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Abstract 

Trypanosomatids are parasitic protozoa responsible for major human diseases which 

are characterized by unique gene expression mechanisms. mRNA translation in 

these parasites is associated with multiple eIF4F-like complexes, required for mRNA 

recruitment and ribosome binding. The eukaryotic eIF4F is generally known to require 

the action of eIF4A, an ATP-dependent RNA helicase, in order to function properly, 

but not all trypanosomatid eIF4F complexes might require EIF4AI, their single eIF4A 

homologue. In mammals, eIF4A is known to be targeted by specific inhibitors and 

can thus be considered a potential target for a selective inhibition of translation in 

these parasites. Here, aiming to better define the EIF4AI functionality, we started by 

investigating its interactome in Trypanosoma brucei, confirming a strong interaction 

with only one of five eIF4F-like complexes found in trypanosomatids, based on the 

EIF4E4/EIF4G3 subunits. Nevertheless, when the interactome of a mutant EIF4AI 

(DEAD/DQAD), known to be impacted on its ATPase activity, was investigated, the 

only eIF4F-like complex found was based on the EIF4E3/EIF4G4 pair, with many 

translation-related and other proteins also found with the mutant protein. When both 

wild-type and mutant proteins were also investigated through a fluorescent-based 

tethering assay, a stimulatory effect on mRNA expression was confirmed for EIF4AI, 

but not for the mutant protein. Sensitivity to the Rocaglamide A (RocA) inhibitor, 

which targets the mammalian eIF4A, was also investigated, with the inhibitor blocking 

the stimulation seen on the tethering assay. Parasite susceptibility to RocA was fur-

ther assessed in T. brucei and Leishmania infantum, with both, and specially T. bru-

cei, being much less susceptible to the drug than mammalian cells. This phenotype 

correlates with changes in EIF4AI within the RocA binding pocket where, in compari-

son with the mammalian eIF4A, a phenylalanine to valine substitution in the T. brucei 
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EIF4AI likely impairs RocA binding. Our results help better define the EIF4AI mode 

of action in T. brucei and provide relevant data which might support future searches 

for specific EIF4AI inhibitors.

Introduction

Trypanosomatids are parasitic protozoa which include several pathogenic species 
in the genera Leishmania and Trypanosoma. They are responsible for a range 
of diverse diseases of medical and veterinary importance with an impact on the 
economic development of several low-income populations. Specific and non-toxic 
drugs for the treatment of many of these infections are still lacking, despite the 
considerable number of studies devoted to the understanding of the basic biology 
of trypanosomatids and focusing on the search for novel therapeutic drugs [1,2]. 
Trypanosomatids separated very early from other eukaryotic lineages and are char-
acterized by a large number of divergent molecular mechanisms, many of which still 
need to be better defined [3].

One unique feature of all trypanosomatids is the absence of gene-specific tran-
scriptional control, with mRNA and protein levels set by post-transcriptional events 
including mRNA turnover and translation [4]. There is polycistronic transcription 
of protein coding genes by RNA polymerase II, followed by co-transcriptional 
processing into monocistronic transcripts through trans-splicing of a capped, 39 
nucleotides long, mini-exon to the 5’ end of the mRNAs. All mature mRNAs then 
have a common 5’ end, consisting of the capped Spliced-Leader (SL) sequence, 
and which precedes the typical 5’ untranslated regions (5’ UTRs) of the different 
mRNAs. The 5’ cap consists of 7-methyl-GTP, generally found in most eukaryotic 
mRNAs, followed by four methylated nucleotides and which form a modified cap 
structure, named cap4 [5].

The eukaryotic cap is required at the start of translation for the recognition of the 
mRNA by the small (40S) ribosomal subunit, a step which precedes the 40S binding 
to the mRNA and subsequent scanning of the 5’ UTR in order to find the translation 
initiation codon, AUG. Cap recognition is mediated by the translation initiation factor 
eIF4F, formed through the binding of the eIF4E subunit, the cap binding protein, to 
the multidomain/scaffold protein eIF4G, which is known to mediate the eIF4F inter-
actions with a number of protein partners, including multiple subunits of the large, 
ribosome bound, eIF3 complex [6–9]. A third eIF4F subunit in mammals is the RNA 
helicase eIF4A, responsible for the eIF4F unwinding activity which removes second-
ary structures in the mRNA 5’ UTR, which might prevent 40S subunit binding or its 
scanning in search of the AUG. This unwinding/helicase activity can be reinforced by 
a second RNA helicase, DDX3, as well as other initiation factors, eIF4B and eIF4H, 
which might be required for mRNAs with more structured 5’ UTRs [8–13]. Both 
eIF4F formation and the eIF4A helicase activity have been investigated as potential 
targets for inhibitors which could be used to specifically inhibit mRNA translation 
in cancer cells [13–16] with eIF4A inhibitors also investigated for antiviral activity 
[17,18].

identifier PXD049425 (https://www.ebi.ac.uk/
pride/archive/projects/PXD049425).

Funding: The early part of this work was mainly 
funded by grants provided by the Brazilian 
Funding agencies FACEPE (APQ-1662-2.02/15) 
and CNPq (401888/2013-4; 400789/2019-1) 
awarded to OPDMN. More recent work was 
funded by grants from the German Deutsche 
Forschungsgemeinschaft (CL 112/30-1) 
and CNPq (422478/2021-0) to OPDMN and 
a CNPq grant to DMNM (407632/2023-9). 
This study was also partially financed in part 
by the Coordenação de Aperfeiçoamento de 
Pessoal de Nivel Superior (CAPES), from 
Brazil (Finance Code 001). DMNM was initially 
supported by a CAPES/FACEPE/PNPD grant 
(23038.007656/2011-92; APQ01172.02/12). 
Studentships for the graduate students (ALS, 
AS, JLABR) were provided by FACEPE whilst 
the post-doctoral work carried out by LAA is 
currently funded by CNPq (152002/2022-7). 
OPDMN was a recipient of a CNPq fellow-
ship (310032/2019-9). MC is a Wellcome 
Investigator (grant 217138/Z/19/Z). The funders 
had no role in the study design, data collection 
and analysis, decision to publish, or preparation 
of the manuscript.

Competing interests: The authors have 
declared that no competing interests exist.

https://www.ebi.ac.uk/pride/archive/projects/PXD049425
https://www.ebi.ac.uk/pride/archive/projects/PXD049425


PLOS One | https://doi.org/10.1371/journal.pone.0322812  May 9, 2025 3 / 23

eIF4A is the prototype for the DEAD-box family of ATP-dependent RNA helicases, enzymes required in different events 
associated with the metabolism of RNAs. Members of this family have a conserved core containing the RNA binding 
and ATPase sites required to promote the helicase activity. The helicase core consists of two RecA domains separated 
by a linker region and forming a dumbbell-shaped structure, defined by the presence of nine typical conserved motifs 
[8,10,19,20]. Six of those motifs (Q, I, Ia, Ib, II and III) are found within the N-terminal domain whilst the remaining three 
(IV, V and VI) are mapped to the C-terminal domain. The DEAD-box motif (aspartate, glutamate, alanine and aspartate), 
part of the typical motif II, is involved in ATP binding and hydrolysis [21,22]. Three eIF4A homologues were originally 
described in mammals (eIF4AI, eIF4AII and eIF4AIII) [20,23], where eIF4AI and eIF4AII were found to be cytoplasmic 
proteins functionally active during translation [8], whilst eIF4AIII functions within the nucleus and participates in mRNA 
splicing and rRNA biogenesis [24,25]. Within eIF4F, the specific interaction between eIF4A and eIF4G requires multiple 
motifs in eIF4A which primarily binds to the central MIF4G domain of eIF4G, a conserved domain in all known eIF4G 
sequences [26,27]. A second eIF4A interacting region within eIF4G is mapped to the MA3 domain, localized within the 
eIF4G C-terminal region. The MA3 domain is missing from the Saccharomyces cerevisiae eIF4G and its absence might 
explain the low affinity of the interaction between the yeast eIF4G and eIF4A, with eIF4A not being considered a true 
eIF4F subunit in this microorganism [8,28].

A single eIF4A homologue active in translation, EIF4AI, is present in trypanosomatids [29]. In contrast, there are six 
eIF4E and five eIF4G homologues, forming a minimum of five different eIF4F-like complexes which may or may not 
include EIF4AI. Two of these eIF4F-like complexes have been shown to be most active in translation and form through the 
association of two distinct sets of eIF4E and eIF4G subunits, EIF4E4 with EIF4G3 and EIF4E3 with EIF4G4 [30]. EIF4G3 
and EIF4G4 are characterized by short N-terminal regions, which nevertheless include eIF4E binding motifs, followed by 
the MIF4G domain and conserved C-terminal regions which might include MA3-like domains. Both full-length EIF4G3 as 
well as its MIF4G domain were found to bind efficiently to EIF4AI in vitro. In contrast, only the full-length EIF4G4 bound 
to EIF4AI in the same assay [31]. Recent studies, in both Trypanosoma brucei and Leishmania infantum, have confirmed 
the co-precipitation of EIF4AI with the native EIF4E4/EIF4G3 but not with EIF4E3/EIF4G4, the latter complex found to 
be preferentially enriched with other DEAD-box RNA helicases, such as HEL67, a Ded1 homologue. Co-precipitation 
experiments also revealed that the EIF4E4/EIF4G3 complex binds preferentially to mRNAs encoding ribosomal proteins, 
and which are characterized by very short 5’UTRs and are unlikely to have complex secondary structures. In contrast, 
the EIF4E3/EIF4G4 complex associated with a much wider range of mRNAs, encoding functionally unrelated proteins 
but excluding those encoding ribosomal proteins. These transcripts generally have 5’UTRs significantly longer than those 
found with EIF4E4/EIF4G3 [32,33].

It was once thought that the eIF4A activity would be mostly required for the translation of mRNAs having secondary 
structures within their 5’UTRs and which would otherwise impact on the 40S ribosomal binding or scanning [34,35]. This 
is at odds with the clear EIF4AI association with EIF4E4/EIF4G3 and the ribosomal protein mRNAs [33], a unique class 
of cellular mRNAs which in trypanosomatids have very short and presumably unstructured 5’UTRs [36]. However, recent 
experiments in other organisms have implied a more direct role for eIF4A function during ribosome recruitment which 
is independent of eIF4G but requires the eIF4A ATPase activity [37–42]. Here, considering that an eventual targeting of 
EIF4AI with specific helicase inhibitors in trypanosomatids requires a better definition of its mode of action during transla-
tion, we opted to investigate it further in T. brucei. We started by searching for co-precipitating proteins and investigated 
its function in a new fluorescence-based tethering assay. We evaluated both the wild-type and a mutant EIF4AI having a 
modified DEAD motif and also investigated the effect of the helicase inhibitor Rocaglamide A (RocA) on the EIF4AI func-
tion. Our results reinforce the association between EIF4AI and the EIF4E4/EIF4G3 based complex whilst also supporting 
a potential association with the EIF4E3/EIF4G4 pair, but no evidence was found for the EIF4AI association with the other 
eIF4F-like complexes found in trypanosomatids. The stimulatory effect by EIF4AI in a tethering assay was confirmed and 
found to be dependent on the integrity of the DEAD motif as well as sensitive to RocA. The lower sensitivity to this drug 
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by different trypanosomatid species, however, was found to be associated with changes in the RocA binding site which 
directly impact on its activity. It implies important differences in the interaction between the drug and its EIF4AI target 
which should be relevant for future studies investigating related substances of therapeutic potential.

Materials and methods

Cloning procedures

Coding sequences for the wild-type (WT) and DQAD EIF4AI mutant were previously available [29] and were here sub-
cloned between the HindIII and BamHI sites of the p2477 plasmid [43] to generate the constructs coding for tagged 
proteins having six copies of the HA epitope at their C-terminuses. For the tethering assays, the same fragments were 
likewise subcloned into a modified version of the p3927 plasmid, having a DNA segment coding for a N-terminal 44 amino 
acid sequence consisting of the λ N-22 peptide followed by the TY epitope, as previously described [31]. Also, a mono-
cistronic reporter based on the expression of the fluorescent protein eGFP was generated. For that, the eGFP coding 
sequence was amplified by PCR and cloned between the HindIII and BamHI sites of the plasmid p3605 [44], where the 
resistance mark was replaced from blasticidin (bsrR) to neomycin (neoR). A synthetic sequence containing a single BoxB 
hairpin (5’- gat ctg tct cgt tac tgc cat aaa ata ATT GTA ATA TTC GGG CCC TGA AGA AGG GCC CTA TAT GCA AA cac 
cgg gtt gtg tgg cca aat ttg ttc ctc gag taa gga tcc-3’) was then subcloned downstream of the eGFP coding sequence, 
within the BamHI site, with the correct insertion and orientation confirmed by DNA sequencing (plasmid p4213). The con-
struct without the sequence containing the BoxB hairpin was used as negative control (plasmid p4212).

Parasite growth and transfection

Procyclic T. brucei cells, Lister 427, were cultivated at 27°C in SDM-79 supplemented with haemin, 10% heat-inactivated 
foetal calf serum (FCS) and 1% penicillin-streptomycin solution. Cultures were grown to mid-log phase for harvesting and 
production of total protein extract as previously described [45]. Transfection procedures were performed using standard 
conditions. For the p2477-derived plasmids (HA tag), the procyclic cell line Lister 427 29–13 was used [46]. For the teth-
ering assay, plasmids p4212 and p4213 were transfected into a cell line previously generated with the p4106 plasmid, 
derived from pSMOX [47] and constitutively expressing the tetracycline repressor only. Transfected cells were selected 
in the presence of phleomycin (2.5 μg/mL), G418 (15 μg/mL) or blasticidin (10 μg/mL), according to the plasmid used to 
generate the corresponding cell lines. Expression of HA- and TY-tagged proteins was induced after tetracycline addition 
(1 μg/mL) and cellular growth was monitored by cell counting at regular intervals. Promastigotes of Leishmania infantum 
strain MHOM/MA/67/ITMAP-263 were cultured at 25°C, in Schneider’s insect medium pH 7.2 supplemented with 1% 
penicillin-streptomycin solution, 10% heat-inactivated FCS and haemin.

Immunoprecipitation and mass spectrometry

Immunoprecipitations (IPs) were performed with T. brucei cytoplasmic extracts produced from log phase procyclic cells 
which expressed the HA-tagged proteins for 24h and were then ressuspended in lysis buffer (20 mM HEPES–KOH, pH7.4, 
75 mM potassium acetate, 4 mM magnesium acetate, 2 mM DTT), supplemented with EDTA-free protease inhibitor cocktail 
(Roche), followed by lysis through cavitation at 70 Bar, as described previously [32]. The IPs were performed with magnetic 
beads (Pierce anti-HA magnetic beads - Thermo Scientific) and for the negative control the same beads were incubated with 
cytoplasmic extracts from non-transfected cells (from the 29–13 cell line). All the experiments were performed in triplicates, 
with the IP products eluted in sample buffer for SDS-PAGE and briefly migrated by SDS-PAGE. Gel fragments containing 
the immunoprecipitated polypeptides were then excised and sent for mass spectrometry analyses, after protein elution and 
trypsin digestion, in a LTQ Orbitrap XL EDT Thermo Scientific. These experiments were performed simultaneously for both 
native and mutant EIF4AI, with the same negative control for both. After peptide identification, only proteins found with a min-
imum of two peptides for at least two of the triplicates for either of the tagged baits were considered for subsequent analysis. 
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Normalized intensity values for each co-precipitated protein were calculated for the whole set of IPs, as previously described 
[33], with average values for either of the tagged baits or the control then used to calculate the intensity enrichment ratios for 
the two baits in comparison with the control samples. All proteins with enrichment ratios greater than 1.5 are listed in the S1 
and S2 Tables, with a selection of those shown in Tables 1 and 2.

To directly evaluate the differences in co-precipitated proteins found with the native and mutant EIF4AI, the raw 
mass-spectrometry data was also analysed independently with the Perseus software, version 2.1.3.0 [48] which excluded 
potential contaminants, reverse sequences, and proteins identified only by site during data processing. Protein intensities 
were then transformed by the software to a log

2
 scale, and missing values were imputed based on a normal distribution 

centred around the detection limit of the mass spectrometer. Statistical analysis was performed in Perseus using the Stu-
dent’s t-test, comparing protein intensities between the EIF4AI-DQAD and EIF4AI-WT baits (both sets of triplicates). The 
results were visualized through a volcano plot, where the x-axis represents the differences in log

2
 intensities between the 

two baits and the y-axis displays the -Log(p) values, indicating the statistical significance of the observed differences. The 
significance threshold was defined based on the false discovery rate (FDR = 0.05) and an s0 parameter of 0.1. Individual 
values for all proteins shown in the volcano plot are listed in the S3 Table.

Tethering assay

For this assay, a GFP-reporter procyclic cell line, named 4213, that constitutively expresses GFP mRNA containing one 
boxB stem loop RNA sequence within its 3’-UTR was generated (GFP + , BoxB+) and subsequently transfected with plas-
mids encoding either EIF4AI

WT
 or the EIF4AI

DQAD
 mutant, both having the N-terminal λN-peptide/TY epitope fusion, in a tet-

racycline inducible system. After tetracycline addition (+TET), clones expressing the λN-TY-EIF4AI
WT

 or λN-TY-EIF4AI
DQAD

 
proteins were analysed for eGFP protein expression at 48h post-induction, on average 2 x 104 cells per experiment, in a 
FACSCalibur system (BD Biosciences). Non-induced cells (-TET) as well as cells from the non-transfected 427 cell line 
(GFP negative) and the original GFP-expressing 4213 cell line (GFP positive) were used as controls. As a control for the 

Table 1.  Selected enriched proteins co-precipitated with the HA-tagged EIF4AIWT in Trypanosoma brucei procyclic cells.

TriTrypDB ID Name Protein description Intensity Enrichment

BAIT

Tb927.9.4680 EIF4AI Eukaryotic Translation Initiation Factor 4A 4.23E + 09 8.3

eIF4F SUBUNITS

Tb927.6.1870 EIF4E4 Eukaryotic translation initiation factor 4E-4 1.19E + 07 31.7

Tb927.8.4820 EIF4G3 Eukaryotic translation initiation factor 4 gamma 3 3.99E + 06 7.4

OTHER TRANSLATION-RELATED PROTEINS

Tb927.10.13360 EEFTU Elongation factor Tu, mitochondrial 4.39E + 07 1.72

Tb927.10.5840 EEF1β Translation elongation factor 1-beta, putative 2.73E + 07 1.65

Tb927.11.8880 Sua5/YrdC tRNA threonylcarbamoyl adenosine modification protein 2.35E + 07 1.82

Tb927.11.14120 PheRS Phenylalanyl-tRNA synthetase alpha chain 2.17E + 07 2.18

RNA BINDING PROTEINS

Tb927.11.13280 gBP25a Guide RNA binding protein 25. MRP2. 1.61E + 07 2.61

Tb927.7.2570 GRBC1a Guide RNA associated protein, GAP2 7.68E + 06 ∞

Tb927.2.5240 PRP19b pre-mRNA splicing factor 19 3.71E + 06 1.91

Only translation related and RNA binding proteins that co-immunoprecipitated with the EIF4A
WT

-HA bait are shown. The full list of enriched proteins is 
shown in the S1 Table.
aProteins which mainly localize to the mitochondria, based on the TrypTag database [49].
bProteins which mainly localize to the nucleus, based on the TrypTag database [49].

https://doi.org/10.1371/journal.pone.0322812.t001

https://doi.org/10.1371/journal.pone.0322812.t001
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tethering assay, parallel experiments were carried out with another reporter cell line that expresses the same eGFP mRNA 
but without the BoxB sequence (cell line 4212; GFP + , BoxB-). As another control for the experiment, the EIF4E1 CDS 
was also cloned into the modified p3927 plasmid and tested in this system.

The analyses were done in triplicates in two independent experiments. Another set of experiments were performed 
using the RocA inhibitor at 1 µ M. For these experiments, the cell lines were initially induced with tetracycline for 24h and 
then incubated in presence (+RocA) or absence (-RocA) for the subsequent 24 hours, when the GFP expression was then 
evaluated by flow cytometry as described. All results were analysed using the FlowJo software version 10.10.0. Statistical 
analyses were performed with t-test and ANOVA on the GraphPad Prism v.8 software.

Inhibition with Rocaglamide A (RocA)

To test the inhibitory effect of RocA, T. brucei procyclic cells were cultured in SDM-79 medium to a density of 1x106 cells/
mL in a 48-well plate. Five different concentrations of RocA (Sigma-Aldrich) were then established for the IC

50
 determination 

Table 2.  Selected enriched proteins co-precipitated with the HA-tagged EIF4AIDQAD in Trypanosoma brucei procyclic cells.

TriTrypDB ID Name Protein description Intensity Enrichment

BAIT

Tb927.9.4680 EIF4AI Eukaryotic Translation Initiation Factor 4A 1.53E + 09 3.04

eIF4F SUBUNITS

Tb927.11.10560 EIF4G4 Eukaryotic translation initiation factor 4 gamma 4 3.51E + 07 2.65

Tb927.11.11770 EIF4E3 Eukaryotic translation initiation factor 4E-3 1.09E + 07 1.52

OTHER TRANSLATION-RELATED PROTEINS

Tb927.10.5840 EEF1β Translation elongation factor 1-beta, putative 2.94E + 07 1.78

Tb927.11.8880 Sua5/YrdC tRNA threonylcarbamoyl adenosine modification protein 5.10E + 07 3.95

Tb927.11.14120 PheRS Phenylalanyl-tRNA synthetase alpha chain 2.98E + 07 3.00

Tb927.11.15420 EIF3K Eukaryotic translation initiation factor 3 subunit k 9.88E + 06 1.73

Tb927.9.5150 RPS6 Ribosomal protein S6, putative 5.35E + 06 22.66

RNA BINDING PROTEINS

Tb927.10.14550 HEL67 ATP-dependent RNA helicase. 5.65E + 07 3.92

Tb927.11.13280 gBP25 a Guide RNA binding protein 25. MRP2. 4.06E + 07 6.60

Tb927.10.540 SUB2 b ATP-dependent RNA helicase SUB2 3.28E + 07 2.04

Tb927.11.1710 gBP21 a Guide RNA-binding protein of 21 kDa. MRP1 3.13E + 07 6.68

Tb927.11.16550 ZC3H46 Zinc finger protein, C3H1 type-like 2.06E + 07 ∞

Tb927.10.11760 PUF6 Pumilio/PUF RNA binding protein 6 1.12E + 07 2.65

Tb927.11.4450 ALBA2 ALBA domain protein 9.97E + 06 3.60

Tb927.11.510; Tb927.11.500 UBP1/2 RNA-binding protein, UBP1/UBP2 8.10E + 06 6.49

Tb927.10.13720 RBP29 RNA-binding protein 29, putative 7.82E + 06 2.50

Tb927.11.8870 MHEL61 a Mitochondrial DEAD-box RNA helicase 7.14E + 06 5.12

Tb927.11.1980 ZC3H41 Zinc finger protein family member, putative 7.01E + 06 2.70

Tb927.4.2040; Tb927.4.2030 ALBA3/4 DNA/RNA-binding protein Alba 3/Alba 4 6.65E + 06 34.27

Tb927.2.5240 PRP19 b Pre-mRNA splicing factor 19 5,98E + 06 3.09

Tb927.9.8740 DRBD3 Double RNA binding domain protein 3 5,90E + 06 11.79

Tb927.6.4440 RBP42 RNA-binding protein 42 5,36E + 06 10.71

Only translation related and RNA binding proteins that co-immunoprecipitated with the EIF4A
DQAD

-HA bait with average intensities greater than 5x106 are 
shown. The full list of enriched proteins is shown in the S2 Table.
aProteins which mainly localize to the mitochondria, based on the TrypTag database [49].
bProteins which mainly localize to the nucleus, based on the TrypTag database [49].

https://doi.org/10.1371/journal.pone.0322812.t002

https://doi.org/10.1371/journal.pone.0322812.t002
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(10 µ M to 0.625 µ M dissolved in dimethylsufoxide (DMSO)), with cell-growth monitored after 48 hours of exposure to the 
inhibitor. As a control, a culture without inhibitor was used, but with the diluent (1% DMSO). The growth profile of cultures 
was evaluated in triplicate, in at least two independent experiments, by counting in a Neubauer chamber at 48h. Likewise, 
L. infantum promastigotes were cultured and diluted in Schneider’s Insect Medium to a density of 1x106 cells/mL in a 48-well 
plate. The RocA concentrations established were 10-fold less than for T. brucei (1 µ M to 0.0625 µ M). The half-maximal inhibi-
tory concentration (IC

50
) was calculated using non-linear regression in GraphPad Prism v.8 software.

In silico analysis

Protein sequences were retrieved from the Uniprot database (https://www.uniprot.org/) with the following accession num-
bers: TbEIF4AI (Q38F76), TcEIF4AI (Q4E162), LiEIF4AI (A0A381M920), SceIF4AI (P10081), and HsEIF4AI (P60842). 
The sequence alignments were performed using the MAFFT software, version 42.0, found at Unipro UGENE (Integrated 
Bioinformatics Tools). The TbEIF4AI and LiEIF4AI protein sequences were modelled with the AlphaFold2 structure pre-
diction tool (https://alphafold.ebi.ac.uk/), powered by deep learning neural network algorithms from Google DeepMind 
(https://deepmind.com/). The EIF4AI:RocA:RNA interaction models were generated from the superposition of the mod-
elled proteins and the resolved structure of the human eIF4AI in complex with RocA and polypurine RNA, available at the 
RCSB Protein Data Bank (https://www.rcsb.org/) (PDB ID: 5ZC9), using PyMol (version 3.7) to position the RNA and the 
RocA ligands in the models generated with AlphaFold2. These models were subjected to a force field to minimize energy 
in YASARA, and the interactions were evaluated using Discovery Studio 2021. The quality of the structural models was 
evaluated using the Ramachandran plot (https://saves.mbi.ucla.edu/).

Results

Defining the T. brucei EIF4AI interactome

In previous work, the EIF4AI association with the EIF4E3/EIF4G4 and EIF4E4/EIF4G3 based complexes from T. brucei 
was investigated through assays using as baits the individual eIF4E (EIF4E3 and EIF4E4) or eIF4G (EIF4G3 and EIF4G4) 
subunits. These experiments were carried out after modifying the endogenous loci coding for these various proteins and 
expressing them as fusions with the enhanced yellow fluorescent protein (EYFP), used as a tag for immunoprecipitation 
assays [33]. Here, in order to better define the EIF4AI interactions with these and other eIF4F-like complexes from T. bru-
cei, we first set out to perform a reciprocal immunoprecipitation assay using as bait a tagged EIF4AI. For this experiment 
we opted to use a tetracycline inducible EIF4AI transgene [29] but replacing the myc tag with six copies of the HA (hem-
agglutinin) epitope. Expression of the HA-tagged protein was first evaluated after tetracycline induction of different clones 
through western blots using a monoclonal anti-HA antibody and protein extracts from the transgenic strains, non-induced 
and induced for 24 hours (S1 Fig).

Cytoplasmic lysates derived from exponentially grown cells from the transgenic cell lines expressing the HA-tagged 
EIF4AI were next used in immunoprecipitation assays using anti-HA coupled beads, in experiments performed in par-
allel with extracts from the parental cell lines, as negative controls. The precipitated samples, in triplicates, were then 
evaluated through western blots to confirm the efficiency of the procedure (also shown in S1 Fig) and sent to mass 
spectrometry analysis for the identification of the co-precipitated proteins. Normalized intensities from each individual 
protein co-precipitated with the tagged EIF4AI (EIF4AI

WT
-HA) were then used to calculate enrichment ratios in comparison 

with the negative control. The complete list of proteins enriched 1.5-fold or more with EIF4AI
WT

-HA in comparison with the 
control is included in the S1 Table. A subset of those, generally the ones most enriched or judged to be more functionally 
relevant, are compiled within Table 1.

As expected, EIF4AI was the protein with the highest intensity among those within the inclusion criteria which 
co-precipitated with the anti-HA beads. Nevertheless, it was also the topmost protein found in the negative control sam-
ples possibly as a consequence of its substantial abundance, previously assessed through direct quantitation using 

https://www.uniprot.org/
https://alphafold.ebi.ac.uk/
https://deepmind.com/
https://www.rcsb.org/
https://saves.mbi.ucla.edu/


PLOS One | https://doi.org/10.1371/journal.pone.0322812  May 9, 2025 8 / 23

specific antibodies [29] and more recently confirmed in a large-scale proteomic analysis of T. brucei proteins [50]. This 
might explain the only moderate enrichment ratio seen for the tagged EIF4AI when samples from cells expressing the 
HA-tagged protein were compared with those from control cells (~8-fold enrichment). Indeed, few proteins associated with 
translation were found among those enriched in the immunoprecipitations, but significant exceptions were EIF4E4 and 
EIF4G3, both found with enrichments similar to (EIF4G3) or greater than (EIF4E4) the tagged EIF4AI. No other eIF4E or 
eIF4G homologue was found among the enriched proteins. In all, only four other proteins related to translation, the elon-
gation factor 1-beta (EEF1β) and elongation factor Tu (EEFTU), as well as two other associated with the tRNA metabolism 
(Sua5/YrdC and PheRS), were found in this list, but with low enrichment values. Neither ribosomal proteins nor other RNA 
helicases were enriched. In contrast, a large number of metabolic enzymes and cytoskeletal and flagellar proteins were 
found enriched with EIF4AI, some with very substantial intensities and enrichment values (S1 Table). Overall, our results 
reinforce the strong and specific association between EIF4AI and the EIF4E4/EIF4G3 based complex, as previously indi-
cated by the immunoprecipitations experiments carried out using these eIF4E/eIF4G subunits as baits [33].

Interactome of an EIF4AI DEAD-box mutant

Early studies identified a glutamate to glutamine mutation which, when introduced into the DEAD motif of the mammalian 
eIF4A (modified to DQAD), inactivates the ATPase and RNA helicase activities and leads to a strong dominant negative 
effect on translation when the mutant protein was tested using in vitro translation assays [51]. An identical mutation intro-
duced into the myc-tagged, tetracycline inducible, T. brucei EIF4AI caused a slow growth phenotype [29]. Here, to inves-
tigate changes in co-precipitated proteins induced by the DQAD mutation, we first generated cell lines expressing the 
HA-tagged version of the mutant protein which was also expressed in a tetracycline inducible form (S1 Fig). As previously 
seen for the myc-tagged EIF4AI, expression of the HA-tagged mutant protein (EIF4AI

DQAD
-HA) led to a slight reduction in 

the rate of cell proliferation (~15% inhibition) when compared with the control cell line (29–13), not seen after expression 
of the native EIF4AI. Immunoprecipitation assays, equivalent to those carried out with the native protein, were then per-
formed in triplicates and the samples also analysed by mass spectrometry, as described above.

The full list of proteins co-precipitated with the EIF4AI
DQAD

-HA mutant enriched 1.5-fold or more, in comparison with the 
negative control is shown in the S2 Table. Overall enrichment for the tagged bait was lower for the mutant protein when 
compared to the wild-type EIF4AI (3-fold enrichment for EIF4AI

DQAD
-HA/ ~ 8-fold enrichment for EIF4AI

WT
-HA), contrasting 

with a much larger number of proteins enriched with the EIF4AI
DQAD

-HA (131 for EIF4AI
DQAD

-HA/ 71 for EIF4AI
WT

-HA) and 
with substantial changes in the profile of enriched proteins. Noteworthy are the changes in translation associated factors 
found enriched with the mutant EIF4AI, in particular the absence of the EIF4E4/EIF4G3 pair. In contrast, a second set of 
eIF4F subunits, EIF4E3 and EIF4G4, were found enriched with the mutant EIF4AI, although with low enrichment values 
(see also in Table 2). Other translation-related proteins specifically enriched with the mutant EIF4AI were the EIF3K sub-
unit of the eIF3 complex and the S6 ribosomal protein, a component of the 40S ribosomal subunit, both proteins which, in 
humans, have been shown to interact with eIF4A or localizes near to it [40].

When the overall intensities are considered, some of the most-enriched proteins found associated with the mutant 
EIF4AI are proteins associated with proteolytic pathways as well as chaperones and chaperonin subunits, with only a lim-
ited number of those also found with the EIF4AI

WT
-HA (all listed in the S2 Table). Many metabolic enzymes are also found 

among the top-most proteins co-precipitated with the mutant EIF4AI, with only a few of those coinciding with the ones 
enriched with the wild-type bait. Especially relevant, however, is the large number of proteins associated with the metab-
olism of mRNAs specifically enriched with the mutant bait, such as several RNA helicases (HEL67, SUB2 and MHEL61/
REH1) and distinct sets of proteins having RNA binding domains, as highlighted in Table 2. Some of these have been 
shown to localize preferentially to the mitochondria or the nucleus, as indicated, and the reasons for their co-precipitation 
with the bait are unclear. Nevertheless, many of the RNA binding proteins found with the bait have been shown to either 
stimulate or decrease the expression of a reporter mRNA in previously published tethering assays, therefore classified 
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as post-transcriptional activators or repressors [52,53]. Also found particularly enriched with EIF4AI
DQAD

-HA, and listed 
in the S2 Table only, are several subunits of the CCR4-NOT complex and which have also been shown previously to be 
post-transcriptional repressors (CAF1, NOT2, NOT5, NOT10 and NOT11), with only one of those (NOT11) also found 
with the EIF4AI

WT
-HA, but with a lower enrichment. This remarkably distinct set of proteins found co-precipitating with 

the mutant EIF4AI indicates differences in interacting properties which might nevertheless be of functional relevance and 
might provide clues as to the EIF4AI mode of action in association with different eIF4F-like complexes.

Impact of the DEAD/DQAD mutation on the EIF4AI interactions

The altered set of interaction partners found with the DQAD EIF4AI mutant is relevant, considering that the DEAD motif 
does not directly participate in known protein-protein interactions. This motif is positioned internally within the N-terminal 
domain of eIF4A homologues, facing the ATP binding pocket and unlikely to be accessible to other proteins, with the 
interaction with eIF4G being mostly mediated by the eIF4A C-terminal domain [26,27]. To better evaluate the differences 
between the wild-type EIF4AI and the DQAD mutant on likely protein partners, we directly compared changes in asso-
ciation between the co-precipitated proteins and the tagged baits. For this comparison we reassessed the original mass 
spectrometry data and used it to build the Volcano plot shown in Fig 1, plotting differences in log

2
-transformed protein 

intensities between the EIF4AI
WT

-HA and EIF4AI
DQAD

-HA baits with the -log(p) values derived from the statistical analysis 
of these differences. Selected proteins, arbitrarily judged to be more relevant, are indicated in the figure, with the complete 
set of identified proteins, plus the corresponding differences and -log(p) values, listed in the S3 Table. This comparative 
analysis highlights the association of the native protein with the EIF4E4/EIF4G3 complex, while both the EIF4E3/EIF4G4 
subunits are preferentially found with the mutant EIF4AI. More relevant, however, was the large number of other trans-
lation related proteins which were seen more associated with the mutant protein, such as ribosomal proteins, aminoacyl 
tRNA synthetases and translation factors, including multiple subunits of the eIF3 and eIF2 complexes as well as EIF5 
(Fig 1). Other RNA-related proteins previously shown to be specifically related to the EIF4E3/EIF4G4 complex [33] were 
also seen to have an increased association with the mutant EIF4AI, such as PABP2, the RNA binding proteins DRBD2 
and RRM2 and the RNA helicase DBP2B. In contrast, PABP1 and the RNA binding protein RBP23, known partners of the 
EIF4E4/EIF4G3 complex, were not found amongst those associated with the wild-type EIF4AI. Other proteins increased 
with the mutant EIF4AI included a large number of proteasomal subunits and proteins associated with degradation 
pathways, many not seen in the previous analysis, as well as more chaperones and chaperonin subunits. In conclusion, 
these results reinforce the association of the mutant protein with the EIF4E3/EIF4G4 complex and its co-precipitation with 
ribosomes and translation factors, contrasting with what is observed for the wild-type EIF4AI.

T. brucei EIF4AI stimulates expression of a reporter mRNA, dependent on the integrity of its DEAD motif

Tethering assays have been used routinely to investigate the impact of specific proteins on the turnover and/or translation 
of mRNAs to which they were tethered at the 5’ or 3’ untranslated regions. These assays are dependent on the expression 
of fusion proteins having a small RNA binding domain, most commonly the one derived from the λ bacteriophage antiter-
minator protein N (λN peptide), joined to the coding sequence of the protein to be investigated. The fusion protein then 
is expressed in cell lines also expressing a reporter mRNA coding for a quantifiable protein product and having inserted 
within its untranslated regions one or more copies of the target sequence for the selected RNA binding domain, with the 
19 nucleotide boxB motif being the target for the λN peptide [54,55]. Previous assays have used a tethering approach to 
screen for a large number of T. brucei proteins which are able to enhance or reduce expression of targeted mRNAs in 
bloodstream cells [52,53]. These assays, however, were not able to identify EIF4AI as a post-transcriptional regulator. 
Here we opted to develop a new tethering assay aiming to investigate the direct impact of EIF4AI on the expression of 
a bound reporter mRNA. This was based on a procyclic cell line, named 4213, constitutively expressing the enhanced 
Green Fluorescent Protein (eGFP) from a mRNA having a boxB stem loop placed within its 3’UTR (Fig 2A) and with a 
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5’UTR approximately 50 nucleotides long. These cells express a ~ 27 kDa fluorescent protein which is clearly seen when 
assayed through western blot probed with an anti-GFP antibody (S2 Fig). The GFP expression levels can also be readily 
quantitated through flow cytometry, as shown in Fig 2B.

To analyse the EIF4AI in the tethering assay, the cell line 4213 was next transfected with a plasmid encoding tetra-
cycline inducible variants of the EIF4AI protein having, at their N-terminus, the λN peptide followed by the TY epitope. 
Transgenic cells expressing both wild-type and the DQAD mutant were generated and tested through western blots 
to confirm the expression of the eGFP reporter as well as the induction of the effector proteins (λN-TY-EIF4AI

WT
 and 

λN-TY-EIF4AI
DQAD

). Bands representing both the wild-type and mutant protein, with a molecular weight of ~ 50 kDa, were 
similarly detected using an anti-TY antibody 24 hours after tetracycline addition, with the eGFP band also identified using 
the anti-GFP antibody (Fig 2C). Flow cytometry was used to quantify eGFP expression in the presence of the effector 
proteins (+TET) and compared to non-induced samples (-TET) (Fig 2D). There was an increase in fluorescence of ~ 28% 
in the cell line expressing the λN-TY-EIF4AI

WT
 at 48 hours after tetracycline induction, compatible with EIF4AI functioning 

as a post-transcriptional activator. In contrast, λN-TY-EIF4AI
DQAD

 expression resulted in a decrease in GFP expression 
of ~ 18%, when compared to the corresponding non-induced strains (an independent experiment is shown in S3 Fig). 
These results confirm the expected role for EIF4AI in stimulating the expression of the eGFP reporter but indicate that this 
role is dependent on the integrity of the DEAD box motif and possibly its helicase/ATPase activity.

As control for the tethering assay, a cell line expressing a similar eGFP mRNA, with the same UTRs but without the 
boxB stem loop, was also generated (S4 Fig) and tested in the same conditions as above. The impact on the control 

Fig 1.  Comparative analysis of proteins differentially co-precipitated with the wild-type and mutant EIF4AI. The volcano plot compares the pro-
tein interaction profiles obtained for the EIF4AI

WT
-HA and EIF4AI

DQAD
-HA baits. The x-axis represents the differences in log

2
-transformed protein intensi-

ties between EIF4AI
WT

-HA and EIF4AI
DQAD

-HA, while the y-axis shows the -log(p) values, reflecting the statistical significance of the observed differences. 
Proteins with significant changes are highlighted/annotated, including key RNA-binding proteins, elongation factors, and other translation-related factors. 
A schematic categorization of selected proteins enriched in the EIF4AI-DQAD condition is shown on the right, with these proteins grouped into relevant 
functional classes: eIF4F subunits (EIF4G4, EIF4E3), RPS6 (ribosomal protein S6), other eukaryotic initiation factors (EIF5 and subunits of both eIF3 
and eIF2 complexes); elongation factors (e.g., EEF2, EEF1α) and RNA-binding proteins.

https://doi.org/10.1371/journal.pone.0322812.g001

https://doi.org/10.1371/journal.pone.0322812.g001
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cell line was somewhat variable between experiments, however, considering the average eGFP levels detected. Never-
theless, little or no effect on the reporter was detected after induction of the λN-TY-EIF4AI

WT
, whilst the presence of the 

λN-TY-EIF4AI
DQAD

 mutant either did not affect or led to a slight decrease in eGFP levels (S5 Fig). Another control used to 
validate the new tethering approach was performed by also investigating the effect on the reporter mRNA of the T. bru-
cei EIF4E1. This eIF4E homologue has been consistently found to function as a repressor in the previously described 
tethering system based in T. brucei bloodstream forms [52,53,56]. A repressive effect was also seen here on the eGFP 
expression from the 4213 cell line, post EIF4E1 induction. In contrast, minor effects were observed for the reporter from 
the control cell line (S6 Fig).

Fig 2.  Effect of the tethering of EIF4AI on the expression of a reporter mRNA. A) Schematic representation of the mRNA encoding the eGFP 
reporter with an added boxB motif, represented by a stem loop, placed within its 3’UTR, and the binding of the λN-TY-EIF4AI. B) Histogram representing 
the eGFP expression detected by flow cytometry in non-transfected T. brucei procyclic cells and in the transgenic 4213 cell line. C) Western blot probed 
with the anti-TY and anti-GFP monoclonal antibodies and confirming the expression of both the λN-TY- EIF4AI

WT
 and λN-TY-EIF4AI

DQAD
 in representative 

transgenic clones induced (+tet) or not induced (-tet) with tetracycline for 24 hours. D) Quantitative analysis of eGFP expression 48 hours after tetracy-
cline induction. The results are derived from a first set of experiments where three clones of each condition were tested, with the results represented in 
the graphs as mean ± standard deviation (* = p ＜ 0.05; ** = p ＜ 0.01 and *** = p ＜ 0.001). A second independent experiment yielded very similar results 
and is shown in S3 Fig. MFI: Mean Fluorescence Intensity.

https://doi.org/10.1371/journal.pone.0322812.g002

https://doi.org/10.1371/journal.pone.0322812.g002
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The RocA inhibitor impairs growth of the T. brucei procyclic form and impacts on the effect of the EIF4AIWT 
expression on the levels of a reporter mRNA

Many natural and synthetic molecules, such as hippuristanol, rocaglates, pateamine A and derivatives, have shown 
inhibitory effects against eIF4A and this property has been used to study its function in translation, as well as to explore 
their potential use as drug candidates [57]. Rocaglamide A (RocA) is a typical rocaglate that has been seen to inhibit both 
eIF4A as well as the DDX3 DEAD box helicase [58] and whose effect on the Leishmania EIF4AI has also been assessed 
[59]. Here, to investigate the possible use of this inhibitor to evaluate eIF4A function in the T. brucei 427 cell line, we first 
tested its effect on the growth rate of procyclic forms cultured in the presence of different concentrations of RocA. As 
shown in Fig 3A, representing the percentage of growth inhibition seen, an inhibitory effect was indeed observed with an 
IC

50
 value estimated at 2.74 µ M ± 0.03 µ M.

We then opted to assess the effect of RocA on the reporter eGFP expression in the tethering assay with the λN-TY-
EIF4AI

WT
 protein (Fig 3B). The inhibitor, at 1 µ M, had no effect on the levels of the GFP reporter on cells which were not 

expressing the fusion protein (-TET), however it did lead to a reduction in GFP levels when λN-TY-EIF4AI
WT

 was induced 
(+TET/ + RocA), with an overall ~10% decrease in the eGFP expression when compared to control (+TET/-RocA). These 
results confirm a requirement for the EIF4AI activity in the tethering assays but, nevertheless, some stimulation by the λN-
TY-EIF4AI

WT
 on the reporter expression remained even in the presence of RocA.

Reduced T. brucei susceptibility to RocA explained by differences in its eIF4A binding pocket

The RocA IC
50

 estimated for T. brucei indicates a much reduced susceptibility to this inhibitor, when compared with mam-
malian HEK293 cells, with an IC

50
 calculated at 3.68 ± 0.51 nM [60]. This difference is noteworthy, especially considering 

potential studies investigating the use of related chemicals to inhibit eIF4A function in these parasites. We thus decided 
to investigate whether differences in the corresponding eIF4A sequences/structures could possibly lead to the variations 
observed regarding the RocA inhibitory effect. Two residues, phenylalanine 163 (F163) and isoleucine 199 (I199), in 
human eIF4AI numbering, have been reported as important for resistance to RocA since the presence of two mutations 
in those residues in Aglaia (F163L and I199M) avoid self-toxicity. The F163 residue, in particular, is considered a determi-
nant for sensitivity to rocaglates, including Rocaglamide A, and substitutions can directly interfere with the way the inhib-
itor interacts with the binding pocket, affecting the eIF4A susceptibility to the drug [60]. To investigate the conservation of 
both residues in trypanosomatids we opted here to first compare the equivalent sequences from three different species: T. 
brucei, T. cruzi and Leishmania infantum. The I199A residue is conserved in the EIF4AI sequences from the three try-
panosomatid species (Fig 4A and S8 Fig), but F163 diverges in all. In both T. brucei and T. cruzi species it is replaced by 
a valine (V160).

In order to provide insights into how EIF4AI establishes its interactions with the inhibitor, we opted to model the inter-
actions between the T. brucei EIF4AI with RNA and RocA based on the solved structure of the human eIF4AI:RNA:RocA. 
A AlphaFold2 structural model was then generated for the T. brucei EIF4AI and this model was overlayed with the human 
structure (Fig 4B). The model was found with a greater than 95% residue distribution in allowed regions of the Ramach-
andran plot, classifying it as an excellent model, with Root Mean Square Deviation (RMSD) values indicating significant 
structural similarity between the modelled protein and the human eIF4AI (S9 Fig). We then analysed, in a structural 
context, the residues that make up the RocA binding pocket within the T. brucei EIF4AI and found that the absence of 
phenylalanine in this pocket plus the valine (V160) substitution generates a hydrophobic (alkyl) interaction between this 
valine residue and one of the RocA rings (R3-ring) (Fig 4C and S10 Fig). It is a weaker interaction when compared to the 
one formed between RocA and F163 in the eIF4A binding pocket found in humans and other eukaryotes. F163 forms 
intermolecular interactions of the Pi-T-shaped and Pi-Pi-stacked types with two RocA rings (R2 and R3), which stabilizes 
the ligand in the binding pocket. The weaker interaction is compatible with the reduced T. brucei susceptibility observed 
for this inhibitor.



PLOS One | https://doi.org/10.1371/journal.pone.0322812  May 9, 2025 13 / 23

Differences in amino acids involved in RocA binding to eIF4A are associated with different inhibitory responses 
seen for T. brucei and L. infantum

The alignment comparing the human, Trypanosoma and Leishmania eIF4A sequences reveals a different substitution for 
the F163 from the human eIF4AI in the L. infantum protein, with a serine found in the corresponding position (S159). This 
implies a shorter and more hydrophilic side chain for the L. infantum EIF4AI, when compared with the one provided by the 
V160 residue found at the same position in its T. brucei orthologue. Considering then the potential for a different interac-
tion with RocA for the L. infantum EIF4AI, and changes in the parasite’s susceptibility to the inhibitor, we decided to also 
model the L. infantum EIF4AI:RNA:RocA interactions following the same procedure described for the T. brucei EIF4AI, 
with equivalent quality parameters found for the Leishmania protein (S9 Fig). Indeed, a different profile is observed 
regarding the RocA interaction with the L. infantum EIF4AI (Fig 5A and S10 Fig). In this case, the presence of the S159 

Fig 3.  Evaluation of the RocA inhibitor on the T. brucei growth and EIF4AI activity. A) Growth curve assessing the effect of the RocA inhibitor on 
the growth of T. brucei procyclic cells. The results shown are representative of two independent experiments, each performed in triplicates and detailed 
in the S7 Fig. (B) Comparative analysis by flow cytometry of the expression of the eGFP reporter after induction of the λN-TY-EIF4AI

WT
 fusion, in the 

presence or absence of RocA at a concentration of 1 µ M. MFI: Mean Fluorescence Intensity.

https://doi.org/10.1371/journal.pone.0322812.g003

https://doi.org/10.1371/journal.pone.0322812.g003
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residue in the L. infantum EIF4AI, despite contributing to weaker interactions with RocA, appears to be compensated by 
it still allowing another residue, lysine 163 (K163), access to the RocA ligand. In the L. infantum EIF4AI, the K163 residue 
can thus also interact with two RocA rings (R2 and R3), through interactions of the pi-cation type, leading to a more stable 
and overall stronger interaction with the ligand, when compared with the T. brucei EIF4AI.

Based on the in silico analyses, we then opted to evaluate the effect of RocA on the L. infantum growth, using its pro-
mastigote developmental form (Fig 5B). Indeed, this inhibitor was found to impair the parasite growth at lower concentra-
tions than observed for T. brucei. At 0.39 ± 0.01 µ M, the RocA IC

50
 estimated for L. infantum is four to five fold lower than 

the one calculated for T. brucei, despite still being much higher than the one defined for mammalian cells. This difference 
in the RocA IC

50
 between the two trypanosomatid species investigated here is noteworthy and might be explained by the 

differences in the availability of amino acid residues in the EIF4AI binding pocket seen for these species. Nevertheless, 
further experimental validation of the role of the residues discussed here on the RocA binding is still needed.

Fig 4.  Comparative evaluation of the interaction between the human and T. brucei eIF4A homologues with RNA and RocA. (A) Alignment com-
paring the RocA binding region from selected eIF4AI sequences: Homo sapiens (Hs), Saccharomyces cerevisiae (Sc), Trypanosoma brucei (Tb), Try-
panosoma cruzi (Tc) and Leishmania infantum (Li). The arrows indicate the relevant phenylalanine (F163 in the human eIF4AI; red arrow) and isoleucine 
(I199 in humans; blue arrow) implicated in the interaction with RocA, whilst the Leishmania K163 residue is indicated with the symbol ▲. The complete 
sequence alignment can be found in the S8 Fig. (B) Overlay of the TbEIF4AI structural model with the solved model for HseIF4AI (PDB: 5ZC9). (C) 
2D maps of the RocA binding pocket, based on the structure of the human eIF4AI:RNA interacting with RocA as well as the model for the TbEIF4AI:R-
NA:RocA complex.

https://doi.org/10.1371/journal.pone.0322812.g004

https://doi.org/10.1371/journal.pone.0322812.g004
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Discussion

The association of the trypanosomatid EIF4AI with the eIF4F-like complexes based on the EIF4E4/EIF4G3 and EIF4E3/
EIF4G4 subunits has been shown by co-precipitation studies from whole cytoplasmic extracts performed both in T. 
brucei and Leishmania [31,33,45,61,62], as well as by in vitro pull-down assays confirming the direct interaction of the 
Leishmania EIF4AI with both EIF4G3 and EIF4G4 [31,63]. The in vitro assays, however, did indicate differences in the 
interaction between EIF4AI and the two eIF4G subunits [31], despite both EIF4G3 and EIF4G4 having conserved motifs 
at sequences shown in the yeast eIF4G to mediate the binding to its eIF4A partner [27], and the recent data from T. 
brucei also suggests a greater association in vivo between EIF4AI and the EIF4E4/EIF4G3 based complex [33]. Here our 
results, the first using the tagged EIF4AI as bait, confirm its strong association with the EIF4E4/EIF4G3 based complex, 
whilst also indicating an ability to associate with the complex formed by the EIF4E3/EIF4G4 subunits. The data, however, 
does not support any association between EIF4AI and the other eIF4F-like complexes from trypanosomatids, despite the 
EIF4AI co-precipitation previously observed with two other eIF4G homologues, EIF4G1 and EIF4G2 [64].

The helicase activity of eIF4A is essential for protein synthesis and cell viability, and mutants that lack this activity 
can induce a dominant negative effect. From previous studies, mutations targeting the motif II (DEAD) interfere with the 
EIF4AI ATPase and helicase activities without affecting RNA binding (reviewed in [22]. These mutations are not expected 
to impact directly on the EIF4AI interactions, although they can lead to structural rearrangements which would interfere 

Fig 5.  Evaluation of the RocA interaction with the L. infantum EIF4AI and its impact on the parasite growth in culture. (A) 2D map of the RocA 
binding pocket on the L. infantum EIF4AI, based on the model for the LiEIF4AI:RNA:RocA complex built as described in Fig 4 for the T. brucei EIF4AI. 
(B) Growth curve assessing the effect of the RocA inhibitor on the growth of L. infantum promastigote cells. The results shown are representative of 
three independent experiments, each performed in triplicates and detailed in the S7 Fig.

https://doi.org/10.1371/journal.pone.0322812.g005
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with them. Indeed, the results reported here do show an important impact for the DQAD mutation upon the EIF4AI inter-
actions, since the same mutation leads to contrasting effects in regard to the association between EIF4AI and the EIF4E4/
EIF4G3 and EIF4E3/EIF4G4 complexes. Whilst the DQAD mutant is clearly impaired in its association with the EIF4E4/
EIF4G3 pair, the mutation might also stabilize an otherwise more transient interaction with the complex based on the 
EIF4E3/EIF4G4 subunits and other translation factors. These differences likely reflect distinct functional properties associ-
ated with the eIF4A activity within these complexes.

The results with the mutant EIF4AI imply that the EIF4E4/EIF4G3 complex most likely interacts with EIF4AI when it 
is bound to ATP. Based on structural data (reviewed in [8]), this would require a closed conformation for EIF4AI. A more 
stable interaction would also be compatible with both EIF4E4/EIF4G3 subunits being more efficiently co-precipitated with 
the native EIF4AI. The EIF4E4/EIF4G3 complex has been shown to preferentially associate with mRNAs having very 
short 5’UTRs [32,33] which presumably require less RNA helicase activity and little or no scanning by the small ribosomal 
subunit. eIF4A homologues in yeast and humans, and in the more diverged Giardia parasite, have been shown to directly 
interact with subunits of the eIF3 complex [37,39,40,42], implying functions not previously defined. In mammals, at least, 
the direct eIF3 interactions have been found to involve a second eIF4A molecule, localized opposite to eIF4F on the small 
ribosomal subunit, and which might be required for the efficient mRNA scanning [42]. A speculative proposal for EIF4AI 
based on the results shown here, within the EIF4E4/EIF4G3 complex, would be for it to be preferentially supporting the 
adequate ribosomal placement along the mRNA, rather than helping mRNA scanning. A requirement for ATP at this stage 
is supported by recent work in yeast which confirmed the requirement for eIF4A, and ATP hydrolysis, for the efficient ribo-
some recruitment to the capped mRNAs [38].

The tethering assay suggests that the EIF4AI
DQAD

 mutant might be non-functional, consistent with a lack of interaction 
with EIF4E4/EIF4G3, but this is not compatible with a dominant negative phenotype. In contrast, the co-precipitation of the 
mutant protein with a second eIF4F-like complex, EIF4E3/EIF4G4, might indicate a stabilization by the DQAD mutation of 
the interaction between EIF4AI and EIF4E3/EIF4G4, which otherwise is not seen. Since other translation-related factors 
and ribosomal proteins are also found with the mutant protein, it is possible that the binding of the mutant protein to the 
EIF4E3/EIF4G4 complex might prevent its activity when already bound to the mRNA and to other translation related pro-
teins. This is more compatible with the dominant mutant phenotype previously observed for the DQAD mutation in T. bru-
cei [29]. It also is in agreement with the multiple cycles of EIF4AI binding and release to the RNA and/or eIF4F, which are 
expected to be required for the helicase activity to proceed [8,10]. The mutant protein, by remaining bound to the EIF4E3/
EIF4G4 complex, is likely to prevent it to function effectively and should also compete with the endogenous non-mutated 
EIF4AI, which otherwise would still be capable of providing eIF4F-like functionality.

The specific association between the mutated EIF4AI and the EIF4E3/EIF4G4 complex is reinforced by its 
co-precipitation with RNA helicases (HEL67, DED1, DBP2B) as well as other proteins, such as DRBD2 and PABP2, previ-
ously found to be preferentially enriched with EIF4E3/EIF4G4 [33]. Both HEL67 and the related DED1 are homologues of 
the yeast ded1p and human DDX3, whose orthologues in Leishmania have been previously studied [65]. The Ded1/DDX3 
helicases are enzymes universally conserved among eukaryotes [12] and have been found to be preferentially required 
during the ribosome scanning of mRNAs having more structured 5’ UTRs [10,13]. The HEL67/DED1 association with the 
EIF4E3/EIF4G4 pair might then suggest a role during the unwinding activity of the longer 5’UTRs seen preferentially found 
in the mRNAs co-precipitated with this complex [33], a role which nevertheless might still require EIF4AI. As to the rea-
sons why the EIF4E3/EIF4G4 complex is not found with the native EIF4AI, a possible explanation would be the transient 
nature of this association. The large differences in abundance between EIF4AI and its binding partner EIF4G4, based 
on previous quantitations [29,31], also implies that only a minor fraction of EIF4AI would be bound to an eIF4G partner, 
further impacting on the proper detection of this loosely bound partner. Similar reasons might also explain the lack of other 
eIF4G homologues co-precipitating with EIF4AI, although their lack of co-precipitation with the DQAD mutant would also 
imply relevant differences in comparison with EIF4G4.
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A number of recent studies have investigated translation inhibitors targeting eIF4A, focusing on both the validation of 
novel inhibitors as well as on the investigation of mechanisms associated with eIF4A inhibition and function [57,60,66–70]. 
RocA and other rocaglates are known to interfere with eIF4A activity by increasing its affinity and clamping to the RNA 
substrate, leading to a sequestration of the eIF4A and eIF4F available and to the inhibition of translation [67,69]. The 
RocA effect on the tethering assay seen here does not show a major impact by the inhibitor on the stimulation of the 
reporter expression induced by EIF4AI. Although this could be a consequence of the reduced sensitivity to the drug by the 
T. brucei EIF4AI, it might also reflect the increased EIF4AI levels, induced by the ectopic gene, or the fact that RocA might 
not significantly impact the EIF4AI function when bound to EIF4E4/EIF4G3, the complex most likely found to be asso-
ciated with the EIF4AI activity in the tethering assay. Several recent papers have also investigated the potential use of 
specific inhibitors to target eIF4A from different pathogens [59,71,72]. Silvestrol, another roclagate, has been specifically 
tested with both T. brucei and Leishmania amazonensis [72], with T. brucei considered a susceptible species, due to a 
much greater susceptibility to silvestrol than the susceptibility observed here for RocA, whilst L. amazonensis was consid-
ered resistant to the drug. However, silvestrol is a larger molecule and has an additional 1,4-dioxane moiety added to the 
basic rocaglate skeleton that is missing from RocA. This has been suggested to mediate additional interactions between 
silvestrol and eIF4A beyond the RNA binding pocket [72] and might explain a greater interaction for silvestrol, and greater 
inhibitory potential, than RocA for T. brucei cells, at least. The differences in the results for the Leishmania cells are harder 
to explain, but the previous work investigated the susceptibility to silvestrol in intracellular amastigotes and used lower 
concentration of the drugs. In contrast, our assays tested extracellular promastigotes with higher RocA concentrations, so 
one possibility would be for differences in intracytoplasmic drug availability within the Leishmania cells lead to the distinct 
results observed. An early evaluation of RocA did find a higher EC value for RocA (16.5 μM) with L. infantum promastig-
otes [73], but the reason for the observed discrepancy is not currently understood. Overall, these results and the others 
reported here help clarify important aspects regarding EIF4AI function during translation in trypanosomatids, with relevant 
insights revealed regarding the dynamics of mRNA translation in these and other eukaryotes and with implications for 
drug discovery research aiming to identify new targets for antiparasitic drugs.
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tides in at least two of the replicates from the bait and with an enrichment ratio in comparison with the control equal to or 
greater than 1.5 were considered and included in the table.
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S1 Raw Images.  Raw images with full sized results from the western-blots used to generate Fig 2C and the sup-
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S1 Fig.  Expression and immunoprecipitation of the HA-tagged EIF4AI proteins. The left panels show western blots 
confirming the expression in transgenic lines of the EIF4AI
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-HA proteins, each tagged with six copies 
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the native EIF4AI. The western blot on the right panel assesses the immunodetection with anti-HA of various samples 
from the immunoprecipitation experiments using anti-HA magnetic beads. These include the cytoplasmic fractions or 
lysates (L) of cell lines expressing T. brucei EIF4AI, in its wild-type (WT) and mutant form (DQAD), as well as the immu-
noprecipitated (IP) samples and the non-bound or flow through (FT) fractions, with the parental cell line (29–13) used as 
negative control.
(PDF)

S2 Fig.  Schematic representation of the tethering construct and evaluation of the eGFP expression in transfected 
T. brucei cells. The figure shows a schematic representation of the plasmid segment encompassing the reporter con-
struct as well as the corresponding mRNA. This encodes the eGFP reporter plus boxB motif, represented by a stem loop 
placed within the mRNA 3’UTR. Binding of the λN-TY-EIF4AI protein to the boxB motif is also represented. The constitu-
tive expression of eGFP was detected by western blot (panels below) and compared to the non-transfected parental cell 
line, with the detection of the chaperone BiP used as loading control.
(PDF)

S3 Fig.  Independent tethering assay to evaluate the EIF4AI impact on the expression of a reporter mRNA. Quan-
titative analysis of eGFP expression 48 hours after tetracycline induction for the second set of experiments carried out as 
described for Fig 2E.
(PDF)

S4 Fig.  Plasmid construct, mRNA and eGFP expression analysis for the control cell line used in the tethering 
assays. Schematic representations of the plasmid segment encompassing the control reporter construct (p4212) as well 
as the corresponding mRNA, encoding the eGFP reporter without any boxB motif within the mRNA 3’UTR, are shown on 
the left. The constitutive expression of eGFP in the corresponding transgenic cell line was confirmed through the west-
ern blots shown, assessing also the non-transfected cell line, with the detection of the chaperone BiP used as loading 
control. The histograms on the left represent the eGFP expression detected by flow cytometry in procyclic cells from 
non-transfected T. brucei and the transgenic 4212 cell line.
(PDF)

S5 Fig.  Evaluation of the effect of the tethered EIF4AI, wild type and DQAD mutant, on the eGFP reporter from 
a control cell line. Results from two different experiments are shown, with the first experiment, shown on top, evalu-
ated through western blot probed with the anti-TY and anti-GFP monoclonal antibodies. It confirms the expression of 
both the λN-TY- EIF4AI

WT
 and λN-TY-EIF4AI

DQAD
 in representative transgenic clones induced (+tet) or not induced (-tet) 

with tetracycline for 24 hours, and the effect on the eGFP expression. The same experiment was also evaluated through 
flow-cytometry, for a quantitative analysis of eGFP expression 48 hours after tetracycline induction. Quantitative results 
only for a second independent experiment are shown on the bottom. Three clones of each condition were tested for each 
experiment, with the results represented in the graphs as mean ± standard deviation (* = p ＜ 0.05). MFI: Mean Fluorescent 
Intensity.
(PDF)

S6 Fig.  Evaluation of the tethered EIF4E1, used as a control, on the expression of the eGFP reporter mRNA. The 
effect of the λN-TY-EIF4E1 expression on the eGFP reporter encoded by the mRNA with the boxB motif on its 3’UTR 
(from the 4213 cell line) is shown on the left. The western blots on top, probed with the anti-TY monoclonal antibody, 
confirm the expression of λN-TY- EIF4E1 in representative transgenic clones induced (+tet, 24 and 48h) or not induced 
(0h) with tetracycline, with the BiP chaperone used as loading control. The quantitative analyses of the eGFP expression 
24 and 48 hours after tetracycline induction, for two independent experiments, are shown below. Equivalent experiments, 
shown on the right, were performed in order to assess the effect of the λN-TY-EIF4E1 expression on the eGFP reporter 
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encoded by the control mRNA (from the 4212cell line). Three clones were tested for each experiment from each condition, 
with the results represented mean ± standard deviation.
(PDF)

S7 Fig.  Rocaglamide (RocA) effect on the growth of both Trypanosoma brucei and Leishmania infantum. For all 
the experiments, each spot represents an average of cell-density values from three different growth curves set up in paral-
lel. These values were measured 48 hours after the cells were incubated with the RocA inhibitor and were used to define 
the growth inhibition results shown in Figures 3A and 5B. The experiments with the T, brucei procyclic cells are shown on 
the left, while on the right are shown those performed with the L. infantum promastigotes.
(PDF)

S8 Fig.  Multiple sequence alignment comparing the human and yeast eIF4AI sequences with the Leishmania and 
Trypanosoma EIF4AI orthologues. The alignment was performed using the MAFFT software, with amino acids iden-
tical in 60% or more of the sequences highlighted in black, whilst amino acids defined as similar in 60% or more of the 
sequences shown in grey.
(PDF)

S9 Fig.  Assessment of the quality of the models generated for the interactions between the T. brucei and Leish-
mania EIF4AI with RNA and RocA. Ramachandran plot scores for the modelled EIF4AI orthologues from T. brucei and 
Leishmania are shown on top. Values for all residues in allowed regions are derived from the sum of the residues in most 
favoured regions with those in additionally allowed and generously allowed regions. The Root Mean Square Deviation 
(RMSD) analysis is shown below. The RMSD is 0 for identical structures and increases with greater differences between 
the two structures. A RMSD near zero in the alignment between structures indicates significant structural similarity.
(PDF)

S10 Fig.  3D maps of the RocA binding pocket, based on the structure of the human eIF4AI:RNA interacting with 
RocA as well as the model for the TbEIF4AI:RNA:RocA and LiEIF4AI:RNA:RocA complexes. Individual maps are 
represented with the colour codes indicated in the figure.
(PDF)

Acknowledgements

We thank all the members of the de Melo Neto’s laboratory for technical assistance and helpful discussions. The authors thank 
the Oswaldo Cruz Foundation (Fiocruz) for the use of its Technological Platforms Network, mainly the automatic sequencing 
and flow cytometry facilities at the Aggeu Magalhaes Institute and the proteomics facility at the Carlos Chagas Institute.

Author contributions

Conceptualization: Danielle M. N. Moura, Mark Carrington, Osvaldo P. de Melo Neto.

Data curation: Danielle M. N. Moura, Amanda L. Soares, Adalucia da Silva, João L. A. B. Ribeiro, Ludmila A. Assis, 
Osvaldo P. de Melo Neto.

Formal analysis: Danielle M. N. Moura, Amanda L. Soares, Adalucia da Silva, João L. A. B. Ribeiro, Ludmila A. Assis, 
Osvaldo P. de Melo Neto.

Funding acquisition: Danielle M. N. Moura, Osvaldo P. de Melo Neto.

Investigation: Danielle M. N. Moura, Amanda L. Soares, Adalucia da Silva, João L. A. B. Ribeiro, Ludmila A. Assis.

Methodology: Danielle M. N. Moura, Amanda L. Soares, Adalucia da Silva, João L. A. B. Ribeiro, Jack D. Sunter, Ludmila 
A. Assis, Osvaldo P. de Melo Neto.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322812.s011
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322812.s012
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322812.s013
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322812.s014


PLOS One | https://doi.org/10.1371/journal.pone.0322812  May 9, 2025 20 / 23

Project administration: Danielle M. N. Moura, Osvaldo P. de Melo Neto.

Resources: Danielle M. N. Moura, Jack D. Sunter, Mark Carrington, Osvaldo P. de Melo Neto.

Software: Danielle M. N. Moura, João L. A. B. Ribeiro.

Supervision: Danielle M. N. Moura, Osvaldo P. de Melo Neto.

Validation: Danielle M. N. Moura, Amanda L. Soares, Adalucia da Silva, João L. A. B. Ribeiro, Ludmila A. Assis.

Visualization: Danielle M. N. Moura, Amanda L. Soares, Adalucia da Silva, João L. A. B. Ribeiro, Ludmila A. Assis, 
Osvaldo P. de Melo Neto.

Writing – original draft: Danielle M. N. Moura, Osvaldo P. de Melo Neto.

Writing – review & editing: Danielle M. N. Moura, Mark Carrington, Osvaldo P. de Melo Neto.

References
	 1.	 Field MC, Horn D, Fairlamb AH, Ferguson MAJ, Gray DW, Read KD, et al. Anti-trypanosomatid drug discovery: an ongoing challenge and a con-

tinuing need. Nat Rev Microbiol. 2017;15(4):217–31. https://doi.org/10.1038/nrmicro.2016.193 PMID: 28239154

	 2.	 De Rycker M, Wyllie S, Horn D, Read KD, Gilbert IH. Anti-trypanosomatid drug discovery: progress and challenges. Nat Rev Microbiol. 
2023;21(1):35–50. https://doi.org/10.1038/s41579-022-00777-y PMID: 35995950

	 3.	 Maslov DA, Opperdoes FR, Kostygov AY, Hashimi H, Lukeš J, Yurchenko V. Recent advances in trypanosomatid research: genome organization, 
expression, metabolism, taxonomy and evolution. Parasitology. 2019;146(1):1–27. https://doi.org/10.1017/S0031182018000951 PMID: 29898792

	 4.	 Clayton C. Regulation of gene expression in trypanosomatids: living with polycistronic transcription. Open Biol. 2019;9(6):190072. https://doi.
org/10.1098/rsob.190072 PMID: 31164043

	 5.	 Günzl A. The pre-mRNA splicing machinery of trypanosomes: complex or simplified?. Eukaryot Cell. 2010;9(8):1159–70. https://doi.org/10.1128/
EC.00113-10 PMID: 20581293

	 6.	 Shirokikh NE, Preiss T. Translation initiation by cap-dependent ribosome recruitment: Recent insights and open questions. Wiley Interdiscip Rev 
RNA. 2018;9(4):e1473. https://doi.org/10.1002/wrna.1473 PMID: 29624880

	 7.	 Merrick WC, Pavitt GD. Protein Synthesis Initiation in Eukaryotic Cells. Cold Spring Harb Perspect Biol. 2018;10(12):a033092. https://doi.
org/10.1101/cshperspect.a033092 PMID: 29735639

	 8.	 Pelletier J, Sonenberg N. The Organizing Principles of Eukaryotic Ribosome Recruitment. Annu Rev Biochem. 2019;88:307–35. https://doi.
org/10.1146/annurev-biochem-013118-111042 PMID: 31220979

	 9.	 Brito Querido J, Díaz-López I, Ramakrishnan V. The molecular basis of translation initiation and its regulation in eukaryotes. Nat Rev Mol Cell Biol. 
2024;25(3):168–86. https://doi.org/10.1038/s41580-023-00624-9 PMID: 38052923

	10.	 Parsyan A, Svitkin Y, Shahbazian D, Gkogkas C, Lasko P, Merrick WC, et al. mRNA helicases: the tacticians of translational control. Nat Rev Mol 
Cell Biol. 2011;12(4):235–45. https://doi.org/10.1038/nrm3083 PMID: 21427765

	11.	 Marintchev A. Roles of helicases in translation initiation: a mechanistic view. Biochim Biophys Acta. 2013;1829(8):799–809. https://doi.
org/10.1016/j.bbagrm.2013.01.005 PMID: 23337854

	12.	 Sharma D, Jankowsky E. The Ded1/DDX3 subfamily of DEAD-box RNA helicases. Crit Rev Biochem Mol Biol. 2014;49(4):343–60. https://doi.org/1
0.3109/10409238.2014.931339 PMID: 25039764

	13.	 Shen L, Pelletier J. General and Target-Specific DExD/H RNA Helicases in Eukaryotic Translation Initiation. Int J Mol Sci. 2020;21(12):4402. 
https://doi.org/10.3390/ijms21124402 PMID: 32575790

	14.	 Malka-Mahieu H, Newman M, Désaubry L, Robert C, Vagner S. Molecular Pathways: The eIF4F Translation Initiation Complex-New Opportunities 
for Cancer Treatment. Clin Cancer Res. 2017;23(1):21–5. https://doi.org/10.1158/1078-0432.CCR-14-2362 PMID: 27789529

	15.	 Jia X, Zhou H. Small-Molecule Inhibitors Targeting eIF4A in Leukemia. Curr Protein Pept Sci. 2021;22(7):559–66. https://doi.org/10.2174/13892037
22666210526155808 PMID: 34042032

	16.	 Pelletier J, Sonenberg N. Therapeutic targeting of eukaryotic initiation factor (eIF) 4E. Biochem Soc Trans. 2023;51(1):113–24. https://doi.
org/10.1042/BST20220285 PMID: 36661272

	17.	 Taroncher-Oldenburg G, Müller C, Obermann W, Ziebuhr J, Hartmann RK, Grünweller A. Targeting the DEAD-Box RNA Helicase eIF4A with 
Rocaglates-A Pan-Antiviral Strategy for Minimizing the Impact of Future RNA Virus Pandemics. Microorganisms. 2021;9(3):540. https://doi.
org/10.3390/microorganisms9030540 PMID: 33807988

	18.	 Obermann W, Friedrich A, Madhugiri R, Klemm P, Mengel JP, Hain T, et al. Rocaglates as Antivirals: Comparing the Effects on Viral Resistance, 
Anti-Coronaviral Activity, RNA-Clamping on eIF4A and Immune Cell Toxicity. Viruses. 2022;14(3):519. https://doi.org/10.3390/v14030519 PMID: 
35336926

https://doi.org/10.1038/nrmicro.2016.193
http://www.ncbi.nlm.nih.gov/pubmed/28239154
https://doi.org/10.1038/s41579-022-00777-y
http://www.ncbi.nlm.nih.gov/pubmed/35995950
https://doi.org/10.1017/S0031182018000951
http://www.ncbi.nlm.nih.gov/pubmed/29898792
https://doi.org/10.1098/rsob.190072
https://doi.org/10.1098/rsob.190072
http://www.ncbi.nlm.nih.gov/pubmed/31164043
https://doi.org/10.1128/EC.00113-10
https://doi.org/10.1128/EC.00113-10
http://www.ncbi.nlm.nih.gov/pubmed/20581293
https://doi.org/10.1002/wrna.1473
http://www.ncbi.nlm.nih.gov/pubmed/29624880
https://doi.org/10.1101/cshperspect.a033092
https://doi.org/10.1101/cshperspect.a033092
http://www.ncbi.nlm.nih.gov/pubmed/29735639
https://doi.org/10.1146/annurev-biochem-013118-111042
https://doi.org/10.1146/annurev-biochem-013118-111042
http://www.ncbi.nlm.nih.gov/pubmed/31220979
https://doi.org/10.1038/s41580-023-00624-9
http://www.ncbi.nlm.nih.gov/pubmed/38052923
https://doi.org/10.1038/nrm3083
http://www.ncbi.nlm.nih.gov/pubmed/21427765
https://doi.org/10.1016/j.bbagrm.2013.01.005
https://doi.org/10.1016/j.bbagrm.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23337854
https://doi.org/10.3109/10409238.2014.931339
https://doi.org/10.3109/10409238.2014.931339
http://www.ncbi.nlm.nih.gov/pubmed/25039764
https://doi.org/10.3390/ijms21124402
http://www.ncbi.nlm.nih.gov/pubmed/32575790
https://doi.org/10.1158/1078-0432.CCR-14-2362
http://www.ncbi.nlm.nih.gov/pubmed/27789529
https://doi.org/10.2174/1389203722666210526155808
https://doi.org/10.2174/1389203722666210526155808
http://www.ncbi.nlm.nih.gov/pubmed/34042032
https://doi.org/10.1042/BST20220285
https://doi.org/10.1042/BST20220285
http://www.ncbi.nlm.nih.gov/pubmed/36661272
https://doi.org/10.3390/microorganisms9030540
https://doi.org/10.3390/microorganisms9030540
http://www.ncbi.nlm.nih.gov/pubmed/33807988
https://doi.org/10.3390/v14030519
http://www.ncbi.nlm.nih.gov/pubmed/35336926


PLOS One | https://doi.org/10.1371/journal.pone.0322812  May 9, 2025 21 / 23

	19.	 Linder P, Fuller-Pace FV. Looking back on the birth of DEAD-box RNA helicases. Biochim Biophys Acta. 2013;1829(8):750–5. https://doi.
org/10.1016/j.bbagrm.2013.03.007 PMID: 23542735

	20.	 Andreou AZ, Klostermeier D. The DEAD-box helicase eIF4A: paradigm or the odd one out?. RNA Biol. 2013;10(1):19–32. https://doi.org/10.4161/
rna.21966 PMID: 22995829

	21.	 Rocak S, Linder P. DEAD-box proteins: the driving forces behind RNA metabolism. Nat Rev Mol Cell Biol. 2004;5(3):232–41. https://doi.
org/10.1038/nrm1335 PMID: 14991003

	22.	 Cordin O, Banroques J, Tanner NK, Linder P. The DEAD-box protein family of RNA helicases. Gene. 2006;367:17–37. https://doi.org/10.1016/j.
gene.2005.10.019 PMID: 16337753

	23.	 Lu W-T, Wilczynska A, Smith E, Bushell M. The diverse roles of the eIF4A family: you are the company you keep. Biochem Soc Trans. 
2014;42(1):166–72. https://doi.org/10.1042/BST20130161 PMID: 24450646

	24.	 Alexandrov A, Colognori D, Steitz JA. Human eIF4AIII interacts with an eIF4G-like partner, NOM1, revealing an evolutionarily conserved function 
outside the exon junction complex. Genes Dev. 2011;25(10):1078–90. https://doi.org/10.1101/gad.2045411 PMID: 21576267

	25.	 Kanellis DC, Espinoza JA, Zisi A, Sakkas E, Bartkova J, Katsori A-M, et al. The exon-junction complex helicase eIF4A3 controls cell fate via coor-
dinated regulation of ribosome biogenesis and translational output. Sci Adv. 2021;7(32):eabf7561. https://doi.org/10.1126/sciadv.abf7561 PMID: 
34348895

	26.	 Oberer M, Marintchev A, Wagner G. Structural basis for the enhancement of eIF4A helicase activity by eIF4G. Genes Dev. 2005;19(18):2212–23. 
https://doi.org/10.1101/gad.1335305 PMID: 16166382

	27.	 Schütz P, Bumann M, Oberholzer AE, Bieniossek C, Trachsel H, Altmann M, et al. Crystal structure of the yeast eIF4A-eIF4G complex: an 
RNA-helicase controlled by protein-protein interactions. Proc Natl Acad Sci U S A. 2008;105(28):9564–9. https://doi.org/10.1073/pnas.0800418105 
PMID: 18606994

	28.	 Merrick WC. eIF4F: a retrospective. J Biol Chem. 2015;290(40):24091–9. https://doi.org/10.1074/jbc.R115.675280 PMID: 26324716

	29.	 Dhalia R, Marinsek N, Reis CRS, Katz R, Muniz JRC, Standart N, et al. The two eIF4A helicases in Trypanosoma brucei are functionally distinct. 
Nucleic Acids Res. 2006;34(9):2495–507. https://doi.org/10.1093/nar/gkl290 PMID: 16687655

	30.	 Freire ER, Sturm NR, Campbell DA, de Melo Neto OP. The Role of Cytoplasmic mRNA Cap-Binding Protein Complexes in Trypanosoma brucei 
and Other Trypanosomatids. Pathogens. 2017;6(4):55. https://doi.org/10.3390/pathogens6040055 PMID: 29077018

	31.	 Moura DMN, Reis CRS, Xavier CC, da Costa Lima TD, Lima RP, Carrington M, et al. Two related trypanosomatid eIF4G homologues have func-
tional differences compatible with distinct roles during translation initiation. RNA Biol. 2015;12(3):305–19. https://doi.org/10.1080/15476286.2015.1
017233 PMID: 25826663

	32.	 Assis LA, Santos Filho MVC, da Cruz Silva JR, Bezerra MJR, de Aquino IRPUC, Merlo KC, et al. Identification of novel proteins and mRNAs 
differentially bound to the Leishmania Poly(A) Binding Proteins reveals a direct association between PABP1, the RNA-binding protein RBP23 and 
mRNAs encoding ribosomal proteins. PLoS Negl Trop Dis. 2021;15(10):e0009899. https://doi.org/10.1371/journal.pntd.0009899 PMID: 34705820

	33.	 Bezerra MJR, Moura DMN, Freire ER, Holetz FB, Reis CRS, Monteiro TTS, et al. Distinct mRNA and protein interactomes highlight functional dif-
ferentiation of major eIF4F-like complexes from Trypanosoma brucei. Front Mol Biosci. 2022;9:971811. https://doi.org/10.3389/fmolb.2022.971811 
PMID: 36275617

	34.	 Svitkin YV, Pause A, Haghighat A, Pyronnet S, Witherell G, Belsham GJ, et al. The requirement for eukaryotic initiation factor 4A (elF4A) in trans-
lation is in direct proportion to the degree of mRNA 5’ secondary structure. RNA. 2001;7(3):382–94. https://doi.org/10.1017/s135583820100108x 
PMID: 11333019

	35.	 Tuteja N, Vashisht AA, Tuteja R. Translation initiation factor 4A: a prototype member of dead-box protein family. Physiol Mol Biol Plants. 
2008;14(1–2):101–7. https://doi.org/10.1007/s12298-008-0009-z PMID: 23572877

	36.	 Antwi EB, Haanstra JR, Ramasamy G, Jensen B, Droll D, Rojas F, et al. Integrative analysis of the Trypanosoma brucei gene expression cascade 
predicts differential regulation of mRNA processing and unusual control of ribosomal protein expression. BMC Genomics. 2016;17:306. https://doi.
org/10.1186/s12864-016-2624-3 PMID: 27118143

	37.	 Yourik P, Aitken CE, Zhou F, Gupta N, Hinnebusch AG, Lorsch JR. Yeast eIF4A enhances recruitment of mRNAs regardless of their structural com-
plexity. Elife. 2017;6:e31476. https://doi.org/10.7554/eLife.31476 PMID: 29192585

	38.	 Wang J, Shin B-S, Alvarado C, Kim J-R, Bohlen J, Dever TE, et al. Rapid 40S scanning and its regulation by mRNA structure during eukaryotic 
translation initiation. Cell. 2022;185(24):4474-4487.e17. https://doi.org/10.1016/j.cell.2022.10.005 PMID: 36334590

	39.	 Adedoja AN, McMahan T, Neal JP, Hamal Dhakal S, Jois S, Romo D, et al. Translation initiation factors GleIF4E2 and GleIF4A can interact directly 
with the components of the pre-initiation complex to facilitate translation initiation in Giardia lamblia. Mol Biochem Parasitol. 2020;236:111258. 
https://doi.org/10.1016/j.molbiopara.2020.111258 PMID: 31968220

	40.	 Brito Querido J, Sokabe M, Kraatz S, Gordiyenko Y, Skehel JM, Fraser CS, et al. Structure of a human 48S translational initiation complex. Sci-
ence. 2020;369(6508):1220–7. https://doi.org/10.1126/science.aba4904 PMID: 32883864

	41.	 Sokabe M, Fraser CS. A helicase-independent activity of eIF4A in promoting mRNA recruitment to the human ribosome. Proc Natl Acad Sci U S A. 
2017;114(24):6304–9. https://doi.org/10.1073/pnas.1620426114 PMID: 28559306

	42.	 Brito Querido J, Sokabe M, Díaz-López I, Gordiyenko Y, Fraser CS, Ramakrishnan V. The structure of a human translation initiation complex reveals 
two independent roles for the helicase eIF4A. Nat Struct Mol Biol. 2024;31(3):455–64. https://doi.org/10.1038/s41594-023-01196-0 PMID: 38287194

https://doi.org/10.1016/j.bbagrm.2013.03.007
https://doi.org/10.1016/j.bbagrm.2013.03.007
http://www.ncbi.nlm.nih.gov/pubmed/23542735
https://doi.org/10.4161/rna.21966
https://doi.org/10.4161/rna.21966
http://www.ncbi.nlm.nih.gov/pubmed/22995829
https://doi.org/10.1038/nrm1335
https://doi.org/10.1038/nrm1335
http://www.ncbi.nlm.nih.gov/pubmed/14991003
https://doi.org/10.1016/j.gene.2005.10.019
https://doi.org/10.1016/j.gene.2005.10.019
http://www.ncbi.nlm.nih.gov/pubmed/16337753
https://doi.org/10.1042/BST20130161
http://www.ncbi.nlm.nih.gov/pubmed/24450646
https://doi.org/10.1101/gad.2045411
http://www.ncbi.nlm.nih.gov/pubmed/21576267
https://doi.org/10.1126/sciadv.abf7561
http://www.ncbi.nlm.nih.gov/pubmed/34348895
https://doi.org/10.1101/gad.1335305
http://www.ncbi.nlm.nih.gov/pubmed/16166382
https://doi.org/10.1073/pnas.0800418105
http://www.ncbi.nlm.nih.gov/pubmed/18606994
https://doi.org/10.1074/jbc.R115.675280
http://www.ncbi.nlm.nih.gov/pubmed/26324716
https://doi.org/10.1093/nar/gkl290
http://www.ncbi.nlm.nih.gov/pubmed/16687655
https://doi.org/10.3390/pathogens6040055
http://www.ncbi.nlm.nih.gov/pubmed/29077018
https://doi.org/10.1080/15476286.2015.1017233
https://doi.org/10.1080/15476286.2015.1017233
http://www.ncbi.nlm.nih.gov/pubmed/25826663
https://doi.org/10.1371/journal.pntd.0009899
http://www.ncbi.nlm.nih.gov/pubmed/34705820
https://doi.org/10.3389/fmolb.2022.971811
http://www.ncbi.nlm.nih.gov/pubmed/36275617
https://doi.org/10.1017/s135583820100108x
http://www.ncbi.nlm.nih.gov/pubmed/11333019
https://doi.org/10.1007/s12298-008-0009-z
http://www.ncbi.nlm.nih.gov/pubmed/23572877
https://doi.org/10.1186/s12864-016-2624-3
https://doi.org/10.1186/s12864-016-2624-3
http://www.ncbi.nlm.nih.gov/pubmed/27118143
https://doi.org/10.7554/eLife.31476
http://www.ncbi.nlm.nih.gov/pubmed/29192585
https://doi.org/10.1016/j.cell.2022.10.005
http://www.ncbi.nlm.nih.gov/pubmed/36334590
https://doi.org/10.1016/j.molbiopara.2020.111258
http://www.ncbi.nlm.nih.gov/pubmed/31968220
https://doi.org/10.1126/science.aba4904
http://www.ncbi.nlm.nih.gov/pubmed/32883864
https://doi.org/10.1073/pnas.1620426114
http://www.ncbi.nlm.nih.gov/pubmed/28559306
https://doi.org/10.1038/s41594-023-01196-0
http://www.ncbi.nlm.nih.gov/pubmed/38287194


PLOS One | https://doi.org/10.1371/journal.pone.0322812  May 9, 2025 22 / 23

	43.	 Kelly S, Reed J, Kramer S, Ellis L, Webb H, Sunter J, et al. Functional genomics in Trypanosoma brucei: a collection of vectors for the expres-
sion of tagged proteins from endogenous and ectopic gene loci. Mol Biochem Parasitol. 2007;154(1):103–9. https://doi.org/10.1016/j.mol-
biopara.2007.03.012 PMID: 17512617

	44.	 de Freitas Nascimento J, Kelly S, Sunter J, Carrington M. Codon choice directs constitutive mRNA levels in trypanosomes. Elife. 2018;7:e32467. 
https://doi.org/10.7554/eLife.32467 PMID: 29543152

	45.	 Freire ER, Dhalia R, Moura DMN, da Costa Lima TD, Lima RP, Reis CRS, et al. The four trypanosomatid eIF4E homologues fall into two separate 
groups, with distinct features in primary sequence and biological properties. Mol Biochem Parasitol. 2011;176(1):25–36. https://doi.org/10.1016/j.
molbiopara.2010.11.011 PMID: 21111007

	46.	 Wirtz E, Leal S, Ochatt C, Cross GA. A tightly regulated inducible expression system for conditional gene knock-outs and dominant-negative genet-
ics in Trypanosoma brucei. Mol Biochem Parasitol. 1999;99(1):89–101. https://doi.org/10.1016/s0166-6851(99)00002-x PMID: 10215027

	47.	 Poon SK, Peacock L, Gibson W, Gull K, Kelly S. A modular and optimized single marker system for generating Trypanosoma brucei cell lines 
expressing T7 RNA polymerase and the tetracycline repressor. Open Biol. 2012;2(2):110037. https://doi.org/10.1098/rsob.110037 PMID: 22645659

	48.	 Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, et al. The Perseus computational platform for comprehensive analysis of (prote)
omics data. Nat Methods. 2016;13(9):731–40. https://doi.org/10.1038/nmeth.3901 PMID: 27348712

	49.	 Dean S, Sunter JD, Wheeler RJ. TrypTag.org: A Trypanosome Genome-wide Protein Localisation Resource. Trends Parasitol. 2017;33(2):80–2. 
https://doi.org/10.1016/j.pt.2016.10.009 PMID: 27863903

	50.	 Tinti M, Ferguson MAJ. Visualisation of proteome-wide ordered protein abundances in Trypanosoma brucei. Wellcome Open Res. 2022;7:34. 
https://doi.org/10.12688/wellcomeopenres.17607.1

	51.	 Pause A, Méthot N, Svitkin Y, Merrick WC, Sonenberg N. Dominant negative mutants of mammalian translation initiation factor eIF-4A 
define a critical role for eIF-4F in cap-dependent and cap-independent initiation of translation. EMBO J. 1994;13(5):1205–15. https://doi.
org/10.1002/j.1460-2075.1994.tb06370.x PMID: 8131750

	52.	 Erben ED, Fadda A, Lueong S, Hoheisel JD, Clayton C. A Genome-Wide Tethering Screen Reveals Novel Potential Post-Transcriptional Regula-
tors in Trypanosoma brucei. PLoS Pathog. 2014;10(6):e1004178. https://doi.org/10.1371/journal.ppat.1004178

	53.	 Lueong S, Merce C, Fischer B, Hoheisel JD, Erben ED. Gene expression regulatory networks in Trypanosoma brucei: insights into the role of the 
mRNA-binding proteome. Mol Microbiol. 2016;100(3):457–71. https://doi.org/10.1111/mmi.13328 PMID: 26784394

	54.	 Baron-Benhamou J, Gehring NH, Kulozik AE, Hentze MW. Using the lambdaN peptide to tether proteins to RNAs. Methods Mol Biol. 
2004;257:135–54. https://doi.org/10.1385/1-59259-750-5:135 PMID: 14770003

	55.	 Coller J, Wickens M. Tethered function assays: an adaptable approach to study RNA regulatory proteins. Methods Enzymol. 2007;429:299–321. 
https://doi.org/10.1016/S0076-6879(07)29014-7 PMID: 17913629

	56.	 Terrao M, Marucha KK, Mugo E, Droll D, Minia I, Egler F, et al. The suppressive cap-binding complex factor 4EIP is required for normal differentia-
tion. Nucleic Acids Res. 2018;46(17):8993–9010. https://doi.org/10.1093/nar/gky733 PMID: 30124912

	57.	 Shen L, Pelletier J. Selective targeting of the DEAD-box RNA helicase eukaryotic initiation factor (eIF) 4A by natural products. Nat Prod Rep. 
2020;37(5):609–16. https://doi.org/10.1039/c9np00052f PMID: 31782447

	58.	 Chen M, Asanuma M, Takahashi M, Shichino Y, Mito M, Fujiwara K, et al. Dual targeting of DDX3 and eIF4A by the translation inhibitor rocaglamide 
A. Cell Chem Biol. 2021;28(4):475-486.e8. https://doi.org/10.1016/j.chembiol.2020.11.008 PMID: 33296667

	59.	 Abdelkrim YZ, Harigua-Souiai E, Bassoumi-Jamoussi I, Barhoumi M, Banroques J, Essafi-Benkhadir K, et al. Enzymatic and Molecular Charac-
terization of Anti-Leishmania Molecules That Differently Target Leishmania and Mammalian eIF4A Proteins, LieIF4A and eIF4AMus. Molecules. 
2022;27(18):5890. https://doi.org/10.3390/molecules27185890 PMID: 36144626

	60.	 Iwasaki S, Iwasaki W, Takahashi M, Sakamoto A, Watanabe C, Shichino Y, et al. The Translation Inhibitor Rocaglamide Targets a Bimolecular 
Cavity between eIF4A and Polypurine RNA. Mol Cell. 2019;73(4):738-748.e9. https://doi.org/10.1016/j.molcel.2018.11.026 PMID: 30595437

	61.	 Yoffe Y, Léger M, Zinoviev A, Zuberek J, Darzynkiewicz E, Wagner G, et al. Evolutionary changes in the Leishmania eIF4F complex involve varia-
tions in the eIF4E-eIF4G interactions. Nucleic Acids Res. 2009;37(10):3243–53. https://doi.org/10.1093/nar/gkp190 PMID: 19321500

	62.	 Zinoviev A, Manor S, Shapira M. Nutritional stress affects an atypical cap-binding protein in Leishmania. RNA Biol. 2012;9(12):1450–60. https://doi.
org/10.4161/rna.22709 PMID: 23135001

	63.	 Dhalia R, Reis CRS, Freire ER, Rocha PO, Katz R, Muniz JRC, et al. Translation initiation in Leishmania major: characterisation of multiple eIF4F 
subunit homologues. Mol Biochem Parasitol. 2005;140(1):23–41. https://doi.org/10.1016/j.molbiopara.2004.12.001 PMID: 15694484

	64.	 Freire ER, Vashisht AA, Malvezzi AM, Zuberek J, Langousis G, Saada EA, et al. eIF4F-like complexes formed by cap-binding homolog TbEIF4E5 
with TbEIF4G1 or TbEIF4G2 are implicated in post-transcriptional regulation in Trypanosoma brucei. RNA. 2014;20(8):1272–86. https://doi.
org/10.1261/rna.045534.114 PMID: 24962368

	65.	 Zinoviev A, Akum Y, Yahav T, Shapira M. Gene duplication in trypanosomatids - two DED1 paralogs are functionally redundant and differentially 
expressed during the life cycle. Mol Biochem Parasitol. 2012;185(2):127–36. https://doi.org/10.1016/j.molbiopara.2012.08.001 PMID: 22910033

	66.	 Chu J, Pelletier J. Targeting the eIF4A RNA helicase as an anti-neoplastic approach. Biochim Biophys Acta. 2015;1849(7):781–91. https://doi.
org/10.1016/j.bbagrm.2014.09.006 PMID: 25234619

	67.	 Iwasaki S, Floor SN, Ingolia NT. Rocaglates convert DEAD-box protein eIF4A into a sequence-selective translational repressor. Nature. 
2016;534(7608):558–61. https://doi.org/10.1038/nature17978 PMID: 27309803

https://doi.org/10.1016/j.molbiopara.2007.03.012
https://doi.org/10.1016/j.molbiopara.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17512617
https://doi.org/10.7554/eLife.32467
http://www.ncbi.nlm.nih.gov/pubmed/29543152
https://doi.org/10.1016/j.molbiopara.2010.11.011
https://doi.org/10.1016/j.molbiopara.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21111007
https://doi.org/10.1016/s0166-6851(99)00002-x
http://www.ncbi.nlm.nih.gov/pubmed/10215027
https://doi.org/10.1098/rsob.110037
http://www.ncbi.nlm.nih.gov/pubmed/22645659
https://doi.org/10.1038/nmeth.3901
http://www.ncbi.nlm.nih.gov/pubmed/27348712
https://doi.org/10.1016/j.pt.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27863903
https://doi.org/10.12688/wellcomeopenres.17607.1
https://doi.org/10.1002/j.1460-2075.1994.tb06370.x
https://doi.org/10.1002/j.1460-2075.1994.tb06370.x
http://www.ncbi.nlm.nih.gov/pubmed/8131750
https://doi.org/10.1371/journal.ppat.1004178
https://doi.org/10.1111/mmi.13328
http://www.ncbi.nlm.nih.gov/pubmed/26784394
https://doi.org/10.1385/1-59259-750-5:135
http://www.ncbi.nlm.nih.gov/pubmed/14770003
https://doi.org/10.1016/S0076-6879(07)29014-7
http://www.ncbi.nlm.nih.gov/pubmed/17913629
https://doi.org/10.1093/nar/gky733
http://www.ncbi.nlm.nih.gov/pubmed/30124912
https://doi.org/10.1039/c9np00052f
http://www.ncbi.nlm.nih.gov/pubmed/31782447
https://doi.org/10.1016/j.chembiol.2020.11.008
http://www.ncbi.nlm.nih.gov/pubmed/33296667
https://doi.org/10.3390/molecules27185890
http://www.ncbi.nlm.nih.gov/pubmed/36144626
https://doi.org/10.1016/j.molcel.2018.11.026
http://www.ncbi.nlm.nih.gov/pubmed/30595437
https://doi.org/10.1093/nar/gkp190
http://www.ncbi.nlm.nih.gov/pubmed/19321500
https://doi.org/10.4161/rna.22709
https://doi.org/10.4161/rna.22709
http://www.ncbi.nlm.nih.gov/pubmed/23135001
https://doi.org/10.1016/j.molbiopara.2004.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15694484
https://doi.org/10.1261/rna.045534.114
https://doi.org/10.1261/rna.045534.114
http://www.ncbi.nlm.nih.gov/pubmed/24962368
https://doi.org/10.1016/j.molbiopara.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22910033
https://doi.org/10.1016/j.bbagrm.2014.09.006
https://doi.org/10.1016/j.bbagrm.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25234619
https://doi.org/10.1038/nature17978
http://www.ncbi.nlm.nih.gov/pubmed/27309803


PLOS One | https://doi.org/10.1371/journal.pone.0322812  May 9, 2025 23 / 23

	68.	 Naineni SK, Itoua Maïga R, Cencic R, Putnam AA, Amador LA, Rodriguez AD, et al. A comparative study of small molecules targeting eIF4A. RNA. 
2020;26(5):541–9. https://doi.org/10.1261/rna.072884.119 PMID: 32014999

	69.	 Chu J, Zhang W, Cencic R, O’Connor PBF, Robert F, Devine WG, et al. Rocaglates Induce Gain-of-Function Alterations to eIF4A and eIF4F. Cell 
Rep. 2020;30(8):2481-2488.e5. https://doi.org/10.1016/j.celrep.2020.02.002 PMID: 32101697

	70.	 Shen L, Pugsley L, Cencic R, Wang H, Robert F, Naineni SK, et al. A forward genetic screen identifies modifiers of rocaglate responsiveness. Sci 
Rep. 2021;11(1):18516. https://doi.org/10.1038/s41598-021-97765-8 PMID: 34531456

	71.	 Harigua-Souiai E, Abdelkrim YZ, Bassoumi-Jamoussi I, Zakraoui O, Bouvier G, Essafi-Benkhadir K, et al. Identification of novel leishmani-
cidal molecules by virtual and biochemical screenings targeting Leishmania eukaryotic translation initiation factor 4A. PLoS Negl Trop Dis. 
2018;12(1):e0006160. https://doi.org/10.1371/journal.pntd.0006160 PMID: 29346371

	72.	 Obermann W, Azri MFD, Konopka L, Schmidt N, Magari F, Sherman J, et al. Broad anti-pathogen potential of DEAD box RNA helicase 
eIF4A-targeting rocaglates. Sci Rep. 2023;13(1):9297. https://doi.org/10.1038/s41598-023-35765-6 PMID: 37291191

	73.	 Astelbauer F, Obwaller A, Raninger A, Brem B, Greger H, Duchêne M, et al. Anti-leishmanial activity of plant-derived acridones, flavaglines, and 
sulfur-containing amides. Vector Borne Zoonotic Dis. 2011;11(7):793–8. https://doi.org/10.1089/vbz.2010.0087 PMID: 21417924

https://doi.org/10.1261/rna.072884.119
http://www.ncbi.nlm.nih.gov/pubmed/32014999
https://doi.org/10.1016/j.celrep.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32101697
https://doi.org/10.1038/s41598-021-97765-8
http://www.ncbi.nlm.nih.gov/pubmed/34531456
https://doi.org/10.1371/journal.pntd.0006160
http://www.ncbi.nlm.nih.gov/pubmed/29346371
https://doi.org/10.1038/s41598-023-35765-6
http://www.ncbi.nlm.nih.gov/pubmed/37291191
https://doi.org/10.1089/vbz.2010.0087
http://www.ncbi.nlm.nih.gov/pubmed/21417924

