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ABSTRACT

As cells encounter adverse environmental condi-
tions, such as hypoxia, oxidative stress or nutrient
deprivation, they trigger stress response pathways
to protect themselves until transient stresses have
passed. Inhibition of translation is a key component
of such cellular stress responses and mounting ev-
idence has revealed the importance of a class of
tRNA-derived small RNAs called tiRNAs in this pro-
cess. The most potent of these small RNAs are those
with the capability of assembling into tetrameric G-
quadruplex (G4) structures. However, the mechanism
by which these small RNAs inhibit translation has
yet to be elucidated. Here we show that eIF4G, the
major scaffolding protein in the translation initia-
tion complex, directly binds G4s and this activity is
required for tiRNA-mediated translation repression.
Targeting of eIF4G results in an impairment of 40S
ribosome scanning on mRNAs leading to the forma-
tion of eIF2�-independent stress granules. Our data
reveals the mechanism by which tiRNAs inhibit trans-
lation and demonstrates novel activity for eIF4G in
the regulation of translation.

INTRODUCTION

Protein synthesis consumes a significant fraction of cellular
energy expenditure. The initiation of this process is tightly
regulated to ensure that metabolic conditions are adequate

to support this energy intensive process [reviewed in (1)].
This regulatory control is particularly important in cells
exposed to adverse conditions that tax energy stores and
metabolic resources. Under these conditions, the cellular
stress response acts to conserve energetic reserves and redi-
rect resources towards the repair of stress-induced damage
to enhance cell survival. Canonical cap-dependent transla-
tion occurs when eukaryotic initiation factor (eIF) 4F binds
to the m7GTP mRNA cap. eIF4F is a heterotrimeric com-
plex composed of eIF4E, the cap binding protein, eIF4A,
a DEAD-box helicase, and eIF4G, a large scaffold protein
that facilitates interactions with other eIFs, notably, eIF3
and poly(A) binding protein (PABP). Building upon the
eIF4F–cap complex, the 48S pre-initiation complex scans
through the 5′ untranslated region (5′ UTR), pausing at
the AUG start codon. In response to stress, these processes
are modified to reduce general cap-dependent translation,
resulting in reduced energy expenditure, and favor non-
canonical translation initiated on transcripts bearing up-
stream open reading frames or IRES elements, resulting
in the production of proteins that help cells survive the
stress. Mechanistically, phosphorylation of eIF2� by one
of four eIF2� kinases or disruption of the eIF4F com-
plex by mTOR-regulated 4E-BP, play major roles in this
stress-induced regulatory process. We and others have dis-
covered a stress-activated tRNA-derived non-coding RNA
that similarly targets the translation initiation complex to
re-program protein synthesis during stress. This process is
initiated by the angiogenin-induced cleavage of the anti-
codon loop of tRNA to produce 5′- and 3′-tRNA-derived
stress-induced RNAs (tiRNAs) (2,3).
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Selected tiRNAs that contain a stretch of guanosines at
their extreme 5′ end, termed a terminal oligoguanine (TOG)
motif, are potent inhibitors of translation (4). This activ-
ity is intrinsic to the molecules and not a result of bulk
tRNA depletion as is true for other responses (5). Only ∼1%
of all tRNAs are cleaved. Translation repression by TOG-
containing tiRNAs is a result of displacement of eIF4F
from the m7GTP mRNA cap. This results in the formation
of stress granules (SGs), stored condensates of stalled pre-
initiation complexes (6). Surprisingly, SG formation by tiR-
NAs is not a result of eIF2� phosphorylation, the canoni-
cal mechanism of triggering SG formation. Our initial re-
sults suggested that the cold-shock domain containing pro-
tein, YB-1, was necessary for tiRNA-mediated eIF4F dis-
placement and translation repression (4); however, follow
up work revealed that YB-1 was required for SG formation
but not for eIF4F displacement or translation repression
(7).

The TOG motif bestows translation inhibition activity
by facilitating the formation of tetrameric G-quadruplex
(G4) containing molecules (8,9). G4s are formed by stack-
ing of planar structures called G-quartets that form by
Hoogsteen base-pairing of four guanosines. G4s have mul-
tiple roles in RNA biology as they regulate transcription,
mRNA splicing, mRNA localization, translation and more
[reviewed in (10)]. In addition to their roles in normal bio-
logical processes, G4s have also been implicated in multiple
pathological states, such as in C9ORF72-associated amy-
otrophic lateral sclerosis (ALS) (11). The tetrameric G4-
containing form of TOG-containing tiRNAs (G4-tiRNAs)
is the bioactive molecule. Ionic conditions that disfavour G4
formation or chemical modifications that prevent G4 for-
mation abolish activity (9).

Here, we present data demonstrating that G4-tiRNAs in-
hibit translation by directly targeting the HEAT1 domain of
eIF4G, the major scaffolding protein necessary for transla-
tion initiation. This activity is solely dependent upon eIF4G
as all other human proteins are dispensable. We confirm
that G4 structures are necessary for this activity, and re-
veal that eIF4G has G4 binding activity. This mechanism
of translation inhibition results in a failure of the scan-
ning step of translation initiation. Pharmaceutical inhibi-
tion of scanning has previously been shown to trigger the
formation of SGs in a phospho-eIF2� independent manner
(12,13). Thus, data presented here reveals new functionality
for eIF4G, demonstrates how G4-tiRNAs inhibit transla-
tion and induce phospho-eIF2� independent SGs.

MATERIALS AND METHODS

Generation of plasmids

Human eIF4E cDNA was cloned between BamHI and
XhoI of pET28a (EMD Millipore) generating pET28-
eIF4E. Fragments of eIF4G were amplified with BglII
and XhoI linkers by PCR and cloned into pET28a be-
tween BamHI and XhoI generating pET28-eIF4G (90–651)
and pET28-eIF4G(90–1129). Poliovirus 2A protease was
cloned into pET32a between BamHI and XhoI to gener-
ate the pET32a-2APro plasmid. pET21b (EMD Millipore)
was modified encode a Smt3 tag to aid in solubility of tar-

get proteins. Smt3 with an N-terminal 10X His tag was
cloned between the XbaI and XhoI sites of pET21b, gen-
erating the pET21–10XHis-Smt3 plasmid used in this pub-
lication. The HEAT1 domain of eIF4G was amplified and
cloned between BamHI and XhoI into this vector generat-
ing pET21–10XHis-Smt3-eIF4G (HEAT1). Previously de-
scribed bicistronic reporters were used as templates for the
generation of monocistronic IRES reporters (14). In each
case, the upstream firefly luciferase cistron was deleted by
digesting with NheI and XbaI. The plasmid backbone was
re-ligated to generate the pT7-IRES-NLuc-A50 series of
plasmids. Then, NanoLuc was removed by digestion with
NdeI and XhoI and replaced with firefly luciferase to gen-
erate the pT7-IRES-FLuc-A50 series of plasmids.

Purification of recombinant proteins

All proteins were expressed in Rosetta 2 pLysS Escherichia
coli cells after transfection of specific plasmids. Cells were
grown at 37◦C in 2XYT media until the OD reached 0.6–
0.8 and then induced with 1 mM IPTG for 4 h. Cells were
pelleted by centrifugation and frozen at –80◦C for later use.

eIF4G (HEAT1) was purified by disrupting cells by son-
ication in 20 mM Tris [pH 8.0], 150 mM NaCl. Lysate was
clarified by centrifugation (20 min at 21 000 × g). Lysate
was incubated with 2 ml of Ni-NTA agarose (Invitrogen)
for 2 h at 4◦C. Beads were washed 1× with 20 mM Tris
(pH 8.0), 150 mM NaCl, 10 mM Imidazole then 1x with
20 mM Tris (pH 8.0), 500 mM NaCl, 10 mM Imidazole
and then 1× with 20 mM Tris (pH 8.0), 150 mM NaCl, 10
mM Imidazole before elution with 20 mM Tris (pH 8.0),
150 mM NaCl, 250 mM Imidazole. Eluted protein was di-
alyzed overnight into 10 mM Sodium Phosphate (pH 7.5),
300 mM NaCl, 2 mM �-Mercaptoethanol, 5 mM MgCl2,
5% glycerol. The following day, the protein was dialyzed
against fresh buffer for an additional 4 h. Precipitate was
cleared by centrifugation and supernatant was concentrated
with Amicon Ultra-15 Centrifugal Filter Unit (NMWL 30
kDa). Finally, ATP was added to a final concentration of 1
mM. eIF4E was purified by the same manner except it was
dialyzed against 20 mM Tris [pH 8.0], 150 mM NaCl, 0.1
mM EDTA, 10% glycerol. Poliovirus 2A protease was puri-
fied under denaturing conditions and resolubilized as previ-
ously described (15). Purified 2A protease was concentrated
with Amicon Ultra-15 Centrifugal Filter Unit (NMWL 10
kDa) and stored at –20 in TMO.1 buffer (50 mM Tris [pH
7.4], 20% glycerol, 1 mM EDTA, 1 mM DTT, 12.5 MgCl2,
100 mM KCl).

Purification of eIF4F and cap binding assay

Highly purified eIF4F was purified from rabbit reticulocytes
as previously described (16). A graphical representation of
the purification schema is shown in Figure 1A. For purifica-
tion of eIF4E:eIF4G complexes from E. coli, pET28-eIF4E,
pET28-eIF4G (90–651), or pET28-eIF4G (90–1129) were
transformed into Rosetta2 pLysS cells, grown in 2XYT me-
dia until OD reached 0.6 and then induced with 1 mM IPTG
for 4 h. Aliquots of bacteria were spun down (1 ml for eIF4E
and 10 ml for eIF4G) and frozen at –80◦C. For purifica-
tion, frozen aliquots were thawed on ice and resuspended in
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Figure 1. G4-tiRNAs directly target eIF4F. (A) Strategy of purification of eIF4F adapted from (16). (B) Purified human eIF4F is sensitive to TOG
containing tiRNAs in a G-quadruplex dependent manner. Purified eIF4F was bound to m7GTP-agarose and challenged with indicated small RNAs.
5′tiRNAAla efficiently disrupted the eIF4F complex, but 5′tiRNAAla(daG), which cannot form a G4 efficiently had reduced activity. (C) Schematic of eIF4G
indicating domains required for interaction with other proteins (orange), protease cleavage sites (red lines), sites of truncations (black lines). RNA Binding
region (red bar) and HEAT1 repeat (green bar) are indicated. (D) Recombinant eIF4G containing the RNA binding region is sensitive to 5′tiRNAAla.
eIF4E and truncation of eIF4G were expressed and purified from E. coli, bound to m7GTP-agarose and challenged with indicated RNAs. 5′tiRNAAla

could disrupt eIF4F when eIF4G retained the RNA binding regions (90–1129). This disruption was dependent upon G4 formation as 5′tiRNAAla(daG)
is incapable of disrupting eIF4F.

20 mM Tris [pH 8.0], 150 mM NaCl, 0.5 mg/ml lysozyme.
Cells were further disrupted by sonication and lysate was
clarified by centrifugation. 10% NP-40 was added to super-
natant to a final concentration of 0.5%. Individual lysates
or combined lysates were incubated with m7GTP-agarose
(Jena Biosciences) for 2 h and washed 3× with 20 mM Tris
[pH 8.0], 150 mM NaCl, 0.5% NP-40. Cap competition as-
says were performed with small RNAs as described previ-
ously (4).

Protease cleavage reactions and cleavage product capture

One 10-cm2 plate of U2OS cells were lysed in 900 �l of NP-
40 Lysis Buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 0.5%
NP-40) to which the optimal amount of recombinant 2A
protease needed for cleavage was determined. Cleavage re-
actions were carried out in lysis buffer at room temperature
for 2 hours while tumbling. Cleaved eIF4G was captured
using eIF4E-saturated m7GTP-agarose (Jena Biosciences).
eIF4E-saturated m7GTP-agarose was generated by adding
20 �l of purified eIF4E (100 pmol) to 100 �l of m7GTP-
agarose and tumbled for 2 hours at 4◦C. Beads were washed
extensively with NP-40 lysis buffer. For generation of Casp3
cleaved eIF4G, U2OS cells were treated for 16 hours with
500 �M CisPt to induce apoptosis. Cell lysates were pre-
pared with NP-40 Lysis Buffer (20 mM Tris [pH 8.0], 150
mM NaCl, 0.5% NP-40). Cleaved eIF4G fragments were

captured from lysate with eIF4E saturated m7GTP-agarose
(Jena Bioscience). Cap competition assays were performed
with small RNAs as described previously (4).

Electrophoretic mobility shift assays

Synthetic RNA was end labeled with ATP, [� -32P]-
3000 Ci/mmol (Perkin Elmer) using T4 Polynucleotide Ki-
nase (New England Biolabs). RNA was purified by gel fil-
tration with Illustra MicroSpin G-25 Columns (GE Health-
care). 1 pmol of purified RNA was used per reaction and
indicated amounts of recombinant protein. RNA and pro-
teins were mixed in 10 mM sodium phosphate (pH 7.5),
300 mM NaCl, 2 mM �-mercaptoethanol, 5 mM MgCl2,
5% glycerol, 1 mM ATP and incubated at room temper-
ature for 10 min before loading onto 5% acrylamide gel
(29:1 Acrylamide:Bis-acrylamide, 0.5× TBE, 5% glycerol).
Gels were dried and visualized by autoradiography. For cold
competition assays, after 10 min of incubation at room tem-
perature, 1 �l of RNA at indicated concentration was added
and complexes were incubated for a further 10 min at room
temperature before separating complexes by electrophore-
sis.

Microscale thermophoresis assay

MicroScale Thermophoresis (MST) experiments were per-
formed according to the instrumental protocol in a Mono-
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lith NT.115 (red/blue) instrument (NanoTemper Technolo-
gies). Serial dilutions of eIF4G-HEAT1 were made using
a buffer containing 10 mM sodium phosphate (pH 7.5),
300 mM NaCl, 2 mM �-mercaptoethanol, 5 mM MgCl2,
5% glycerol, and 1 mM ATP. 3′-FAM labeled RNA oli-
gos (IDT) were used as targets for the binding experiments.
RNA solutions were heated at 95◦C in presence of 100 mM
KCl and allowed to cool down to room temperature to fa-
cilitate G4 formation. RNA concentration was kept con-
stant at 20 nM throughout the experiments. The RNA-
protein mixture was incubated at room temperature for 15
min before running the binding efficiency test experiments.
MST experiments were performed using 40% and 60% MST
power and between 20–80% LED power at 24 ◦C. The MST
traces were recorded using the standard parameters: 5 s
MST power off, 30 s MST power on and 5 s MST power
off.

The data presented here are the average of 3 independent
experiments. Average normalized fluorescence (%) was plot-
ted against HEAT1 concentration to determine the bind-
ing constant (Kd). Ligand depletion model with one binding
site was used (GraphPad Prism 8) to fit the binding which
follows the following model: Y = Bmax*X / (Kd + X)

Crosslinking assays

In vitro transcription was preformed using synthetic
oligonucleotides containing the T7 RNA polymerase
promoter and the 5′ UTR of pT7-FLuc-A50 by the method
originally described by (17) with modifications described
in (18). The sequence of the transcribed RNA was: 5′ –
GGGAAUUCACCGGUACUACUGUCAGCGCUAGC
– 3′. Transcribed RNAs were PAGE purified overnight,
ethanol precipitated and resuspened in H2O. RNAs were
capped using vaccinia capping enzyme (New England
Biolabs) according to manufactures instructions. 5 pmol
of capped, radiolabelled RNA was incubated with 5 �l
of rabbit reticulocyte lysate (Promega) and 100 pmol
of indicated tiRNAs. Reactions were incubated on ice
for 10 min and then crosslinked in Stratolinker (1.6 J).
Crosslinked complexes were denatured in SDS-loading dye
and heated to 100◦C for 10 min before running on 4–20%
Novex gel. Gels were dried and complexes were visualized
by autoradiography.

In vitro translation assays

pT7-FLuc-A50, pT7-PV-FLuc-A50, and pT7-EMCV-
FLuc-A50 were linearized with NotI and transcribed with
HiScribe T7 High yield RNA Synthesis Kit according
to manufacturer’s instructions (New England Biolabs).
For NanoLuc reporters with differing 5′ UTR lengths,
pNL1.1 (Promega) was used as a PCR template. Forward
primers contained a T7 promoter for transcription and
were positioned to generate the indicated 5′ UTR length.
Reverse primer added a synthetic poly(A) tail. RNAs was
transcribed with HiScribe T7 High yield RNA Synthesis
Kit according to manufacturer’s instructions (New Eng-
land Biolabs). In vitro translation assays were performed as
previously described (4).

RESULTS

G4-tiRNAs directly act upon eIF4F components

We began our investigation of whether G4-tiRNAs di-
rectly targeted eIF4F by using eIF4F purified from rabbit
reticulocytes. Previously, we had purified eIF4F from cel-
lular lysates using a single step m7GTP-agarose purifica-
tion. However, this approach co-purifies hundreds of cap-
associated proteins (19,20). Therefore, we used a more strin-
gent purification strategy to purify eIF4F away from other
cellular proteins (Figure 1A). We chose 5′tiRNAAla as the
prototypical G4-tiRNA as we have previously characterized
this RNA species structurally and functionally (4,7–9). We
bound purified eIF4F to m7GTP-agarose and challenged
eIF4F with various control RNAs or 5′tiRNAAla. We used
the inactive 5′tiRNAMet as a control as it does not repress
translation, contain a TOG motif or form a G-quadruplex
(4,9). Control RNAs (Ctrl1 and 5′tiRNAMet) did not af-
fect the association of eIF4F with m7GTP-agarose, but
5′tiRNAAla efficiently displaced eIF4G as has been previ-
ously shown with eIF4F from 1-step m7GTP-agarose pu-
rification (4). Our previous work showed that 5′tiRNAAla-
mediated displacement of eIF4F requires the G4 structure
as this function is attenuated by 7-deazaguanosine sub-
stitutions that prevent G4 assembly (9). In line with this
data, 7-deazaguonisine substituted 5′tiRNAAla is reduced
in its ability to repress translation or trigger the formation
of stress granules. In a similar fashion, 7-deazaguanosine
(daG) substituted 5′tiRNAAla is reduced in its ability to dis-
place purified eIF4F complexes from m7GTP-agarose (Fig-
ure 1B, ln 5). The purification schema used here has been
shown to reliably purify eIF4F from other cap associated
proteins (16); however, to ensure that 5′tiRNAAla does not
target contaminating human proteins, we assembled com-
plexes composed of Escherichia coli-derived recombinant
proteins. A full biochemical interrogation of eIF4G has
been stymied by the inability to recombinantly express and
purify the full-length protein. For our purposes, we used the
ability of properly folded eIF4G to interact with eIF4E as
a basis for purification. Properly folded, active eIF4E was
purified from E. coli using m7GTP-agarose and properly
folded, active eIF4G was purified based on its ability to in-
teract with this protein (Supplementary Figure S1A, B). We
used this system to interrogate domains that might be neces-
sary for these functional activities. eIF4G contains a poorly
defined RNA binding region roughly spanning amino acids
Glycine-682 to Arginine-1115 (Figure 1C). We expressed
and purified two truncations of eIF4G, one spanning amino
acids 90–651 that lacks the RNA binding region (RBR-)
and a second spanning amino acids 90–1129 that includes
the RNA binding region (RBR+). By challenging these
complexes with 5′tiRNAAla or control RNAs, we showed
that 5′tiRNAAla is incapable of displacing the RBR– frag-
ment (Figure 1D, left panel). However, the RBR+ fragment
is sensitive to 5′tiRNAAla (Figure 1D, right panel). Fortu-
itously, the RBR+ fragment co-purified with a C-terminal
truncation of the approximate size of the RBR– fragment
(*). The location of the antibody epitope confirms that this
is a C-terminal and not an N-terminal truncation (Supple-
mentary Figure S2A). This co-purifying fragment, which
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must lack much of the RBR, is less sensitive to 5′tiRNAAla,
thus serving as an ideal internal control for the requirements
of displacement. Further, neither full length RBR+ frag-
ment, nor the truncation, is sensitive to 7-deazaguanosine
substituted 5′tiRNAAla. Thus, these data show that dis-
placement of eIF4G from m7GTP caps by G4-tiRNAs is
independent of other human proteins, requires the RNA
binding region of eIF4G, and the G-quadruplex structure
of tiRNAs.

The RNA binding region of eIF4G is necessary and sufficient
for G4-tiRNA-mediated displacement

eIF4G interacts with multiple protein binding partners and
has numerous post-translational modifications, all of which
would be absent from the E. coli-derived recombinant pro-
tein. To confirm that the insensitivity of the RBR- frag-
ment is due to the lack of the RNA binding region and
not an artifact due to expression in E. coli, we returned
to human cells. Owing to its central role in regulating
translation, eIF4G is a target of multiple cellular and vi-
ral proteases. Following infection by poliovirus, eIF4G is
cleaved by virally expressed 2A protease (2APro) between
Arginine-681 and Glycine-682, separating the eIF4E bind-
ing site from the RNA binding region (Supplementary
Figure S2A). We treated U2OS cell lysate with recombi-
nantly expressed 2APro and determined the amount of pro-
tease needed to fully cleave endogenous eIF4G (Supple-
mentary Figure S2B, C). The eIF4G cleavage product re-
sulting from 2APro cleavage (CP2A) was purified by inter-
action with recombinant eIF4E bound to m7GTP-agarose.
Pull-downs from untreated and treated lysates were chal-
lenged with 5′tiRNAAla or control RNAs. As before, un-
treated eIF4G remained sensitive to 5′tiRNAAla despite be-
ing captured by recombinant eIF4E (Figure 2A). How-
ever, eIF4G (CP2A), which lacks the RNA binding region,
was insensitive to 5′tiRNAAla, confirming data from eIF4G
truncations expressed in E. coli. eIF4G is also targeted by
cleaved Caspase-3 (Casp3) upon the induction of apopto-
sis. In contrast to 2APro, Casp3 targets two different sites
on eIF4G, generating a central cleavage product between
amino acids 532 and 1176 (Supplementary Figure S2A).
The cleavage product that is purifiable by its interaction
with eIF4E on m7GTP-agarose lacks the N- and C-termini
of endogenous eIF4G. We triggered Casp3-mediated eIF4G
cleavage by treating cells with cisplatin (CsPt) (Supplemen-
tary Figure S2D), a potent apoptosis inducing chemother-
apeutic agent that results in eIF4G cleavage (21). We con-
firmed that the central cleavage product was affinity purified
based on its interaction with eIF4E on m7GTP-agarose, but
the N-terminal cleavage product was not (Supplementary
Figure S2E, F). We tested if the resultant cleavage product
(CPCasp3) remained sensitive to tiRNAs as before. Indeed,
owing to the fact that this cleavage product retains the RNA
binding regions, it remained sensitive to 5′tiRNAAla (Figure
2B). These data support our previous data that G4-tiRNAs
directly target eIF4F (Figure 1) and reveal that the central
RNA binding region is both necessary and sufficient for tar-
geting of endogenous eIF4G.

G4-tiRNAs directly interact with the HEAT1 domain of
eIF4G

Within the RBR is a conserved structural domain known as
a HEAT repeat. HEAT repeats are found in a wide variety
of proteins and play a variety of roles. They are composed
of alternatively stacked �-helices (22). Throughout eIF4G,
there are 3 distinct HEAT repeats and thus, this initial re-
peat is referred to as HEAT1. This domain has been shown
to have RNA binding activity and thus we hypothesized
that G4-tiRNAs may directly interact with the HEAT1 do-
main. Thus, we expressed and purified the HEAT1 repeat
in E. coli (Supplementary Figure S3). We performed mi-
croscale thermophoresis (MST) and RNA electrophoretic
mobility shift assays (rEMSA) to quantify the affinity of
G4-tiRNAs for the eIF4G HEAT1 domain (Figure 3A, B).
RNA binding analysis by MST revealed that the HEAT1
repeat of eIF4G interacted with 5′tiRNAAla but not with
a scrambled G-rich control RNA (Figure 3A). Notably,
the affinity of HEAT1 for 5′tiRNAAla is higher than the
reported affinity of HEAT1 for the EMCV IRES (Kd =
0.41 �M versus 1.3 �M, respectively) (23). MST analy-
sis using a scrambled control revealed no interaction (Fig-
ure 3A). By performing rEMSA analysis, we confirmed
that the HEAT1 domain interacts with 5′tiRNAAla (Figure
3B). Unexpectedly, HEAT1 shifted 5′tiRNAAla as two dis-
tinct complexes. This was reminiscent of the two conform-
ers that 5′tiRNAAla adopts in isolation: a monomeric con-
former and a G-quadruplex containing tetrameric confor-
mation (Figure 3C). To confirm that these complexes re-
flect monomeric single stranded (ss)RNA-bound HEAT1
and tetrameric G-quadruplex (G4)-bound HEAT1, we per-
formed cold competition assays (Figure 3D). HEAT1 was
bound to radiolabeled 5′tiRNAAla and competed with cold
unmodified 5′tiRNAAla (WT) or 7-deazaguanosine mod-
ified 5′tiRNAAla [5′Ala(daG)] (9). As expected, competi-
tion of radiolabeled 5′tiRNAAla with cold 5′tiRNAAla com-
peted both complexes. However, competition of radiola-
beled 5′tiRNAAla with cold 5′tiRNAAla (daG) competed
the faster moving complex with the same efficiency as
5′tiRNAAla (WT). However, competition of the more slowly
moving complex was severely impaired. These results indi-
cate that HEAT1 is capable of binding to ssRNA, as has
previously been shown (24,25), but also to G4-containing
RNA. Finally, we determined whether purified recombi-
nant HEAT1 could block the ability of 5′tiRNAAla to dis-
rupt the eIF4F complex. We used m7GTP-agarose to pull
down eIF4F complexes from cell lysates, then challenged
with tiRNAs or control RNAs in the absence or pres-
ence of recombinant HEAT1 (Figure 3E). The ability of
5′tiRNAAla to displace eIF4G (and a portion of eIF4E) was
abolished in the presence of recombinant HEAT1 (Figure
3E, lane 7). As the RNAs used in this experiment contained
a 3′ biotin moiety, we were able to recover them and the pro-
teins from the supernatant using streptavidin-sepharose. In
the absence of HEAT1, a portion of displaced eIF4G and
eIF4E became associated with biotin-5′tiRNAAla (Figure
3E, lane 10). In the presence of HEAT1, biotin-5′tiRNAAla

pulled down His-HEAT1, but not eIF4G or eIF4E (Figure
3E, lane 13). Thus, the interaction between 5′tiRNAAla and
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Figure 2. Endogenously expressed eIF4G requires the RNA binding region for G4-tiRNA activity. (A) eIF4G was cleaved with poliovirus 2A protease
which separated the eIF4E binding site from the RNA binding region. This fragment was purified on m7GTP-agarose based on its ability to interact with
eIF4E. Full length (FL) eIF4G is sensitive to 5′tiRNAAla but the 2A protease cleavage product (cp2A), which lacks the RNA binding region, is insensitive.
(B) eIF4G was cleaved by activated caspase3 after induction of apoptosis by cisplatin. The cleavage product containing the eIF4E binding site retains the
RNA binding region but lacks the N- and C-termini. This cleavage product (cpcasp3) was purified on m7GTP-agarose and challenged with different small
RNAs. It remained sensitive to 5′tiRNAAla.

the HEAT1 repeat of eIF4G is necessary for 5′tiRNAAla ac-
tivity.

G4-tiRNAs inhibit the scanning step of translation initiation

The heterotrimeric eIF4F complex is necessary for cap-
dependent translation initiation, with each individual sub-
unit playing distinct roles in the process. The HEAT1 do-
main of eIF4G is required for the scanning step of trans-
lation initiation (26). Additionally, eIF4A plays an out-
sized role in promoting efficient scanning. We confirmed
that eIF4A was displaced from the 5′ UTRs of mRNAs
through UV crosslinking. Rabbit reticulocyte lysates were
incubated with capped radiolabled RNAs that comprised
the 5′ UTR of a luciferase reporter and challenged with
control RNAs or tiRNAs. Complexes were crosslinked, re-
solved on an SDS-PAGE gel and visualized by autoradiog-
raphy. We note loss of crosslinks corresponding to proteins
the size of eIF4A and eIF4E (Figure 4A). This corrobo-
rates our earlier data that demonstrated that eIF4A was dis-
placed along with eIF4G in cap binding assays (4). Surpris-
ingly, there is an additional, unidentified crosslink that is
unaltered by 5′tiRNAAla. As tiRNAs target the HEAT1 do-
main and displace eIF4A, we sought to determine whether
they specifically inhibited scanning. To this end, we as-
sayed the ability of tiRNAs to repress the translation of
an uncapped reporter or an uncapped reporter harbour-
ing EMCV-A6 or Poliovirus (PV) IRES elements (Figure
4B). Our previous work showed that translation driven from
the EMCV-A7, but not the EMCV-A6, IRES is inhibited
by tiRNAs (4). The A7 variant binds with lower affinity
binding to the eIF4G HEAT1 domain, suggesting a pos-
sible mechanism for the differential sensitivity to tiRNAs.
Here we compared the ability of tiRNAs to inhibit transla-
tion initiated at PV or EMCV-A6 IRESes because both are
picornavirus sequences that require a similar set of trans act-
ing factors (TAFs) to initiate cap-independent translation
[reviewed in (27)]. However, the biggest difference between
the two is the location of the start codon relative to the
assembly point of the ribosome and TAFs. EMCV assem-
bles these factors immediately adjacent to the start codon

such that minimal scanning of the ribosome is necessary
prior to start codon recognition. In contrast, PV IRES is
located greater than 400 nt upstream of the start codon re-
quiring the pre-initiation complex to scan the 5′ UTR to
reach the start codon. We quantified translation using firefly
luciferase reporters assayed for luminescence (Figure 4C).
Using this system, we confirmed that 5′tiRNAAla potently
inhibits translation from uncapped transcripts, but not from
EMCV-A6 driven transcripts. In contrast, despite requiring
many of the same factors, PV IRES is potently inhibited by
5′tiRNAAla, suggesting, but not proving, that 5′tiRNAAla

specifically effects the scanning step of translation initia-
tion. Interestingly, 5′tiRNAMet, a tiRNA previously catego-
rized as inactive, was also able to repress translation initia-
tion from the poliovirus IRES suggesting that it may possess
activity in a context-dependent manner.

We previously showed that capped mRNAs are less sen-
sitive to tiRNA-mediated repression than uncapped mR-
NAs. In light of data presented above, we thought that
perhaps the reason for the reduced sensitivity of capped
mRNA reporters was the relatively short (∼25 nt) 5′ UTR
of these constructs, thereby reducing the necessity of scan-
ning. If true, by increasing the 5′ UTR and thus scanning
dependency, we might increase the sensitivity of capped re-
porters to 5′tiRNAAla. Genome wide studies using Silve-
strol showed that mRNAs with longer 5′ UTRs were more
sensitive to inhibition of eIF4A (28). Thus, we generated a
series of NanoLuc reporters with 5′ UTRs of 10, 50, 100 or
150 nt (Figure 4D). Indeed, the translation repression ac-
tivity of 5′tiRNAAla increased as a function of the 5′ UTR
length (Figure 4E), strongly implicating the scanning step
as the inhibited step of translation repression.

DISCUSSION

Under optimal cellular conditions tRNAs serve their role by
delivering amino acids to an elongating polypeptide chain.
However, they also can take on various non-canonical
roles, one of which is through stress-dependent inhibition
of translation initiation. In humans and in response to
stress, ANG or other members of the RNase A superfam-
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Figure 3. The HEAT1 repeat of eIF4G interacts with 5′tiRNAAla and is required for activity. (A) eIF4G(HEAT1) was expressed and purified from E. coli.
Microscale thermophoresis demonstrate that this domain interacted with 5′tiRNAAla (closed circles), but not a scrambled G-rich control (open circles). (B)
RNA electrophoresis mobility shift assays (rEMSAs) confirm the interaction between eIF4G(HEAT1) and 5′tiRNAAla and also show that two different
complexes are shifted. Lanes 1–9 were shifted with 0, 1.5, 3, 6, 12.5, 25, 50, 100 and 125 pmol of protein. (C) 5′tiRNAAla in the absence of proteins exists as
two conformers as previously shown (9). (D) In a cold competition assay, the upper tetrameric complex is efficiently competed by unmodified 5′tiRNAAla.
However, the upper band is less sensitive to 5′tiRNAAla(daG), which cannot assemble into G-quadruplex structures. Lanes 3 & 8, 4 & 9, 5 & 10, 6 & 11, 7 &
12 were competed with 6.25, 12.5, 25, 50 and 100 pmol of cold competitors, respectively. (E) 5′tiRNAAla’s interaction with the eIF4G(HEAT1) domain is
required for tiRNA activity. m7GTP binding assays were performed with or without supplementation with recombinant eIF4G(HEAT1). Supplementation
with this recombinant protein blocked 5′tiRNAAla activity against eIF4F. Upon recovery of tiRNA bound proteins by streptavidin-sepharose, eIF4G was
purified without supplementation and eIF4G(HEAT1) was purified with supplementation.
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Figure 4. 5′tiRNAAla blocks the scanning step of translation initiation. (A) 5′tiRNAAla abolishes eIF4E and eIF4A crosslinks to a synthetic 5′UTR. A
capped radiolabelled RNA was in incubated in rabbit reticulocyte lysate with indicated unlabelled RNAs. Lystates were crosslinked, run on an SDS-PAGE
gel and visualized by autoradiography. Results indicate that eIF4A is efficiently displaced from the RNA along with eIF4E. An unidentified protein (*) is
unaffected by 5′tiRNAAla. (B) Firefly luciferase reporter constructs were generated without an IRES, with the EMCV IRES or with the poliovirus IRES.
(C) 5′tiRNAAla blocks uncapped RNA translation but EMCV IRES is refractory to 5′tiRNAAla activity as monitored by luciferase activity. However,
poliovirus IRES driven translation is sensitive to 5′tiRNAAla suggesting that scanning is the sensitive step. (D) Capped NanoLuc reporters were generated
with differing 5′ UTR lengths to increase the requirement for scanning (E) As 5′ UTR length and requirement for scanning increases, so does the translation
inhibitory activity of 5′tiRNAAla as measured by luciferase activity. The effect on each individual 5′UTR reporter was normalized to an in vitro translation
assay completed without treatment with 5′tiRNAAla.

ily target the anticodon loop of tRNAs (2,3,29). Cleavage
at this site generates two smaller ncRNAs that we termed
tRNA-derived stress-induced RNAs (tiRNAs), but have
also been referred to as tRNA halves or more generally
as tRNA fragments. Those 5′tiRNAs that have a stretch
of 5 guanosines at their 5′ end are potent inhibitors of
translation (4). We termed this sequence motif the termi-
nal oligoguanine (TOG) motif. We have shown that this se-
quence is important because it allows for the formation of
tetrameric TOG-containing tiRNAs that assemble via a G-
quadruplex (9). Additionally, the assembly of these tiRNA
structures may be neuroprotective (8). The manner in which
they inhibit translation initiation results in the formation
of stress granules; however, unlike canonical stress granule
formation these form independently of eIF2� phosphoryla-
tion (6). Their formation does depend upon the RNA bind-
ing protein YB-1 (7). Despite all of this work, we have not
been able to elucidate the mechanism through which tiR-
NAs inhibit translation until now. Here we show that the
G-quadruplex structures of TOG-containing tiRNAs in-
teract with the HEAT1 repeat of eIF4G. This interaction
disrupts the stability of eIF4F, of which eIF4G is a major
component, on the m7GTP mRNA cap. Failure to assemble
eIF4F on the m7GTP cap specifically inhibits the scanning
of the 48S ribosome. These data now explain how tiRNAs
can trigger the formation of stress granules in a phospho-

eIF2� independent manner. Pharmacological inhibition of
scanning by rocaglamide A or pateamine A similarly re-
sults in stress granule formation without phosphorylation
of eIF2�.

The RNA binding region of eIF4G has been vaguely de-
fined, but is conserved amongst eukaryotes. In yeast, there
are three regions capable of binding RNA and this activity
is necessary for survival (24). Yeast eIF4G has an affinity for
poly(U) stretches and eIF4G binding to these stretches may
regulate their translation (25). Mammalian eIF4G can bind
cellular mRNA and its RNA binding activity is required for
efficient interaction of eIF4E with the cap structure (30).
However, the RNA binding properties of eIF4G have been
best studied in the context of viral internal ribosome en-
try sites (IRESes). In plants, the Barley Yellow Dwarf Virus
IRES binds eIF4G to drive cap-independent translation ini-
tiation (31). In humans, the poliovirus (PV) IRES recruits
eIF4G to drive cap-independent translation initiation al-
though the precise amino acids required for IRES bind-
ing are not known (32). Similarly, the encephalomyocarditis
virus (EMCV) IRES also directly interacts with eIF4G and
has the best described structural data (23). The HEAT1 re-
peat of eIF4G directly interacts with the J/K domain of the
EMCV IRES.

This finding does suggest a level of selectivity in tiRNA-
mediated translational inhibition. This was first suggested
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by the finding that upon transfection into cells, tiRNAs in-
hibit 10–20% of global protein synthesis, not 100%. Our
present findings suggest that mRNAs that are most depen-
dent upon eIF4G are most sensitive to tiRNA-mediated
translation repression. In yeast, knockout of both eIF4G
paralogs is lethal (33), but ablation of eIF4G does not re-
sult in complete translational arrest (34). In fact, despite its
presumed central role in assembling the pre-initiation com-
plex, degron-mediated depletion of eIF4G only inhibits the
translation of 94 mRNAs (1.6%), whereas the translation
efficiency of 99 mRNAs is increased. Similar effects were
seen in normal immortalized human cells (MCF10A) upon
siRNA-mediated knockdown of eIF4GI (35). Thus, it is
possible that rather than globally altering mRNA transla-
tion, inactivation of eIF4G by tiRNAs may alter the trans-
lation of a subset of mRNAs. Amongst the most likely
targets are mRNAs that harbor terminal oligopyrimidine
(TOP) tracts. These mRNAs largely encode components of
the translation machinery, notably, all mRNAs encoding
ribosomal proteins. Their translation is highly sensitive to
environmental conditions. In fact, the translation of these
mRNAs is largely dependent upon eIF4G. Pharmacolog-
ical inhibition of mTOR leads to the dephosphorylation
of 4E-BP proteins which then competes with eIF4G for
interaction with eIF4E. Under these conditions, the most
sensitive mRNAs are those encoded by TOP-mRNAs (36).
Additionally, this result is phenocopied by knockdown of
eIF4G in human cells (35). Moreover, eIF4G aids in sta-
bilizing eIF4E on the m7GTP cap (37). Thus, disruption of
eIF4G could have an additive effect by reducing the interac-
tion of eIF4E with mRNAs as has been seen in our exper-
iments. Like eIF4G, certain mRNAs are more dependent
upon eIF4E. Whereas 50% reduction in the levels of eIF4E
has little effect on global translation rates, translation of
a subset of mRNAs is significantly reduced (38). Similar
results have been seen in cultured cell as well (39). Simi-
larly, overexpression of eIF4E has the ability to transform
NIH3T3 and Rat-2 fibroblasts (40) and these data have been
confirmed in mice (41).

The translation of a subset of mRNAs may actually be
increased upon destabilization of eIF4F. Here the most
likely transcripts are those containing upstream open read-
ing frames (uORFs). These mRNAs are typically transla-
tionally silenced as the uORF prevents the ribosome from
decoding the true ORF. However, in certain cellular con-
ditions, notably under stress, leaky scanning allows for by-
passing of the uORF and recognition of the true ORF. Un-
der conditions in which scanning is disrupted by tiRNAs,
it is conceivable that uORF containing transcripts would
be upregulated. Further we should note that that while
G4-tiRNAs displace components of eIF4F from reporter
RNAs (Figure 4A), there is at least one unidentified protein
that is insensitive. As of yet, we have not confirmed the iden-
tity of this protein, but, based on its molecular weight, two
of the most likely candidates are eIF4B or eIF3D. The fact
that eIF4B is recruited to mRNAs in a cap-dependent man-
ner would argue against it, but it does not rule it out. Al-
ternatively, eIF3D has been shown to be an alternative cap
binding protein that can drive an eIF3-dependent eIF4F-
independent mode of translation initiation (42). It is tempt-
ing to speculate that these mRNAs, such as c-Jun, may be

insensitive to G4-tiRNA mediated translation inhibition.
More recent data suggests that translation that is eIF4F-
independent, but still cap-dependent, is widespread in cells
(43). tiRNAs could shift the balance from eIF4F-depentent
translation to eIF3D-DAP5 dependent translation. An-
other study demonstrates that threonyl-tRNA synthetase
(TRS) can drive translation in an eIF4F-independent man-
ner (44). TRS can function in a similar manner to eIF4G
by binding eIF4E homolog protein (4EHP/eIF4E2), which
binds the mRNA cap, and eIF3, PABP and eIF4A.

Our work also raised another possibility regarding the
wider role of tiRNAs in cellular biology. We have previously
characterized G4-tiRNAs as the most potent inhibitors of
cellular translation. This was based on the use of a single
mRNA reporter. However, results presented here (Figure 4),
suggest that, depending upon the mRNA used, other tiR-
NAs, such as 5′tiRNAMet may function as translational re-
pressors. Given the wide variety of mechanisms by which
translation is regulated, it would not be surprising if other
tiRNAs emerge as inhibitors of specific subsets of RNAs.
In fact, the differential generation of tiRNAs in response
to different stresses suggests that there may be selectivity in
this process (45).

Perhaps the most surprising finding of our current study
is that eIF4G possesses G-quadruplex binding ability. This
is particularly relevant with regards to non-canonical trans-
lation initiation. As discussed above, viruses have adopted
several mechanisms of recruiting eIF4G to mRNAs to
promote cap-independent translation initiation. However,
there are many ways that cellular mRNAs can also promote
translation via cap-independent mechanisms. Systematic
approaches have suggested that over 500 mRNAs may host
elements that promote cap-independent translation activity
(46). Some mRNAs may accomplish this through Watson-
Crick base-pairing with the 18S rRNA (47,48) or by affin-
ity to ribosomal proteins (49,50). Some mRNAs may har-
bor cap-independent translational enhancers (CITE) that
help them compete for the translation machinery and may
aid in promoting translation when cap recognition is sup-
pressed (51,52). Finally, and most controversially, some cel-
lular mRNAs may contain IRES elements that are analo-
gous to those found in viral RNAs [reviewed in (53–55)].
The utilization of cellular IRESes seems to be particu-
larly relevant during stress, when cap-dependent transla-
tion is inhibited [e.g. (56–58)]. Surprisingly, many of the
reported cellular IRESes, such as VEGF, NRF2, FGF2
and SNCA, have been shown to contain G4s and the for-
mation of G4s is required for cap-independent translation
(59–62). Other cellular G-quadruplexes are associated with
non-canonical translation processes known as repeat as-
sociated non-ATG (RAN) translation. The best studied
instance of this is in the GGGGCC repeat expansion of
C9ORF72 that is causative for Amyotrophic Lateral Sclero-
sis (ALS). Here, non-canonical RAN translation produces
toxic dipeptide repeats (DPRs) that contribute to neuronal
cell death [reviewed in (63)]. In light of the data presented
here, it is possible that upon inhibition of cap-dependent
translation, eIF4G could be directly recruited to certain
G-quadruplexes contained within human IRES-like struc-
tures. Since eIF4G is the scaffold upon which the rest of the
translation initiation machinery is built, its direct recruit-
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ment of it to an mRNA could facilitate cap-independent
translation. In fact, we have previously presented data that
tiRNAs may protect cells against C9ORF72-mediated cell
toxicity (8). Further work exploring this possibility should
provide many insights in the future.
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