RNA Biology 12:3, 305-319; March 2015; © 2015 Taylor & Francis Group, LLC

RESEARCH PAPER

Two related trypanosomatid elF4G homologues
have functional differences compatible with
distinct roles during translation initiation
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In higher eukaryotes, elF4A, elF4E and elF4G homologues interact to enable mRNA recruitment to the ribosome.
elF4G acts as a scaffold for these interactions and also interacts with other proteins of the translational machinery.
Trypanosomatid protozoa have multiple homologues of elF4E and elF4G and the precise function of each remains
unclear. Here, 2 previously described elF4AG homologues, EIFAG3 and EIF4G4, were further investigated. In vitro, both
homologues bound EIF4AIl, but with different interaction properties. Binding to distinct elF4Es was also confirmed;
EIF4G3 bound EIF4E4 while EIF4G4 bound EIF4E3, both these interactions required similar binding motifs. EIF4G3, but
not EIF4G4, interacted with PABP1, a poly-A binding protein homolog. Work in vivo with Trypanosoma brucei showed
that both EIF4G3 and EIF4G4 are cytoplasmic and essential for viability. Depletion of EIF4G3 caused a rapid reduction in
total translation while EIF4G4 depletion led to changes in morphology but no substantial inhibition of translation. Site-
directed mutagenesis was used to disrupt interactions of the elF4Gs with either elF4E or elF4A, causing different levels
of growth inhibition. Overall the results show that only EIF4G3, with its cap binding partner EIF4E4, plays a major role in

translational initiation.

Introduction

The trypanosomatids are pathogenic protozoa responsible for
human diseases of worldwide impact, caused by species belong-
ing to the genera Leishmania and Trypanosoma.' One feature of
these organisms is the dominance of post-transcriptional mecha-
nisms for the control of gene expression. Protein coding genes
are arranged in tandem arrays that are co-transcribed from a dis-
tant promoter and co-trancriptionally processed to individual
monocistronic mRNAs by linked #rans-splicing and polyadenyla-
tion reactions. Transcription start sites for protein coding genes
appear to be marked epigenetically and there is no evidence for
selective transcription by RNA polymerase II; > indeed the evi-
dence favors constitutive transcription with non-selective regula-
tion of the rate of initiation, for example in response to stress.®
Selective regulation of gene expression acts on mRNA levels and
efficiency of translation.”” There are several examples of regula-
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tion of translation in trypanosomatids and many others are
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likely to emerge, but the molecular mechanisms associated with
this regulation are not well understood. In higher eukaryotes
most translation regulation events occurs at the level of transla-
tion initiation when selection of the mRNAs by the protein syn-
thesis apparatus takes place.

In plants, yeast and animals, translation initiation is mediated by
a number of translation initiation factors (elFs) which facilitate
ribosome binding to the mRNA and identification of the AUG start
codon.”>"® The process is initiated by the elF4F complex, a hetero-
trimer of e[F4E, e[F4A and eIF4G. To initiate translation, e[F4E
binds to the 7-methylguanosine cap at the 5’ end of the mRNA and
mediates assembly of e[F4F on the mRNA.'? e[F4A is a RNA heli-
case and elF4G acts as a scaffold binding eIF4E and eIF4A as well
as the elF3 complex, which mediates recruitment of the ribosome
small subunit.?® Initiation of translation is enhanced by a direct
interaction between elF4G and poly(A) binding protein (PABP)
bound to the 3’ poly(A) tail of the mRNA. The ability of elF4G to
bind to proteins associated with both the 5’ (eIF4E) and 3’ (PABP)
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ends of the mRNAs provides a means by which the integrity of
mRNAs can be evaluated prior to translation.>"**

Mammalian eIF4G can be divided into 3 parts: an N-termi-
nal region, which includes the conserved eIF4E binding site; 2>
a central segment containing the characteristic MIF4G domain,
also known as HEAT-1 domain, which binds eIF4A;24 and the
C-terminus, containing both the MA3 domain (HEAT-2) also
involved in binding to eIlF4A and the W2 domain (HEAT-
3).%° eIF4G binds to PABP through motifs close to the N-ter-
minus of the mammalian protein and its W2 domain mediates
binding to the Mnk kinase that can phosphorylate eIF4E.*®
The interaction between elF4G and elF3 is critical for their
combined role in recruiting the small ribosomal subunit to the
mRNA and it requires one or more motifs localized within a
linker region between the MIF4G and MA3 domains which is
also targeted by phosphorylation events.””*® eIF4G also binds
directly to RNA, an interaction mediated by a segment between
the eIF4E binding motif and the MIF4G domain and which
enhances binding of eIF4E to the cap structure.”’ During trans-
lation initiation in mammals, the interaction between eIlF4G
and eIF4A plays a critical role in the melting of secondary struc-
tures along the mRNA 5" UTR which can interfere with the
scanning performed by the small ribosomal subunit in order to
identify the translation initiation codon.'”'® This is mediated
mainly by the helicase activity of e[F4A but also requires inter-
action with e[F4G.%%!

The elF4G tripartite structure is conserved in most metazoans
and is also present in proteins unrelated in function but which may
share a common evolutionary origin, such as the CBP80 subunit of
the nuclear cap binding complex.”® In contrast, budding yeast
elF4G not only lacks a C-terminal region, missing both MA3 and
W2 domains, but also has distinct motifs implicated in the interac-
tions with PABP, elF3 and RNA."®%® Nevertheless for mammals,
yeast and plants 2 different elF4G homologues are usually present
which seem to be differentially involved with the translation of spe-
cific mRNA groups.33

In trypanosomatids, 5 putative elF4G homologues were origi-
nally identified in the L. major genome (EIF4G1 to EIF4G5), all
sharing a central conserved MIF4G domain. All five are con-
served in other trypanosomatid species.®* EIF4G3 and EIF4G4
have conserved sequence features outside the MIF4G domain
which are not conserved in EIF4G1, EIF4G2 and EIF4GS5. In
addition, there are no significant similarities between these three
elF4G homologues outside the MIF4G domain.** To date,
EIF4G3 and EIF4G4 have been shown to form elF4F-like com-
plexes, through interactions with one elF4A (EIF4AI) and 2
elFAE homologues (EIF4E3 and EIF4E4), in both 7. brucei and
Leishmania.>*" Different experimental approaches have impli-
cated both EIF4E3 and EIF4F4 in translation initiation,”®?’ and
it is assumed that this is mediated by their elF4G partners acting
in a manner reminiscent of other eukaryotic elF4Gs. However,
any functional differences between the resulting complexes
remain unresolved. More recenty EIF4G1, EIF4G2 and
EIF4G5 have been shown to form complexes with 2 novel elF4E
homologues, EIF4E5 and EIF4EG, but they have not been linked

.. 40,41
to the translation initiation process.
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Here, the functional properties and individual roles of
EIF4G3 and EIF4G4 have been further investigated in both
L. major and T. brucei. First, binding to elF4Es, elF4A and
PABPs were investigated in vitro. Second, the subcellular localiza-
tions were determined. Third, the growth and protein synthesis
phenotypes after RNAI knockdown were analyzed. Fourth, per-
turbations of the interactions of the e[F4Gs with the e[F4Es and
elF4A were investigated by expression of transgenes encoding
variants unable to bind to eIF4E or e[F4A. The results show that
EIF4G3 is necessary for protein synthesis and thus viability, a
role that depends on its ability to interact with EIF4E4 and
EIF4AL In contrast, EIF4G4 is also required for viability and
growth but its depletion does not affect overall protein synthesis.

Results

Sequence comparison of EIF4G3 and EIF4G4 homologues

A sequence comparison of EIF4G3 and EIF4G4 from differ-
ent species was first carried out to pinpoint conserved features
possibly necessary for function. An alignment of EIF4G3 and
EIF4G4 orthologues from L. major, T. brucei and T. cruzi
(Fig. 1) highlighted several conserved segments in the N- and C-
terminal regions as well as within the MIF4G domain. Many of
these features were present in both EIF4AG3 and EIF4G4, com-
patible with both proteins’ ability to form elF4F-like complexes.
The single most relevant difference between the EIF4G3 and
EIF4G4 sequences are the Q or N/Q rich stretches localized
immediately after the MIF4G domain in the EIF4G4 homo-
logues and which are more noticeable in the 2 Trypanosoma
sequences. Noteworthy, however, are several conserved elements
positioned within the C-terminal halves of all sequences and
which are predicted to be mainly a-helical in nature. When com-
pared through pair-wise BLAST analysis, however, no clear cut
sequence homology was observed with the MA3 and W2
domains found in mammalian eIF4G. Nevertheless, structure
prediction analysis using only the C-terminal region of the differ-
ent EIF4G3 and EIF4G4 homologues predicted with high confi-
dence (greater than 75% confidence) a MA3 domain similar to
one of the domains from the mammalian translation regulator
Pdcd4, whose structure has been solved.*? Furthermore, 2 con-
served tryptophan residues, plus neighboring amino acids, in the
C-terminus of the trypanosomatid proteins (highlighted in
Fig. 1A) resemble the 2 conserved aromatic and acidic boxes pre-
viously observed within the W2 domain of mammalian eIF4G
and related proteins.”>* It is likely then that both MA3 and W2
domains, divergent in sequence due to the greater evolutionary
distance between trypanosomatids and higher eukaryotes, are
present in the EIF4G3 and EIF4G4 homologues.

An unusual feature of trypanosomatid EIF4G3 and EIF4G4
sequences is the very short N-terminal regions, 50 or 51 residues
in ETIF4G3s and 74 to 77 residues in EIF4G4s from different try-
panosomatid species, compared to nearly 600 residues in yeast
and more than 700 residues in human eIF4G (Fig. 1B). This is
relevant as this region has been shown to encompass both elF4E
and PABP binding motifs 44-46 2nd ~100 residues of the elF4G
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Figure 1. For figure legend, see page 308.
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N-terminus, surrounding the consensus eIF4E binding motif, is
required for the yeast eIF4G/elF4E interaction.”® In Fig. 1A, 2
conserved motifs shown in the alignment (boxed in the figure)
resemble the consensus elF4E binding peptide,44 defined as
YXXXXL® (where X can be any amino acid and @ is usually a
hydrophobic amino acid such as L, M or F). These are localized
to residues 3 to 9 (Box 1) and 23 to 29 (Box 2) in the Leishmania
EIF4G3 sequence, but no single motif fits completely in the
described consensus although Box 1 from the 2 Trypanosoma
EIF4G3 homologues and Box 2 from all EIF4G4 sequences and
Leishmania EIF4G3 contain only conserved substitutions (F for
Y and VorIforL).

Comparative analysis of the binding properties of EIF4G3
and EIF4G4 to other EIF4F components and PABP

In vitro co-precipitation assays have been used previously to
investigate the interaction of L. major EIF4G3 with EIF4AI and
PABP1,*** as well as between 7. brucei EIF4G3 and EIF4G4
and eIF4E partners.’® Here, co-precipitation assays were per-
formed to better characterize these interactions and investigate
how L. major EIF4G3 and EIF4G4 differ in binding to putative
or known binding partners. First, interaction with the L. major
elF4A homolog (EIF4AI “8) was evaluated. For these assays, a
GST fusion of EIF4AI was incubated with **S-labeled EIF4G3
and EIF4G4, using GST or samples containing only glutathione
sepharose beads as controls. As shown in Fig. 2A, both full-length
EIF4G3 and EIF4G4 were able to bind to EIF4AI and, when the
MIF4G domain of either protein (EIF4G3 residues 26-310 and
EIF4G4 residues 37-362) were tested in similar assays, the
EIF4G3 MIF4G domain still bound efficiently to EIF4AI, as
previously reported,®* with no apparent reduction in affinity
when compared with the wild type protein. In comparison, little
or no binding by the EIF4G4 MIF4G truncation was observed.
To confirm that the MIF4G domain in both proteins is still
required for efficient binding, the conserved LNK amino acid
triplet localized near the N-terminal end of this domain was
replaced for 3 alanines in full-length EIF4G3 and EIF4G4. Both
variant proteins were unable to bind EIF4AIl, confirming a
requirement of the MIF4G domain for the eI[F4G/eIF4A interac-
tion which, for EIF4G3, but not EIF4G4, is sufficient.

Next, the interactions between EIF4G3 and EIF4G4 with
PABP homologues were evaluated. The interaction between

GST-tagged EIF4G3 and the 3 distinct PABPs from L. major

(PABPs 1 to 3) was previously evaluated and only PABP1 bound
EIF4G3,%” however an independent 2 hybrid assay failed to con-
firm this interaction.”’ Here, the same interactions were evalu-
ated comparing the 2 e[F4G homologues and using both GST-
tagged PABPs and *°S-labeled EIF4G3 and EIF4G4 and the
reverse assay with GST-tagged eIF4Gs with *S-labeled PABPs.
As shown in Fig. 2B and 2C, both assays confirmed a reproduc-
ible interaction of EIF4G3 with PABP1, but not with PABP2 or
PABP3, and no clear interaction between EIF4G4 and any of the
PABP homologues. The four GST-tagged eIF4E homologues
from L. major were then assayed with the *°S-labeled ETF4G3
and EIF4G4 to confirm previously described interactions seen in
Leishmania and Trypanosoma proteins,” > in a comparative
way. As shown in Fig. 2C, EIF4G3 was found to interact only
with EIF4E4, while EIF4G4 bound specifically to EIF4E3. Over-
all, although both EIF4G3 and EIF4G4 interact specifically with
their respective elF4E partners, only EIF4G3 interacts with the
PABP homolog and it also seems to bind more efficiently
EIF4AI, as would be needed to adequately support translation
and form an elF4F-like complex.

Identification of a common elF4E binding motif in both
EIF4G3 and EIF4G4 homologues

The interaction between elF4E and elF4G is necessary for
mRNA recruitment in higher eukaryotes and it is mediated by
conserved motifs in the 2 binding partners. In trypanosomatid
EIF4G3 and EIF4G4, the regions N-terminal of the MIF4G
domain are much shorter than other characterized eukaryotic
elF4Gs. In mammalian elF4G, the eIF4E binding modf lies
toward the end of its very long N-terminal region which also
includes the PABP binding motif (see Fig. 1A). In contrast, in
trypanosomatids, long N-terminal extensions are seen for the
EIF4G3 and EIF4G4 binding partners, EIF4AE3 and EIF4E4,
which are absent in metazoan eIlF4E. The function of these N-
terminal extensions is unknown but deletion in EIF4E4 does not
impair its binding to EIF4G3.%° Both the EIF4G3/EIF4E4 and
EIF4G4/EIF4E3 interactions were previously found to require
distinct binding motifs in the respective elF4Gs, located at differ-
ent positions within these proteins’ N-terminal regions.3 >37 Dis-
tinct elF4E binding motifs, however, are in clear disagreement
with the similarities in sequence, structure and functional proper-
ties of EIF4AE3 and EIF4E4 and which suggest a common mode
of interaction with their eIF4G partners.

Figure 1 (See previous page). Sequence comparison of the EIF4G3 and EIF4G4 homologues from different trypanosomatids. (A) Clustal W alignment of
the EIF4G3 and EIF4G4 homologues from L. major (Lm), T. brucei (Tb) and T. cruzi (Tc), highlighting regions of homology outside the HEAT-1/MIF4G
domain. Amino acids identical in more than 60% of the sequences are highlighted in dark gray, while amino acids defined as similar, based on the BLO-
SUM 62 Matrix, on more than 60% of the sequences, are shown in pale gray. When necessary, spaces were inserted within the various sequences (dots)
to allow better alignment. The two candidate elF4E binding segments mentioned in the text are boxed and numbered 1 and 2. The central MIFAG/HEAT-
1 domain, the region which defines the various elF4G homologues, as well as the putative a-helical rich regions which are likely variants of the MA3/
HEAT-2 and W2/HEAT-3 domains are underlined. ¥ indicates the conserved amino acid segments which have been mutated in either L. major or T. bru-
cei EIF4G3 and EIF4G4 in order to investigate their interactions with elF4E and elF4A homologues. || indicates the unique isoleucine/leucine residue
which has been identified to be relevant for the interactions between both elF4G homologues with their elF4E partners. The * highlights the 2 conserved
tryptophan/aromatic residues at the proteins’ C-terminus which resemble equivalent residues within the metazoan HEAT-3/W2 domain. (B) Schematic
representation comparing the domain organization of the human elF4Gl with those of L. major EIF4G3 and EIF4G4. For the human protein the sequences
implicated in the interactions with PABP, elF4E, RNA and elF3 are indicated as well as the 3 defined HEAT domains. For the L. major homologues the posi-
tions of the 2 candidate elF4E binding elements as well as the MIF4G and putative MA3 and W2 domains are also shown.
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Here, a re-evaluation of the elF4E
binding motifs in both EIF4G3 and
EIF4G4 was performed through parallel
experiments with both proteins and
using the pull-down strategy previously
validated. GST-tagged variants of
EIF4G3 and EIF4G4 were expressed in
E. coli and equivalent quantities evalu-
ated for binding to the corresponding
S-labeled eIF4E partners (Fig. 3A).
First, truncations on both L. major
elF4G homologues were generated to
test the involvement of both N-termini
in the binding to EIF4E3 and EIF4E4.
Site-directed mutagenesis was then car-
ried out, using the full-length proteins
and targeting selected residues identified
as conserved in both EIF4G3 and
EIF4G4 (Fig. 1). The conserved triplets
FSL, KLV and LNK, were mutated in
turn, each to 3 alanines. The corre-
sponding binding assays showed that
mutating the FSL motif in EIF4G3, but
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action with EIF4E3.%” Individual resi- Figure 2. Analysis of the interaction between the L. major EIF4G3 and EIF4G4 and selected partners.
dues were also targeted and likewise (A) Binding interactions between EIF4G3 and EIF4G4 and the EIF4Al homolog. Co-precipitation assays
were carried out between a GST-EIF4Al fusion and different [>°S]-labeled EIF4G3 and EIF4G4 produced
after in vitro transcription and translation reactions. The upper panel shows a representative Coomas-
sie-blue stained gel highlighting the recombinant GST (negative control) or GST fusion protein used
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replaced by alanines. For EIF4G3, single
mutations in 2 neighboring residues

mutations in the equivalent positions in

simultaneously replaced by alanines
(IL25-26AA) this interaction was nearly abolished. The figure
also shows results from mutations in 2 other conserved residues
in L. major EIF4G3 and EIF4G4 sequences (R12/R29 and Y15/
W32, respectively) which did not affect binding to their eIF4E
partners. Other mutations which did not interfere in the binding
between these proteins and were not included in the figure are
V29 for EIF4G3 and F3, M20 and L46 for EIF4G4.

Single isoleucine/leucine to alanine or arginine to alanine sub-
stitutions should not impact significantly on the structure of the

EIF4G3 N-terminus, and even the double substitution EIF4G4
IL25-26AA is unlikely to have a significant effect. In the align-
ment shown in Fig. 1, the identified doublets for both EIF4G3
and EIF4G4 are localized within the first box (Box 1) found to
resemble the proposed eIF4E binding consensus of higher eukar-
yotes (YXXXXL®). Their positions are equivalent to the con-
served L® residues, both hydrophobic amino acids, as seen in
most trypanosomatid EIF4G3 and EIF4G4 sequences. In L.
major EIF4G3 the second hydrophobic residue is replaced by an
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Figure 3. Fine mapping of the interactions between L. major EIFAG3 and EIF4G4 with their elF4E partners. (A) Fine mapping of the interactions between
L. major EIFAG3 and EIF4E4 and between EIF4G4 and EIF4E3. Co-precipitation assays were carried out as described in Fig. 2 using either of the elF4G
homologues fusioned to GST and assayed for their ability to bind [>*S]-labeled EIF4E3 and 4. The full-length elF4G sequences as well as truncations lack-
ing either the N or C-terminal regions of the proteins were used in the assay, as well as site-directed variants where selected residues were replaced by
alanines as indicated. The results shown are representative of multiple co-precipitation assays carried out with a minimum of 2 independent sets of GST-
tagged proteins. (B) Sequence alignment comparing the elF4G binding residues (highlighted with a *), previously identified in 3 distinct blocs of the
human and yeast elF4E sequences,?>*° with the equivalent motifs found in different trypanosomatid EIF4E3 and 4 homologues. The alignment was car-
ried out as described in Fig. 1 for the elF4G homologues, but only the segments relevant for the elF4G interaction are shown. (C) Schematic representa-
tion of either known or proposed interactions between different elF4E/elFAG homologues. The left scheme summarizes the interactions previously
observed, based on the crystal structure,®® between human elF4E and oligopeptides containing the consensus elF4E binding motif from human elF4G
and elF4E-binding proteins (YXXXXL®), plus the 3 subsequent residues. The middle and right schemes highlight the likely interactions presumed to
occur between the trypanosomatid EIFAE4/EIFAG3 and EIF4E3/EIFAG4 pairs, assuming a conserved mode of binding between the different protein
complexes.
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arginine (R9), but the substitution of the ® residue for other
amino acids with long aliphatic side chains, charged or not such
as arginine, was predicted to be possible when the structure for
the eIF4E/eIF4G interaction was originally solved.”® Neverthe-
less, the lack of a conserved tyrosine or phenylalanine at the first
position in Box 1 of the EIF4G4 homologues questions the
assumption that this is indeed a binding motif similar to the one
described for higher eukaryotes. To better understand these inter-
actions in the 2 trypanosomatid protein pairs, the putative eIF4G
binding sites in EIF4E3 and EIF4E4 were investigated through
sequence analysis. Fig. 3B highlights the 3 sets of motifs which,
in higher eukaryotes, have been shown to be implicated in medi-
ating elF4E’s interaction with elF4G. Of the residues directly
implicated in the interaction with eIF4G, only the tryptophan
residue (W73 in the mammalian sequence) is universally con-
served in the different trypanosomatid elF4E sequence although
the V69 is found to be replaced only by the similarly hydropho-
bic isoleucine. Both residues interact directly with the leucine in
the eIF4E binding consensus of mammalian eIF4G consensus (as
does L135). In contrast, other residues which have been found to
interact directly with the aromatic residue in elF4G, H37 and
P38, for example, are not conserved within the different e[F4E
homologues, although a proline is present in the same position of
Leishmania EIFAE3. Fig. 3C summarizes the known interactions
involved in mammalian eIF4E/elF4G binding as well as the ones
which would be expected between EIF4G3/EIF4E4 and
EIF4G4/EIF4E3, assuming a conserved set of interactions for
the different protein pairs. Overall, the evidence presented indi-
cates then that a common elF4E binding motif exists in both
elF4G homologues studied and that these should include the cur-
rently identified residues (I8 and R9 in EIF4G3/125 and 126 in
EIF4G4).

Both EIF4G3 and EIF4G4 are moderately expressed in 7.
brucei procyclic cells and localize strictly to the cytoplasm

To continue 772 vivo the functional characterization of EIF4G3
and EIF4G4, a second trypanosomatid system was studied, 7.
brucei, so as to fully exploit the tools available for its genetic
manipulation. Antibodies against 7. brucei EIF4G3 and EIF4G4
were first used to evaluate expression in procyclic cells (Fig. 4A).
EIF4G3 was detected as a single band of the expected size while
EIF4G4 was scen to be represented by 2 bands of very similar
sizes, both compatible with the predicted molecular weight for
this protein. Western blots were used to estimate the proteins’
copy number using a procedure previously described for 7. brucei
eIF4E homologues.®® Although the procedure only produces an
estimate, the results for EIF4G3 (1 to 2 x 10% molecules/cell)
shows that it is 3 to 10-fold more abundant than EIF4G4 (2 to 3
x 10 molecules/cell). When compared with the previous copy
number estimates for the corresponding eIF4E partners, EIF4G3
is similar to EIF4E4, while EIF4G4 is present at levels at least
10-fold lower than EIF4E3.

The antibodies were then used for immunofluorescence
experiments to investigate subcellular localization (Fig. 4B).
Both proteins localized predominantly to the cytoplasm with
very little or no localization within the nucleus and with no
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Figure 4. Expression analysis and subcellular localization of the T. brucei
EIF4G3 and EIF4G4. (A) Quantitation and expression analysis of T. brucei
EIFAG3 and EIF4G4 in wild type, exponentially grown, procyclic cells.
Recombinant His-tagged EIF4G3 and EIF4G4 were quantitated, diluted
to defined concentrations (in fentomoles) and ran on SDS-PAGE gels
with whole parasite extract obtained from known number of cells. The
gels were then transferred to PVDF membranes and blotted with anti-
bodies directed against T. brucei EIFAG3 or EIF4G4. Densitometric analy-
ses of the results allowed for a rough estimation of the intracellular
levels of both proteins, as described.3® (B) Subcellular localization of
EIF4AG3 and EIF4G4 through indirect immunofluorescence. Procyclic cells
were incubated with the same antibodies used in A followed by Alexa
Fluor 488-conjugated secondary antibody. DNA was stained with DAPI
to identify the nucleus and kinetoplast. (C) The localization of EIF4G3
and EIF4G4 was also confirmed through the expression of eYFP fusion
proteins in transfected T. brucei procyclic cells examined under the con-
focal microscope.

311




apparent sublocalization within the cytoplasm. This subcellular
localization was also investigated through the expression of
enhanced yellow fluorescent fusion proteins (¢YFP) in transgenic
cells, this confirmed the strict cytoplasmic localization of the 2
proteins (Fig. 4C). The cytoplasmic localization of both proteins
argues against any role in mRNA transcription or processing in
the nucleus and is consistent with major or minor roles in
mRNA metabolism and translation in the cytoplasm.

Both EIF4G3 and EIF4G4 are essential for viability of 7.
brucei procyclic cells and depletion of EIF4G3, but not
EIF4G4, directly impacts on protein synthesis

To investigate any differences in the functions of EIF4G3 and
EIF4G4, we analyzed phenotype after RNAi knockdown. First,
the growth phenotypes are summarized in Fig. 5; both proteins
were essential for viability, on EIF4G3 knockdown cell prolifera-
tion stopped very soon after RNAI induction and cells began to
die within 24h (Fig. 5A). Despite this immediate onset of growth
arrest it took 24 hours for the protein to decrease substantially
and this observation suggests that synthesis of EIF4G3 may be
necessary for proliferation. In contrast, knockdown of EIF4G4
showed slowed growth after 24 to 48h but with cell death occur-
ring only after 120h of RNAI, despite no detection of the protein
after 48h of the induction (Fig. 5B).

The effect of knockdown on cell morphology differed; on
EIF4G3 knockdown no major changes in cell morphology was
observed during the growth curves shown. In contrast, on
EIF4G4 knockdown the cells developed multiple abnormalities
in their morphology, some assuming a more rounded shape while
other arresting during cytokinesis and other still displaying multi-
ple flagella. These changes increased with time just up to the
point where cells lost viability and the total cell count started to
decline (Fig. 5C).

To evaluate the effect of knockdown on protein synthesis, we
performed metabolic labeling of the cells with [*°S]-methionine
at selected time points after RNAi. Samples were investigated for
changes in total protein synthesis as well as in overall synthesis
profile. No significant differences were observed in protein syn-
thesis for the RNAI of EIF4G4 even up to 72 h after tetracycline
addition. However, the knock down of EIF4G3 inhibited protein
synthesis as soon as 6 h after induction with ~80% inhibition
after 24 h. No selective changes in protein expression were
observed (Fig. 6). So far, these results are consistent with a major
role for EIF4G3 in protein synthesis whereas EIF4G4, despite
being essential for cell viability, may not be directly required for
protein synthesis or may perform minor roles in this process.

Phenotype after overexpression of EIF4G3 and EIF4G4 wild
type and variants

Cell lines were generated containing tetracycline-inducible
transgenes encoding either wild-type EIF4G3 and EIF4G4 or
variants in specific motifs selected based on the results shown in
Fig. 2 and 3. All transgenes encoded proteins with an N-terminal
TY-tag and expression and co-precipitation experiments used
either and-TY monoclonal antibody or the polyclonal sera
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available against 7. brucei EIF4G3 and EIF4G4, EIF4E3 and
EIF4E4 and EIF4ALI.

First, the growth of the cell lines was investigated after
EIF4G3 transgene induction (Fig. 7). First, cells expressing the
wild-type gene were evaluated and no changes in growth were
observed after induction (Fig. 7A). Expression was confirmed by
Western blot analysis using either the anti-TY or anti-EIF4G3
antibodies (Fig. 7A). Next, the effect of expressing EIF4G3
LNKG68-70AAA, with a mutation in the EIF4A binding site, was
investigated (Fig. 7B). Induction led to a decrease in growth rate
compatible with a dominant negative effect. Two further
EIF4G3 variants were tested, each with a mutation affecting
EIF4E4 binding, 1L9-10AA and FSL24-26AAA. Upon induc-
tion, both variants induced a minor but reproducible reduction
in proliferation rate (Fig. 7C and D). Co-immunoprecipitation
was then used to confirm the effect of the different mutations
upon interactions. As expected, EIF4AI and EIF4E4 co-precipi-
tated with the wild type protein, while the LNK68-70AAA muta-
tion specifically impaired the interaction with EIF4AI and both
the IL9-10AA and FSL24-26AAA mutations prevented the inter-
action with EIF4E4 (Fig. 7E).

Similar experiments were carried out using cell lines contain-
ing inducible eIF4G4 transgenes (Fig. 8). Induction of the wild-
type protein had no effect on proliferation and, in contrast to
EIF4G3, the expression of the LNK94-96AAA variant did not
impact on growth (Fig. 8A and B). Expression of EIF4G4 with
mutations in the 2 leucines at the end of Box 1, LL27-28AA
(Fig. 1), caused a slight reduction in proliferation rate, a similar
effect to that seen with the EIF4G3 IL9-10AA variant (Fig. 8C).
Co-immunoprecipitations followed by Western blots from cell
lysates were then carried out to confirm the effect of the muta-
tions and, as expected, mutations in the LNK motif specifically
impaired the EIF4G4 interaction with EIF4AI while mutation in
the LL dipeptide specifically prevented its interaction with
EIF4E3 (Fig. 8D).

The endogenous levels of EIF4G3 and EIF4G4 are tightly
regulated and for EIF4G3 this regulation requires its
interaction with EIF4AI and EIF4E4

Expression of the ectopic EIF4G3 or EIF4G4 suppressed the
levels of the respective endogenous proteins (Fig. 7A and 8A).
The effect was specific, expression of elF4G3 did not suppress
endogenous elF4G4 and vice versa. The suppression was also
observed after induction of the EIF4G3/4-eYFP for the subcellu-
lar localization experiments (Fig. 7F and 8E). For EIF4G3, the
suppression did not occur when any of the variants described
above were expressed and indeed the expression of these variants
was higher than that seen for the wild type protein. In contrast,
for EIF4G4, the suppression was also observed when the equiva-
lent variants were overexpressed. These results imply the existence
of a regulatory mechanism which tightly controls the endogenous
levels of both EIF4G3 and EIF4G4. For EIF4G3 this requires
binding to both EIF4AI as well as EIF4E4, forming a functional
elF4F-like complex. In contrast, for EIF4G4, this mechanism is
independent of its ability to bind EIF4AI or EIF4E3.
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Figure 5. RNA interference of EIF4G3 and EIF4G4. Procyclic T. brucei cells were transfected with the p2T7-177 derived plasmid containing either of the
elF4G genes (EIF4G3 - (A), EIF4G4 - (B). Transfected cells were selected after growth in the presence of phleomycin and RNA interference induced after
tetracycline addition. At regular intervals, cellular growth was monitored by counting the number of viable cells of cultures with and without tetracycline
and the resulting values used to plot the curves shown (plus tetracycline — gray; minus tetracycline — black). Below each graph are Western-blot analyses
of the proteins being targeted, using the affinity-purified antisera specific for each protein. The same blots were then reprobed with affinity purified anti-
bodies against the endogenous control EIF4AI as loading control. All RNAi results shown are representative of multiple experiments performed with dis-
tinct transfection events. (C) Effect on cell morphology of the EIF4G4 RNAi preceding cell death. At selected time points after induction of the EIF4G4
RNAI, the cells were visualized at the confocal microscope to monitor for abnormalities in cell morphology. All RNAI results shown in the figure are repre-
sentative of multiple experiments carried out with a minimum of 2 independently transfected cell lines.
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migrating in sucrose gradients with
EIF4E4 and EIF4AI in polysome-associ-
ated fractions.”> In other organisms reg-

e o : ulation of elF4G activity/function is
Relative [*” S]-methionine incorporation . )

+TET/-TET strictly controlled and can be mediated

Tare aer THT s s through dlffe'rent means, such as direct

addition phosphorylation, expression of different

6h 30% X isoforms and through regulation of its

: : association with binding partners, such

2 o _ .

12 2 * as elF4E and PABP.>'™° In 7. brucei

24h 21% 90% regulation of the endogenous levels of

B % o EIF4G.3 seem to .be Stl.‘lCtly controlled

and minor depletions induced by the

72h X 100% knockdown procedure seemed to be suf-

EIF4G4

EIF4G3

ficient to substantially interfere with

translation and impact on cellular

minus tetracycline controls.

Figure 6. Metabolic labeling of procyclic cells from the RNAi curves of EIF4G3 and EIF4G4. (A) Qualita-
tive analysis of the proteins being synthesized after RNAI. At selected time points after RNAi aliquots
of the cells were incubated with [>*S]-methionine followed by harvesting and analysis of total protein
through SDS-PAGE and autoradiography. (B) Total protein synthesis was also estimated after RNAi
for each elF4G homolog by TCA precipitation and quantitation of the incorporated radioactivity. The
results shown are normalized by comparing the incorporation in the RNAi treated cells with the 36 ot all of it is necessarily found in a

growth. The fact that the levels of both
EIF4G3 and its partner EIF4E4 are
roughly equivalent also might have
implications for the control of EIF4G3
function, although as previously shown

state bound to EIF4E4.

Discussion

The data presented here builds upon previous published
works **?? which have highlighted complex and unique events
associated with translation initiation in trypanosomatids and
which may have implications into how they regulate their gene
expression. The new results highlight the overall conservation in
tructure and sequence between EIF4G3 and EIF4G4 and in
both EIF4E and EIF4A binding motifs. This conservation is in
striking contrast with the divergent N and C-terminal regions of
the other 3 trypanosomatid eIlF4G homologues (EIF4GI,
EIF4G2 and EIF4G5) which have recently been seen to partici-
pate in novel elF4F-like complexes that do not seem to have pri-
mary roles in translation.“>*! The presence of putative MA3/
HEAT-2 and W2/HEAT-3 domains in at least 2 trypanosomatid
elF4G homologues confirms the likely ancient origin of the
elF4G tripartite structure, despite the fact that both MA3 and
W2 are missing from yeast elF4G and the W2 domain is not
found in plant eIlF4G homologues.*>

The evidence presented clearly distinguishes EIF4G3 and
EIF4G4 functionally. Knockdown of 7. brucei EIF4G3 shows a
strong effect on cell growth and protein synthesis, a result which
is consistent with the requirement for this protein to support
mRNA recruitment through its interaction with eIF4E and
elF4A partners. Indeed the clear dominant negative phenotype
observed for the EIF4G3 variant impaired in its binding to its
elF4A partner is similar to the one observed upon the induction
of an EIF4AI variant (DEAD/DQAD) known to negatively
impact on translation, as previously shown.*® The critical role
seen for EIF4G3 in overall protein synthesis in 7. brucei is also in
agreement with data from Leishmania which shows it co-
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In contrast to EIF4G3, T. brucei
EIF4G4 does not seem to play a major
role in translation initiation, or function as a true translational ini-
tiation factor, since its knockdown does not impact significantdy
on protein synthesis and its interaction with EIF4AI may not be
required for its function. Again this is in agreement with data
from Leishmania which does not show an association of EIF4G4
with polysomes in sucrose gradients.”” Nevertheless, the loss of
cellular viability upon knockdown and the similarities observed
with EIF4G3 both in sequence/structure as well as in binding to
related eIF4E partners are indicative of an essential function for
cell survival. In yeast, the 2 known elF4G homologues were
shown to functionally overlap®® and both in mammals and plants
the 2 typical elF4G homologues found in each organism were
shown to be directly associated with mRNA translation.”>”® The
observation that knockdown of EIF4G4 induces a change in mor-
phology of the cells prior to their death may indicate a selective
role in the translation of specific mRNAs, whose products, how-
ever, are not visible through SDS-PAGE after metabolically label-
ing. Indeed, in different organisms divergent el[F4G homologues
or isoforms, lacking typical eIlF4E binding domains for example,
have been shown to be associated with the translation of specific
mRNAs*>*"8 reinforcing the possibility that this may also be the
case for EIF4G4. It remains to be seen what are the functional
implications for the great differences in levels between EIF4G4
and its partner EIF4E3, with the latter being present well in excess
of EIF4G4 and apparently being able to participate in other roles
which do not require binding to this eI[F4G homolog. Also it is
important to highlight that 2 bands are observed for EIF4G4 on
Western blots which probably reflect post-translational modifica-
tion events which target this protein and which are less clear for
EIF4G3, as previously reported,””® or variations in sequence
derived from the presence of 2 distinct alleles.
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Figure 7. Expression of TY-tagged EIF4G3 and variants in procyclic cells. Growth curves and Western blot analysis of the expression of the TY-EIF4G3
wild-type (A) or the TY-EIFAG3 LNK68-70AAA (B), TY-EIF4G3 FSL24-26AAA (C) and TY-EIF4G3 IL9-10AA (D) variants in transfected cells in the presence or
absence of tetracycline (plus tetracycline — gray; minus tetracycline — black). In each case the expression was detected using monoclonal anti-TY and anti-
bodies specific to each of the elF4G homologues. The blot was simultaneously probed with anti-BiP”? as a loading control. All curves shown are represen-
tative of multiple experiments performed with distinct transfection events. The arrows highlight the expression of either the tagged-EIFAG3 proteins
(white-filled arrow) or the endogenous EIF4G3 (black-filled arrow). (E) Interaction profile of wild-type TY-EIF4G3, or selected variants, with its EIF4Al and
EIF4E4 binding partners. (F) Expression of EIF4G3-eYFP in transfected cells after 48h of tetracycline induction in comparison with the endogenous protein

Two distinct elF4E binding motifs have been proposed to
exist in EIF4G3 and EIF4G4, based on 2-hybrid assays used to
investigate the binding interactions with their corresponding
elF4E partners, but neither agrees with the consensus previously
defined for the eIF4E binding motif.>>?” Non-canonical eIF4E
binding motifs have been identified previously in metazoans in

regulatory factors which bind to atypical eIF4E homologues,®"**

but so far these have not been identified in elF4G or elF4G-like
sequences. In view of the similarities observed between the 2 sets
of elF4E and elF4G subunits and the possibility of a common
evolutionary origin for them (see below), differences in the
elF4E binding motifs to the extent proposed seem unlikely. The
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Figure 8. Expression of TY-tagged EIF4G4 and variants in procyclic cells. Growth curves and Western blot analysis of the expression of the TY-EIF4G4
wild-type (A) or the TY-EIF4G4 LNK94-96AAA (B) and TY-EIF4G4 LL27-28AA (C) variants in transfected cells as shown for Fig. 7. (D) Interaction profile of
wild-type TY-EIF4G4, or selected variants, with its EIF4Al and EIF4E3 binding partners. (E) Expression of EIF4G4-eYFP in transfected cells after 48 h of tetra-
cycline induction in comparison with the endogenous protein in control cells.

results described here confirm the previously described interac-
tions between EIF4G3/EIF4E4 and EIF4G4/EIF4E3 but are
consistent with these interactions being mediated by residues
positioned in equivalent positions in the 2 sets of elF4E and
elF4G homologues. Residues adjacent to the binding sites, such
as the FSL triplet common to both elF4Gs but only required for
the binding of EIF4G3 to EIF4E4, may play contributory roles
in either interaction, perhaps facilitating proper protein folding,
but these would need to be investigated further.

Another interaction which is critical for e[F4G function is with
PABP, mapped to non-conserved motifs positioned near the N-ter-
minus of both metazoan and yeast eIF4G homologuc:s.45’46’63 The
very short N-terminus of the trypanosomatid elF4Gs are not likely
to be sufficient for PABP binding and indeed no interaction was
observed between Leishmania EIF4G3 and PABPI through 2-
hybrid assays.*” Nevertheless, wheat PABP binds the plant
elFiso4G homolog through its MIF4G domain®® and the results
shown here, with the GST-based co-precipitation assays, confirm a
previously reported interaction”” between EIF4G3, but not
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EIF4G4, and PABPI1. It remains to be seen to what extent this
interaction contributes to the EIF4G3 function.

The similarities in sequence and structure observed between
EIF4G3 and EIF4G4 and also between their eIF4E binding part-
ners, EIF4E3 and EIF4E4, are indicative of gene duplication
events preceding the split of the 7rypanosoma and Leishmania lin-
eages and which led to a single original complex evolving into 2
distinct complexes, with acquisition of new functions for at least
one of these. The primordial complex would be then based on
the EIFAG3/EIF4E4 pair, with more general roles in translation,
with the second complex, EIF4G4/EIF4E3, evolving later to ful-
fil more specific roles. These novel roles in mRNA translation,
and their impact on overall gene expression regulation, still need
to be better defined but the evidence presented highlights once
more the unique aspects of the basic molecular biology of trypa-
nosomatids and how its study can have broad implications into
the understanding of equivalent processes in other eukaryotes,
their conservation and the potential to evolve novel alternatives
in different organisms.
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Materials and Methods

Sequence analysis

Sequence analysis and alignments were carried out as
described,?* using the sequences for the selected trypanosomatid
elF4G and elF4E homologues available at the TriTrypDB Web-
page. Structure prediction analysis was carried out using the
Phyre2 (Protein Homology/analogY Recognition Engine V 2.0)
Web server available at http://www.sbg.bio.ic.ac.uk/-phyre2/
html/page.cgi?id=index which uses previously described predic-
tion methods.®®

Cloning procedures

The cloning of the L. major EIF4AI and the various EIF4E
and PABP genes into the pET21 (Novagen) and pGEX4T3 (GE
Healthcare) vectors has been described previously.*****” Con-
structs expressing the L. major EIF4G3 MIF4G domain and its
N-terminus plus MIF4G were also generated previously.>* All
cloning procedures carried out here with both sets of L. major
and 7. brucei EIF4G3 and EIF4G4 genes and their mutagenesis
are detailed in the Supplementary Methods section. For the L.
major EIF4G3, due to the cloning strategy used, the protein’s sec-
ond residue, a glutamine, was replaced by a glutamate for all var-
iants and wild type proteins evaluated in the co-precipitation
assays. For 7. brucei, to generate the eYFD fusions, both E/F4G3
and EIF4G4 genes were cloned into the p2216,°® while the vec-
tor p2T7-177 ¢ was used for RNAi. The TY-tagged proteins,
were all generated using a modified version of the p3927 plas-
mid,*® containing a DNA segment encoding for a 44 residue
sequence consisting of the AN-22 peptide®® followed by the TY
epitope.”® All constructs derived from PCR or mutagenesis were
fully sequenced to confirm their identity and, except when stated,
seen to be identical to the L. major Friendlin and 7. brucei Lister
427 genomic sequences available at GenBank and TriTrypDb.

Co-precipitation assays

Co-precipitation/pull-down assays were essentially performed
as described previously®® using Glutathione-Sepharose 4B beads
(GE Healthcare) and affinity purified GST-tagged recombinant
proteins expressed in Escherichia coli using the pGEX4T3 vector.
GST or GST-tagged proteins including EIF4ATI and both sets of
EIF4G3 and EIF4G4 constructs (wild-type, truncations and var-
iants) were immobilized on the beads and assayed for their ability
to bind to the [*°S]-labeled proteins. The labeled proteins,
including all the EIF4G3 and EIF4G4 constructs and the various
PABP and EIF4E homologues, were obtained through the linear-
ization of the corresponding pET21d or pET21a derived plas-
mids with Noz I (with the exception of the PABPI construct,
linearized with Hind 1II), followed by transcription with T7
RNA polymerase in the presence of the cap analog and transla-
tion in the rabbit reticulocyte lysate (Promega or Ambion) sup-
plemented with [*°S]-methionine (Perkin Elmer).

Parasite growth and transfection

Procyclic 7. brucei cells Lister 427 were cultivated at 27°C in
medium SDM-79 supplemented with haemin, fetal calf serum

www.tandfonline.com

RNA Biology

and antibiotics. Cultures were grown to mid-log phase for har-
vesting and production of total protein extract as previously
described.*® Transfection procedures were performed using stan-
dard conditions. For the p2T7-177 (RNAIi) and p2216 (eYFP
fusions) derived plasmids, the procyclic cell line Lister 427 29—
13 was used”" and transfected cells were selected after growth in
the presence of phleomycin (2.5 pg/ml). For transfections of
plasmids derived from p3927,°® a 427 KG cell line expressing a
modified version of pSMOx"? as background was used and trans-
fected cells were selected after growth in the presence of blastici-
din (10 wg/ml). Expression of TY-tagged proteins was induced
after tetracycline addition (1 pg/ml) and cellular growth was
monitored by counting the number of viable cells at regular
intervals.

Protein expression analysis

The recombinant 7. brucei His-tagged EIF4G3 and EIF4G4
proteins were quantified by serial dilution in SDS-PAGE com-
pared with known concentrations of BSA. Then these quantified
proteins were used in Western blots with serial dilutions of total
protein extract of procyclic form of 7. brucei. The Western blots
generally used primary immunopurified antibodies and peroxi-
dase-conjugated goat anti-rabbit IgG (Jackson Immunoresearch)
as secondary antibody. The levels of endogenous protein were
estimated by densitometry analysis using the program Kodak 1D
v.3.5.2 (Eastman Kodak Company).

Fluorescence microscopy

For the indirect immunofluorescence assay, wild type procy-
clic cells grown to mid-log phase were harvested and washed with
SDM-79 minus serum and haemin. The cells were fixed at a den-
sity of 5 x 10°/ml with 3% paraformaldehyde, washed once in
PBS and adhered to poly-L-lysine coated slides. Permeabilization
was carried out with 0.1% Triton X-100 followed by blocking
with 1% BSA and DNA was stained using Hoescht 33258
(Sigma). Antibody detection of EIF4G3 and 4 followed standard
procedures using primary antibodies immunopurified from iso-
form specific antisera prepared as previously described*® and goat
anti-rabbit IgG Alexa Fluor 488 (Invitrogen). For the eYFP
fusions, after 24h of induction with tetracycline (1 wg/ml), over-
expressing transfected cells were harvested and washed with PBS,
then directly observed in 35 mm culture plates using a Leica
SPII-AOBS confocal microscope.

RNA interference and metabolic labeling

RNA interference was induced after tetracycline addition
(1 pg/ml) to cultures of cells transfected with the p2T7-177
derived plasmids. At regular intervals, cellular growth was moni-
tored by counting the number of viable cells. For morphology
analysis, cells were harvested and washed with PBS, then directly
observed in 35 mm culture plates using a Leica SPII-AOBS con-
focal microscope. To measure the rate of protein synthesis, mid-
log cultures were washed twice with methionine-free medium
and then resuspended at 1 x 107 cells/ml in the methionine-free
medium containing 50 pCi [?°S]-methionine and incubated for
one hour prior to the determination of trichloroacetic acid
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precipitable incorporation into protein, as previously described.*®
For qualitative analysis equivalent labeling experiments were car-
ried out prior to harvesting of the cells, ressuspension in SDS-
PAGE sample buffer and analysis through electrophoresis and
autoradiography.

Co-immunoprecipitation assays

Immunoprecipitations (IPs) were carried out with 7. brucei
cytoplasmic extracts produced from exponentially grown procy-
clic cells lysed in lysis buffer (20 mM HEPES-KOH, pH7.4,
75 mM potassium acetate, 4mM magnesium acetate, 2 mM
DTT), through freeze-thawing, at a concentration of 2 x 108
cells/ml. IPs were carried out at 4°C using standard procedures.
For the assays with the TY-tagged proteins, the BB2 monoclonal
antibody”® was initially conjugated to GammaBind G Sepharose
beads (GE Healthcare) and then incubated with cytoplasmic
extracts from transfected cells expressing each recombinant pro-
tein. In both instances, proteins were eluted in SDS-PAGE sam-
ples buffer and assayed in western blots with the same anti-TY
antibody as well as the affinity purified antibodies directed
against the different 7. brucei eIF4E, elF4AG or elF4A homo-
logues, as described in the text. For a negative control, the anti-
TY antibody conjugated to the beads was incubated with lysis
buffer and probed with the same antibodies.
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