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ABSTRACT 

Translation initiation factor 4G (eIF4G) is an inte-
gral component of the eIF4F complex which is key
to translation initiation for most eukaryotic mRNAs.
Man y eIF4G isof orms ha ve been described in diver se
eukaryotic organisms but we currently have a poor
understanding of their functional roles and whether
they regulate translation in an mRNA specific man-
ner. The y east Sacc haromyces cere visiae e xpresses
tw o eIF4G isof orms, eIF4G1 and eIF4G2, that have
pre viousl y been considered as functionally redun-
dant with any phenotypic differences arising due
to alteration in eIF4G expression levels. Using ho-
mogenic strains that express eIF4G1 or eIF4G2 as the
sole eIF4G isoforms at comparable expression levels
to total eIF4G, we show that eIF4G1 is specifically re-
quired to mediate the translational response to oxida-
tive stress. eIF4G1 binds the mRNA cap and remains
associated with actively translating ribosomes dur-
ing oxidative stress conditions and we use quantita-
tive proteomics to show that eIF4G1 promotes oxida-
tive stress-specific pr oteome changes. eIF4G1, b ut
not eIF4G2, binds the Slf1 LARP protein which ap-
pears to mediate the eIF4G1-dependent translational
response to oxidative stress. We show similar iso-
form specific roles for eIF4G in human cells suggest-
ing convergent evolution of multiple eIF4G isoforms
offers significant advantages especially where trans-
lation must continue under stress conditions. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

Transla tion initia tion is the process by which a ribosome is
recruited to a messenger RN A (mRN A) transcript to be-
gin protein synthesis. For initiation to occur, the mRNA
must first be bound by a series of initiation factors which
pr epar e the transcript and promote recruitment of the ri-
bosome. These stages are crucial, often rate-limiting steps
in translation and are subject to e xtensi v e regulation, par-
ticularly in eukaryotes ( 1 ). Translational regulation in re-
sponse to stress conditions is especially important as cells
must be able to make the specific proteins r equir ed to sur-
vi v e environmental challenges, whilst not wasting energy
making any unnecessary proteins ( 2 ). The control of protein
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ynthesis in response to external stimuli is ther efor e thought 
o play an important role in the overall regulation of gene 
xpression in eukaryotic cells and some estimates have high- 
ighted a dominant role for translational controls over tran- 
criptional controls ( 3 , 4 ). 

For most eukaryotic translation initiation e v ents, the 
RNA to be translated must be selected in a process where 

pecific factors interact with the mRN A 5 

′ ca p or 3 

′ pol y(A)
ail ( 5 ). The e ukaryotic i nitiation f actor (eIF)4E interacts 
ith the cap structur e ( 6 ), wher eas the poly(A) binding pro-

ein (Pab) binds to the poly(A) tail ( 7 ). eIF4G acts as a large
caffold protein which is capable of interacting with both 

IF4E and Pab ( 8 ). eIF4G also interacts with RNA heli- 
ases such as eIF4A, which act to unwind the transcript al- 
owing recruitment of the 43S pre-initiation complex (PIC) 
nd subsequent scanning of the 5 

′ UTR for a start codon ( 9 ).
he 43S PIC contains the small ribosomal subunit bound 

y the initiation factors eIF1, eIF1A, eIF3, and the eIF2 

et-tRN A i 
met GTP ternary complex (TC) ( 1 ). Criticall y, 

IF4G mak es k ey contacts with eIF3 (in mammals) or eIF5 

 eIF1 (in yeast) to recruit the 43S PIC to the mRNA ( 10–
2 ). The 43S complex then scans the mRNA in a 5 

′ to 3 

′ 
irection until it identifies an AUG start codon in an ap- 
ropriate sequence context. Start codon recognition by the 
C triggers GTP hydrolysis on eIF2 followed by dissocia- 

ion of eIF2 •GDP. Ejection of the majority of the eIFs after 
tart codon recognition and recruitment of the large riboso- 
al subunit (60S) has been thought to complete the initia- 

ion process ( 1 , 5 ). It is generally unclear when and where
uring scanning and start codon recognition the interac- 
ions among eIFs, mRNA, and ribosomal subunits are es- 
ablished and broken ( 13 ). For instance, following joining of 
he 60S subunit, it appears that some eIFs may remain tran- 
iently associated with ribosomes through the early elonga- 
ion and termination phases ( 14 ). Both eIF4G and eIF4A 

re specifically enriched on ribosomes engaged in the trans- 
ation of short, reinitiation-permissi v e uORFs ( 15 ). 

Throughout eukaryotes the mRNA selection process 
orms a focal point for the regulation of translation initi- 
tion. Specific proteins are capable of interacting with the 
ore translation initiation factors to modify their activity. 
or instance, eIF4E binding proteins (4E-BPs) competi- 

i v ely r epr ess eIF4G binding to eIF4E ( 16 ). These proteins
arget mRNAs either globally or more specifically to re- 
uce the le v el of translation initiation, often in response to 

ellular signalling pathways ( 17 ). In addition, many of the 
RNA selection factors are present as multiple isoforms, 
hich via subtle sequence differences allow fine-tuning of 

he mRNA selection process. Extreme examples are eIF4E 

n Drosophila , where eight isoforms of the eIF4E gene are 
r esent and ar e thought to dir ect tissue and de v elopmental
pecificity to mRNA translation ( 18 ). There are also eight 
soforms of PAB in Arabidopsis ( 19 ) and at least ten eIF4A 

enes have been identified in Tobacco ( 20 ). The roles of 
any of these different proteins are often quite poorly un- 

erstood. 
For the key scaffold molecule eIF4G, there are at least 

wo isoforms in many eukaryotes, with evidence of differen- 
ial roles for eIF4G domain-containing proteins in humans, 
ies , and plants , amongst others ( 21–23 ). Humans have 
hree eIF4G genes, eIF4G1, eIF4G2 (DAP5) and eIF4G3. 
IF4G1 and eIF4G3 are the main eIF4G isoforms, with 

ost homology to the yeast homologues ( 24 , 25 ), whereas 
AP5 is only similar to the C-terminal part of the other 
roteins, and lacks the eIF4E binding domain ( 26 ). In Sac- 
har om y ces cer evisiae ther e ar e two isoforms of eIF4G en-
oded by TIF4631 and TIF4632 , r eferr ed to as eIF4G1 and 

IF4G2 respecti v ely. Similar to human eIF4G, yeast eIF4G 

s a large protein w hich directl y interacts with Pab, eIF4E, 
nd eIF4A ( 27–29 ). It also contains three RNA binding 

omains which are important for growth and translation 

 30 ). Sequence alignment between the two eIF4Gs in yeast 
hows conservation mostly towards the C-terminus and in 

he protein binding domains, with variability towards the 
-terminal end and the RNA binding domains (Figure 1 A). 
lthough the yeast isoforms are similar, they are only ∼50% 

dentical, leaving ample variability that might contribute to 

soform-specific functions. 
The presence of multiple eIF4G isoforms in di v erse eu- 

aryotes is suggesti v e that these isof orms ma y have dis- 
inct functions that have been independently selected for at 
arious stages of ev olution. Ho wever, there is little func- 
ional evidence for isoform specificity in regulating trans- 
ation for the different eIF4G isoforms in Saccharomyces 
erevisiae . The two S. cerevisiae eIF4G genes ar ose fr om a 

hole genome duplication e v ent (WGD), w hich largel y de- 
nes the post-WGD clade of yeast species ( 31 , 32 ). After this
ncestral genome duplication e v ent, one copy of the dupli- 
ated genes was lost for most genes, but some duplicated 

enes wer e pr eserv ed. S . cerevisiae has maintained 551 du- 
licated genes. Intriguingly, many of these duplicated genes 
re involved in the process of protein synthesis and the two 

enes have diverged very little. 
Yeast deletion mutants lacking individual eIF4G iso- 

orms are viable, although loss of eIF4G1 has been re- 
orted to cause slo w gro wth and impair translation initi- 
tion ( 33 , 34 ). These phenotypes are thought to deri v e from
he lowered le v els of total eIF4G, since eIF4G1 is more 
ighly expressed than eIF4G2. Later studies have used ho- 
ogenic yeast strains to avoid the problems associated with 

he slow growth of eIF4G1 mutants. These are strains which 

xpress a single eIF4G isoform at similar le v els to the total 
mount of eIF4G present in a wild-type strain and no differ- 
nces in growth kinetics or translational activity were found 

n these strains expressing single eIF4G isoforms ( 34 ). These 
esults support little or no isoform specificity between the 
wo eIF4G genes. 

In this current study we hav e re-e xamined this pre vail- 
ng model, considering whether the yeast eIF4G isoforms 
r e differ entially r equir ed across a range of conditions, 
ocussing specifically on tolerance to oxidati v e stress. In 

ontrast to previous data, we show that eIF4G1, but not 
IF4G2, promotes tolerance to oxidati v e stress, highlight- 
ng significant differences in the way these isoforms work to 

egulate gene expression via translational control. 

ATERIALS AND METHODS 

east strains and plasmids 

east strain BY4741 (MATa his3 � 1 leu2 � 0 met15 � 0 

ra3 � 0 ) and its isogenic deri vati v es tif4631::KanMX4 and 
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Figure 1. eIF4G1 is r equir ed for oxidati v e stress tolerance. ( A ) Schematic of protein sequence alignment of eIF4G1 and eIF4G2 where yellow sections 
(scored 3) are conserved residues and purple sections (scored 0) are not similar. Alignment and similarity scores from ClustalOmega ( 76 ). ( B ) The wild- 
type (BY4741) and isogenic eIF4G deletion strains (4G1 � , 4G2 � ) or wild-type (BY4742) and isogenic homogenic strains (4G1h, 4G2h) were grown to 
exponential phase and the A 600 adjusted to 1, 0.1, 0.01 or 0.001 before spotting onto the indicated plates. This included glucose (SCD), glycerol / ethanol, 
H 2 O 2 or sulpholmeturon methyl (SMM) plates. ( C ) Western blot analysis of the same strains probed with antibodies that recognise eIF4G1 or eIF4G2 nor- 
malized to Zwf1 (glucose 6-phophate dehydrogenase) as a loading control. Data shown are the means of 3 independent biological repeat experiments ± SD. 
Significance is shown using a one-way ANOVA test. ( D ) Doubling times for the same strains grown on SCD media. Data shown are the means of three 
independent biological repeat experiments ± SD. Significance is shown using a one-way ANOVA test. ** P < 0.01, *** P < 0.001, **** P < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tif4632::KanMX4 were obtained from the Euroscarf yeast
deletion collection ( 35 ). The homogenic eIF4G1 (4G1h)
and homogenic eIF4G2 (4G2h) strains were made in
BY4742 ( MAT α his3 Δ1 leu2 Δ0 lys2 Δ0 ura3 Δ0 ) and have
been described previously ( 34 ). TAP-tagged strains in the
BY4741 background were obtained from Thermo Scien-
tific Open Biosystems (Waltham, MA, USA) apart from the
CDC33-TAP strain which was described previously ( 36 ).
A CRISPR-based approach was used to delete the SLF1
ORF in the BY4742 wild-type, 4G1h and 4G2h strains us-
ing methodology described in ( 37 ). 

Growth and stress conditions 

Yeast strains were grown at 30 

◦C with shaking at 180 rpm in
SCD complete media (0.67% w / v yeast nitrogen base with-
out amino acids, 2% w / v glucose) supplemented with ap-
propriate amino acids and bases (ForMedium, UK). For
oxidati v e stress e xperiments, H 2 O 2 was added to e xponen-
tial phase cells (OD 600 0.6–1.0) to a final concentration of
0.4 mM. Stress sensitivity was determined by growing cells
to exponential phase in SCD media and spotting serially di-
luted cultures ( A 600 = 1.0, 0.1, 0.01, 0.001) onto SCD agar
plates containing various concentrations of hydrogen per-
oxide or sulpholmeturon methyl (SMM). For growth in the
absence of glucose, SCGE contained 3% w / v glycerol and
1% v / v ethanol instead of glucose. 

Cell extract preparation and polysome profiling 

Polyribosomal profiling was performed as previously de-
scribed ( 38 ). Briefly, cell cultur es wer e grown at 30 

◦C to
an OD 600 of 0.6–1.0 before fixing translating ribosomes on
mRNA by treatment with cy clohe ximide. Cells were trans-
ferr ed into pr e-chilled Falcon tubes containing cy clohe x-
imide (at a final concentration of 0.1 mg / mL). Cells were
harvested by centrifugation, washed and lysed with acid-
washed glass beads in 200 �l polysome lysis buffer (20
mM N -2-h ydroxyeth ylpiperazine-N’-2-ethanesulfonic acid
(HEPES) pH 7.4, 2 mM magnesium acetate, 100 mM potas-
sium acetate, 0.5 mM dithiothreitol (DTT), 0.4 mM cyclo-
heximide) by vortexing for 20 s, seven times. For high Mg
conditions, the protocol was the same but the polysome ly-
sis buffer contained 20 mM Tris pH 7.5, 5 mM magnesium
chloride, 140 mM potassium chloride, 0.5 mM dithiothre-
itol (DTT), 0.4 mM cy clohe ximide. 

Two A 260 units of lysate were layered onto 15–50% su-
crose gradients pr epar ed in 12 ml thin-walled open polyal-
lomer tubes (Seton Scientific) and separated by ultracen-
trifugation in an SW41 Ti rotor (2.5 h at 278 000 × g , 4 

◦C).
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rofiles were generated by continuous A 254 recording us- 
ng a UA-6 UV / Vis detector and chart recorder (Teledyne 
SCO). Profile images were analysed using ImageJ (version 

.52q) ( 39 ). Fractions (14 fractions, 0.8–1 ml) were collected 

anually for western blotting starting from the top of the 
r adient. Protein was extr acted fr om sucr ose gr adient fr ac-
ions by precipitation in 20% trichloroacetic acid (TCA) 
vernight at –20 

◦C. Precipitated protein was pelleted by 

entrifugation (15 min at 20 000 × g , 4 

◦C) and washed twice
ith ice-cold acetone. 

rotein and western blot analysis 

rotein samples were resolved on NuPAGE 4–12% Bis- 
ris gels (Invitrogen) and transferred to nitrocellulose mem- 
ranes. Blots were visualised using LI-COR fluorescent sec- 
ndary antibodies and quantified using LI-COR Image 
tudio (version 5.2). Primary antibodies used were eIF4G1 

 40 ), eIF4G2 (this study), eIF4E ( 40 ), Sui2 ( 41 ), phospho-
ui2 (Cell Signalling Technologies), Zwf1 (Sigma Aldrich) 
nd Slf1 (Prof. S. Wolin). 

mmunoprecipitation and cap-affinity chromatography 

AP-tagged proteins wer e immunopr ecipitated as previ- 
usly described ( 36 ). Cap affinity chromato gra phy was per- 

ormed as described in ( 42 ). 

abel-free mass spectrometry analysis 

ell extracts were prepared from four biological replicates 
ssentially as described in ( 43 ). Protein samples were pre- 
ared for MS by adding equal volumes of sample and pro- 
ein loading buffer (2 × NuPAGE LDS sample buffer [In- 
itro gen], 715 mM 2-merca ptoethanol) and incubating for 
 min at 95 

◦C. Samples were briefly run on NuPAGE 4– 

2% Bis-Tris gels (Invitrogen) and then excised from gels. 
amples were dehydrated using acetonitrile and centrifuged 

nder vacuum. Dried gel pieces were reduced with 10 mM 

TT and alkylated with 55 mM iodoacetamide, then twice 
ashed alternately with 25 mM ammonium bicarbonate 
nd acetonitrile. Gel pieces were dried by vacuum cen- 
rifugation and samples digested using trypsin overnight at 
7 

◦C. 
Liquid chromato gra phy was carried out using an Ul- 

iMate 3000 Rapid Separation Binary System (Thermo 

isher Scientific). Peptides were concentrated using an AC- 
UITY UPLC M-Class Symmetry C18 Trap Column (180 

m inner diameter, 20 mm length [Waters]) and then sep- 
rated using an ACQUITY UPLC M-Class Peptide BEH 

18 Column (75 �m inner diameter, 250 mm length, 1.7 

m particle size [Waters]). A gradient starting with 99% 

uffer A (0.1% formic acid in water) and 1% Buffer B (0.1% 

ormic acid in acetonitrile) and increasing to 75% Buffer A 

nd 25% Buffer B was used to separate the peptides over 
5 min at a flow rate of 200 nl / min. Label-free tandem MS
as performed using an Orbitrap Elite Hybrid Ion Trap- 
rbitrap Mass Spectrometer (Thermo Fisher Scientific). 
eptides were selected for fragmentation and MS2 analysis 
utomatically by data-dependent analysis. 

Raw MS data were processed using MaxQuant version 

.6.17.0 ( 44 ). A peptide mass tolerance of 20 ppm was 
sed for the first search, 4.5 ppm for the main search, and 

.5 Da for the MS / MS fragment ions. The ‘match be- 
ween runs’ feature was used. The peak list was searched 

gainst the Uniprot Sacchar om y ces cer evisiae da tabase (ac- 
essed 10 February 2017) using the built-in Andromeda 

earch engine ( 45 ). Data from the ‘pr oteinGr oups’ file 
roduced by MaxQuant were imported into R (RStudio 

021.09.2 + 382). One biological replicate from the ‘4G2h 

nstressed’ condition was identified as an outlier and omit- 
ed from the analysis. Proteins identified as potential con- 
aminants, re v erse proteins, and only identified by site were 
ltered out. Proteins without a gene name were filtered out. 
roteins with only one razor and unique peptide were fil- 

ered out. Normalisation was performed using the limma 

ackage ( 46 ). The normalizeQuantiles function was used to 

ormalise the LFQ intensities by the mean of each quan- 
ile yielding the same empirical distribution for each sample. 
ll protein intensities (‘LFQ.intensity’ columns) were log 2 - 

ransformed and filtered by > 2 v alid v alues in a condition 

sing Perseus (version 1.6.15.0) ( 47 ). The mass spectrome- 
ry proteomics data have been deposited to the ProteomeX- 
hange Consortium via the PRIDE ( 48 ) partner repository 

ith the dataset identifier PXD041682. 

ioinformatic analyses 

O analysis was performed using the clusterProfiler pack- 
ge (version 3.18.1) ( 49 ). The compareCluster function was 
sed to compare GO term enrichments between proteins 
ignificantly different in pairwise comparisons (parameters: 
rganism database = S. cerevisiae (org.Sc.sgd.db), P -value 
utoff = 0.05, function = ‘enrichGO’). Following overrep- 
esentation analysis, the simplify function was used to re- 
o ve o verla pping GO terms. GOSlim anal ysis using PAN- 
HER (Version 17.0) was used to generate simplified GO 

erm enrichment categories between the same lists ( 50 , 51 ). 

eLa cell culture and SiRNA 

eLa cells (from AT CC) wer e grown at 37 

◦C and 5% CO 2 in
ulbecco’s modified Eagle’s medium (D6429, Gibco ® Life 
echnologies) with the addition of 10% foetal bovine serum 

FBS) (S181H, Biowest) and 1% penicillin–streptomycin 

olution (P4333, Sigma). 100 000 cells / well were plat- 
ed in 6-well plates for both immunoblotting and im- 
 unofluorescence assays. For imm unofluorescence exper- 

ments, cells were grown on cover slips. Knock-down of 
IF4G1 and eIF4G3 was achie v ed either using a control 
iRNA (D001810-01-05) or by using an eIF4G1 or eIF4G3 

N-TARGET plus Human siRNA smartpool provided 

y Horizon and LipofectamineTM RNAiMAX Trans- 
ection Reagent (13778075, ThermoFisher Scientific) ac- 
ording to the manufacturer’s protocol. Confirmation of 
RNA knock-down was achie v ed via qPCR using Taq- 
ANTM probes against eIF4G1 mRNA (Hs00191933, 

hermoFisher Scientific) and eIF4G3 (Hs01554185 m1, 
hermoFisher Scientific). For both immunofluorescence 
nd western blot experiments, eIF4G1 and eIF4G3 were 
robed using anti-eIF4G1 antibody (ab2609, Abcam) and 

nti-eIF4G3 antibody (PA5-31101, ThermoFisher Scien- 
ific). MitoTracker Red FM (Invitrogen) was used for 
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mitochondria staining. Cell viability was measured using
crystal violet reagent (C0775, MERCK). 

RESULTS 

eIF4G1 is r equir ed f or o xidative str ess toler ance 

The presence of two di v erged eIF4G genes in the yeast Sac-
char om y ces cer evisiae provides a fle xib le system for study-
ing the role of par alogous tr anslation factor genes. Previous
work has suggested that the underlying rationale for main-
taining two eIF4G genes relates to the dosage of eIF4G.
Such a hypothesis is difficult to link with the high de-
gree of di v ergence in protein sequence between eIF4G1 and
eIF4G2, and the fact that over 85% of genes have been lost
after the genome duplication e v ent in S . cerevisiae ( 52 ). Pre-
vious work on the sub-functionalization of duplicated genes
in yeast has posited tha t dif ferential functionality is often
associated with stress response pathways ( 53 , 54 ). Therefore,
to explore whether there are any functional differences in
the r equir ement for the duplicated eIF4G genes, the stress
sensitivity of different eIF4G mutants was examined. 

Str ess conditions wer e selected that ar e known to cause
a rapid a ttenua tion of protein synthesis including oxida ti v e
stress, amino acid starvation and glucose depletion ( 55–57 ).
Strains were grown to exponential phase and serially diluted
before spotting onto plates containing hydrogen peroxide
to cause oxidati v e stress, sulpholmeturon methyl (SMM) to
cause an amino acid starv ation (isoleucine / v aline starv a-
tion) or plates containing glycerol / ethanol instead of glu-
cose (SCGE). We initially used deletion strains where either
TIF4631 encoding eIF4G1 (denoted 4G1 � ) or TIF4632 en-
coding eIF4G2 (denoted 4G2 � ) was deleted. The 4G1 �
strain was strongly sensiti v e to oxidati v e stress and amino
starvation compared with the wild-type and 4G2 � strains
(Figure 1 B). No differences in sensitivity to growth on
SCGE were observed. 

Gi v en pre vious reports that phenotypes observed in the
4G1 � strain might arise due to lowering the eIF4G dose
rather than through any isoform-specific effects, it was im-
portant to measure the cellular concentrations of eIF4G1
and eIF4G2 in the deletion strains ( 34 ). Using isoform-
specific antibodies, we found that a similar concentration
of eIF4G1 was present in both the 4G2 � and wild-type
strains (Figure 1 C). In contrast, the cellular concentra-
tion of eIF4G2 increased a pproximatel y two-fold in the
4G1 � strain presumably due to the previously reported
compensatory transcriptional increase in TIF4632 expres-
sion observed in 4G1 � strains ( 34 ). Thus, even though
eIF4G2 concentrations are significantly increased in the
4G1 � strain, it is not sufficient to promote oxidati v e stress
tolerance, suggesting tha t dif fer ences in str ess tolerance may
arise due to functional differences between the two proteins.

We next examined the stress sensitivity of homogenic
strains which are strains where the coding region of eIF4G1
is replaced with the coding region of eIF4G2 in one strain
(4G2h), and in another strain the coding region of eIF4G2
is replaced with eIF4G1 (4G1h) ( 34 ). The homogenic
eIF4G1 (4G1h) strain expressed eIF4G1 at comparable lev-
els to eIF4G1 present in the wild-type strain (Figure 1 C).
The cellular concentrations of eIF4G2 were again signif-
icantly increased in the 4G2h strain w hich onl y contains
eIF4G2 and lacks any eIF4G1. Analysis of stress sensitivity
for the 4G1h and 4G2h strains re v ealed that neither strain
was affected in growth on SMM or SCGE relati v e to the
wild type-strain, whereas the 4G2h homogenic strain was
sensiti v e to oxidati v e stress (Figure 1 B). It is unclear why
the 4G1 � strain is sensiti v e to SMM, whereas the 4G2h
strain is resistant. It may be related to the different amino
acid auxotrophies present in the deletion (BY4741 – met15 )
and homogenic (BY4742 – Lys2 ) strains since SMM is an
inhibitor of acetolactate synthase (ALS), a branched-chain
amino acid biosynthetic enzyme ( 58 ). Howe v er, the consis-
tent sensitivity of both the 4G1 � and 4G2h strains to hy-
dr ogen per oxide indica tes tha t eIF4G1 is r equir ed for oxi-
dant tolerance, and the rest of this study has focused on the
role of eIF4G in oxidati v e stress tolerance. 

Comparison of growth rates for the various strains indi-
ca ted tha t the 4G1 � strain is slow growing, whereas the ho-
mogenic strains grow at wild-type rates (Figure 1 D). The
fact that the 4G1 � strain is slow growing compared with
the 4G2h strain presumably reflects a threshold affect in the
r equir ement for eIF4G2 cellular concentrations to support
the growth of a strain lacking eIF4G1. Subsequent studies
have ther efor e focussed on the homogenic eIF4G strains to
avoid any complications that might arise due to differences
in growth rate. 

eIF4G1 is r equir ed to r emodel the proteome in response to
o xidative str ess 

We reasoned that the differential requirement for eIF4G1
to promote tolerance to oxidati v e stress might arise due to
dif ferences in transla tion and pr otein pr oduction dri v en by
the presence of the different eIF4G isoforms. To examine
any oxidati v e stress induced proteome changes, whole cell
extracts were prepared and proteome changes analysed us-
ing a label-free quantitati v e mass spectrometry (LC–MS)
approach comparing total cell extract proteomes ( 59 , 60 ).
For these experiments, the wild-type and homogenic strains
were grown to exponential phase befor e tr eatment with 0.4
mM H 2 O 2 for 1 h. 

The differences in protein abundance between the ho-
mogenic strains and oxidati v e stress conditions were first
assessed using volcano plots where the log 2 (fold change)
and –log 10 ( P value) for different pairwise comparisons were
plotted, and proteins that were significantly different across
the comparison highlighted (Figure 2 ). Following one hour
of oxidati v e str ess tr eatment, ther e wer e significant changes
to all the strains’ proteomes. For the wild-type and 4G1h
strains there was a ske w towar ds higher protein abundance
under oxidati v e str ess conditions (Figur e 2 A, B). Howe v er,
for the 4G2h strain higher protein le v els were seen pr e-str ess
and fewer proteins increased in le v el after oxidati v e stress
conditions (Figure 2 C). These differences are also high-
lighted by the lists of significantly upregulated proteins for
each strain following oxidati v e str ess, wher e the wild-type
strain had 51 proteins which were significantly more abun-
dant after stress, the 4G1h strain had 118, but the 4G2h
strain only had 22. This indicates that the 4G2h response to
stress may be more muted in comparison to the wild-type
or 4G1h strains, potentially explaining the observed differ-
ences in sensitivity to H 2 O 2 . The deficiencies in the 4G2h
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Figure 2. eIF4G1 is r equir ed to r emodel the proteome in response to oxidati v e str ess. ( A–C ) Volcano plots ar e shown comparing the values for log 2 (fold 
change) and -log 10 ( p v alue) v alues for proteins identified in the wild-type and homogenic strains in the presence or absence of oxidati v e stress conditions. ( D– 
F ) P airwise comparisons ar e shown for the indicated strains in the presence of hydr ogen per oxide. Pr oteins w hich are significantl y increased ( P < 0.05) are 
coloured blue and proteins which are significantly decreased are coloured yellow ( P < 0.05) and are listed in Supplementary Table S1. GOSlim enrichments 
are shown for significantly different proteins in each comparison. 
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str ain. In contr ast to the WT and 4G1h str ains where the 
oxidati v e str ess r esponse wer e further emphasised by the
gene ontolo gy (GO) anal ysis. For instance, enrichment of
the biological process category ‘Cellular response to oxida-
ti v e stress’ and the molecular function category ‘Oxidore-
ductase activity’ were only found in the wild-type and 4G1h
strain samples after H 2 O 2 treatment, but not in the 4G2h
H 2 O 2 condition (Figure 2 A–C). 

To further compare the oxidati v e stress proteomes of the
homogenic strains, each of the strains’ proteomes follow-
ing oxidati v e str ess wer e subject to pairwise comparisons.
Strikingl y, w hile the wild-type and 4G1h strains showed
very similar proteomes follo wing o xidati v e stress, the 4G2h
strain had significantly lower abundances for many proteins
when compared to both the wild-type and 4G1h strains (133
and 127 respecti v ely) (Figure 2 D–F). Conversely, there were
only nine proteins with a significantly higher abundance in
the 4G2h strain follo wing o xidati v e stress compared with
the wild-type strain follo wing o xidati v e str ess (Figur e 2 F).
These data illustrate that while the WT and 4G1h strains
both express proteins to similar levels of abundance, a sub-
stantial number of proteins ar e pr esent at lower le v els in
the 4G2h strain under the same condition. Gene ontology
analysis again re v ealed an enrichment for the molecular
function category ‘Oxidoreductase activity’ in the wild-type
and 4G1h hydrogen peroxide proteomes compared with the
4G2h hydrogen peroxide proteome (Figure 2 D–F). 

The translational response to oxidative stress is different in
strains containing eIF4G1 or eIF4G2 alone 

Since the presence of different eIF4G isoforms caused alter-
ations in the proteome and eIF4G is an essential translation
factor ( 33 ), we next addressed whether eIF4G1 or eIF4G2
affect the translational response to oxidati v e stress. Trans-
lational activity was analysed by examining the sedimenta-
tion of ribosomes within a sucrose density gradient during
non-stress conditions and in response to hydrogen perox-
ide. During unstressed growth conditions, similar polysome
profiles were observed in the wild-type, 4G1h and 4G2h
strains (Figure 3 A), similar to previous studies ( 34 ). Most
ribosomes are in the polysome fractions and so are acti v ely
engaged in translating mRNA. Ther efor e, the translational
activity, defined as the polysome to monosome (P / M) ratio
was high and comparable in all three strains (Figure 3 B). 

It is well known that stress conditions such as oxidati v e
stress cause a marked inhibition of translation initiation
promoted by Gcn2-dependent phosphorylation of eIF2 �
( 56 ). On polysome gradients, such an inhibition of trans-
la tion initia tion is observed as an increase in the 80S mono-
some peak along with reduced le v els of acti v ely translating
polysomes. This is because initiation is the rate limiting step
in translation and continued elongation causes a character-
istic ‘run-off’ of polysomes resulting in the increased 80S
peak ( 55 , 61 ). Accordingly, in keeping with previous studies
( 56 ), we found that in the wild-type strain after a 15 minutes
exposure to 0.4 mM H 2 O 2 significant polysome run-off was
evident (Figure 3 A). This result is characteristic of an inhi-
bition of translation initiation and can be measured from
the decreased polysome to monosome (P / M) ratio (Figure
3 B). A very similar scale of polysome run-off and decrease
in the P / M ratio was also observed in the 4G1h strain. In-
terestingly howe v er, the P / M ratio observ ed in the 4G2h
strain in response to hydrogen peroxide treatment was sig-
nificantly higher than for the wild-type ( P < 0.01) and 4G1h
(* P < 0.05) strains (Figure 3 A and B). This result suggests
that the inhibition of translation initiation caused by oxida-
ti v e stress may not be so pronounced for the 4G2h strain
and the mechanism underlying this finding is further ex-
plor ed in Figur e 4 . We further verified this result by exam-
ining translational activity in the 4G1 � and 4G2 � strains
exposed to increasing concentrations of hydrogen peroxide.
A comparable decrease in the P / M ratio was observed in
response to hydrogen peroxide treatment in the wild-type
and 4G2 � strains (Supplementary Figure S1). In contrast, a
less dramatic decrease in the P / M ratio was observed in the
4G1 � strain supporting the idea that eIF4G1 is r equir ed for
the translational inhibition caused by oxidati v e stress (Sup-
plementary Figure S1). 

Exposure to oxidati v e stress is known to inhibit trans-
la tion initia tion to cause polysome run-of f via the Gcn2-
dependent phosphorylation of eIF2 � ( 56 ). Gi v en the dif-
ference in P / M ratios observed between the 4G1h and
4G2h strains after exposure to oxidative stress, we exam-
ined whether there are any differences in hydr ogen per oxide-
induced phosphorylation of eIF2 �. This analysis re v ealed
similar increases in eIF2 � phosphorylation in response
to hydr ogen per oxide treatment in the wild-type, 4G1h
and 4G2h strains (Figure 3 C). This indicates that the dif-
ference in 80S monosome accumulation observed in the
4G2h strain does not arise due to any differences in Gcn2-
dependent phosphorylation of eIF2 �. 

The 4G2h strain is defective in translation initiation following
o xidative str ess 

Oxidati v e stress is known to inhibit protein synthesis at mul-
tiple le v els including inhibition a t the initia tion and elonga-
tion phases of translation ( 56 ). The decreased 80S mono-
some peak observed in response to oxidati v e stress in the
4G2h strain compared with the 4G1h strain might there-
fore arise due to a more se v ere elongation b lock pre v enting
polysome run-off and the accumulation of free 80S ribo-
somes, or alternati v ely, it may be due to an initiation block
pre v enting 80S ribosomes from being assembled on mR-
NAs. The ribosomes that are detected in the 80S monosome
peak on standard sucrose density gradients r epr esent both
mRNA-fr ee, and ther efor e translationally inacti v e 80S ri-
bosomes, or 80S ribosomes that are bound to mRNAs. The
80S ribosomes that are bound to mRNAs are more stable
than free 80S ribosomes and high magnesium concentra-
tions can be used in sucrose density gradients to differen-
tially dissociate free 80S ribosomes into their constituent
40S and 60S ribosomal subunits (Figure 4 A) ( 62 ). 

As anticipated, we observed dissociation of the 80S
monosome peaks into their constituent 40S and 60S riboso-
mal subunits for all strains analysed using high magnesium
sucrose density gradients (Figure 4 B). Quantification of the
80S monosome peaks remaining in the wild-type, 4G1h and
4G2h strains indicated that similar proportions of mRNA
bound 80S ribosomes are present in all three strains dur-
ing non-stress conditions (Figure 4 C). In contrast, similar
quantitation of mRNA bound 80S ribosomes after hydro-
gen peroxide treatment re v ealed a difference for the 4G2h



Nucleic Acids Research, 2023, Vol. 51, No. 16 8827 

Figure 3. The translational response to oxidati v e stress is different in strains containing eIF4G1 or eIF4G2 alone. ( A ) Representati v e polyribosome traces 
are shown for the wild-type and homogenic strains before or after treatment with 0.4 mM H 2 O 2 for 15 min. The peaks that contain the small ribosomal 
subunit (40S), the large ribosomal subunit (60S), and both subunits (80S) are indicated along with the polysome peaks generated by 2, 3, 4, 5, etc., 80S 
ribosomes on a single mRNA. ( B ) Quantification of polysome:monosome ratios is shown from triplicate traces determined by the ratio between the area 
under the monosome to the polysome peaks. Error bars denote standard deviation and significance is shown comparing unstressed or stressed ratios using 
a one way ANOVA test. ( C ) Western blot analysis of eIF2 � (Sui2) and eIF2 �-P using the same strains and conditions as for panels A and B. Quantification 
is shown from triplicate experiments comparing phosphorylation in the presence or absence of hydr ogen per oxide for each strain using one-way ANOVA. 
* P < 0.05, ** P < 0.01. 
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roportion of the 80S ribosomal peak made up of mRNA 

ound ribosomes increases after stress, for the 4G2h strain 

here was no increase in the proportion of mRNA-bound 

ersus free 80S ribosomes after oxidati v e str ess (Figur e 4 C).
his difference may explain the reduced height of the 80S 

onosome peak in the 4G2h strain after stress (Figure 3 A 

nd B). This suggests that despite eIF2 being phosphory- 
ated to a similar extent in response to oxidati v e stress, fe wer
e w initiation e v ents occur in the 4G2h strain during oxida- 
i v e stress conditions. 

IF4G1 remains associated with actively translating 

olysomes following oxidative stress 

he above data suggest that in the presence of eIF4G1, 
ransla tion initia tion persists a t some small le v el to pro-
uce mRNA associated 80S ribosomes under oxidati v e 
tress conditions. To explore whether eIF4G1 remains as- 
ociated with translated mRNAs after stress, the distribu- 
ion of both eIF4G1 and eIF4G2 in sucrose density gradi- 
nts was examined. Analysis of the wild-type strain grown 
nder non-stressed conditions re v ealed that eIF4G1 and t
IF4G2 show a similar pattern of distribution with enrich- 
ent in the 40S and 80S fractions along with association 

ith ribosomes in the heavy acti v el y translating pol ysome 
ractions (Figure 5 A). The association of eIF4G1 across a 

olysome gradient was only subtly altered following oxida- 
i v e stress conditions. In contrast, a significant proportion 

f eIF4G2 was shifted from the heavy polysome fractions 
o the 80S monosome fraction following exposure to hydro- 
en peroxide (Figure 5 A). This means that a lower propor- 
ion of eIF4G2 is associated with polysomes compared with 

IF4G1 during oxidati v e stress conditions. The continued 

ssociation of eIF4G1 with acti v ely translating ribosomes 
ay explain the role of eIF4G1 in promoting translation 

uring oxidati v e stress conditions. 

o differences in eIF4E association or mRNA-cap binding 

re detected for eIF4G1 or eIF4G2 following oxidative stress 
onditions 

ne possibility for the transla tion tha t persists after ox- 
dati v e stress, is that eIF4G1 is part of a mechanism 

hat favours the selection of str ess r esponsi v e mRNAs for 
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Figure 4. The proportion of mRNA-bound versus free 80S ribosomes increases in eIF4G1 containing strains but not in eIF4G2-containing strains strain 
follo wing o xidati v e stress conditions. ( A ) Schematic showing the effects of high magnesium concentrations in polysome buffers on either free or mRNA 

bound 80S ribosomes. Free 80S subunits dissociate to their 40S and 60S constituent parts whereas mRNA bound 80S subunits are stabilised by their 
mRNA interaction and remain as 80S monosomes. ( B ) Representati v e polyribosome traces are shown in the presence or absence of high magnesium for 
the wild-type and homogenic strains before or after treatment with 0.4 mM H 2 O 2 for 15 minutes. Green diamonds (40S), red ovals (60S) and blue triangles 
(80S) denote ribosomes and subunits. ( C ) Quantification of the area of the 40S and 60S peaks (free) and the 80S and polysomes (bound) as a proportion 
of the total trace, where the free fraction represents ribosomal subunits separated by magnesium and the bound fraction r epr esents ribosomes stabilised 
by mRNA. Significance is shown using a one-way ANOVA test for the bound fraction; * P < 0.05, *** P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

translation. A major function of eIF4Gs in translation is
that together with eIF4E they interact with the mRN A ca p.
So a key question is whether the eIF4E binding and cap
interaction are maintained for eIF4G1 and eIF4G2 after
stress. We used two different approaches to examine these
interactions. We first compared the interaction between
eIF4E and eIF4G during normal and oxidati v e stress con-
ditions. For this experiment we used an eIF4E-TAP strain
and performed TAP affinity purifications and Western blot-
ting to examine the interaction between eIF4E and eIF4G1
or eIF4G2. As expected, eIF4E immunoprecipitated a frac-
tion of both eIF4G1 and eIF4G2 (Figure 5 B). Howe v er, no
differ ences wer e observed in the interactions between eIF4E
and eIF4G1 or eIF4G2 during normal or oxidati v e stress
conditions. 

As a second approach, we used Cap affinity chromatog-
raphy to assess the ability of eIF4G to bind the mRN A ca p
structure with eIF4E. Both eIF4G1 and eIF4G2 were found
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Figure 5. eIF4G1 is associated with acti v ely translating mRNAs following oxidati v e stress conditions. ( A ) Polyribosome profiles are shown for wild-type 
strain before or after hydrogen peroxide treatment for 15 min . Sucrose density gradients were fractionated and proteins visualised by Western blotting 
using antibodies specific for eIF4G1 or eIF4G2. The intensities of eIF4G1 and eIF4G2 bands were quantified and are shown as a percentage of the total 
cumulati v e intensity across each polyribosome trace. Quantification is shown from triplicate experiments (pairwise t -test, ** P < 0.001) ( B ) eIF4E-TAP 

was immunoprecipitated from an exponential phase whole cell extract either unstressed or treated with 0.4 mM H 2 O 2 for 15 min. The total (T), unbound 
(UB) and bound (IP) fractions were analysed by western blotting and membranes probed with antibodies for eIF4E, eIF4G1 and eIF4G2. Quantification 
is shown for the normalised ratio of eIF4G: eIF4E from triplicate experiments. No significant differences were found using one-way ANOVA. ( C ) A whole 
cell extracts were prepared from the wild-type strain either unstressed or treated with 0.4 mM H 2 O 2 for 15 minutes and incubated with m 

7 GTP-sepharose. 
Total (T), unbound (UB), and bound (B) fractions were analysed by Western blotting. Membranes were probed with antibodies for eIF4G1, eIF4G2 and 
eIF4E. Quantification is shown for bound factions as a percentage of totals. No significant differences were found using one-way ANOVA. 
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stress tolerance. 
to interact with the mRN A ca p although the le v els bound
across these experiments were quite variable. This analysis
re v ealed that the proportion of eIF4G1, eIF4G2 or eIF4E
bound to the cap structure did not change following ox-
idati v e str ess compar ed to the unstr essed condition (Figur e
5 C). Differences in eIF4E or mRN A ca p binding do not
ther efor e appear to explain the different requirements for
eIF4G1 or eIF4G2 during oxidati v e stress conditions. 

The Slf1 la-related protein (LARP) is required for the
eIF4G1-mediated response to oxidative stress 

Taken together, our data so far suggest that the contin-
ued association of eIF4G1 with acti v ely translating mR-
NAs may mediate the translational regulation of mRNAs
that ar e r equir ed for str ess adaptation. This raises the ques-
tion as to how these mRNAs are translated during oxida-
ti v e stress conditions that cause a global inhibition of trans-
lation via increased eIF2 � phosphorylation. A large num-
ber of RNA-binding proteins (RBPs) are known to interact
with translation factors and / or the ribosome to either pro-
mote or inhibit mRNA translation during different growth
and stress conditions ( 63 ). One key example is the yeast La
related protein Slf1, which is a key activator of translation
during oxidati v e stress conditions and has also been shown
to remain associated with polysomes during ROS exposure
( 64 ). Additionally, similar to the increased P:M ratio ob-
served in the 4G2h strain in response to oxidati v e stress
(Figure 3 A), the P:M ratio is also increased in an slf1 mutant
compared with a wild-type strain following exposure to the
same concentration of hydr ogen per oxide ( 64 ). We ther efor e
tested the interaction between eIF4G and Slf1, and whether
Slf1 is r equir ed to promote eIF4G1-dependent oxidant
tolerance. 

Previous studies found that Slf1 immunoprecipitated a
fraction of key closed-loop proteins consistent with the idea
that Slf1 remains associated with acti v ely translating mR-
NAs during oxidati v e stress conditions ( 64 ). This included
eIF4G1, but the interaction with eIF4G2 was not exam-
ined. We ther efor e r epeated this immunopr ecipitation using
Slf1-TAP and the resulting western blot was probed using
antibodies specific for eIF4G1 and eIF4G2. Slf1 was found
to precipitate a fraction of eIF4G1 during normal and ox-
idati v e stress conditions as expected (Figure 6 A). In con-
trast we could not detect any interaction between Slf1 and
eIF4G2. 

The previous study found that RNase I treatment di-
minished the co-immunoprecipitation of Slf1 and eIFG1
which was taken as evidence that this interaction might be
mRNA mediated ( 64 ). We first confirmed that the interac-
tion between Slf1 and eIF4G1 is decreased by treatment
with RNase I (Figure 6 A). We reasoned that eIF4G1 and
Slf1 maybe in close proximity on mRNAs and so we used
formaldehyde cross-linking to stabilise protein and RNA in-
teractions. This increased the amount of eIF4G1 that was
immunoprecipitated by Slf1, but again we could not de-
tect any precipitation of eIF4G2 (Figure 6 A). Formalde-
hyde cross-linking was also found to pre v ent the decreased
eIF4G1–Slf1 interaction observed in response to RNase I
tr eatment (Figur e 6 A). Taken together these da ta indica te
that not only do Slf1 and eIF4G1 appear to interact in an
RNA-dependent manner, but they must do so in close prox-
imity such that their RNA-dependent interaction can be
stabilized by cross-linking. 

Having established a physical interaction between
eIF4G1 and Slf1, we ne xt e xamined combined eIF4G and
slf1 mutant strains in terms of sensitivity to oxidati v e stress.
A strain lacking SLF1 was found to show similar sensitivity
to oxidati v e str ess compar ed with the 4G2h strain (Figur e
6 B). Loss of Slf1 resulted in oxidati v e stress sensiti vity in
the 4G1h strain indicating that Slf1 is r equir ed to mediate
eIF4G1-dependent oxidant tolerance. Surprisingly, loss of
Slf1 was found to rescue the oxidati v e stress sensiti vity of
the 4G2h strain. The reasons for this rescue are unclear
but may indicate that Slf1 plays an antagonistic role in pre-
venting eIF4G2-mediated translation of mRNAs r equir ed
during oxidati v e stress conditions. 

As a final test of the overlapping r equir ement for eIF4G1
and Slf1 in the translational response to oxidati v e stress,
we compared Slf1 mRNA targets with our proteomic anal-
ysis in homogenic strains exposed to hydrogen peroxide.
RN A-imm une precipitation sequencing (RIP-Seq) has pre-
viously been used to identify mRNAs bound by Slf1 ( 64 ).
We mapped these targets onto the volcano plot compar-
ing the 4G1h and 4G2h proteomes exposed to oxidative
str ess (Figur e 6 C, purple highlighted cir cles). This analysis
re v ealed that most of the Slf1 target mRNAs encode pro-
teins that are increased in abundance in the 4G1h strain
compared with the 4G2h strain. 

Isof orm specific r equir ements f or eIF4G during o xidative
stress conditions in human cells 

The two eIF4G genes in S. cerevisiae almost certainly arose
as a result of a genome duplication e v ent in the Saccha-
r om y ces lineage ( 65 ), and these genes have likely been main-
tained to provide specific functional properties. Multiple
eIF4G isoforms are also prevalent across other eukaryotic
organisms, either by virtue of multiple genes or alternati v e
splicing. To assess whether differences in eIF4G function
ar e r ela ted to oxida ti v e stress tolerance in other eukary-
otic systems, eIF4G1 and eIF4G3 expression was specifi-
cally decreased in HeLa cells using siRNAs. qRT-PCR was
used to confirm the degree of specificity to the knockdowns.
eIF4G3 siRN A specificall y lowered eIF4G3 mRN A lev-
els without affecting eIF4G1 (Figure 7 A). Whilst eIF4G1
siRN A treatment did strongl y reduce eIF4G1 mRN A lev-
els, it also decreased eIF4G3 expression by a pproximatel y
40%. Immunofluor escence microscop y was performed us-
ing eIF4G1 or eIF4G3 antibodies to examine eIF4G pro-
tein expression. The analysis confirmed that eIF4G1 and
eIF4G3 siRNAs depleted cellular protein concentrations of
eIF4G1 and eIF4G3, respecti v ely (Figure 7 B). 

Treatment of HeLa cells with hydrogen peroxide causes a
dose-dependent decrease in cell viability (Figure 7 C). This
effect on cell viability was exacerbated following eIF4G1 or
eIF4G3 knockdown. Intriguingly, at the very highest hydro-
gen peroxide concentration tested, knockdown of eIF4G3
resulted in strong sensitivity to oxidative stress compared
with the eIF4G1 knockdown suggesting isoform-specific re-
quirements for the human eIF4Gs in promoting oxidati v e
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Figure 6. Slf1 is r equir ed for the eIF4G1-mediated response to oxidati v e stress. ( A ) Slf1-TAP was imm unoprecipitated from an exponential phase w hole 
cell extract either unstressed or treated with 0.4 mM H 2 O 2 for 15 minutes , formaldehyde , or RNase I. The bound (IP) fractions were analysed by Western 
blotting and membranes probed with antibodies for Slf1, eIF4G1 and eIF4G2. ( B ) The wild-type (BY4742), homogenic strains (4G1h, 4G2h), and strains 
deleted for SLF1 ( slf1 , 4G1h slf1 , 4G2h slf1 ) were grown to exponential phase and the A 600 adjusted to 1, 0.1, 0.01 or 0.001 before spotting onto the 
indica ted pla tes. ( C ) Volcano plot of the log 2 fold change and –log 10 P value of the pairwise comparisons between the homogenic strains in oxidati v e stress 
conditions with Slf1 mRNA targets highlighted in purple. Box and whisker plots show the average fold changes for all proteins and Slf1 mRNA targets. 
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We confirmed that the depletion of eIF4G did not af- 
ect the basal or induced le v el of eIF2 � phosphorylation 

n response to peroxide treatment of human cells suggest- 
ng that global translation is similarly regulated (Figure 
 D). We used a puromycin incorporation assay to deter- 
ine how the knockdowns and changes in eIF2 � phospho- 

ylation le v els compare with translational inhibition (Fig- 
re 7 E). Interestingly, we found tha t transla tion is inhibited 

ollo wing knockdo wn of eIF4G3 which may suggest that 
IF4G3 ma y pla y a mor e pr edominant role in translation 

nitiation during unstressed conditions than eIF4G1, simi- 
ar to the more dominant role for yeast eIF4G1 compared 

ith yeast eIF4G2. Following oxidati v e stress, translation 

as similarly inhibited under control conditions or follow- 
ng eIF4G1 or eIF4G3 knockdown (Figure 7 E). Overall, 
hese data suggest that in an analogous manner to the roles 
f yeast eIF4G1 and eIF4G2 in facilitating tolerance to ox- 

dati v e stress, the human eIF4G genes might similarly differ 
n their capacity to specify the translational activity of spe- 
ific mRNAs r equir ed for adaptation to stress. 

ISCUSSION 

an y eIF4G isof orms have been described both at the 
e v el of gene duplication and alternati v e splicing in di v erse
ukaryotic organisms. For instance, Xenopus, Arabidop- 
is, Drosophila and humans all have two or more eIF4G 

enes, and in extreme scenarios some plants such as Soya 



8832 Nucleic Acids Research, 2023, Vol. 51, No. 16 

Figure 7. Isoform specific r equir ements for eIF4G in human cells during oxidati v e stress conditions. ( A ) qRT-PCR analyses are shown to confirm the degree 
of specificity for eIF4G1 and eIF4G3 knockdowns. eIF4G3 siRN A specificall y lowers eIF4G3 mRNA le v els without affecting eIF4G1, whereas, eIF4G1 
siRN A treatment strongl y reduces eIF4G1 mRN A le v els and decreases eIF4G3 e xpression by a pproximatel y 40%. Statistical anal ysis was carried out 
using one-way ANOVA. ( B ) The indicated HeLa cells were left untreated or treated with 1 mM hydrogen peroxide for one hour. eIF4G1 and eIF4G3 were 
visualized by immunofluorescence staining using specific antibodies (green). Mitochondria were visualized using MitoTracker Red and merged images are 
shown. ( C ) HeLa cells were treated with the indicated concentrations of hydrogen peroxide and viability measured using crystal violet. Statistical analysis 
was carried out using one-way ANOVA to compare the viability of the control and knock-down cells. ( D ) HeLa cells were left untreated or treated with 1 
mM hydr ogen per oxide for one hour. Protein extracts were immunoblotted for phosphorylated eIF2 � (p-eIF2 �) or eIF2 �. Quantification is shown from 

triplicate experiments comparing the fold change (FC) increase in phosphorylation in response to hydrogen peroxide exposure. ( E ) Protein synthesis was 
analysed using puromycin labelling under the same conditions as shown in panel D. The incorporation of puromycin into newly synthesised protein was 
assessed by immunoblotting. Quantification is shown from triplicate experiments normalised against the intensity of Coomassie blue staining presented as 
fold change (FC) in puromycin labelling. 
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ean contain up to eight eIF4G and eIFiso4G genes ( 66 ). 
his evolutionary r eoccurr ence of multiple distinct forms 
f eIF4G raises the possibility that they may have isoform- 
pecific functions. Additionally, differences in splicing iso- 
orms, e xpression le v els, and tissue specific expression fur- 
her contribute to the idea that different eIF4G isoforms 
rovide an important regulatory step in translation ( 67 , 68 ). 
n this current study we found that the two isoforms of full- 
ength eIF4G present in yeast and human cells are differen- 
ially r equir ed to media te tolerance to oxida ti v e stress. Un-
erstanding the functional specificity of eIF4G isoforms is 

mportant since potential disease-causing variants of eIF4G 

ave been linked with Parkinson’s disease and defects in 

IF4G are associated with cancer and ineffecti v e cancer 
reatments ( 69–71 ). 

Yeast strains lacking eIF4G1 and human cells with re- 
uced expression of eIF4G3 were found to be sensiti v e 
o hydr ogen per oxide suggesting isoform-specificity in the 
ranslational response to oxidati v e stress conditions. In re- 
ponse to external stimuli such as ROS, global transla- 
ion initiation is normally reduced, matched with com- 
lementary mechanisms that allow certain mRNAs to es- 
ape global r epr ession ( 2 ). One key mechanism that inhibits 
ransla tion initia tion in eukaryotic cells is through phos- 
horylation of the alpha subunit of translation factor eIF2 

 72 ). We found that eIF2 � was similarly phosphorylated in 

esponse to hydrogen peroxide in y east str ains containing 

IF4G1 or eIF4G2 as the sole eIF4G present or in human 

ells with reduced expression of eIF4G1 or eIF4G3. This in- 
ica tes tha t the regula tion of transla tion initia tion via eIF2 �
hosphoryla tion is unaf fected by the presence of different 
IF4G isoforms. It is unclear how the mRN As w hich show 

ncreased translational activity during oxidati v e stress con- 
itions are resistant to the translation inhibition mediated 

ia eIF2 � phosphorylation and reduced ternary complex 

e v els. Our da ta indica te a conv ergent e volutionaril y ad van-
age to eIF4G isoforms in promoting oxidati v e stress tol- 
rance, suggesting that eIF4G contributes to the continued 

ranslation of key mRNAs during conditions that globally 

nhibit translation initiation. 
Pre vious studies hav e shown that the proteome is signifi- 

antly altered following exposure to ROS, independent of 
ny changes in transcription ( 56 , 73 ). While the majority 

f protein synthesis is inhibited follo wing o xidati v e stress, 
t is vital for the survival of the cell that the proteins in-
olved in the response to oxidati v e stress continue to be 
ade ( 56 , 73 ). The mechanism by which specific mRNAs are 

ranslated in response to stress is not yet fully elucidated but 
ur quantitati v e proteomics da ta indica te tha t yeast eIF4G1 

ccounts for some of this oxidati v e stress dependent transla- 
ion. Polysome profiling performed under high magnesium 

oncentrations showed that mRNA-bound ribosomes in- 
r ease compar ed with fr ee ribosomes in eIF4G1, but not 
IF4G2 containing strains, in response to oxidati v e stress. 
his altered pattern of free and mRNA-bound ribosomes 

n the homogenic strains was also mirrored by the patterns 
f eIF4G1 and eIF4G2 association across polysome gradi- 
nts. eIF4G2 shifts from the heavily translated region on 

olysome profiles to be more associated with inacti v e ri- 
osomes following oxidati v e stress conditions. Conversely, 
IF4G1 remained associated with heavy polysomes during 

xidati v e stress suggesting that new initiation and contin- 
ed translation specifically r equir es eF4G1 function during 

xidati v e stress conditions. 
Further analysis aimed at re v ealing possib le mechanistic 

easons for the differences in eIF4G1 and eIF4G2 function 

sing immunoprecipitation of the eIF4E cap binding pro- 
ein did not re v eal any alterations in its association with 

IF4G1 or eIF4G2 follo wing o xidati v e stress conditions. 
imilarl y, ca p affinity chromato gra phy showed that differ- 
nt eIF4F complexes associated with eIF4G1 or eIF4G2 do 

ot appear to be recruited to mRNAs following oxidati v e 
tress to promote translation in an isoform-specific manner. 
ne possibility to explain the different functions of eIF4G1 

nd eIF4G2 is that they interact with mRNAs via differ- 
nt RNA binding proteins. One key difference observed in 

IF4G isoform protein interactions was the specific inter- 
ction of eIF4G1 with Slf1. Slf1 is a member of the con- 
erved La motif containing RNA-binding (LARP) proteins, 
nd has been shown to have an important role in the oxida- 
i v e stress response by binding to mRNAs specifically en- 
oding oxidati v e str ess r esponse proteins ( 64 ). Slf1 r emains
ssociated with ribosomes following oxidati v e stress condi- 
ions and has ther efor e been proposed to mediate the trans- 
ational response to oxidati v e stress via mRNA-specific 
ranslational control ( 64 ). We found that eIF4G1, but not 
IF4G2, interacts with Slf1 in both an RNA-dependent and 

ndependent manner, suggesting that yeast eIF4G isoforms 
ave different protein binding partners. This is perhaps not 
urprising, since although eIF4G1 and eIF4G2 are similar 
roteins, they also have large regions with low homology 

ncluding their N-terminal regions which are not very well 
onserved ( 30 ). 

Combined with the finding that eIF4G1 can facilitate the 
xidati v e str ess r esponse, one possibility is that Slf1 plays 
 role in mediating the translation of eIF4G1-bound mR- 
As. RBPs such as LARPs have increasingly been recog- 

ized as playing key roles in providing specificity to special- 
zed ribosomes that play regulatory functions in the selec- 
i v e translation of subsets of mRNAs ( 74 ). Slf1 is an atypical
ARP that has a conserved La-motif (LaM) RNA binding 

omain but lacks any RN A reco gnition motif (RRM) typ- 
cal of the LARP family ( 75 ). Slf1 has been shown to bind
mall ribosomal subunits via a novel binding motif within 

he N-terminal region of Slf1 ( 64 ). Slf1 may ther efor e act as
n adapter protein between specific oxidati v e stress related 

RNAs via its LaM domain and ribosomes via its ribo- 
ome binding domain. Our data suggests these mRNAs are 
nly accessible to eIF4G1 rather than eIF4G2. It is also in- 
eresting that the simultaneous loss of both eF4G1 and Slf1 

romotes oxidant tolerance suggesting that eIF4G2 is capa- 
le of driving oxidative stress-specific translation under cer- 
ain conditions. One possibility is that Slf1 acts to preclude 
IF4G2 mRNA binding during oxidati v e stress conditions. 

ore studies will be r equir ed to determine the functional 
 equir ement for eIF4G2 and whether it is similarly r equir ed 

or mRNA-specific translation during particular growth or 
tress conditions. 

A T A A V AILABILITY 
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