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ABSTRACT

Adaptation to the host cell environment to efficiently
take-over the host cell’s machinery is crucial in
particular for small RNA viruses like picornaviruses
that come with only small RNA genomes and repli-
cate exclusively in the cytosol. Their Internal
Ribosome Entry Site (IRES) elements are specific
RNA structures that facilitate the 5 end-
independent internal initiation of translation both
under normal conditions and when the cap-
dependent host protein synthesis is shut-down in
infected cells. A longstanding issue is which host
factors play a major role in this internal initiation.
Here, we show that the functionally most important
domain V of the poliovirus IRES uses tRNA®"Y anti-
codon stem-loop mimicry to recruit glycyl-tRNA
synthetase (GARS) to the apical part of domain V,
adjacent to the binding site of the key initiation
factor elF4G. The binding of GARS promotes the
accommodation of the initiation region of the IRES
in the mRNA binding site of the ribosome, thereby
greatly enhancing the activity of the IRES at the
step of the 48S initiation complex formation.
Moonlighting functions of GARS that may be add-
itionally needed for other events of the virus-host
cell interaction are discussed.

INTRODUCTION

Internal Ribosome Entry Site (IRES) elements are specific
RNA structures in the 5'-untranslated region (5-UTR) of
mRNAs that recruit components of the cellular transla-
tion machinery to govern the cap-independent translation
initiation on the RNA. They were initially characterized in

the positive-strand genomic RNAs of picornaviruses (1,2)
and later also in the RNAs of viruses from other families.
The complex picornavirus IRES RNA structures also
recruit a variety of other cellular RNA-binding proteins
that are thought to be involved in IRES activation and
are, at least in part, believed to determine the tropism
of picornaviruses to particular mammalian tissues.
The translation and replication of poliovirus (PV), a
prototype member of the picornaviruses, take place in
the gut but can also occur in neuronal cells where it
causes degeneration and lysis of cells leading to paralytic
poliomyelitis.

The picornavirus IRES-elements are now classified into
four types according to their secondary structure: type I
[e.g. PV and rhinovirus (HRV)], type II [e.g. encephalo-
myocarditis virus (EMCV), and foot-and-mouth disease
virus (FMDYV), type III hepatitis A virus (HAV)] and
type IV, the prototype of which is the recently discovered
Porcine Teschovirus (PTV) IRES (3-5). The type IV
IRESs have a close structural similarity to the IRES of
hepatitis C virus (HCV) but differ from the classical
picornavirus IRESs (5,6).

The function of type II and IV picornavirus IRES
elements has been studied much better than that of types
I and III at a molecular level. One of the reasons is that
a successful reconstitution of 48S translation initiation
complexes from purified components has been attained
only for type II and IV IRESs (6-9). In reconstitution
assays, researchers have not only identified the minimal
set of required canonical initiation factors but also some
auxiliary mRNA-binding proteins involved in type II
and IV IRES activity (3,4,10).

In contrast, attempts to assemble 48S initiation com-
plexes on IRESs of type I have been unsuccessful.
A current explanation is that the PV RNA and RNAs
from other type I viruses require a large number of
specific mRNA-binding proteins (IRES Trans Acting
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Factors, ITAFs) to initiate translation. Unlike Type II
picornavirus RNAs, the genomic RNAs of type I
picornaviruses are poorly and incorrectly translated in
rabbit reticulocyte lysate (RRL), a commonly used
in vitro-translation extract: addition of Hela extract to
RRL greatly stimulates type I picornavirus translation
and abolishes aberrant translation initiation events (11).
At present, at least seven ITAFs are known to bind
the type I IRESs. These are Poly(C) Binding Protein 2
(PCBP2), SRp20, Upstream of N-Ras (UNR), Poly-
pyrimidine Tract Binding Protein (PTB), La-autoantigen,
nucleolin and DRBP76 (12-23). However, the mechan-
isms of action of these mRNA binding proteins in type I
picornavirus RNA translation are not known except
for the general assumption that they may modulate the
IRES’ tertiary structure. Their binding sites are poorly
characterized. Somewhat more data is available on
PTB and its neuronal version nPTB (24): they are
believed to bind at and near the IRES domain V
(domV) and affect binding of the key mRNA recruiting
factor eIF4G (25).

The 5-UTR of PV RNA contains six stem-looped
domains (see Figure 2), of which doms II through VI con-
stitute the IRES. Dom IV and V are thought to play the
most important roles in the activity of the PV IRES
(3,4).The ‘heart’ of the PV IRES is domV. It binds the
complex of elF4G and elF4A (26,27), the initiation
factors that mediate the entry of the 40S ribosome on
the IRES, and elF4B (28). Mutations within this domain
(similar to those in the Sabin live vaccine strains of the
oral PV vaccine) attenuate the ability of PV to propagate
in neuronal cells (27-33). The current model says that the
408 ribosome loaded with canonical initiation factors and
the initiator Met-tRNA enters the PV or rhinovirus IRES
at domains V and VI and transiently recognizes the AUG
triplet at position 586 of the PV IRES or an equivalent
position of rhinovirus IRES. However, the 40S subunit
does not initiate translation at this AUG 586 triplet.
Instead, it moves further downstream and initiates at the
next AUG (743) at a distance of ~160 nt in enteroviruses
and 35nt in rhinoviruses (34).

In spite of the ample literature on the type I IRESs (3,4),
we have not yet a clear idea about the events that occur in
the course of ribosome entry onto these IRES elements.
Moreover, we may not even be sure that we have already
identified all participants of the internal entry since no
systematic screening for factors involved in this process
has ever been performed. That is why we decided to
come back to this problem and perform such a screening.
As a result, we identified a new essential component that is
required for PV RNA translation, glycyl-tRNA synthetase
(GARS). Our data show that this house-keeping enzyme
binds to the key domain of PV IRES, domV. The binding
is highly specific owing to the fact that the apical part of
domV, which is adjacent to the binding site of the initi-
ation factor elF4G, mimics the anticodon stem—loop of
tRNACY. A similar structure can be found in all IRESs
of type I. The interaction of GARS with domV is very
important for the activity of the PV IRES both in vitro
and in cultured cells.
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MATERIALS AND METHODS

Plasmids

Plasmid pMPolio wt bearing the complete 5'-UTR of PV
type 1 strain Mahoney, and its deletion derivatives lacking
domains I to III, IV, V and VI were described in ref. (35).
The fragment covering the PV IRES, Bgl II blunted—
Narl, was recloned from the pMPolio into pGL3R
vector (36) between Pvull and Narl restriction sites. In
the resulting construct PV IRES-Fluc, the initiation
codon AUG 743 of PV RNA directs translation of Fluc.
To prepare the construct PV IRES-Fluc mut
[ACC 495497y — TAG], the reverse P1 and forward P2
primers were used for PCR (For sequences of primers
see Supplementary Table S1). All other constructs used
for in vitro preparation of mRNAs were described in
details in ref. (37). To prepare expression vectors for
the human GARS (Gene ID: 2617) and its derivatives,
RT-PCR fragments were obtained with the total RNA
from HEK293T cells. To this end, a dT;s primed RT
reaction was used, followed by PCR with the pair of
gene-specific primers P3 and P4 containing BamHI and
Xhol sites, respectively. [As the N-terminal 62 amino
acids of GARS represent the mitochondrial localization
signal (MLS), the PCR product corresponding to the
GARS cytoplasmic version without MLS was obtained].
To prepare expression vectors for GARS A WHEP
(A1-119 amino acids) and GARS AABD (A586-739
amino acids), the PCR-products were obtained using the
P5-P6 and P7-P8 pairs of primers, respectively. The
resulting PCR products were cloned into pGEX-6pl
vector (GE Healthcare) between BamH1 and Xhol to
result in GST-GARS fusions.

GARS expression and purification

pGEX-6pl GARS, pGEX-6pl GARS AWHEP and
pGEX-6pl GARS AABD were expressed in Escherichia
coli Rosetta (DE3), and the corresponding proteins were
purified using Glutathione-Sepharose 4B and PreScission
Protease (Amersham) as recommended by manufacturer,
except that PBS was replaced by buffer A100 (20 mM
Tris=HCI pH 7.5, 100mM KCI, 0.1 mM EDTA, 1 mM
DTT, 10% glycerol).

Affinity purification of RNA binding proteins from
cytoplasmic extracts

Nuclease untreated RRL prepared according to a con-
ventional procedure (39) was a kind gift from
L. Ovchinnikov. HeLa cytoplasmic extract was purchased
from CilBiotech. RRL (256 ul), 64l of HelLa extract,
40 pl of 10 x binding buffer [800 mM KCI, 200 mM Tris—
HCI, pH 7.5, 10mM Mg(CH;COO),], 40 U of Ribolock
RNase inhibitor (Fermentas), 40 ug of biotinylated RNA
and H,O up to 400 pl were mixed and incubated at 30°C
for 15 min. After that, each sample was diluted with 2 ml
of wash buffer A [100 mM KCI, 20 mM Tris—HCI, pH 7.5,
10mM Mg(CH;COQO),, 1mM DTT] and complete
EDTA-free protease inhibitor cocktail tablets (Roche).
Finally, 50ul of packed pre-washed Streptavidin
sepharose high performance (GE Healthcare) were
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added. The samples were extensively shaken on ice for 1h,
then the beads were washed two times with 2ml of the
wash buffer B [wash buffer A containing 1mM
Mg(CH;COOQ),]. Finally, the beads were resuspended in
80 ul of wash buffer B supplemented with 2mM CaCl,
and 300U of micrococcal nuclease (Fermentas) and
incubated at 37°C for 30min. Supernatants containing
RNA binding proteins were loaded on a SDS-PAGE
and the gels stained with Coumassie or silver after
electrophoresis.

In vitro transcription

To synthesize monocistronic uncapped RNAs bearing
the 5-UTR (wt or mutated) of PV RNA, the Fluc
coding sequence, the vector 3-UTR and polyA, the
PCR products were prepared using the forward primer
P9 bearing the T7 promoter sequence and the reverse
primer P10. The m’G-capped Rluc mRNA was prepared
as described (38). For affinity purification experiments,
RNase V1 and T2 protection assays and RelE-printing
assays, shorter PCR products were obtained with the
same forward primer P9 and the reverse primer P11
annealed to nucleotides 99-119 of Fluc coding sequence.
For preparation of isolated domV wt and mut (nucleo-
tides 421-597 of the 5-UTR of PV RNA), the forward
primer P12 bearing the T7 promoter sequence and the
reverse primer P13 were used. To prepare a template for
the transcription of tRNASY, the forward primer P14
bearing the T7 promoter and the reverse primer P15
were annealed and filled-in with Taq-polymerase.
tRNAP" from E. coli was a kind gift from I. Boni.
The PCR products were then used as templates for
in vitro RNA transcription by the T7 RiboMAX Large
Scale RNA Production kit (Promega). To prepare
biotinylated RNAs, biotin-16 UTP (Roche) was added to
the transcription mixture in the ratio 1:10 to UTP. The
resulting RNAs were purified by LiCl precipitation
(except for tRNASY which was purified with phenol—
chloroform extraction and gel filtration on Sephadex G50
to remove rNTPs) and checked for integrity by PAGE.

In vitro translation

Uncapped polyadenylated RNA (0.1 pg) of interest
with Fluc reporter coding sequence was mixed with 1ng
of m’G-capped polyadenylated Rluc RNA, 6ul RRL
(or 48 RRL and 1.2ul Hela extract), 0.4U of
Ribolock RNase inhibitor (Fermentas) and a buffer
containing 80 mM KCI, 20mM Tris-HCI pH 7.5, ImM
Mg(CH5;COO), and 8 mM creatine phosphate in a final
volume of 10ul. When required, 0.4pg of GARS
was added (with adjustment of KCI concentration to
80mM). Samples were incubated at 30°C for 1h, Fluc
and Rluc activities were measured using the Dual
Luciferase Assay (Promega).

Cell culture and transfection procedures

Cell cultivation and transfection of reporter mRNAs
are described in detail in (37,38). For experiments
with siRNAs, GIyRS siRNA (sc-75153, Santa Cruz)
and control siRNA (sc-37007, Santa Cruz) were used.

HEK?293T cells were cultivated in DMEM supplemented
with 10% FBS and were replated to 24-well plates. After
the cell density reached 50-70%, the transfection of 1pg of
either GARS-specific or control siRNAs were performed
using RNotion transfection reagent (5 Prime) according to
manufacturer’s instruction. After 24 h of siRNA transfec-
tion, reporter mRNAs were transfected as described pre-
viously (37). For western blotting, antibodies anti-GARS
(sc-98614, Santa Cruz) and anti-GAPDH (Proteintech
Group INC, PTG10494-1-AP) were used.

Toe-printing, enzymatic probing and protection assay, and
RelE-printing

To analyze the binary complex GARSePV IRES by
primer extension inhibition, 0.2 ug of RNA bearing wt
or mut PV 5-UTR plus 119nt of Fluc coding sequence
was incubated with 1 ug of GARS in a buffer containing
100mM KCI, 20mM TrissHCI pH 7.5, 1mM
Mg(CH;COO),, 0.4U of Ribolock RNase inhibitor
(Fermentas) in a final volume of 20 pul. When required,
ATP or AMPPNP were added to the final concentration
2mM and equilibrated with Mg(CH3;COO),. The samples
were preincubated for Smin at 30°C. Then they were
either used for reverse transcription (for toeprinting
assay) or supplemented with 0.002 U of ribonuclease V1
(Ambion) or 0.5U of ribonuclease T2 (Invitrogen) and
additionally incubated for 10min at 30°C. Then RNA
from samples was purified with phenol/chloroform, and
the reverse transcription was performed with the primer
P13 annealed to nucleotides 575-597 of the PV 5-UTR.
For other details of the protocol, see ref. (39). The
RelE-printing assay was performed as described (40).
Briefly, 0.2pg of RNA was incubated with 12pul of
RRL, 3pul of HeLa extract, 0.4 U of Ribolock RNase
inhibitor (Fermentas) and a buffer containing 80 mM
KCl, 20mM Tris—=HCI pH 7.5, ImM Mg(CH;COO),,
8 mM creatine phosphate, 2mM GMPPNP and 0.2 mM
m’GTP  [equilibrated with Mg(CH;COO),] were
incubated for 5min at 30°C. Then, RelE was added to a
final concentration of 2uM, and samples were incubated
at 37°C for 10min. The RNA was purified by phenol/
chloroform extraction and the RT reaction was carried
out. To detect RelE prints from the 48S complexes at
AUGsgs and AUG7y3, the primers P16 (complementary
to positions 648668 of the PV 5-UTR) and P17
annealed to nucleotides 63-81 of the Fluc coding
sequence were used.

RESULTS
The PV IRES-element specifically binds to GARS

To identify essential factors that may have been missed in
previous studies, we performed a comprehensive analysis
of proteins bound to the PV IRES eclement using a
proteomic approach based on the isolation of mRNPs
with biotinylated RNAs. A combined system employing
RRL supplemented with 20% (v/v) HeLa extract was used
throughout these experiments since the synthesis of PV
proteins occurs correctly and efficiently in this system
(11). To perform the analysis under more natural



competitive conditions, i.e. in the presence of intact
cellular mRNAs, neither the RRL nor the HelLa extract
were treated with nucleases to remove endogenous RNAs.
The biotin-labeled RNA comprising the entire PV 5-UTR
and a part of the firefly luciferase (Fluc) reporter sequence
was incubated in the RRL or RRL +HeLa systems and
then adsorbed to streptavidin-agarose. After washing off
unbound proteins, proteins specifically bound to the PV
RNA were brought to solution by RNA digestion using
micrococcal nuclease. This protocol resulted in a very low
background of irrelevant proteins (proteins adsorbed by
the streptavidin—agarose alone). The eluted proteins were
separated by SDS-PAGE electrophoresis, the bands of
interest were cut out and the corresponding proteins
identified by mass spectrometry. As a control RNA, we
used a similar construct with the EMCV IRES (a type II
picornavirus IRES). It should be noted that the selected
extent of biotin-UMP incorporation into RNA did not
affect the formation of the 48S preinitiation complex on
the PV IRES as determined by sucrose gradient sedimen-
tation analysis (data not shown).

One example of the pattern of proteins bound to the PV
5-UTR in comparison with the EMCV IRES is shown in
Figure 1A. The complete list of proteins interacting
with the PV 5-UTR will be published elsewhere. Their
identification is still in progress, but it should be noted
here that we found among them the ITAFs that had
been previously reported to be implicated in the activity
of the PV IRES: UNR, PTB, PCBP, La, nucleolin etc.
However, our attention was drawn to the 74-kDa band
that was completely absent from the proteins bound to the
EMCYV IRES (Figure 1A, lane 3), relatively weak among
the proteins bound to the PV IRES from RRL (lane 1)
and considerably enhanced in the additional presence of
HeLa extract (lane 2). This protein was also absent from
the proteins bound to the 5-UTRs of the cellular Apaf-1,
Hsp70 and LINE-1 mRNAs (data not shown). Mass
spectrometry analysis unambiguously indicated that this
prominent band is a house keeping enzyme, GARS.

According to western blot, the amount of GARS in
HeLa extracts was ~4- to 6-fold higher than in RRL
(data not shown), so addition of 20% of HeLa extract
approximately doubles the level of GARS, this correlates
with enhancement of p74 band on the gel.

The anticodon-binding domain of GARS confers a strong
stimulation of PV IRES-directed translation

The human GARS belongs to the class II aminoacyl-
tRNA synthetases and possesses three structural
domains: the so-called WHEP domain, the catalytic core
domain and the anticodon binding domain (ABD) (see
Figure 1B). To find out whether GARS has any relation
to the activity of the PV IRES, we cloned the cDNA
coding for the human GARS and produced the recombin-
ant human GARS in E. coli. The recombinant protein
corresponds to the cytoplasmic version of GARS, i.e. it
does not contain the N-terminal sequence responsible for
its import to mitochondria (in this study, this protein
lacking the mitochondrial localization sequence is
referred to as the wild-type form, wt). Two shortened
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forms of GARS lacking either its ABD or WHEP
domain were prepared along with the wt enzyme (see
Figure 1B). The recombinant proteins were purified and
tested for their effects on translation of the PV IRES-Fluc
RNA in RRL in the absence of HeLa extract. As shown in
Figure 1C, addition of the wt GARS or its variant lacking
the WHEP domain significantly stimulated the translation
of PV IRES-directed mRNA, whereas addition of the
GARS protein lacking the ABD did not. The addition
of GARS did not affect at all the level of protein synthesis
directed by co-translated the capped mRNA encoding the
Renilla luciferase (Rluc) and the EMCV-Fluc mRNA
(Figure 1D) as well as that of other control reporter
mRNAs with the HCV 5-UTR or m’G and A-capped
5’-UTR from the B-globin mRNA (data not shown).

GARS binds to the apical part of domV of the PV IRES
which mimics the anticodon stem-loop of tRNA®Y

To locate the binding site of GARS on the 5-UTR of PV
RNA, we compared the patterns of proteins bound to
biotinylated IRES variants from which its individual
RNA domains were deleted. Four constructs similar to
those used by Ochs er al. (28) were used: PV IRES
(AI+11+111), PV IRES (AIV), PV IRES (AV) and PV
IRES (AVI) (Figure 2). The binding of some proteins to
the PV IRES was not affected by any of these deletions.
Presumably, the corresponding proteins have several
binding sites scattered over the IRES or bind to the
sequences connecting the IRES domains. In contrast,
other bands completely disappeared on deletion of
particular domains. In particular, the GARS binding site
resides entirely within the IRES domV since its band is
completely absent from the pattern of proteins associated
with the AV PV IRES.

When we looked carefully at the structure of this
domain we noticed that its apical part resembled the
anticodon stem-loop of tRNASY with the anticodon
ACC with one obvious deviation: domV contained
6nt residues in the loop instead of seven residues
typical of anticodon loops of tRNAs (Figure 3A).
Interestingly, this organization of the apical part of
domV may be conserved in all type I IRES eclements
(see below) but is distinct from the functionally analo-
gous domains in the IRES elements of the type II pi-
cornavirus IRESs. We hypothesized that this area of
domV that is immediately adjacent to the binding site
of initiation factors eIF4G+elF4A (26,27) is the
binding site of GARS.

To check this hypothesis, we carried out both a primer
extension inhibition assay and a nuclease foot printing
using two nucleases—V1 (specific for base-paired
regions) and T2 (specific for single stranded loops of
stem—loop structures). The reverse transcriptase reaction
primed downstream of domV showed two stops in the
presence of GARS, at positions 534-535 and 512-513
(Figure 3A and B). Mutation of the putative
‘Gly-anticodon” ACC to UAG resulted in disappearance
of these stops (Figure 3B, compare lane 3 with lane 2).
The addition of GARS inhibited cleavages by nuclease V1
in the near-apical stem of domain V (between positions
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Figure 1. Glycyl-tRNA synthetase (GARS) binds the IRES element of poliovirus RNA and stimulates its activity. (A) The proteins bound to PV
IRES in comparison with those bound to the EMCV IRES. The position of the 74-kDa band specific for the PV IRES is indicated by an arrow.
(B) GARS domain organization. ABD, anticodon binding domain. (C) Effect of addition of the recombinant GARS and its two deletion versions
(AWHEP and AABD) on translation of the PV IRES-Fluc RNA and the control capped Rluc RNA in RRL. The PV IRES-Fluc RNA and the
control mRNA were co-translated in the same samples. The amounts of synthesized Fluc and Rluc were normalized to those produced in the control
sample, i.e. without addition of GARS or its derivatives. (D) The same for the EMCV-Fluc RNA, the luciferase level of the control without GARS
was set as 100% (Rluc values are not showed for space limitations since there is no significant change.).

490-491 and 505-506) and protected the putative
anticodon ACC from the T2 nuclease attack (compare
lines 9 and 10 in Figure 3C). No inhibition of these cleav-
ages by nuclease V1 or protections within the apical loop
was observed for the domV with the mutated ‘anticodon’
(Figure 3A and C, lanes 7, 8 and 11, 12). We concluded
that the interaction of GARS with the PV IRES domV
requires the ‘Gly-anticodon’-containing loop and presum-
ably adjacent base-paired stems. This structure extends
at least to the large side bulge (positions 511-524 in
Figure 3A) where the interaction of elF4G +elF4A has
been proposed (26). These data are in a good agreement
with the importance of the ABD domain of the GARS
protein for the interaction with the PV IRES described
earlier. It may be hypothesized that the mutation of the
‘Gly-anticodon’ of domV does not change significantly its
overall conformation as followed from the foot-printing
analysis. This correlates with equal activities of the mutant
and wt IRESs in RRL (see below) and the data that except
for GARS, the pattern of mRNA-binding proteins bound
to domV was not affected by the ‘anticodon’ mutation
(Supplementary Figure S1).

In order to investigate the conservation of the
‘Gly-anticodon’ in type I IRESes, we analyzed the auto-
matically generated multiple sequence alignment of 2893

sequences of picornaviruses obtained from Rfam database
(41). Aligned sequences of the anticodon loop plus flanked
residues (corresponding to nucleotides 488-503 of PV
IRES) were further processed using Weblogo tool (42)
to generate sequence logo (Figure 3D). It is evident that
while CC residues are absolutely conserved, any nucleo-
tide can be at the position occupied by A495 in the PV
IRES which correlates with the degeneracy of glycine
codon.

The finding that the upper part of domV mimics the
anticodon stem—loop of tRNA®Y was additionally con-
firmed by competition experiments: addition of an excess
of in vitro transcribed tRNA®Y to the RRL+HeLa
cell-free system programmed with the PV IRES-Fluc
inhibited the synthesis of Fluc whereas tRNA"™ had no
effect (Figure 4A). However, the extent of this inhibition
was modest as compared with the inhibitory effect of
domV itself. We conclude that GARS interacts with
domV significantly stronger than in vitro transcribed
tRNASY. It should be mentioned that the complete dis-
sociation of GARS from the complex with the isolated
domV requires a KCIl concentration above 0.7 M (data
not shown). In addition, domV certainly interacts with
other functionally important components. Indeed,
although the isolated domV wt suppressed the translation
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of PV IRES-Fluc more effectively than domV mut, the
effect of the latter was also significant (Figure 4A).
This is in agreement with the data that apart from
GARS the isolated domV additionally binds some canon-
ical and auxiliary factors like elF4G +elF4A (26), PTB
(25) and presumably La-autoantigen (our preliminary
observations). Anyway, a large difference between the
inhibitory effects of domV wt and domV mut, especially
at lower excesses of competitor RNAs, may be attributed
to GARS depletion (Figure 4A). Addition of recombinant
GARS to the cell-free system suppressed by the 15-fold
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molar excess of the competitor domV wt restores the
translational efficiency of the PV IRES-Fluc RNA to
a significant extent (Figure 4B).

The contacts of GARS with the ‘anticodon’ loop of
domV seem to make a major contribution to the affinity
and specificity of the interaction of the enzyme with the
PV IRES: the ACC — UAG mutant does not bind GARS
at all (Figure 3 and Supplementary Figure S1), though,
as discussed earlier, the overall structure of domV does
not seem to change noticeably. It should be noted that
none of the two ATP binding sites of GARS (see
Discussion) appears to be involved in its interaction with
the IRES (Supplementary Figure S2).

Mutation of the ‘Gly-anticodon’ of domV dramatically
affects the translation potential of the PV IRES both
in vitro and in living cells

As expected, the mutation of the ‘anticodon’ in the loop
of domV makes the PV IRES-Fluc translation in RRL
almost insensitive to the addition of exogenous recom-
binant GARS. More importantly, without the GARS
addition the PV IRES-Fluc mRNAs with wt and mutant
domV are translated with rather low but similar efficiency
(Figure 5A). This allows us to believe that the mutation of
the domV ‘anticodon’ unlikely affects the binding of
elF4G to a significant extent and hence the overall struc-
ture of domV does not change significantly as indicated
earlier. The low level of translation is accounted for by the
insufficiency to express the PV RNA that is inherent to
RRL (see ‘Introduction’ section) and by the fact that we
use a nuclease untreated RRL system. In such a system,
the PV IRES-Fluc RNA experiences a big competition
pressure from very efficiently translated capped mRNAs,
first of all from o- and B-globin mRNAs that are abundant
in RRL.

This situation changes dramatically when we add 20%
(v/v) of the nuclease untreated HeLa extract to the RRL.
This supplementation results in a strikingly strong
stimulation of PV translation (compare the values of
Fluc activity in Figure 5A and B), although no stimulation
was observed for the control capped Rluc mRNA (data
not shown). Unlike in the RRL alone, in the combined
RRL+HelLa system the difference in translation
efficiencies between wt and mutant PV IRES elements
reached 10-fold (Figure 5B). Thus, even if GARS may
not be the only component that makes PV translation
that efficient in the RRL+ HeLa system, it is supposed
to be a very important component for this process.
Importantly, the level of GARS in the HeLa extract is
4- to 5-fold higher than in RRL (data not shown),
which correlates with a different amount of GARS
eluted from the PV IRES after incubation in RRL or
RRL plus HelLa in our initial experiment (Figure 1A).
Similar results were also obtained in living HEK293T,
Huh7 and HeLa cells—a 6- to 7-fold inhibition of the
PV translation activity by the ‘anticodon’ mutation in
domV (Figure 5C). These results may suggest an essential
role of the interaction of GARS with domV for the stimu-
lation of translation of PV IRES-containing mRNA.
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To obtain more direct evidence that GARS is required
for the efficient translation driven by the PV IRES, we
depleted GARS by siRNA interference. This operation
turned out to be cytotoxic: we found that for HEK293T
cells even a 2-fold GARS depletion resulted in an adverse
effect on the cell morphology and viability even at 24 h
after siRINA tranfection, and a longer exposure to sSiRNA
resulted in cell death. When we transfected reporter
mRNAs in these GARS-depleted cells, we observed a
mild inhibition of translation of both PV-Fluc and
EMCV-Fluc mRNAs and a 3-fold reduction in the activity
of the control capped Rluc mRNA (Supplementary
Figure S3). Thus, unfortunately, siRNA interference
against GARS is inapplicable way to investigate the
function of GARS in the PV IRES mediated translation.

Enhancement of PV IRES activity by GARS occurs
at the level of 48S complex formation

The time courses of luciferase synthesis for PV IRES-Fluc
mRNAs with the wt and mutated domV diverge from the

very first moment of incubation of the RRL+ HeLa
translation system (data not shown). This suggests that
the mutation of the ‘domV anticodon’ impairs translation
initiation. To check this hypothesis, the efficiency of
recognition of the initiation codons by 40S ribosomes on
the PV IRES had to be compared for the wt and mutated
PV IRES-Fluc mRNA.

The translation initiation complexes can be directly
assembled in vitro in RRL and subsequently analyzed
by toeprinting (39,43). Unfortunately, toeprinting in the
combined RRL+ HeLa system is not possible since cyto-
plasmic extracts of cultured cells contain an RNase H-like
activity which completely destroys duplexes of oligodeox-
ynucleotide primers and mRNAs. As suggested by
Andreev et al. (40), the problem may be solved using
RelE printing instead of the toeprint assay. RelE is a
bacterial toxin that cleaves mRNA at the nucleotide
triplet positioned in the free A-site of the 40S or 80S
ribosome if the P-site is already occupied by Met-tRNA
or peptidyl-tRNA. Like in the case of toeprinting, also
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after RelE treatment the positions of reverse transcriptase
stops (the sites of cleavage) are determined by primer
extension inhibition but the RT reaction is performed
with a deproteinized mRNA when the RNase H activity
is already removed (40).

Analysis of entry of the ribosomal 40S subunit onto
the PV IRES is additionally complicated by the fact that
the PV and other type I IRESs contain two AUG codons
downstream of the suggested region of the 40S ribosome
entry: the AUG at position 586 adjoining the
polypyrimidine tract (see Figure 2A) and the authentic
AUG 743 that is in a good nucleotide context. The

former is now regarded as a preliminary entry codon
from which the 40S ribosome is then transferred to
AUG 743 by a poorly understood mechanism [for
references see (44)]. In fact, this mechanism has never
been analyzed in detail. It was based on solid but
indirect experiments. For this reason, we inspected by
RelE printing both regions, i.e. those surrounding AUG
586 and AUG 743, using two different primers for primer
extension. The data are presented in Figure 6A and B.
We showed for the first time that the 40S ribosomal
subunit recognized both AUG codons, at least in the
presence of the GTP analog GMPPNP, since two RelE
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prints we obtained at positions around 590 and 747
(Figure 6A). The RelE cleavage bands for the mRNA
with the mutated domV were very weak and could be
seen only after overexposure of the gel (Figure 6A, lanes
1,3 and 5, 7). These data provide compelling evidence that
the mutation of the binding site of GARS in the apical
part of domV dramatically impairs the formation of trans-
lation initiation complexes at both initiation codons. The
essential role of GARS for the correct 40S subunit entry at
AUG 586 and AUG 743 could be also demonstrated
without mutating the ‘Gly-anticodon” of domV. A
partial sequestration of GARS in the RRL+HeLa
system by addition of the isolated domV RNA wt
resulted both in inhibition of Fluc synthesis (see Figure
4B) and in weakening of the corresponding RelE cleavages
(Figure 6B). In both cases the inhibitory effects could be
relieved by addition of recombinant GARS to the system

(Figures 4B and 6B). It should be emphasized that for
these experiments we intentionally did not use larger
excesses of the competitor RNA since this results in a
progressive and less specific sequestration of other
mRNA binding proteins, including initiation factors.

DISCUSSION

In this study, we identified an essential component of
the translation initiation machinery acting on the PV
IRES that was missed in previous studies. In contrast to
all other ITAFs identified so far which are all mRNA-
binding proteins and play important roles in nuclear
events, this component is a cytoplasmic house-keeping
enzyme. GARS belongs to the class II of aminoacyl-
tRNA synthetases (AARSs), functions as a dimer and
has a modular organization (45). We show that GARS



binds highly specifically to the apical part of the function-
ally most important domain of the PV IRES, domV:
the binding sites of GARS and of the key initiation
factors elF4G+elF4A are adjacent. Our working
hypothesis is that the interaction with GARS is needed
for a correct positioning of the 40S ribosome at the PV
IRES.

The specificity of the binding of GARS to the IRES
domain V is determined by the apical part of this stem—
loop structure which mimics the anticodon stem—loop of
tRNASY. We have shown that the ‘anticodon’ loop is
fully protected from nucleases in the complex of recom-
binant GARS with domV. A mutation of the ‘anticodon’
of domV abolishes binding of GARS and results in a
dramatic drop of the IRES activity both in the RRL
supplemented with a Hela extract and in transfected
cells. The conservation of two C residues in the loop of
domain V in known representatives of type I IRES
elements is a long standing observation (34,46). In this
report, this conserved feature of domV finally gets a
solid explanation: these two C residues may be invariant
second and third nucleotides of the Gly anticodon,
while the first nucleotide (A in the case of PV IRES) is
redundant (Figure 3D). These two C residues are known
to be essential elements in the cognate tRNA®Y for
recognition by GARS (45). Thus we suggest that GARS
may bind to all type I IRES elements, and our preliminary
data show that it also stimulates the translation of mRNA
directed by the rhinovirus IRES. It should be noted that
GARS has been mentioned by Lin et al. (47) as a result
of screening of proteins associated with the 5-UTR of
Enterovirus 71. However, no attention has been given
to this fact.

Also the way how the ‘anticodon loop’ is presented is
similar in known type I picornavirus IRES elements: the
anticodon loop is fixed by a stem of Sbp (Figure 3A),
which in turn is connected to the second 5-bp stem with
one unpaired nucleotide at one side and with two bulged
nucleotides at the other side.

When the isolated mutated domV is added to the
RRL +HeLa cell-free system, it inhibits the translation
of a PV IRES-directed mRNA to a significantly lesser
extent than the domV wt. The residual inhibitory effect
of domVmut may be accounted for by sequestering elF4G
(26) and probably some ITAFs which bind at or close to
this domain. In line with this conclusion, the sole addition
of the recombinant GARS to RRL (see Figure 5A) is not
able to stimulate PV translation to the same level as
observed in the RRL+HeLa system (Figure 5B).
Therefore, we believe that a concerted action of GARS
and other ITAF(s) is needed to fully activate the PV
IRES. This activation can indirectly contribute to the
‘correcting function’, as well, since the translation initi-
ation apparatus will be preferentially recruited to the
correct initiation site in the viral RNA at the expense of
a spurious initiation at aberrant regions. In addition to
their function of modulating RNA-RNA and RNA-
protein interactions, RNA-binding proteins like PTB
and La may also mask spurious initiation sites (48).
The versatility of La in its association with RNA (49)
suggests that it may bind to multiple sites in the PV
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IRES. Even though La was demonstrated to bind to the
stem—loop VI of the PV IRES (19), no systematic mapping
of possible other La binding sites has been reported,
and the molecular action of La in the PV translation is
not yet understood (50).

The experimental data described in this article allow us
to propose a step in the translation initiation on the PV
IRES that requires the GARS participation. Before
getting to our considerations, it should be reminded that
all well documented viral IRESs, including IRESs
of picornaviruses, possess two common features (51).
They all have a highly specific site(s) to bind one or
more key translation initiation components, e.g. elF4G
in case of picornavirus IRESs and the 40S ribosomal
subunit and elF3 for HCV-like IRESs. Such specific
sites are needed for the 40S ribosomal subunit entry
onto internal regions of mRNAs. However, this feature
is mandatory but not sufficient to confer IRES properties
to a particular region of RNA. Another feature is the
presence of a special structural element(s) in an IRES
that ensures the accommodation of its mRNA initiation
region in the mRNA binding cleft of the 40S subunit. In
the HCV-like IRES elements this accommodation
function is performed by domain II and pseudoknot
(52-54). The functionally analogous elements in picorna-
virus IRESs are not yet characterized. They are presum-
ably located in the domains neighboring domV and
dom J-K in the picornavirus IRESs of type I and II,
respectively.

Our preliminary data indicate that there is no big
difference in ribosome loading of the PV IRES wt and
that with the ‘mutated Gly codon’. This means that the
ribosome recruitment onto the mutant IRES is not signifi-
cantly impaired. Therefore, our current working model is
that GARS via its interaction with other ITAFs or RNA
sequences of neighboring TRES domains directs the
accommodation of the AUG 586-containing region in
the mRNA binding cleft.

It was unexpected to find a ubiquitous house-keeping
enzyme performing the same classical function (tRNA
aminoacylation) in all cells and in all living organisms as
a factor activating translation initiation in mammalian
cells by a rather specific mechanism. However, the
current literature presents us several curious examples of
multi-functionality of proteins, and also for AARSs
several moonlighting functions have been described (55).
Most of them are not related to translation. As to trans-
lation, the classical example is a feedback regulation of the
synthesis of AARS in bacteria. The best studied case is
that of ThrRS in E. coli. This enzyme binds to its
own mRNA near the initiation codon (also employing
anticodon stem-loop mimicry) and thereby prevents its
excessive production (56). In the yeast Saccharomyces
cerevisiae, expression of AspRS is regulated by binding
of AspRS to the 5-UTR of AspRS messenger RNA
(57). Exciting results for mammalian systems have also
been reported by Paul Fox and his colleagues. They
have shown that human glutamylprolyl-tRNA synthetase
is able to interact with ribosomal protein L13a,
glyceraldehyde-3-phosphate dehydrogenase and NSAPI1
to form the GAIT complex that exerts specific
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translational silencing to regulate inflammation (58,59).
In this mechanism, the WHEP domain of Glu-Pro RS
rather than its active center needed for tRNA
aminoacylation is employed. However, to the best of our
knowledge, in all reported cases related to translation,
AARS act as highly specific translational repressors.
Our work shows for the first time that an aminoacyl-
tRNA synthetase is directly involved in stimulating the
formation of translation initiation complexes on an
mRNA.

The finding that the domV of PV IRES is crowned
with GARS looks even more intriguing when we take
into account the fact that nothing like that is observed
for picornaviruses IRESs of type II. Although type I
and type II IRESs differ in secondary structure details,
the fundamental aspects of the mechanism of initiation
on these classes of IRESs are similar. The type II IRESs
have a functionally similar domain (J-K) in the position
equivalent to PV domV. Nevertheless, Type II IRESs
operate without GARS. To recruit the key initiation
factors and the 40S ribosomal subunit to the J-K
domain, they employ various hnRNPs, the principal
function of which is thought to modulate RNA-RNA
and RNA-protein interactions. Therefore, it can be
speculated that GARS binds to the top of domV of PV
IRES not only to fix or modify its conformation or
facilitate binding of other factors. We anticipate that
GARS may be additionally needed for other events of
the virus—host interaction. In this context it may be inter-
esting to briefly mention the non-canonical functions of
GARS.

First of all, GARS is famous for its special relations
with motor neurons. Mutations in GARS cause
Charcot—Marie-Tooth (CMT2D) diseases which are the
most common heritable peripheral neuropathies (60).
Although the molecular mechanisms underlying CMT
disease are not known, the CMT mutations do not correl-
ate with GARS aminoacylation activity and hence may
affect non-canonical functions of GARS. It has been
noticed that motor neurons from patients with the CMT
syndrome reveal impaired mRNA localization and
distribution (61).

The expansion of AARSs non-canonical functionality
also can be achieved via their reaction products. For
instance, the aminoacylation reaction can be diverted to
produce diadenosine tetraphosphate (Ap4A), a universal
pleiotropic signaling molecule required for the regulation
of cellular pathways (62). GARS is unique among all
AARSs: it is able to synthesize Ap4A from two ATP mol-
ecules independent of amino acid (glycine) availability
(63). Thus, it would be of interest to see whether GARS
bound to the PV IRES is still capable of performing
moonlighting functions that have some relation to the
replication of PV in host cells.

SUPPLEMENTARY DATA
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