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Abstract

Eukaryotic translation initiation factor 4E (eIF4E) is a key factor involved in different aspects of mRNA
metabolism. Drosophila melanogaster genome encodes eight eIF4E isoforms, and the canonical isoform
eIF4E-1 is a ubiquitous protein that plays a key role in mRNA translation. eIF4E-3 is specifically expressed
in testis and controls translation during spermatogenesis. In eukaryotic cells, translational control and
mRNA decay is highly regulated in different cytoplasmic ribonucleoprotein foci, which include the process-
ing bodies (PBs). In this study, we show that Drosophila eIF4E-1 and eIF4E-3 occur in PBs along the
DEAD-box RNA helicase Me31B. We show that Me31B interacts with eIF4E-1 and eIF4E-3 by means
of yeast two-hybrid system, FRET in D. melanogaster S2 cells and coimmunoprecipitation in testis. Trun-
cation and point mutations of Me31B proteins show two eIF4E-binding sites located in different protein
domains. Residues Y401-L407 (at the carboxy-terminus) are essential for interaction with eIF4E-1,
whereas residues F63-L70 (at the amino-terminus) are critical for interaction with eIF4E-3. The residue
W117 in eIF4E-1 and the homolog position F103 in eIF4E-3 are necessary for Me31B-eIF4E interaction
suggesting that the change of tryptophan to phenylalanine provides specificity. Me31B represents a novel
type of eIF4E-interacting protein with dual and specific interaction domains that might be recognized by
different eIF4E isoforms in different tissues, adding complexity to the control of gene expression in
eukaryotes.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Translation is the most dynamic process to
regulate the composition and quantity of the cell
proteome. Translational control enables rapid
(s). Published by Elsevier Ltd.This is an open ac
changes in the translatability of mRNAs in
response to environmental, physiological, and
developmental clues.1,2 Part of this regulation
occurs in large, membrane-less aggregates of pro-
teins and non-translating mRNAs termed mRNP
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granules or cytoplasmic foci. RNP granules accu-
mulate multivalent protein–protein, RNA–RNA,
and protein–RNA with specific biochemical proper-
ties that define the nature of the granules.3 The dif-
ferent cytoplasmic foci include processing-bodies
(PBs), present in most eukaryotic cells, stress gran-
ules (SGs), which form upon stress stimuli, germ
granules (GGs), and neuronal granules (NGs),
among others.4–6

Messengers, when they are not translated, can
be transiently stored or even degraded in some of
these granules, including PBs. PBs occur in
normal cells but can be further increased under a
variety of stress conditions.4–6 PBs contain the
mRNA decay machinery and, accordingly, contain
enzymes involved in RNA degradation, do not pre-
sent exosome components nor ribosomal proteins
or translation factors.4–6 Indeed, a mutually exclud-
ing functional relationship between PBs and transla-
tion regulation has been demonstrated, as drugs
that block polysomes dynamic (e.g., puromycin)
promote the assembly of PBs.7–9 Intriguingly, and
despite PBs contain translationally repressed
mRNAs, the only translation initiation factor present
in these granules is the eukaryotic translation initia-
tion factor 4E (eIF4E). In mammals,10–13 Xeno-
pus,14 the protozoan Trypanosoma brucei,15 the
planaria Dugesia japonica,16 Saccharomyces cere-
visiae,17–18 Drosophila melanogaster,8,19 and
Caenorhabditis elegans,20 eIF4E occurs in PBs.
eIF4E recognizes the cap structure at the 50 end

of the mRNAs. Along with the scaffold protein
eIF4G and the DEAD-box ATP-dependent RNA
helicase eIF4A, eIF4E forms the eIF4F complex.
eIF4F promotes cap-dependent translation
initiation mediating the interaction between the
mRNA and the ribosomes to form the 43S
ribosomal preinitiation complex.21,22 Evidence is
mounting that eIF4E also plays critical roles in
mRNA transport, storage, and translational repres-
sion in cytoplasmic foci.23 In Xenopus and human
cells, translation of mRNAs is repressed in PBs
when eIF4E interacts with eIF4E-transporter (4E-
T)10,11 and with DEAD-box ATP-dependent RNA
helicase rck/p54 (humans)11 or its Xenopus ortho-
log Xp54,14 another component of PBs. In addition,
other low-abundance eIF4E isoforms, such as
4EHP, may play different translation-regulating
roles in different tissue or cellular contexts.24

A key role in translational repression also has
been established for the D. melanogaster ortholog
of rck/p54 and Xp54, namely Maternal expression
at 31B (Me31B). Me31B is a member of a highly
conserved superfamily 2/DDX6 of DEAD-box RNA
helicases with roles in translational repression
from trypanosomes to humans.25,26 Along with the
RNA-binding protein Tral, the mRNA 3´-UTR-
binding protein Orb, the eIF4E-binding protein
Cup, and the RNA localization factor Exuperantia
(Exu), Me31B assembles with mRNAs to form
translationally repressed mRNPs in germ granules
2

and PBs.19,27–29 During oogenesis, Me31B down-
regulation results in premature translation of oskar
and bicoid mRNAs in nurse cells.30 Moreover,
Wang et al.31 showed that Me31B is a general reg-
ulatory factor that binds to and represses the
expression of thousands of maternal mRNAs during
the maternal-to-zygotic transition.31 Because
Me31B is expressed in different tissues throughout
D. melanogaster development, i.e., nurse cells,
oocytes, and early embryos, and accumulates in
diverse RNP granules, such as PBs, germ plasm
granules, nuage granules, and sponge bod-
ies,19,32,27–30 Wang et al. suggested that the repres-
sive capabilities of Me31B depend on the different
biological context in which it occurs.31 PBs forma-
tion and function require protein–protein interac-
tions and inactive mRNAs. However, an
unresolved issue is how PBs can store specific
mRNAs. It might involve multiple signals and pro-
teins, some common for the whole transcriptome
and some specific to a particular mRNA.33 Thus,
to better understand the role of Me31B in different
cell processes, it is crucial to determine their inter-
action partners.
In this study, we analyzed the interaction of

Me31B with the isoforms eIF4E-1 and eIF4E-3 in
D. melanogaster in PBs. We show that residues at
the carboxy-terminal of Me31B (Y401-L407) are
essential for interaction with eIF4E-1, while
residues near the amino terminus (F63-L70) are
required for the interaction with eIF4E-3,
representing a novel structure of an eIF4E-
interacting protein. Our results provide further
evidence to the hypothesis that alternative
paralogs of eIF4E and their interactions add
complexity to the control of gene expression in
eukaryotic cells.
Results

Different eIF4E isoforms and Me31B are
present in PBs in D. melanogaster

We investigated Me31B by transfection of S2
cells with the fusion proteins YFP-Me31B or CFP-
Me31B and by immunofluorescence. We detected
Me31B in cytoplasmic foci that we attributed as
PBs as Me31B colocalizes with GW182, a marker
of PBs (Figure 1(A)). In contrast, in cells stressed
with sodium arsenite, we could not detect the
colocalization of Me31B with Rox8 (TIA-1), a
stress granule marker (Figure 1(B)). The results of
the colocalization analysis are summarized in
Figure S1 and Table S1. Me31B fluorescent
proteins are detected in discrete PBs, although a
fraction remains dispersed in the cytoplasm
(Figure 1(C)). It is important to note that only
some cells show endogenous Me31B granules,
while other ones do not express the protein or
express it at low level. This is likely due to the
heterogeneous nature of S2 cell line, which



Figure 1. Localization of Me31B and eIF4Es in PBs. (A, B) Me31B localizes in PBs but not stress granules. S2
cells were transfected with fluorescent protein constructs (CFP-Me31B) and immunostained with the indicated
antibodies. Anti-GW182 antibody was used as PBs marker (A) and anti-TIA-1 antibody as a marker of stress granules
(B). In (B) cells were incubated for 30 min with 1 mM sodium arsenite before fixation. Merge images show Me31B
accumulation in PBs (white arrows). In contrast, stress granules that contain TIA-1 did not merge with CFP-Me31B
(white arrows). (C, D) S2 cells were either immunostained with the indicated antibodies or transfected with fluorescent
protein constructs (YFP- or CFP-), as indicated. (C) Me31B. In all cases, the indicated proteins accumulated in PBs.
(D) From left to right: eIF4E-1, eIF4E-2, eIF4E-3 and d4E-HP. Examples of PBs contain the proteins are marked with
arrows.
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derives from D. melanogaster late embryos,34 that
are composed of different cellular lineages.
We observed that Me31B also aggregates in

cytoplasmic granules that lack GW182 and,
similarly, we found granules with GW182 lacking
Me31B. This suggests that cytoplasmic granules
are a polymorphic family in which different
functions and/or maturation stages might be
simultaneously represented in the cells, as it has
been proposed before.35 Additional evidence sug-
gests that these dynamic structures could mature
in SG, the formation of PB could precede the forma-
tion of SG.35,36

InDrosophila seven eIF4E paralog genes encode
eight protein isoforms, namely eIF4E-1, eIF4E-2,
eIF4E-3, eIF4E-4, eIF4E-5, eIF4E-6, eIF4E-7 and
d4EHP/eIF4E-8.37 We studied four eIF4E isoforms
in Drosophila S2 cells, either with a specific anti-
body against the isoform eIF4E-1 or as fusion pro-
teins in the case of YFP-eIF4E-2, YFP-eIF4E-3
and CFP-d4EHP (Figure 1(D)). In all cases we
detected the occurrence of eIF4E in cytoplasmic
foci.
It has been shown that eIF4E and rck/p54

colocalize in vertebrate cells.11 Therefore, we stud-
ied whether the Drosophila orthologous proteins,
eIF4E and ME31B colocalize in S2 cells. We co-
transfected the cells with plasmids encoding the flu-
orescent fusion proteins YFP-Me31B and CFP-
eIF4E-3. The intensity profile across one PBs
showed that colocalization is specific in cytoplasmic
granules (Figure 2). The same analysis was per-
formed with the pair CFP-Me31B and YFP-eIF4E-
1, and it was also found that both colocalize in
PBs. Both YFP-eIF4E-2 and YFP-d4EHP fusion
proteins are colocalized with CFP-Me31B as well
Figure 2. Me31B colocalize with eIF4E-1 and eIF4E-3
fluorescent fusion proteins contain Me31B (A), eIF4E-3 (B) a
proteins are located in the same granules. (D, H) Intensity p
distance that a PB crosses (blue arrow in C and G). Examp
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(Figure S2 and Table S1). These results suggested
that Me31B colocalizes with different isoforms of
eIF4E in cytoplasmic foci, which led us to consider
they play a role in PBs formation. Me31B function
in germ line development,38,39 therefore we further
studied the interaction with the eIF4E isoforms that
simultaneously occur in the male germ line, namely
eIF4E-140 and eIF4E-3.41
Me31B interacts with eIF4E-1 and eIF4E-3

We first performed two-hybrid assays in yeast
using Me31B as “prey” and eIF4E-1 and eIF4E-3
as “baits” (Figure 3(A)). As positive control we
used D. melanogaster eIF4E-BP and PABP as
negative control.37 Diploid cells derived frommating
cells containing either bait and prey plasmids were
grown in selective media (–Trp, –Leu) as control.
Protein-protein interactions were detected by
replica-plating diploid cells onto selective media
(-Trp, -Leu, -His) containing 12 mM 3-amino-1,2,4-
triazole (3AT). We observed that Me31B interacts
with both eIF4E-1 and eIF4E-3 in the selective
medium.
We further evaluated if the protein–protein

interaction occurs in the S2 cells cytoplasmic
granules using fluorescence resonance energy
transfer (FRET). We tagged Me31B, eIF4E-1, and
eIF4E-3 with CFP as acceptor and YFP as
donor.42 FRET efficiency was measured by accep-
tor photobleaching, which implies that the acceptor
quenches the donor fluorescence as the excitation
energy is transferred to the acceptor, but after pho-
tobleaching of the acceptor, the quenching is
blocked, and the donor fluorescence increases.
Quantification of the increase is a reliable and
in PBs. Processing bodies of S2 cells transfected with
nd eIF4E-1 (E). In merge image (C, G) we can see both
rofile of CFP and YFP fluorescence as a function of the
les of colocalization are marked with white arrows.



Figure 3. Me31B interacts with eIF4E-1 and eIF4E-3. (A) Yeast two-hybrid system. 4E-BP was used as a positive
control and PABP as a negative control. L, leucine;W, tryptophan; H, histidine; 3AT, 3-amino-1,2,4-triazole. (B) FRET
in S2 cells. Bar charts represent the mean values of the apparent FRET efficiencies of protein pairs from several PBs
in different cells. Error bars indicate the standard deviation from the mean values. Confocal images of both CFP and
YFP channels were taken before and after photobleaching (C). Intensity profile of the CFP fluorescence before and
after photobleaching as a function of the distance (red arrow) crossing a PB. CFP fluorescence increased after
bleaching because the acceptor is absent. (D) Copurification assay with recombinant proteins. The arrows indicate
each component (His-tagged eIF4E-1, Me31B and eIF4E-3).
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robust measure of FRET.43,44 Cells expressing
CFP/YFP pairs of tagged eIF4E-1 and Me31B
showed an average FRET efficiency of 36%, and
cells expressing fluorescent tagged eIF4E-3 and
Me31B showed an average FRET efficiency of
25%. In contrast, cells expressing only CFP and
YFP (negative control) did not show significant
FRET level (Figure 3(B)). Figure 3(C) shows a color
image of a cell co-expressing YFP-eIF4E-1 and
CFP-Me31B pre and post bleached PB. In post-
bleached images, we observed a diminution of the
intensity of donor molecules (YFP, yellow). We
show the intensity profile of CFP fluorescence
before and after photobleaching, depending on the
distance through the red arrow, which crosses one
bleached PB. After photobleaching, CFP-
fluorescence was incremented because the accep-
tor was absent, and the energy transfer to acceptor
did not happen. The non-bleached PBs did not exhi-
bit FRET.
Our data support the notion that Me31B is an

eIF4E-interacting protein that targets eIF4E-1 and
eIF4E-3 in vivo and that the interaction is binary
and direct. We then investigated if the interaction
of Me31B with eIF4E-1 and eIF4E-3 can be
simultaneous. Co-immunoprecipitation of
endogenous proteins using anti-eIF4E-1 antibody
in S2 cells showed the presence of eIF4E-3 and
Me31B wich indicates the interaction with eIF4E3
and Me31B (Figure S3). To further confirm the
results, we expressed and purified the three
proteins in bacteria (see methods for details) and
performed a copurification assay using NiTA-
agarose, His-tagged eIF4E-1 and untagged
Me31B and eIF4E-3 (Figure 3(D)). We incubated
Figure 4. Mutants of eIF4E at essential sites for accu
1W117A and eIF4E-3F103A do not interact with Me31B in the ye
was used as a positive control and PABP as a negative contr
1,2,4-triazole.
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the components and separated the ones bound to
the solid support by SDS-PAGE. eIF4E-3 is
retained to the immobilized eIF4E-1 only in the
presence of Me31B, indicating that at least a
fraction of Me31B can simultaneously interact with
both eIF4E-1 and eIF4E-3.
Different domains of Me31B interact with
eIF4E-1 and eIF4E-3

In D. melanogaster eIF4E-1, the residues W100
and W146 are required for cap recognition and
are involved in translation initiation, while W117
(W73 in human eIF4E) is required for protein–
protein interactions and participates in translation
repression and PBs assembly.8 F103 in eIF4E-3
is equivalent to W117 in eIF4E-1. We had previ-
ously demonstrated that the mutants eIF4E-3F103A

and eIF4E-1W117A, do not localize in PBs.9 We per-
formed yeast two-hybrid assay and observed that
W117 in eIF4E-1 and F103 in eIF4E-3 are required
to interact with Me31B (Figure 4). These results
suggest that the interaction between Me31B and
eIF4E-1 and eIF4E-3 might be required to recruit
them to PBs, most likely to silence mRNAs.
Me31B is composed of two linked RecA-like
domains, domains 1 (D1) and 2 (D2).14 D1 contains
the Q motif followed by motifs I–III, and D2 contains
motifs IV–VI participate in ATP binding and RNA
binding (Figure 5(D)). As we have shown that the
interaction can be simultaneous, we investigated
whether eIF4E-interactions are mediated by differ-
ent domains of Me31B.
We used the yeast two-hybrid system assays to

analyze the interaction of truncated Me31B with
mulation in PBs do not interact with Me31B. eIF4E-
ast two-hybrid system. Left: mating control plate. 4E-BP
ol. L, leucine; W, tryptophan; H, histidine; 3AT, 3-amino-



Figure 5. Two independent domains of Me31B interact with eIF4E-1 and eIF4E-3. (A) Yeast two-hybrid assays
with Me31B mutants. Left, mating control plate. 4E-BP was used as a positive control and PABP as a negative
control. L, leucine; W, tryptophan; H, histidine; 3AT, 3-amino-1,2,4-triazole. (B) Me31B protein fragments are
represented as bars. D1 and D2 domains are highlighted in dark purple and light purple, respectively. Different
mutants were evaluated for interaction. Crosses indicate no interaction, and ticks indicate positive interactions. (C)
Consensus sequences of the eIF4E-binding motif (4E-BM) from the indicated eIF4E-interaction proteins. Me31B 4E-
BMs found in this study are also shown. (D) Me31B sequence. Interaction sites with eIF4E-1 and eIF4E-3 are marked
in orange and pink, respectively.
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both eIF4E-1 and eIF4E-3 isoforms. We mutated
the codons V366, C285, K251, K194, K124, and
K96 to a stop codon to generate truncated
versions of Me31B (Figure 5(B) and Figure S4).
Our results show that the binding sites of Me31B
for eIF4E-3 and eIF4E-1 are located in different
domains of Me31B. eIF4E-3 binds to D1 domain
(Me31B1-96) whereas eIF4E-1 with D2 domain
(Me31B366-459) (Figure 5(A, B)). We next searched
for the eIF4E-binding sites (4E-BSs) present in
Me31B. Most eIF4E-interacting proteins display
the canonical interaction domain of eIF4G
(YxxxxLu),45 however, there are exceptions, some
7

use a different but similar domain such as Bicoid46

and others do not use the consensus domain such
as Importin 8.47 Two canonical motifs (YxxxxLu)
were found within the domains D1 and D2 of
Me31B (Figure 5(C)). To test the functionality of
these sites, we performed site-directed mutagene-
sis to replace residues F63 to alanine and L70 to
arginine in the eIF4E-3 putative interacting region
and Y401 to alanine and L407 to arginine in the
eIF4E-1 putative interacting site. The substitution
of both aromatic residues Y401 and F63 to non-
aromatic ones abolished the interaction of Me31B
with eIF4E-1 and eIF4E-3, respectively (Figure 5
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(A, B)). It is noteworthy that the Me31B mutants for
one interaction site are still functional to interact
through the non-mutated site with the correspond-
ing eIF4E isoform. Therefore, we conclude that
Me31B interacts with eIF4E-1 and eIF4E-3 through
two independent binding sites specific for each
isoform.
To determine if the interaction sites are also

required for localization of Me31B we next studied
the cellular distribution of Me31B mutants. S2
cells were transfected with a plasmid expressing
CFP-Me31BF63A, CFP-Me31BY401A and CFP-
Me31B as a control. The mutants that lack the
amino acid essential for the interaction with
eIF4E-1 and eIF4E-3 are homogeneously
distributed in the cytoplasm and do not
accumulate in foci, compared to wild type Me31B
(Figure S5). This result supports our idea that the
interaction between Me31B and eIF4E-1 and/or
eIF4E-3 might be required to recruit the protein to
PBs.
Expression of Me31B and eIF4E-3 in the male
germ line

The function of Me31B has been well studied in
the female germ line, but our knowledge in the
Figure 6. Me31B is found in male germ line. (A) Me31B
GFP-Me31B. (B) Immunofluorescence with anti-vasa (red
detecteded in the stem cells (Manders colocalization coeffi
observed in cytoplasmic granules in stem cells and spermat
were not fixed and they separated from the rest of the tissu
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male germ line is scarce. Me31B is expressed in
the male germ line of D. melanogaster (Figure S6)
as indicated by expression data (https://flybase.
org/reports/FBgn0004419) and recent
publications.38,39 We studied the localization of
Me31B in vivo using a transgenic line expressing
a GFP-Me31B fusion that replaces the endogenous
gene and fully rescues the phenotype. GFP-Me31B
is detected at the tip of the testis in the stem cell
niche and in the spermatogonia, where the initial
mitotic divisions take place (Figure 6(A) and Fig-
ure S7). GFP-Me31B is coexpressed with the stem
cell marker vasa in these cells (6B). In living cells,
GFP-Me31B imaging shows cytoplasmic foci in
stem cells (Figure 6(C)) and in primary spermato-
cytes (Figure 6(D)), cells that undergo transcription
and regulated translation.48

Previous studies have shown that eIF4E-3 is
expressed in D. melanogaster germline41,49 and is
essential for spermatogenesis. We observed that
GFP-Me31B and eIF4E-3 are coexpressed in the
male germline (Figure 7(B, C)). A quantitative anal-
ysis using the Manders coefficient supports the
preferent colocalization in spermatocytes over stem
cells (Table S1). Closer examination reveals that,
as spermatogenesis proceeds, GFP-Me31B and
eIF4E-3 are associated with meiotic figures (Fig-
is located in different cells type in testis of the trapline
) and anti-GFP antibodies (green). Both proteins are
cient MA = 0.86 ± 0,02; MB = 0.74 ± 0,04). Me31B is
ocytes (C, D respectively). The cells in C and D images
e by aspirating.

https://flybase.org/reports/FBgn0004419
https://flybase.org/reports/FBgn0004419


Figure 7. Me31B is detected in testis and colocalizes with eIF4E-3. (A) Me31B is observed located in stem cells
and spermatocytes in testis of the trapline GFP-Me31B flies. (B) Testis immunofluorescence with anti-eIF4E-3
antibodies of GFP-Me31B flies. Both proteins are located in the same spermatocytes (C). The superposition of both
fluorescence signals confirms colocalization (Manders coefficient MA = 0.85 ± 0.03; MB = 0.71 ± 0.02). (D, E) Me31B
and eIF4E-3 are seen associated with meiotic chromosomes, DAPI staining is shown in blue. The co-location of both
is shown in figure F. (G) Co-IP experiments showing that Me31B physically interacts with eIF4E-3 in testis. Total
extracts of testes from GFP-Me31B flies were used to conduct immunoprecipitations using GFP-trap and interactions
were detected by immunoblotting.
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ure 7(F), white arrows). This agrees with the non-
canonical function of eIF4E-3 in chromosome seg-
regation41 and opens a path for further studies for
a non-canonical function of Me31B in themale germ
line. Finally, to validate the interaction determined
by FRET and yeast two hybrid assays in the male
germ line, we performed a pull-down experiment
with GFP-Me31B using anti-GFP nanobodies in iso-
lated testis and showed the co-purification of eIF4E-
3 (Figure 7(G)). Taken together, these results sug-
gest that the function of Me31B in the male germline
might require the interaction with eIF4E-3.
Discussion

Cytoplasmic mRNA granules can be found in a
variety of configurations, depending on their
protein composition. These structures play critical
roles in post-transcriptional regulation of gene
expression.33,50 The interaction of Drosophila
eIF4E-1 and eIF4E-3 with Me31B in PBs agrees
with RNAi studies demonstrating that Me31B is
necessary for PBs assembly.51 Me31B also plays
an essential role in translation regulation during
oogenesis30,52,53 and, as recently shown, in sper-
matogenesis.39 Thus, Me31B along with other pro-
teins, might be involved in mRNPs remodeling
from active polysomes to repression by direct inter-
9

action with eIF4E. Translational control is a key
issue in differentiation of male gametes, but our
knowledge of the molecular mechanisms involved
lag behind those in oogenesis.54

A model has been previously proposed by the
removal of the translation machinery, mRNP
reorganization, and PBs assembly.33 eIF4E is the
only translation factor present in active mRNAs
and in the mRNP of PBs.55 A common set of eIF4
factors support the basal translation initiation,
whereas, at least in D. melanogaster, different
eIF4E isoforms might regulate the translation in a
tissue- and or developmental-specific manner.56

D. melanogaster eIF4E-1 seems to be the canoni-
cal isoform,37 while eIF4E-8/d4E-HP is a repressor
of bicoid mRNA during embryogenesis,46 eIF4E-4
has been reported to function in the cardiac tis-
sue,57 and eIF4E-3 is a testis-specific modulator
of male germline development.41,49

In this study, we showed that eIF4E directly
interacts with the helicase Me31B. We propose
that this interaction is mutually exclusive with
other 4E-BP such as eIF4G based in the
aminoacids required for the interaction and
hypothesize that it has a functional role in post-
transcriptional regulation. However, while eIF4E-
BP binds eIF4E-1, it does not bind eIF4E-3,
raising the critical question of what protein or
proteins regulate eIF4E-3.41,49 We support the idea
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that Me31B could compete with eIF4G to displace it
from the interaction with eIF4E, and therefore, pre-
vent translation. We showed that the mutants
eIF4E-1W117A and eIF4E-3F103A are not assembled
into PBs8 and do not interact withMe31B supporting
the idea that displacement of eIF4G might lead to
the repression of mRNA into PBs.
Both Me31B 4E-binding sites are non-canonical

4E-BP motifs and it is plausible to consider that
they interact with different eIF4E domains, as it
was shown for the d4E-HP/Bicoid interaction.46

Molecular modeling of Me31B shows that the inter-
actionmotifs at the D1 andD2 domains are far apart
Figure 8. (A) Molecular modeling of Me31B. The resid
lower right panel) is essential for eIF4E-3 interaction, and it
upper right panel) is required for eIF4E-1 interaction at the C
to the surface and are able to interact with other protein
interactions. (B) Sequence comparison of eIF4E region re
acid sequences of Drosophila eIF4E isoforms, mouse (m4E)
tryptophan residue required for the cap recognition (#) is
involved in interaction with 4G and other 4E-eIF4E-inte
phenylalanine in eIF4E-3 (&, highlighted). (C) A model of the
mRNPs. The Me31B- eIF4E complex can be part of mRNP
could occur in different combinations – Me31B could either b
the discussion for hypotheses on the function.

10
to allow simultaneous binding of eIF4E-1 and
eIF4E-3, as our experimental evidence also sug-
gests (Figure 8(A)). The interaction is mediated at
least by F103 in eIF4E-3 and its equivalent position
W117 in eIF4E-1. W117 is conserved in all D. mel-
anogaster eIF4E isoforms, but eIF4E-3 (Figure 8
(B)), suggesting that the phenylalanine is enough
to provide binding specificity to the D1 interacting
site. Recent studies showed that some eIF4E-
interacting proteins need two domains to interact
with the same eIF4E molecule, namely one canon-
ical 4E-BS that interacts with the dorsal surface of
eIF4E, and a non-canonical one that interacts with
ues required for the interaction with eIF4E. F63 (blue,
is exposed in N-terminus at the D1 domain. Y401 (red,
-terminus at the D2 domain. Both residues are exposed
s. They are far apart and would allow simultaneous
quired for Me31B interaction. The alignment of amino
, yeast (y4E) and human eIF4E-1 (h4E1) shows that the
conserved in all but eIF4HP. The tryptophan residue
racting proteins is conserved in all, but replaced by
possible configurations of Me31B- eIF4Es complexes in
s repressing specific subsets of mRNA. This complex
ind only one eIF4E isoform or both simultaneously. See
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its lateral surface.58 eIF4E-interacting proteins,
such as D. melanogasterMextli, use a third interac-
tion motif (auxiliary motif) to interact with eIF4E-1.59

Our data add up to the complexity of the interacting
mRNP landscape showing isoform-specific inde-
pendent binding sites within the same eIF4E-
interacting protein. This unique feature makes
Me31B the first protein so-far reported with such
dual capabilities. This opens the path for new stud-
ies to understand this remarkable feature. The dual
interaction would allow several potential ways of
regulation (Figure 8(C)). The Me31B- eIF4E com-
plex can be part of mRNPs repressing specific sub-
sets of mRNA. However, RNAmight not be required
for the interaction, as it has been shown for verte-
brate ortholog ddx6/p5414 and we have shown here.
eIF4E-Me31B complexes could occur in different

combinations - Me31B might either bind only one
eIF4E isoform or both simultaneously. In the latter,
the two isoforms could remain bound to the
mRNA to be silenced and should require the
coexpression of the isoforms. We have shown
that Me31B is expressed in testis, from the stem
cells niche to spermatocytes. Jensen et al.
showed that it does not colocalize with vasa in the
nuage of stem cells, however, we observed
colocalization in the cytoplasm. According to
Jensen et al. Me31B controls male stem cell
dedifferentiation and regulates nanos mRNA
translation.39 We did not detect expression of
eIF4E-3 in stem cells, therefore, this interaction
should be mediated by eIF4E-1. It is plausible to
consider that in the stem cell niche, the interaction
is binary and consistent with the lack of stem cell dif-
ferentiation in me31B mutants39 and with the fact
that absence of eIF4E-1 is cellular lethal.56 Later
on in spermatogenesis, the spermatocytes express
Me31B and both, eIF4E-1 and eIF4E-3, which
implies that either binary or ternary complexes
might form. If this is the case, it remains to be inves-
tigated. However, the facts that eIF4E-3 phenotype
affects meiosis and that we observed accumulation
of Me31B and eIF4E-3 in meiotic figures suggest
that the interaction might reflect the function. A
genetic dissection of me31B phenotypes and the
effect of the interaction with any eIF4E isoform at
this stage is not possible, because the lack of
me31B blocks the progression of the germ line to
spermatocytes. eIF4E-1 and eIF4E-3 simultaneous
interaction with Me31B might occur leading to a dif-
ferent function than the binary complexes. These
functions might imply still unknown mechanisms,
not necessarily at the translational level. This is
speculative, but constitutes our hypotheses based
on the genetic, expression, and interaction data.
We support the idea that the regulatory capacity

of Me31B depends on the various interactors and
different biological contexts in which it happens. It
represents another example of the diversity of the
mRNA translation/silencing mechanism described
up to now.60 The results described here and the pre-
11
vious evidence from us and other laboratories fur-
ther support the notion of the plasticity for the
eIF4E interaction network, which confers unique
properties to the different assembled mRNPs. The
analysis of the function and structure of the
Me31B/eIF4E interaction will shed light on this com-
binatorial regulation mechanism.
Experimental procedures

Cell culture and transfections

Drosophila S2 cells were grown on glass
coverslips (Fisher Scientific) in Schneider’s
medium (Sigma, USA), supplemented with 10%
fetal bovine serum (Natocor, Córdoba, Argentina)
and 1% antibiotic–antimycotic mixture (Invitrogen,
USA) at 28 �C. Plasmid transfections were
performed after cells had reached �90%
confluency using Lipofectamine reagent (Roche),
as recommended by the manufacturer. Sixteen
hours after transfection, cells were washed with
PBS (130 mM NaCl, 20 mM potassium
phosphate, pH 7.4), fixed for 20 min with PBS pH
7.4/4% w/v paraformaldehyde, and mounted in
antifade (Mowiol, Calbiochem).
Immunofluorescence

Cells were fixed as described above, washed with
PBS pH 7.4, and permeabilized in PBS pH 7.4/0.2%
Triton X-100 (Sigma) for 20 min. Cells were then
rinsed with PBS, blocked in PBS pH 7.4 / 10%
fetal calf serum (FCS) for 30 min, and incubated
with the primary antibody diluted in PBS pH
7.4/10% FCS for 60 min. Subsequently, cells were
washed with PBS pH 7.4 (4 � 15 min) and
incubated with the secondary antibody in PBS pH
7.4 / 10%FCS for 45 min. Cells were again
washed with PBS pH 7.4 (3 � 10 min) and
mounted in antifade (Mowiol, Calbiochem).
Confocal laser scanning microscopy

Before imaging, cells were counterstained with
DAPI and analyzed by epifluorescence to assess
cell integrity. Images were acquired with a Carl
Zeiss LSM 510-Meta confocal microscope using
Argon (588/514 nm) and Helium/Neon
(543/633 nm) lasers. The images were analyzed
using the LSM software and Image J (https://
rsbweb.nih.gov/ij/).
The following primary antibodies were used in this

study: rabbit anti-rck/p54 (DDX6, Bethyl
Laboratories; 1:500); rabbit anti-eIF4E-1 1:100061;
rabbit polyclonal affinity-purified anti-eIF4E-3 anti-
bodies #967 and #968 1:300 (Biomatik, Ontario,
Canada,41 anti-GW182 and anti-TIA-1 (AbCam,
Cambridge, UK; 1:500). The following secondary
antibodies were used: anti-mouse, anti-goat, and
anti-rabbit antibodies conjugated to Cyanine dyes
(Jackson Inc.; 1:2000).

https://rsbweb.nih.gov/ij/
https://rsbweb.nih.gov/ij/
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Colocalization analysis

Colocalization was analyzed using JACoP
plugins (ImageJ software). New images were
created by thresholding the background corrected
images. The background corrected image from
channel A (Me31B) was combined with the image
for channel B (GW-182, TIA-1, 4E1, 4E3, 4E2 or
4EHP). The percent of colocalization was
measured by taking the volume of Me31B signal
that overlapped with the protein marker in the
other channel and dividing it by the total volume of
Me31B in the sample. Manders coefficient 1 (MA)
represents the fraction of pixels that colocalize of
the total pixels in channel A. In the same manner
MB coefficient represent the fraction of pixels that
colocalize of the total pixels in channel B.62
Acceptor photobleaching FRET

All data were obtained on an LSM 510 Meta
(Zeiss). Samples were fixed with 4% PFA for
15 min and images acquired with a
CAPOCHROMAT 63�/1.4 W Korr objective
(Zeiss). Specific excitation and emission of the
CFP-fusion proteins were effected by excitation at
458 nm with a 30 mW Argon/2 laser (AOTF
transmission 15%) and collection of emitted light
with a 475/525 nm bandpass filter. No emission
from YFP fusion proteins was detected in this
channel. CFP images were taken before and after
photobleaching of the YFP signal using the same
sensitivity settings. YFP signals were
photobleached by full-power excitation at 514 nm
with a 50-mW solid-state laser. Images of YFP-
fusion proteins were obtained before and after
photobleaching by excitation with a 30-mW
Argon/2 laser (transmission 15%) at 514 nm
excitation and emission collected from 530 nm
bandpass filter (LSM 510 Meta Detector, Zeiss).
No photobleaching of the CFP signal was
observed under > 90% photodestruction of the
YFP signal. The FRET efficiency63 was determined
for each PB separately by: Eap = (ID0- ID)/ ID0; with
ID0 and ID denoting the sum of the respective pre-
and post-bleach donor intensity in a PB.
Immunohistochemistry of Trap-line GFP-
Me31B flies

y1 w1118; P(PTT-GB)hme31BCB05282 fly stock
was obtained from the Bloomington Drosophila
Stock Center. Testes were dissected on ice in S2
Schneider’s medium supplemented with 10% fetal
bovine serum. The medium was removed, and
testes were fixed in fixer solution [200 ml of 4%
paraformaldehyde in PBST (PBS with 0.2%Tween
20), 600 ml heptane and 20 ml DMSO] for 20
minutes with slow rotation. The fixer was
removed, and testes were washed three times for
15minutes each in 1.5 ml PBST followed by 1–2
hours blocking with 1 ml blocking solution (PBST,
12
0.1% Triton X-100, 1% BSA). Testes were
incubated either with primary antibodies in
blocking solution at 4 �C overnight, washed for 30
minutes in PBST, blocked for 30 minutes with
500 ml blocking solution containing 1% goat
serum, and incubated with secondary antibodies
in 500 ml blocking solution containing 8% goat
serum overnight at 4 �C. At this step, testes were
counterstained with DAPI (1 ng/ml) for 5 minutes,
washed four times for 15 minutes each with 1.5 ml
PBST, and mounted for imaging.

Plasmids construction

We generated plasmids encoding the YFP and
CFP fusion proteins. Drosophila eIF4E-1 (FlyBase
CG4035), eIF4E-2 (FlyBase CG4035), eIF4E-3
(FlyBase CG 8023), d4E-HP (FlyBase
CG33100)34,38 and Me31B (FlyBase CG4916).28

cDNAs were PCR-amplified and cloned as EcoRI-
EcoRI fragments onto the Topo Blunt vector (Invit-
rogen). cDNAs were PCR-re-amplified and finally
subcloned into Hind III site of the pEYFP-C1 or
pECFP-C1 vectors (Clontech).
Drosophila eIF4E-1 and eIF4E-3 cDNAs34 were

cloned into the pOBD2 vector64 in-frame with the
DNA-binding domain sequence of GAL4 to create
the “bait” constructs. Me31B, 4E-BP (CG8846;65

and PABP (CG5119;66 were cloned into the activa-
tor domain sequence of GAL4 to generate the
“prey” constructs. Me31B and 4E-BP were cloned
into pGAD424 vector and PABP into pACT2 vector.
See Table S3 for a complete list of the plasmids
used in this work.
Site-directed mutagenesis of Me31B, eIF4E-1

and eIF4E-3 was carried out on the plasmids
pOBD-eIF4E1 to change tryptophan 117 to
alanine, and pOBD-eIF4E-3 was used to change
Phenylalanine 103 to alanine. PCR amplification
of each template was performed using 2X
iProof master mix (Bio-Rad) with primers
described in Ferrero et al. (2012).8 The same proto-
col was used to mutate pGAD424-Me31B with the
following primers (for more details, see Table S3):

Me31BF63Ar: CTTTTAAGGCAAGCCTCCTCGAA.
Me31BF63Af: TTCGAGGAGGCTTGCCTTAAAAG.
Me31BL70Rr: GAATATACCCATACGCAGTTCTC.
Me31BL70Rf: GAGAACTGCGTATGGGTATATTC.
Me31BV366STOPr: AATTGATTACTTAATTCACGGC.
Me31BV366STOPf: GCCGTGAATTAAGTAATCAATT.
Me31BK251STOPr: GCGTAAATGTTACTCCATGAA.
Me31BK251STOPf: TTCATGGAGTAACATTTACGC.
Me31BY401Af: CTGATAACCGCCGAGGATCGGTT.
Me31BY401Ar: AACCGATCCTCGGCGGTTATCA.
Me31BL407Rf: CGGTTTGATCGGCATCGGATTGA.
Me31BL407Rr: TCAATCCGATGCCGATCAAACCG.

Drosophila Me31B, eIF4E-1 and eIF4E-3 full
open reading frames were cloned into the
bacterial expression vector pKNE001 (a modified
version of pET-SUMO, gift from Kolja
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Eckermann,67 in-frame with His-tag and a SUMO
domain. Both vector and ORFs were PCR amplified
using Q5 polymerase (New England Biolabs).
Amplimers of the ORF were phosphorylated using
polynucleotide kinase and blunt-end ligated to the
non-phosphorylated vector. All expression fusions
were fully sequenced.

pETSUMOr: GCCGCTGCCGTGATGATGATG.
pETSUMOf: TGAGATCCGGCTAACAAAG.
me31B-ATGf: ATGATGACTGAAAAGTTAAATTC.
me31B-STOPr: TTATTTGCTAACGTTGCCCTC.
eIF4E1-ATGf:
ATGCAGAGCGACTTTCACAGAATG.
eIF4E1-STOPr:
CTACAAAGTGTAGATCGATTTCACTT.
eIF4E3-ATGf: ATGGTGTACACCGGTTACGTAAG.
eIF4E3-STOPr:
CTACAATGTGTAGATGGCATTGAC.

Yeast two hybrid assay

Interactions between “bait” and “prey” proteins
were detected following a yeast interaction-mating
method using the strains PJ69-4a and PJ69-
4alpha (Table S2).64 Diploid cells containing both
bait and prey plasmids were grown in selective
media (–Trp, –Leu) and shown as growth control.
Protein interactions were detected by replica-
plating diploid cells onto selective media (–Trp,
Leu, His) containing 3-amino-1,2,4-triazole (3AT).
Growth was scored after four days of growth at
30 �C.
The 3AT amount was titrated within a range of 0,

10, 12, 15, 20, and 30 mM of 3AT, resulting in
12 mM the minimum concentration needed to
inhibit background growth and still enable the
positive growth controls.
Co-immunoprecipitation assay

100–150 testis were dissected in ice cold PBS
and after brief centrifugation resuspended in
300 ml lysis buffer (25 mM HEPES pH 7.4,
100 mM NaCl, 0.5% Triton X-100, 0,3% NP-40,
0.5 mM EDTA, 10% glycerol and protease
inhibitors Complete-Roche). The tissue was
homogenized in a 1 ml glass-glass Dounce
homogenizer. The homogenate was centrifuged
for 10 minutes at 15,000 g and 4 �C. The
supernatant was incubated with 20 ml of GFP-Trap
magnetic beads (chromotek) for 8 hours at 4 �C.
The beads were separated and washed three
times with ice cold 100 mM NaCl buffer (25 mM
HEPES pH 7.4, 100 mM NaCl, 0,1% Triton X-100,
0.5 mM EDTA, 10% glycerol) and twice with
150 mM NaCl buffer (25 mM HEPES pH 7.4,
150 mM NaCl, 0,1% Triton X-100, 0.5 mM EDTA,
10% glycerol). The washed beads were
resuspended in 1X SDS-PAGE sample buffer,
boiled for 5 minutes and the proteins separated in
a 4–25% gradient gel (BioRad) and transferred to
13
a nitrocellulose membrane. eIF4E-3 was revealed
using rat anti-eIF4E-3 antibody.42

2 � 107 D. melanogaster S2 cells were collected
of a 25 cm2 flask and after brief centrifugation
resuspended in ice cold 400 ml lysis buffer
(150 mM NaCl, 50 mM Tris-HCl pH 8.0, 1% NP40
and protease inhibitors Complete, Roche). The
cell lysate was centrifuged for 10 minutes at
17,000 g at 4 �C. The supernatant was incubated
with 25 ml of Dynabeads Protein G (Life
Technology) pre-incubated with anti-eIF4E-161 with
rotation for 10 min at room temperature for 2 hours
at 4 �C. The beads were separated and washed
three times with ice cold Wash Buffer (150 mM
NaCl, 10 mM Tris-HCl pH 7,5, 0,5mM EDTA). The
bound proteins were eluted with glycine 0,2M, sep-
arated in a 4–25% gradient gel and transferred to
nitrocellulose membrane (Schleicher & Schuell).
eIF4E-3 was revealed using rabbit anti-eIF4E-3
antibody42 and Me31B using rabbit anti-DDX6
(Abcam).

Recombinant protein expression, purification
and interaction assay

The plasmids pHis-SUMO-me31B, pHis-SUMO-
4E1 and pHis-SUMO-4E3 were transformed into
BL21-CodonPlus-RIL (Agilent Technologies) for
recombinant protein expression. The bacteria
grew at 37 �C until A600 = 0.7, transferred to 16 �C
and induced with 1 mM IPTG for 24 hours. The
bacteria were isolated by centrifugation at 5,000g
10 minutes and the pellet resuspended in lysis
buffer (50 mM phosphate pH 8.0; 400 mM NaCl, 1
mg/ml Lysozyme, 10mg/ml RNAse, 10 mg/ml
benzonase and 1% Triton X-100), sonicated and
the lysate clarified at 25.000xg 30 min. eIF4E-1
and eIF4E-3 were purified in Nickel-agarose
(Quiagen) in a gradient of 25–300 mM imidazole
in native conditions. Me31B was present in
inclusion bodies and purified in denaturing
conditions (50 mM phosphate pH 8.0; 400 mM
NaCl; 8 M urea) in Nickel-agarose and eluted in a
gradient of 25–300 mM imidazole. The
recombinant proteins were dialyzed against
25 mM phosphate pH 8.0; 200 mM NaCl; 1 mM
DTT; 10% glycerol and stored frozen in aliquots.
The His-SUMO tag was removed by digesting 20
mg of recombinant protein with SUMO protease
(Sigma-Aldrich, Germany) as recommended by
the manufacturers. The purity of the proteins was
assessed by SDS-PAGE and Coomassie staining
as >90%.
50 mg of recombinant, purified His-tagged eIF4E-

1 was bound to 100 ml of Ni-TA-Agarose (Quiagen,
Germany) and washed twice in Binding Buffer
(25 mM Phosphate pH8; 200 mM NaCl; 1 mM
DTT; 10% glycerol; 25 mM imidazol). 10 ml of
settled eIF4E-1-beads were incubated for 60
minutes at 4 �C with 2–5 mg of recombinant,
untagged, Me31B and eIF4E-3 in buffer 25 mM
HEPES pH 7.4, 100 mM NaCl, 0,1% Triton X-100,
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1 mM DTT, 10% glycerol. The beads were washed
twice with the same buffer containing 150 mM NaCl
and the pelleted beads were resuspended in 1X
SDS-PAGE sample buffer, boiled for 5 minutes
and the proteins separated in a 4–12% gradient
gel (NuPAGE Invitrogen). The copurified proteins
were revealed by silver staining.
Me31B molecular modelling

Starting structures were generated first by
constructing homology models of Me31B based
on the DDX6 structure (PDB: 4CT5) using
SWISS-MODEL.68 Simulation analysis was per-
formed using RCSB Protein Data Bank (https://
www.rcsb.org/). For more information see supple-
mental material.
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