is required
for formation of competent initiation complexes on the HCV
IRES (Pestova ef al., 1996, 1998). Indeed, NSC119889 has little
effect on 40S binding to the HCV IRES (Figure 4B), while
causing only a slight, but reproducible decrease in 80S ini-
tiation complex formation (Figure 4D). These 48S complexes
contain both elF2a and Met-tRNA;M¢t (Figure 5). The pres-
ence of elF2a in 485, but not 80S complexes, suggests that it
is present in a bona fide initiation complex (Figure 5B). We
also probed for the presence of elF2 and elF2y in these
experiments, but found these to be in both 485 and 80S
complexes (Robert, unpublished data), probably a conse-
quence of the high-intrinsic nonsequence-specific RNA
binding activity of the basic carboxy-terminal domain of
elF2B (Hinnebusch, 2000). Although we make no conclusion
regarding the presence of elF2B and elF2vy in these com-
plexes, the most likely interpretation is that they are present
in native elF2.

What is the mechanism that would maintain translation
of the HCV IRES under conditions when TC formation is
reduced or availability becomes limiting? A schematic rep-
resentation of the HCV translation initiation pathway is
presented in Figure 9. In one route (step a), the HCV IRES
recruits a 40S/elF3/TC and forms a complex that is compe-
tent for 60S ribosome joining (Pestova et al., 1998; Kieft et al.,
2001). The HCV IRES can also directly recruit a 40S ribo-
somal subunit (Pestova et al., 1998; Kieft et al., 2001, 2002;
Lytle et al., 2001, 2002) (step b). This is then followed by
recruitment of elF3 and the TC (step b1l), with stabilization
of the IRES initiation codon in the ribosomal P site (Pestova
et al., 1998; Otto and Puglisi, 2004). By inhibiting recruitment
of TC to 40S ribosomes, we propose that HCV would pre-
dominantly use pathway b to initiate. Unlike cap-dependent
translation initiation where recruited 43S ribosomes are
thought to scan to the initiation codon, the HCV IRES posi-
tions the AUG codon in the ribosomal P site. This aspect of
HCV initiation may allow for efficient recruitment of the TC
that could be driven by the codon-anticodon interactions.
Thermodynamic coupling experiments have indicated that
the affinity of TC for a 40S-elF1-eIF1A complex is 50-fold
higher when an AUG is positioned at the ribosomal P site
(Maag et al., 2005) and could certainly drive TC recruitment
by the HCV IRES. Although the affinity of the HCV IRES for
the 40S ribosome has been reported to be 2 nM (Kieft et al.,
2001), the affinity between the HCV IRES and the 40S/
elF2-Met-tRNAMe“GTP complex has not been established.

An alternative interpretation is that elF2 and Met-tRNA;Met
are independently recruited to the P site of HCV IRES
40S-elF3 complex (step b2). If this mechanism involved
structural rearrangements, it might occlude binding of
NSC119889 to elF2. Conformational changes are thought to
occur during factor assembly on the IRES-40S complex
(Spahn et al., 2001; Boehringer et al., 2005) and could facilitate
this de novo assembly process. The recruitment of eIF2 or
Met-tRNA;Met to HCV-bound 40S ribosomes could be facil-
itated by other auxiliary factors such as La autoantigen (Ali
and Siddiqui, 1997; Costa-Mattioli et al., 2004) or polypyri-
midine tract-binding protein (Anwar et al., 2000). It is worth-
while to note that the yeast homologue of La, LHP1, can act
as an RNA chaperone to stabilize specific conformations of
tRNA (Yoo and Wolin, 1997), and a similar protein could
help recruit the Met-tRNA;Met to the IRES-40S complex.
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Our results demonstrating the ability of the HCV IRES to
maintain translation in the presence of activated PKR and
reduced ternary complexes highlights an innate feature of
HCV translation initiation that can contribute to the evasion
of the interferon-induced antiviral response (Figures 7 and
8). A reduced TC dependence has also been reported for two
other IRESes: EMCV (Hui et al., 2003) and cat-1 (Fernandez
et al., 2002a). As well, alphavirus mRNA is efficiently trans-
lated in the presence of phosphorylated elF2a and results
suggest that initiation on this transcript may use eIlF2A to
recruit Met-tRNA;Met in a GTP-independent manner (Komar
et al., 2005; Ventoso et al., 2006). Our study does not address
the issue of whether the HCV IRES can also recruit Met-
tRNAMet in an elF2A-dependent mechanism. Our results
may also have more general implications for the basic mech-
anism of translation initiation. That is, 40S ribosomes bound
to mRNAs lacking ternary complexes likely occur during
reinitiation of translation at downstream AUGs codon after
translation of (an) upstream open reading frame(s) (Kozak,
1987). Whether the ribosome acquires a preformed TC, or
elF2 and Met-tRNA ;M independently assemble in the P site
of the scanning 40S ribosome, remains to be established.
Compounds like NSC119889 that probe the function of the
TC may be useful for addressing these issues.
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