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The eIF4E-binding proteins (4E-BPs) are a diverse class of translation regulators that share a canonical eIF4E-binding
motif (4E-BM) with eIF4G. Consequently, they compete with eIF4G for binding to eIF4E, thereby inhibiting
translation initiation.Mextli (Mxt) is an unusual 4E-BP that promotes translation by also interactingwith eIF3. Here
we present the crystal structures of the eIF4E-binding regions of the Drosophila melanogaster (Dm) and Caeno-
rhabditis elegans (Ce) Mxt proteins in complex with eIF4E in the cap-bound and cap-free states. The structures
reveal unexpected evolutionary plasticity in the eIF4E-binding mode, with a classical bipartite interface for CeMxt
and a novel tripartite interface forDmMxt. Both interfaces comprise a canonical helix and a noncanonical helix that
engage the dorsal and lateral surfaces of eIF4E, respectively. Remarkably, Dm Mxt contains a C-terminal auxiliary
helix that lies anti-parallel to the canonical helix on the eIF4E dorsal surface. In contrast to the eIF4G and Ce Mxt
complexes, theDm eIF4E–Mxt complexes are resistant to competition by bipartite 4E-BPs, suggesting thatDmMxt
can bind eIF4Ewhen eIF4G binding is inhibited. Our results uncovered unexpected diversity in the bindingmodes of
4E-BPs, resulting in eIF4E complexes that display differential sensitivity to 4E-BP regulation.
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The inhibition of cap-dependent translation initiation is a
widespread and reversible mechanism for regulating gene
expression in eukaryotes (Kong and Lasko 2012). This type
of regulation ismediated by a diverse family of eIF4E-bind-
ing proteins (4E-BPs), which play essential roles in diverse
biological processes, including cell proliferation, develop-
ment, and neuronal plasticity (Banko et al. 2005; Dowling
et al. 2010; Kong and Lasko 2012; Gkogkas et al. 2013).
Canonical cap-dependent translation initiation requires

the assembly of the ternary eukaryotic initiation factor
eIF4F, which consists of the cap-binding protein eIF4E,
the adaptor protein eIF4G, and the RNA helicase eIF4A
(Jackson et al. 2010). The eIF4G protein serves as a scaffold
to mediate multiple protein–protein interactions that are
essential for cap-dependent translation initiation. Specifi-
cally, eIF4G interacts with eIF4E bound to the mRNA 5′

cap structure and recruits the 43S preinitiation complex
(PIC) through interactions with eIF3, thereby coupling
translation initiation with the recognition of the mRNA
cap structure (Jackson et al. 2010).
The interaction of eIF4G with eIF4E is mediated by a

conserved motif, termed the canonical eIF4E-binding mo-
tif (4E-BM) of sequence YX4LΦ (where Y is Tyr, X is any
amino acid, L is Leu, and Φ is a hydrophobic residue)
(Mader et al. 1995; Marcotrigiano et al. 1999). This inter-
action is competitively inhibited by the 4E-BPs, which,
like eIF4G, contain a canonical 4E-BM (Mader et al. 1995;
Marcotrigiano et al. 1999). The canonical 4E-BMs found in
eIF4G and 4E-BPs adopt similar α-helical conformations
and compete for binding to a conserved patch of hydropho-
bic residues on the dorsal surface of eIF4E that is opposite
the cap-binding pocket (Mader et al. 1995; Matsuo et al.
1997; Marcotrigiano et al. 1999; Gross et al. 2003).
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C-terminal to the canonical motif, 4E-BPs contain non-
canonical 4E-BMs that are connected by variable linkers.
Structural studies have revealed that, despite a lack of se-
quence similarity in their linkers and noncanonical mo-
tifs, all 4E-BPs bind to a conserved lateral surface of eIF4E
(Mizuno et al. 2008; Gosselin et al. 2011; Kinkelin et al.
2012; Paku et al. 2012; Lukhele et al. 2013; Igreja et al.
2014; Peter et al. 2015). Through this interaction, the non-
canonical motifs increase the affinity of 4E-BPs for eIF4E
by three orders of magnitude (Paku et al. 2012; Lukhele
et al. 2013; Igreja et al. 2014; Peter et al. 2015) and are nec-
essary for 4E-BPs to be able to compete with eIF4G and re-
press translation (Igreja et al. 2014; Peter et al. 2015).

Mextli (Mxt) is an invertebrate-specific 4E-BP involved
in germline stem cell maintenance and early embryogen-
esis in Drosophila melanogaster (Hernández et al. 2013).
Like all 4E-BPs,Mxt contains a canonical 4E-BMand com-
petes with eIF4G for binding to eIF4E (Fig. 1A; Hernández

et al. 2013). However, in contrast to other 4E-BPs,Mxtwas
reported to promote cap-dependent translation initiation
through interactions with eIF3 (Hernández et al. 2013).

Mxt is currently the only known 4E-BP besides eIF4G
that has been reported to stimulate translation. Therefore,
understanding its eIF4E-binding mode will shed light
on alternative mechanisms for initiating cap-dependent
translation. To understand the binding mode of Mxt to
eIF4E, we solved the crystal structures of the eIF4E-bind-
ing regions of D. melanogaster (Dm) and Caenorhabditis
elegans (Ce)Mxt bound to their respective eIF4Es in either
the presence or absence of an m7GpppG cap analog. The
canonical and noncanonical motifs of Mxt adopt an α-he-
lical conformation upon binding to the dorsal and lateral
surfaces of eIF4E, respectively, forming a bipartite binding
interface. This type of interface has been observed for
other eIF4E–4E-BP complexes, including eIF4E complexes
with human 4E-BP1 and Dm CUP, Thor, and 4E-T

Figure 1. Mxt proteins associate with eIF4E
through bipartite or tripartite binding sequenc-
es. (A) Mxt contains a MIF4G-like domain, an
hnRNP K-homology (KH) domain, and C-ter-
minal 4E-BMs. The eIF4E-binding region of
D. melanogaster (Dm) Mxt contains three 4E-
BMs (canonical [C], noncanonical [NC], and
auxiliary [A] helix [α3]) connected by a nonca-
nonical (nc-L) and auxiliary (a-L) linkers. The
eIF4E-binding region of Caenorhabditis ele-
gans (Ce) Mxt is bipartite and composed of ca-
nonical and noncanonical 4E-BMs connected
by a noncanonical linker. The amino acid posi-
tions at the domain/motif boundaries are indi-
cated below the protein outlines and are based
on the structures presented in the present
study. (B) Interaction of HA-tagged Dm eIF4E
(either wild type or mutant) with GFP-tagged
full-length Dm Mxt. The inputs (3%) and im-
munoprecipitates (30% for Mxt and 20% for
eIF4E) were analyzed by Western blotting us-
ing anti-HA and anti-GFP antibodies. (C ) In-
teraction of endogenous Dm eIF4E with the
tripartite (C +NC+ α3) and bipartite (C +NC)
Dm Mxt peptides N-terminally fused to GFP.
The proteins were pulled down with m7GTP-
Sepharose beads. The inputs (5% for Mxt frag-
ments and 1% for eIF4E) and immunoprecipi-
tates (20% for Mxt and 10% for eIF4E) were
analyzed by Western blotting. (D) Ni-NTA
pull-down assay showing the association of
hexahistidine [His6]-tagged Dm eIF4E (full-
length; either wild type or the II-AA mutant)
with maltose-binding protein (MBP)-tagged
Dm Mxt fragments C-terminally fused to
GB1. The inputs (10%) and bound fractions
(25%) were analyzed by SDS-PAGE followed
by Coomassie blue staining. SH-NusA served
as negative control. (E) Ni-NTA pull-down as-
say showing the association of His6-tagged Ce
eIF4E (1–215; wild type or VI-AA mutant)
with the MBP-tagged Ce Mxt eIF4E-binding

region (471–507; either wild type or carrying mutations in the canonical motif [C∗]). Samples were analyzed as described in D. The
size markers (in kilodaltons) are shown at the right of each panel.
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(Kinkelin et al. 2012; Lukhele et al. 2013; Peter et al. 2015).
However, in Dm Mxt, the bipartite binding surface ex-
tends beyond the noncanonicalmotif and forms a third in-
terface through an auxiliary linker and helix that contact
eIF4E in a novel binding mode. This novel tripartite bind-
ing mode confers resistance to competition by other 4E-
BPs, potentially providing amechanism to sustain cap-de-
pendent translation under conditions in which the inter-
action of eIF4G with eIF4E is inhibited. More generally,
our study also identifies diverse binding modes of 4E-
BPs that are valuable for the rational design of new trans-
lation inhibitors for the treatment of malignancies—such
as cancer, autism spectrum disorders (ASDs), and fragile X
syndrome—that are associated with the up-regulation of
eIF4E activity and protein synthesis (Banko et al. 2005;
Dowling et al. 2010; Gkogkas et al. 2013; Martineau
et al. 2013).

Results

Mxt binds to the dorsal and lateral surfaces of eIF4E

The 4E-BPs bind to the dorsal and lateral surfaces of eIF4E
using canonical and noncanonical 4E-BMs, respectively
(Kinkelin et al. 2012; Paku et al. 2012; Lukhele et al.
2013; Igreja et al. 2014; Peter et al. 2015). To determine
whether Dm Mxt contains a noncanonical motif that
binds to the lateral surface of eIF4E, we used coimmuno-
precipitation assays in Dm Schneider 2 (S2) cells and
examined the effects of Ile96Ala and Ile112Ala substitu-
tions (II-AA) in the lateral hydrophobic pocket of eIF4E.
The II-AA mutations abolished the interaction of Dm
eIF4EwithMxt and CUP but not with eIF4G (Fig. 1B; Sup-
plemental Fig. S1A,B), as has been observed previously for
other 4E-BPs (Igreja et al. 2014). In contrast, a Trp106Ala
substitution (W106A) on the dorsal binding surface of
eIF4E abolishes or strongly reduces binding to Mxt,
CUP, and eIF4G, as would be expected for proteins con-
taining canonical 4E-BMs (Fig. 1B, lane 7; Supplemental
Fig. S1A, lane 7; Igreja et al. 2014; Peter et al. 2015). These
results indicate that, in contrast to eIF4G but similar to
other 4E-BPs,DmMxt requires both the dorsal and lateral
surfaces to efficiently bind to eIF4E in cell lysates that
contain eIF4G (or other 4E-BPs) and may compete with
Mxt for binding to eIF4E.

Dm Mxt contains a noncanonical 4E-BM
and auxiliary binding sequences

The immunoprecipitation assay shown in Figure 1B indi-
cates thatDmMxt contains a noncanonical motif that in-
teracts with the lateral binding surface of eIF4E. Although
the noncanonical motifs are not conserved among differ-
ent 4E-BPs, they contain common features: (1) They are lo-
cated ∼15–30 residues downstream from the canonical
motifs, (2) they contain hydrophobic residues, and (3)
in the case of CUP, they exhibit helical propensity. We
inspected the Dm Mxt sequence for motifs that ful-
filled these criteria and identified a motif downstream
from the canonical motif that exhibited helical propen-

sity and contained hydrophobic residues. This motif was
termed a noncanonicalmotif based on the structural stud-
ies presented below (NC, residues 602–608) (Fig. 1A; Sup-
plemental Fig. S2A,B).We also identified a second patch of
residues with helical propensity (residues 627–636) that
was 38 residues downstream from the canonical motif,
which was termed an auxiliary helix (α3) (Fig. 1A; Supple-
mental Fig. S2A,B). The residues connecting the nonca-
nonical motif and auxiliary helix are the auxiliary linker
(Fig. 1A).
To determinewhether the auxiliary helix contributes to

eIF4E binding, we expressed C-terminal Mxt fragments
with or without this auxiliary helix (fragments C +NC
and C +NC + α3, termed bipartite and tripartite, respec-
tively) (Supplemental Table S1) and tested their binding
to endogenous eIF4E in pull-down assays using m7GTP-
sepharose beads. The two Dm Mxt fragments associated
with cap-bound eIF4E, but the tripartite fragment ex-
hibited stronger binding (relative to the input) than the
bipartite fragment (Fig. 1C, lanes 5,6 vs. lanes 2,3, respec-
tively), suggesting that the auxiliary helix contributes to
eIF4E binding.
To further confirm the contribution of Mxt auxiliary

sequences to the interaction with eIF4E, we performed
in vitro pull-down assays using bacterially expressed ver-
sions of the Mxt fragments described above. In contrast
to the coimmunoprecipitation assays in cell lysates, the
pull-down assays tested the interaction of Mxt with
eIF4E in the absence of other 4E-BPs that might compete
for binding to eIF4E. Recombinant full-length Dm eIF4E
(expressed with a hexahistidine [His6] tag) pulled down
similar amounts of the two Mxt fragments (Fig. 1D, lanes
7,10). The binding of the bipartiteMxt fragment was abol-
ished by the II-AA mutations on the lateral surface of
eIF4E (Fig. 1D, lane 8). In contrast, the tripartite Mxt frag-
ment retained some binding (Fig. 1D, lane 11), suggesting
that the auxiliary sequences interact with a different sur-
face of eIF4E and can partially compensate for the negative
effects of the II-AAmutation.Mxt fragments did not inter-
act with His6-NusA as a negative control (Fig. 1D, lanes
6,9). Thus,DmMxt contains a canonical and a noncanon-
ical 4E-BM as well as an additional downstream auxiliary
sequence that contributes to the interaction with eIF4E.

The auxiliary sequences increase the affinity
of Dm Mxt for eIF4E

To test the affinities of the bipartite and tripartite Dm
Mxt fragments for eIF4E, we performed isothermal titra-
tion calorimetry (ITC) experiments. The bipartite Mxt
fragment has a binding affinity for eIF4E comparable
with the affinities observed for other 4E-BPs (Paku et al.
2012; Lukhele et al. 2013; Igreja et al. 2014; Peter et al.
2015), with dissociation constants (KDs) in the nanomolar
range (5× 10−9 ± 3 × 10−9 M) (Supplemental Table S2; Sup-
plemental Fig. S3A). Including the auxiliary sequences in
the tripartite fragment resulted in a 10-fold increase in af-
finity (0.5 × 10−9 ± 0.09 × 10−9 M) (Supplemental Table S2;
Supplemental Fig. S3B). Notably, the binding of the tripar-
tite Mxt fragment to eIF4E was enthalpically driven, with
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a high entropic penalty (Supplemental Table S2).This pen-
alty canbeexplainedbyagreater flexibility in theunbound
state compared with the bound state, whereas favorable
enthalpy indicates an extensive interaction network. Nu-
clear magnetic resonance (NMR) analysis together with
the crystal structures presented below are consistent with
these results and indicate that theMxt peptide is predom-
inantly unfolded in solution but folds into three α helices
upon binding to eIF4E (Fig. 2; Supplemental Fig. S3D,E).

The affinity of the tripartite Mxt peptide for the eIF4E
II-AA mutant was reduced by three orders of magnitude
(0.3 × 10−6 ± 0.1 × 10−6 M) (Supplemental Table S2; Sup-
plemental Fig. S3C). This reduction supports the results
shown in Figure 1D and provides further evidence for
the contribution of the lateral surface of eIF4E to complex
formation.

Dm and Ce Mxt evolved different binding modes to
interact with eIF4E

Adefining feature of theMxt protein family is anN-termi-
nal MIF4G-like domain followed by a K-homology (KH)
domain, both of which are highly conserved (Fig. 1A;Mar-
cotrigiano et al. 2001; Hernández et al. 2013). The se-
quences C-terminal to the KH domain are variable in
length and are less conserved except for the C terminus,
which contains the canonical and noncanonical motifs
and the connecting linker, which are also conserved
amongMxt sequences from different species (Supplemen-
tal Fig. S2A,B).

In contrast, the auxiliary linker and helix in Dm Mxt
are not conserved. Based on the auxiliary sequences, we
define three Mxt families. The first family includes Dm

Figure 2. Structures ofDm andCeMxt proteins bound to eIF4E. (A) Overview of the structure of the 4E-binding region ofDmMxt bound
to eIF4E in two orientations. The region of theMxt peptidewith structural similarity to other 4E-BPs is colored in teal. The auxiliary link-
er and helix are colored inmagenta. Selected secondary structure elements are labeled in black for eIF4E or blue andmagenta forMxt. The
boundm7GpppG cap analog is shown in sticks. (B) Schematic representation of Mxt bound to eIF4E, highlighting key structural features.
The asterisk represents the mRNA cap structure. (C ) Overview of the structure of the 4E-binding region ofCeMxt bound to eIF4E in two
orientations. The Mxt peptide is colored in orange. Selected secondary structure elements are labeled in black for eIF4E and dark red for
Mxt. The boundm7GTP cap analog is shown in sticks. (D) Schematic representation ofCeMxt bound to eIF4E. (E) Structural overlay of the
Dm and Ce eIF4E–Mxt complexes. For clarity, the eIF4E molecule from the Ce eIF4E–Mxt complex has been removed. Common struc-
tural features are labeled in purple.
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Mxt and orthologs from dipteran and nondipteran insects;
the auxiliary linker and helix are conserved, suggesting
that these proteins interact with eIF4E using amode of in-
teraction similar to that of Dm Mxt (Supplemental Fig.
S2A,B, family I). The second family includesMxt proteins
from nondipteran insects and arthropods, and their auxil-
iary sequences aremore divergent; the length of the auxil-
iary linker varies, and a region with helical propensity is
present downstream from the noncanonical motif (Sup-
plemental Fig. S2B, family II). However, it is unclear
whether these divergent auxiliary sequences contribute
to eIF4E binding. Finally, the third family contains Mxt
proteins from some arthropods and nematodes that lack
the auxiliary linker and helix, as a stop codon is located
immediately downstream from the noncanonical motif
(Fig. 1A; Supplemental Fig. S2B, family III). These proteins
are predicted to interact with eIF4E through the canonical
and noncanonical motifs as observed for bipartite 4E-BPs,
with no contribution from additional sequences.
To confirm these predictions, we tested the interaction

ofCeMxt (fragment 471–507) withCe eIF4E.Ce eIF4E in-
teracted with theCeMxt peptide (Fig. 1E, lane 7). This in-
teraction was abolished by mutations in the canonical
motif ofCeMxt aswell asmutations on the lateral surface
ofCe eIF4E (VI-AAmutant, Supplemental Table S1), indi-
cating that Ce Mxt binds eIF4E using the canonical and
noncanonical motifs.

The structure of Dm and Ce Mxt bound to eIF4E

To gain insight into the bindingmodes ofDm andCeMxt
to eIF4E, we crystallized the eIF4E-binding region of the
proteins in complex with the corresponding eIF4Es and
determined the structure of the complexes in the absence
or presence of a cap analog (Table 1; Fig. 2A–D; Supple-
mental Fig. S4). For each organism, the structures in the
cap-free and cap-bound states are very similar. They
superpose with root mean square deviations (RMSDs) of
0.38 Å over 233 Cα atoms and 207 Cα atoms for the Dm
and Ce structures, respectively (Supplemental Fig. S4).
Similarly, no major conformational changes were ob-
served in the eIF4E structures upon Mxt binding, as re-
ported previously for various 4E-BPs (Gross et al. 2003;
Volpon et al. 2006; Mizuno et al. 2008; Kinkelin et al.
2012; Paku et al. 2012; Peter et al. 2015).
The most surprising feature was observed in the Dm

Mxt complex,where the auxiliary linker and helix contact
eIF4E using an unprecedented binding mode (Fig. 2A,B).
Specifically, the Dm Mxt peptide adopts a U-shaped
arrangement on the surface of eIF4E, folding into three
α helices—a canonical helix (α1), a noncanonical helix
(α2), and an auxiliary helix (α3)—connected by linker se-
quences. The linker sequences consist of a noncanonical
linker and auxiliary linker (Fig. 2A,B). This conformation
was observed in the two structures of the Dm eIF4E–Mxt
complex despite different crystal packing (Supplemental
Fig. S4), indicating that the observed arrangement reflects
a physiologically relevant interaction.
TheCeMxt peptide folds into a canonical (α1) helix and

a noncanonical (α2) helix and terminates after seven addi-

tional amino acids that form a terminal turn (Fig. 2C,D).
Overall, the canonical and noncanonical helices and the
connecting noncanonical linker of Dm and Ce Mxt bind
eIF4E using a bipartite binding mode similar to that
described for other 4E-BPs (Fig. 2E; Supplemental Fig.
S5; Peter et al. 2015).

The presence of Arg/Lys residues at positions 2 and 9
of the canonical motif distinguishes bipartite from
tripartite binding modes

The canonical motifs ofDm andCeMxt fold into an α he-
lix that is held in position by interactions analogous to
those previously reported for the canonical motifs of
eIF4G and 4E-BPs in complex with eIF4E (Fig. 3A,B; Gross
et al. 2003; Mizuno et al. 2008; Umenaga et al. 2011; Kin-
kelin et al. 2012; Paku et al. 2012; Peter et al. 2015). The
most conserved interactions aremediated by residues cor-
responding to LФ in the YX4LФ consensus sequence (Dm
Mxt L586 and L587 and Ce Mxt L478 and M479). These
residues form similar hydrophobic contacts with con-
served Val and Trp residues in helix α1 of eIF4E (Dm
V102 andW106 andCeV64 andW68) (Fig. 3A,B). Further-
more, the hydroxyl group of the Tyr side chain in the ca-
nonical motifs (Dm Y581 and Ce Y473) contacts the
backbone of the conserved H-P-L motif at the N terminus
of strand β1 of eIF4E, as was observed in previous struc-
tures (Fig. 3A,B; Supplemental Fig. S1B).
The most obvious difference between the canonical

motifs of Ce and Dm Mxt is that the Ce motif contains
Arg residues at positions 2 and 9 (Fig. 3C,D). These Arg
(or Lys) residues are also found in the canonical motifs
of other 4E-BPs and eIF4G and contribute to the interac-
tion with eIF4E, likely by shielding hydrophobic surface
patches of eIF4E from solvent exposure (Kinkelin et al.
2012; Peter et al. 2015). In the canonical motif of Dm
Mxt, the Arg residues are replaced by Ile583 and Ser590
(Fig. 3A,C,D). The substitution of long, bulky side chains
at both positions by residues with shorter side chains is
required to accommodate the auxiliary helix (α3), which
would otherwise clash with the Arg/Lys residues in
the canonical helix (see below). Notably, the canonical
motifs of Mxt orthologs from families I and II, which
contain auxiliary sequences, lack Arg/Lys residues at
positions 2 and 9 (Supplemental Fig. S2A,B). This observa-
tion suggests that the substitutions of these residues
coevolved with the acquisition of the tripartite binding
mode.

The noncanonical linker of Ce Mxt does not adopt
a defined conformation

Most of the known structures of 4E-BPs contain an elbow
loop immediately after the canonical helix that bends
the peptide backbone by ∼90°, directing the noncanonical
linker downward to engage the lateral surface of eIF4E
(Peter et al. 2015). Despite the lack of sequence conserva-
tion, the elbow loops exhibit common features that
are also observed in Dm Mxt but are absent in Ce Mxt
(Fig. 4A–C). Specifically, the Dm Mxt elbow loop shows

Structure of Mextli bound to eIF4E
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remarkable similarity to the Thor elbow loop (Fig. 4A,B;
Supplemental Fig. S5A,B). The Mxt elbow loop starts
with residue S590 (structurally equivalent to R63Thor)
and contains a helical half-turn that begins with a Pro res-
idue located at the tip of the elbow (P593Mxt and P66Thor).
The elbow loops of Dm Mxt and Thor end with similarly
arranged Ser residues (S595Mxt and S68Thor). The side
chains of these Ser residues contact the carbonyl oxygens
of the preceding residues (Y589Mxt and L62Thor) and fix the
backbone, which is further stabilized by internal interac-
tions within the helical half-turn (e.g., between S592Mxt

and the amide group of H594Mxt) (Fig. 4A,B; Supplemental
Fig. S5A,B). TheDmMxt elbow loop is tethered to the lat-
eral surface of eIF4E through interactions of S595Mxt and
L598Mxt with the side chains of eIF4E residues S107,
N110, and H111 (Fig. 4A).

One important difference between the Dm and CeMxt
structures is that the noncanonical linker of Ce Mxt
adopts a slightly different conformation in each of the
three molecules found in the crystal that lacks the cap an-

alog (Fig. 4C; Supplemental Fig. S4F). In the complex with
the cap analog, the linker binds in yet another mode and
is partially disordered, indicating that this linker is proba-
bly flexible and does not adopt a fixed conformation in sol-
ution (Fig. 4C).

The Mxt noncanonical motifs adopt an α-helical
conformation

The noncanonical motif of Ce andDm Mxt engages a lat-
eral pocket of eIF4E that is lined by hydrophobic residues
(Dm Y80, I96, and I112 and Ce Y42, V58, and I74), provid-
ing an additional binding site (Fig. 4D–H). A striking fea-
ture of Mxt proteins is the formation of an α helix (α2) at
this surface, which has been previously observed only in
the complex of CUP bound to eIF4E (Supplemental Fig.
S5C; Kinkelin et al. 2012). Despite a similar α-helical ar-
rangement, the noncanonical helices of Dm and Ce Mxt
are tilted by ∼21°–23° relative to the CUP helix (Supple-
mental Fig. S5D–F).

Table 1. Data collection and refinement statistics

Dm eIF4E–Mxt complex
(cap-bound)

Dm eIF4E–Mxt complex
(cap-free)

Ce eIF4E–Mxt complex
(cap-bound)

Ce eIF4E–Mxt complex
(cap-free)

Space group P212121 P21 P41212 P21212
Unit cell
Dimensions
a, b, c 44.9 Å, 56.4 Å, 99.1 Å 65.9 Å, 82.0 Å, 84.7 Å 71.0 Å, 71.0 Å, 85.3 Å 91.2 Å, 158 Å, 55.2 Å

Angles
α, β, γ 90°, 90°, 90° 90°, 90.1°, 90° 90°, 90°, 90° 90°, 90°, 90°

Data collection
Wavelength 1.000 Å 1.000 Å 1.000 Å 1.000 Å
Resolution 48.6–2.16 Å

(2.22–2.16 Å)
44.0–2.13 Å
(2.19–2.13 Å)

43.3–1.66 Å
(1.70–1.66 Å)

47.2–1.95 Å
(2.0–1.95 Å)

Rsym 0.125 (0.559) 0.058 (0.441) 0.060 (1.27) 0.117 (1.17)
Mean I/σI 9.0 (2.2) 13.0 (2.0) 24.5 (2.0) 11.8 (2.0)
Completeness 99.3% (99.3%) 98.2% (90.5%) 100% (100%) 100% (100%)
Multiplicity 6.3 (4.5) 4.5 (3.3) 13.1 (12.0) 8.3 (8.6)

Refinement
Resolution 40.9–2.16 Å 44.0–2.13 Å 43.3–1.66 Å 45.5–1.95 Å
Number of
reflections

13,971 49,675 26,447 58,874

Rwork/Rfree 0.195/0.238 0.192/0.232 0.173/0.194 0.172/0.209
Number of atoms 2046 7937 1934 5918
Protein 1912 7790 1759 5464
Ligand/ion 53 — 38 20
Water 81 147 137 434

B-factors 41.7 Å2 65.4 Å2 31.6 Å2 34.1 Å2

Protein 41.5 Å2 65.7 Å2 30.8 Å2 33.7 Å2

Ligand/ion 52.6 Å2 — 46.4 Å2 43.6 Å2

Water 39.7 Å2 48.6 Å2 38.0 Å2 37.5 Å2

Ramachandran plot
Favored 99.1% 97.5% 99.0% 97.5%
Disallowed 0% 0% 0% 0%

RMSD
Bond lengths 0.002 Å 0.01 Å 0.005 Å 0.008 Å
Bond angles 0.603° 1.05° 0.95° 1.05°

Values in parentheses are for the highest-resolution shell.
Ligands: m7GpppG (for the cap analog) and one Cl− ion in the Dm eIF4E–Mxt complex (cap-bound); m7GTP (for the cap analog), four
Zn2+ ions, and one Cl− ion in the Ce eIF4E–Mxt complex (cap-bound); and two Mg2+ ions and three glycerol molecules in the
Ce eIF4E–Mxt complex (cap-free).
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The noncanonical helix of Dm Mxt is shorter and its
contribution to the interaction with the lateral pocket of
eIF4E is less pronounced than in Ce Mxt and Dm CUP.
The major hydrophobic contacts of Dm Mxt with the lat-

eral pocket of eIF4E are mediated by the side chain of
M605 in the noncanonical helix and I612 in the linker fol-
lowing the helix (Fig. 4D). TheCeMxt noncanonical helix
contains an additional helical turn and uses M493 to es-
tablish further contacts with the lateral surface of eIF4E
(Fig. 4E,F).
In the turn following the noncanonical helices, the

main chain conformation of Dm and Ce Mxt aligns with
CUP; all three proteins have an Ile residue (I612DmMxt,
I504CeMxt, and I373CUP) at a similar position that stacks
on the conserved eIF4E Tyr residue (Dm Y80 and Ce
Y42) of the hydrophobic pocket (Fig. 4D,E; Kinkelin
et al. 2012). TheMxt peptide backbone is further tethered
to eIF4E through interactions between the carbonyl oxy-
gen of Dm I612Mxt and the nitrogen of Dm K1134E (Ce
I504Mxt to Ce Q754E) and between the amide nitrogen of
Dm R614Mxt and the carbonyl oxygen of Dm H111Mxt

(Ce I506Mxt to Ce H734E) (Fig. 4G,H).

The auxiliary linker of Dm Mxt leads back toward the
eIF4E dorsal surface

The distinguishing features of the Dm eIF4E–Mxt struc-
ture are the auxiliary linker and α helix (α3), which togeth-
er further anchorMxt to the eIF4E surface. The side chains
ofN1104E andH1114E are central to theU-shaped arrange-
ment of theDmMxt peptide. These residues contact both
of the linker regions of Mxt (Fig. 5A–C). Specifically, the
nitrogens of the H1114E imidazole ring are in hydrogen-
bonding distance to the main chain carbonyl oxygens of
W596Mxt (in the noncanonical linker) and N615Mxt (in
the auxiliary linker), stabilizing the linkers above the lat-
eral surface of eIF4E (Fig. 5C). Furthermore, the side chain
of H1114E forms van der Waals contacts with the side
chains of L598Mxt and W602Mxt (Fig. 5A,C).
Near the dorsal surface of eIF4E, the side chain of

N1104E coordinates the backbone of the noncanonical
linker and auxiliary linker in a similar fashion. Its amide
group contacts the carbonyl oxygen of S595Mxt in the
elbow loop and the backbone nitrogen of F625Mxt near
the auxiliary helix (Fig. 5A,B). Additional stabilization of
both of the linkers is probably achieved by van der Waals
contacts between W596Mxt (noncanonical linker) and
R624Mxt (auxiliary linker) (Fig. 5A,B).

The auxiliary helix of Dm Mxt

The auxiliary α helix α3 of Dm Mxt is stabilized by inter-
actions with eIF4E and runs anti-parallel to the canonical
α helix (Fig. 5D,E). The aromatic ring of F625Mxt (immedi-
ately before α helix α3) covers a hydrophobic patch on
the eIF4E surface that is formed by W106, L163, and
Y109 (Fig. 5D). Residue Y630Mxt locks the center of the
auxiliary α helix to this patch and forms a hydrogen
bond with D1644E (Fig. 5D). In addition, Y630Mxt contacts
L587Mxt on the canonical α helix α1, extending a hydro-
phobic interfacebetweenthe twohelices that also includes
L631Mxt and forms a small hydrophobic core together
with the patch on the eIF4E surface (Fig. 5D).

Figure 3. The canonical motifs ofDm andCeMxt. (A) Close-up
view of the canonical helix ofDmMxt bound to the dorsal surface
of eIF4E in two orientations. Selected interface residues are
shown as gray sticks for eIF4E and teal sticks for Dm Mxt. Resi-
dues at positions 2 and 9 of the canonical motif are underlined.
(B) Close-up view of the canonical helix of Ce Mxt bound to the
dorsal surface of eIF4E in two orientations. Selected interface res-
idues are shown as gray sticks for Ce eIF4E and orange sticks for
Ce Mxt. The Arg residues at positions 2 and 9 of the canonical
motif are underlined. (C ) Structural overlay of the Dm and Ce
Mxt canonical helices. Selected interface residues of Mxt are
shown as colored sticks. The Arg residues flanking the canonical
helix of Ce Mxt and the corresponding residues in Dm Mxt are
underlined. For clarity, the molecule of Ce eIF4E from the super-
position has been removed. (D) The extended consensus sequence
for the canonical 4E-BM (Peter et al. 2015) and the corresponding
sequences for the indicated 4E-BPs and eIF4G.
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The interactions formed by theDmMxt auxiliary helix
are partially equivalent to the interactions established by
the long aliphatic Arg side chains in the canonical α helix
of CeMxt (Fig. 5E). For example, the interaction between
Dm Mxt residue Y630 and Dm eIF4E D164 is equivalent
to the interaction between Ce Mxt R475 and Ce eIF4E
E130. Furthermore, Dm Mxt F625 shields the surface of
eIF4E covered by Ce Mxt R482 (Fig. 5E).

Consequently, although the tripartite eIF4E-binding
sequence of Dm Mxt is longer than the bipartite binding
sequence of Ce Mxt and other 4E-BPs, the buried surface
area on eIF4E is not significantly increased in the Dm
eIF4E–Mxt complex (1498 Å2) compared with the Ce
eIF4E–Mxt complex (1370 Å2) or other eIF4E–4E-BP com-
plexes reported previously (Supplemental Table S3; Sup-
plemental Fig. S6; Peter et al. 2015). In particular, the
canonical helix of Dm Mxt covers a rather small area on
the dorsal surface of eIF4E compared with the canonical
helices of Ce Mxt. However, the auxiliary helix of Dm
Mxt compensates for the missing binding surface (Supple-
mental Table S3; Supplemental Fig. S6).

Validation of the eIF4E–Mxt interface

To validate the observed interactions, we substituted key
interface residues and tested for complex formation with
in vitro pull-down and coimmunoprecipitation assays.
In the tripartite Dm Mxt peptide (C +NC + α3), substi-
tutions of residues in the canonical (C∗), noncanonical

(NC∗), or auxiliary (α3∗) motifs or in the linker regions did
not prevent complex formation in vitro, indicating that
the remaining sequences were sufficient for binding to
eIF4E (Supplemental Fig. S7A, lanes 13–16,18). The associ-
ation ofDmMxtwith eIF4Ewas prevented onlywhenmu-
tations in the canonical and noncanonical motifs were
combined (Supplemental Fig. S7A, lane 17). However, in
the bipartiteDmMxt fragment (C +NC), mutations in ei-
ther the canonical or the noncanonical motif strongly re-
duced eIF4E-binding (Supplemental Fig. S7A, cf. lanes 20,
21 and 14,16 respectively). Thus, in the tripartite peptide,
theauxiliarysequencescancompensate for thedeleterious
effects of the mutations in the canonical or noncanonical
motifs. Unlike the results obtained in vitro, results from
cell lysates (i.e., in the presence of eIF4G and other 4E-
BPs) showthatmutations in thecanonical ornoncanonical
motifs abolished the interaction of full-length Dm Mxt
with endogenous eIF4E; mutations in the linkers and aux-
iliary helix reduced binding (Supplemental Fig. S7B).

We also analyzed the impact on complex formation of
amino acid substitutions in the Dm eIF4E residues N110
and H111. As described above, these residues coordinate
specific interactions with theDmMxt linker regions (Fig.
5A–C). Mutations in these residues (NH-EE mutant) abol-
ished binding between full-length eIF4E and full-length
Mxt in S2 cells (Supplemental Fig. S7C). In contrast, these
mutations reduced but did not eliminate binding to full-
length Thor or 4E-T (Supplemental Fig. S7D) and did not
affect binding to full-length eIF4G or CUP (Supplemental

Figure 4. The noncanonical linker and helix.
(A,B) Close-up views of the elbow loop of Dm
Mxt showing interactions within the elbow
loop and eIF4E. Residues within the elbow
loop of Mxt and the interface residues of
eIF4E are shown as sticks. The side chains of
Y589Mxt, H594Mxt, and W596Mxt and eIF4E
secondary structure elements α1 and β2 (in B)
were omitted for clarity. (C ) Schematic repre-
sentations of the noncanonical linker (nc-L)
of Dm and Ce Mxt highlighting the different
conformations of the Ce noncanonical region.
(D,E) Close-up view of the Dm and Ce Mxt
noncanonical helices bound to the lateral hy-
drophobic pocket of eIF4E. Selected residues
mediating the interactions are shown in gray
sticks for eIF4E and teal or orange sticks for
Dm or Ce Mxt, respectively. (F ) Overlay and
schematic representation of the noncanonical
helices of Dm Mxt (in teal) and Ce Mxt (in or-
ange). Common structural features are labeled
in purple. The hydrophobic residues interact-
ing with the lateral surface of eIF4E are shown
as sticks and are labeled with Φ. (G,H) Close-
up views of interactions between the Mxt
noncanonical helices and residues lining the
lateral hydrophobic pocket of eIF4E. For clari-
ty, the secondary structure elements β1 and
β2 of eIF4E were omitted.
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Fig. S7E).These resultsareconsistentwithDmMxtusinga
different bindingmode to interact with eIF4E.
Unlike the results obtained for the bipartite fragment of

DmMxt, mutations in the noncanonical motif of CeMxt
reduced but did not abolish binding to Ce eIF4E in vitro
(Supplemental Fig. S7F). This suggests a stronger contri-
bution of the canonical helix to the interactions with
eIF4E and is likely due to the presence of the Arg residues
at positions 2 and 9.

The bipartite and tripartite binding modes confer
different abilities to compete with eIF4G

To investigate how the bipartite and tripartite binding
modes of Mxt proteins affect their ability to compete
with eIF4G, we performed competition assays using pre-
assembled eIF4E–eIF4G complexes. Preassembled Dm
eIF4E–eIF4G complexes were challenged with a twofold
molar excess of bipartite and tripartite Dm Mxt frag-
ments. The amount of eIF4G bound to eIF4E was deter-
mined over time (Fig. 6A,B). The tripartite Dm Mxt
fragment (C +NC + α3) displaced eIF4G from preassem-

bled eIF4E–eIF4G complexes faster than the bipartite frag-
ment (C +NC) (Fig. 6A,B). The half-life of the eIF4E–eIF4G
complexes was 40 min ± 5 min in the presence of the tri-
partite fragment compared with >60 min for the bipartite
fragment (Fig. 6A,B).
Under the same conditions, a bipartite CUP peptide

(C +NC) displaced eIF4G more rapidly, resulting in a
half-life of 25min ± 5min (Fig. 6A,C). Thus,DmMxt frag-
ments are less able to displace eIF4G from preassembled
eIF4E–eIF4G complexes, although their affinity for eIF4E
is either higher than or comparablewith that of CUP (Sup-
plemental Table S2; Igreja et al. 2014).
Nevertheless, as shown for CUP and other 4E-BPs, the

tripartite Dm Mxt peptide requires binding to the lateral
surface of eIF4E to displace eIF4G from preassembled
eIF4E–eIF4G complexes. The tripartiteDmMxt fragment
displaced 80% of eIF4G bound to wild-type eIF4E but
failed to displace eIF4G that was prebound to the eIF4E
II-AA mutant even after a 180-min incubation (Supple-
mental Fig. S7G,H).
Next,weanalyzed the abilityofCeMxt to competewith

preassembled Ce eIF4E–eIF4G complexes. Surprisingly,

Figure 5. The auxiliary linker and auxiliary helix of
Dm Mxt. (A) Close-up view of the U-shaped arrange-
ment of the DmMxt peptide and the interactions de-
termining the arrangement of the peptide path. The
surface of eIF4E is shown in gray. The positions of
the conserved eIF4E residues N110 and H111 are
highlighted in purple, and selected residues involved
in the arrangement of Dm Mxt around the surface
of eIF4E are shown as teal and magenta sticks. (B,C )
The eIF4E residues interacting with the Mxt linkers
(noncanonical linker [nc-L] and auxiliary linker [a-
L]). The side chains of H594Mxt (B) and R614Mxt (C )
were removed for clarity. (D) Close-up view of the
auxiliary helix ofDmMxt bound to the dorsal surface
of eIF4E in two orientations. Selected residues are
shown in gray sticks for eIF4E and teal or magenta
sticks for Dm Mxt. (E) Overlay of the canonical heli-
ces ofDm and CeMxt proteins reveals equivalent in-
teractions between the Arg residues flanking the
canonical helix of Ce Mxt and the auxiliary helix of
Dm Mxt. Selected residues are shown as colored
sticks. The Arg residues in the canonical motif of
Ce Mxt are underlined.
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CeMxt completely displaced eIF4G after a 5-min incuba-
tionwhen added at twofoldmolar excess (data not shown).
In the presence of equimolar amounts of Ce Mxt peptide,

the half-life of the Ce eIF4E–eIF4G complexes was 10
min (Fig. 6E,F). These results suggest that either Ce Mxt
is a very efficient eIF4G competitor or the Ce eIF4E–

Figure 6. Ce Mxt, but not Dm Mxt, is a potent eIF4G competitor. (A–D) Half-life of Dm eIF4E–eIF4G complexes in the presence of a
twofoldmolar excess of the indicated purified andGB1-tagged competitor peptides.MBP served as a negative control.A shows data points
from three or four independent experiments (n = 3 or n = 4). B–D show representative SDS-PAGE gels for each competition assay. The
competitor peptides are labeled in blue, and their positions are highlighted by blue dashed boxes. The black dashed boxes mark the po-
sitions of MBP–eIF4G. The lanes labeled SM (starting material) show the purified peptides and complexes used in the competition assay.
(E,F ) Half-life ofCe eIF4E–eIF4G complexes in the presence of equimolar amounts ofCeMxt competitor peptide analyzed as described in
A–D. (G–J) Half-life of Dm eIF4E–eIF4G complexes in the presence of equimolar amounts of the indicated competitor peptides.
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eIF4G complexes are particularly sensitive to competi-
tion. We then tested whether Ce Mxt also displaced
eIF4G from preassembled Dm eIF4E–eIF4G complexes,
and, indeed, Ce Mxt rapidly displaced Dm eIF4G (Fig.
6G–J). The half-life of Dm eIF4E–eIF4G complexes in the
presence of Ce Mxt was ∼3.5 min. In contrast, under the
same conditions, the tripartite Dm Mxt peptide slowly
competed with Dm eIF4G, consistent with Figure 6A,B.
Remarkably, the ability of the Ce Mxt peptide to dis-

place Dm eIF4G was comparable with that of an engi-
neered chimeric 4E-BP peptide, which contains the
canonical motif of Dm 4E-T, the linker region of Thor,
and the noncanonical helix of CUP (Peter et al. 2015).
This peptide is a more efficient eIF4G competitor than
the corresponding 4E-BPs (Peter et al. 2015), indicating
that Ce Mxt is a more potent eIF4G competitor than
Dm Thor, CUP, or 4E-T.

The bipartite and tripartite binding modes confer
differential sensitivity to 4E-BP competition

To gain further insight into the specific properties of the
bipartite and tripartite binding modes, we also asked
whether eIF4G or the chimeric 4E-BP peptide could dis-
lodgeMxt peptides thatwere prebound to eIF4E.Complex-
es containing Dm eIF4E bound to bipartite and tripartite
Dm Mxt fragments were challenged with a fivefold mo-
lar excess of eIF4G (residues 578–650) or the chimeric
4E-BP peptide. Proteins bound to eIF4E were monitored
by eIF4E pull-down after a 180-min incubation. The
eIF4G and chimeric peptides failed to displace the tripar-
tite Dm Mxt fragment (Fig. 7A,B, lanes 10–12) but could
displace the bipartite Dm Mxt fragment (Fig. 7A,B, lanes
7–9). Under the same conditions, the half-life of the Ce
eIF4E–Mxt complexes in the presence of fivefoldmolar ex-
cess of the chimeric 4E-BP peptidewas 25min (Fig. 7C,D).
Thus, the tripartite bindingmodeofDmMxt confers resis-
tance to competition by eIF4G and 4E-BPs.

The Arg/Lys residues in the canonical motif are
important for competition with eIF4G

Overall, our data indicate that the bipartite Ce Mxt pep-
tide is a potent eIF4G competitor, whereas the bipartite
DmMxt peptide only weakly displaces eIF4G. The tripar-
titeDmMxt peptide shows an intermediate behavior. We
hypothesized that the inability of the bipartite Dm Mxt
peptide to compete with eIF4G may be caused by the ab-
sence of Arg residues at positions 2 and 9 in the canonical
motif (Fig. 3D); these Arg residues are present in Ce Mxt
and other 4E-BPs. In the tripartite Dm Mxt, the auxiliary
helix partially compensates for the lack of Arg residues in
the canonical motif, improving the ability of this frag-
ment to compete with eIF4G.
To test this hypothesis, we asked whether the bipartite

Dm Mxt peptide could be converted into an effective
eIF4G competitor if residues I583Mxt and S590Mxt in the
canonical motif were replaced by Arg residues (bipartite
Mxt IS-RR mutant). Remarkably, the mutations restored
the ability of the bipartite Dm Mxt peptide to displace

Dm eIF4G from preassembled eIF4E–eIF4G complexes
to the level observed for the bipartite CUP peptide (Fig.
6A–C).
Conversely, eIF4G did not displace the preboundmutat-

ed bipartite Mxt peptide from eIF4E but displaced the
wild-type bipartite peptide (Fig. 7A,B). In contrast, the chi-
meric 4E-BP peptide displaced the bipartite Mxt peptide
regardless of the mutations, but the mutations extended
the half-life of the eIF4E-bipartite Mxt complexes from
14 to 136 min in the presence of the chimeric 4E-BP pep-
tide (Fig. 7A,B,E–G).
In summary, the Dm bipartite Mxt peptide behaves as

the equivalent peptide fromCeMxt and other 4E-BPs, pro-
vided that the extended consensus is restored in the ca-
nonical motif with Arg/Lys at positions 2 and 9. In the
absence of Arg/Lys residues, the peptide does not effi-
ciently compete with eIF4G for binding to eIF4E and is
rapidly displaced by eIF4G and 4E-BPs.

Discussion

Structural evolution of 4E-BPs and the regulation
of translation initiation

Unlikemany known 4E-BPs,DmMxt is an unusual 4E-BP
in that it is thought to stimulate translation (Hernández
et al. 2013). Here we show that Mxt associates with
eIF4E using a bipartite binding mode in C. elegans and
an unprecedented tripartite binding mode in D. mela-
nogaster. Our data suggest thatMxt evolved these distinct
binding strategies to form complexes with eIF4E that dis-
play distinct functional properties. In the case ofDmMxt,
the tripartite binding mode compromises the proteins’
ability to compete with eIF4G for binding to eIF4E, most
likely because Dm Mxt has a more complex folding in
the bound state. However, once the resulting circularly
closed structure is formed, it is more difficult for eIF4G
or other 4E-BPs to displace it. As a consequence, the
Dm eIF4E–Mxt complex is particularly stable and likely
helps to maintain Dm Mxt function in translation in the
presence of other 4E-BPs that would normally displace
eIF4G. In contrast, the bipartite binding mode of Ce Mxt
confers a competitive advantage over eIF4G but is sensi-
tive to competition by other 4E-BPs. Thus, Ce Mxt may
bind to eIF4E under conditions in which binding of other
4E-BPs is inhibited; for example, by phosphorylation.
It is intriguing thatMxt uses different bindingmodes in

different species, whereas, for example, human 4E-BP1
and its ortholog in D. melanogaster, Thor, have almost
identical structures (Peter et al. 2015). Our observations
suggest that molecular competition for eIF4E binding by
the 4E-BPs to regulate translation initiationmay represent
an important driving force underlying the rapid evolution
of the Mxt-binding mode.

The auxiliary sequences coevolved with the substitution
of Arg/Lys residues in the canonical helix

The auxiliary sequences of Dm Mxt are less conserved
than the canonical and noncanonical motifs among Mxt
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orthologs and are absent in Ce Mxt as well as in Mxt pro-
teins from other organisms (Supplemental Fig. S2A,B).
Sequence analysis indicates that the presence of the aux-
iliary sequences correlates with the absence of Arg/Lys
residues at positions 2 and 9 of the canonical motif (Sup-
plemental Fig. S2A,B; Peter et al. 2015). This may be ex-
pected because the auxiliary helix would clash with the
side chains of Arg/Lys residues upon binding to the dorsal
surface of eIF4E.

The presence of auxiliary sequences in Dm Mxt raises
the question of whether equivalent sequences have been
overlooked in other 4E-BPs. However, as mentioned earli-

er, auxiliary helices at a position equivalent to that ob-
served in Dm Mxt are incompatible with the presence of
Arg/Lys residues at positions 2 and 9 of the canonical mo-
tif. This suggests that 4E-BPs containing these residues in
their canonicalmotifs are unlikely to bind eIF4E in aman-
ner similar to that ofDmMxt. (Figs. 3A–C, 5D,E). In addi-
tion, mutations in Dm eIF4E residues N110 and H111
eliminated binding to Dm Mxt but not other 4E-BPs or
eIF4G, indicating that the binding modes are different.
Nevertheless, it is conceivable that auxiliary sequences
in known 4E-BPs may contribute to eIF4E binding by con-
tacting other surfaces of eIF4E.

Figure 7. Dm eIF4E–Mxt complexes are resistant to 4E-BP competition. (A,B) The indicatedDm eIF4E–Mxt complexes were incubated
witha fivefoldmolarexcessofDmeIF4Gorchimeric4E-BPpeptides.TheeIF4E-boundproteinswerepulleddownusingNi-NTAbeadsafter
a 180-min incubation and analyzed as described in Figure 6, A and B. The competitor proteins are highlighted by blue dashed boxes and are
labeled in blue. The positions of theMBP-DmMxt complexes aremarked by black dashed boxes. The lanes labeled SM (startingmaterial)
show the purified peptides and complexes used in the competition assay. (C,D) Half-life of Ce eIF4E–Mxt complexes in the presence of a
fivefold molar excess of chimeric 4E-BP peptide. (E–G) Half-life of Dm eIF4E–Mxt complexes containing bipartite Mxt peptide (C +NC,
wild type,or IS-RRmutant) complexes in thepresenceof a fivefoldmolarexcessof chimeric4E-BPpeptide.MBPservedasanegativecontrol.
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Implications of distinct eIF4E-binding modes for the
regulation of complex assembly

The interaction of vertebrate 4E-BP1–3 andDmThor with
eIF4E is regulated by sequential phosphorylation events at
Ser/Thr–Pro sites located upstream of the canonical motif
and in the elbow loop (Gingras et al. 1999, 2001). These
phosphorylation events regulate the folding of the canon-
ical helix and the conformation of the elbow loop (Bah
et al. 2015; Peter et al. 2015). In Dm Mxt, the conforma-
tion of the elbow loop is strikingly similar to that of Dm
Thor. In addition to its structural similarity to Thor, the
elbow loop of Dm Mxt also includes a Ser–Pro phosphor-
ylation site at an equivalent structural position (S592Mxt

and P593Mxt correspond to S65Thor and P66Thor, respec-
tively). Although no post-translational modifications are
currently known for Dm Mxt at this position, the conser-
vation of this phosphorylation site suggests that similar
mechanisms might regulate the association of Dm Mxt
with eIF4E. The complex tripartite binding mode of Dm
Mxt and the stability of the complexes formed with
eIF4E also suggest that othermechanisms are likely to reg-
ulate the formation of these complexes. Similarly, the
flexibility of the noncanonical linker in Ce Mxt suggests
that binding to eIF4E may involve different mechanisms
than for vertebrate 4E-BP1-3.
In summary, the variability and evolution in the bind-

ing modes and properties of various 4E-BPs indicate that
structural variation among other 4E-BPs might cover
additional surfaces on eIF4E, conferring unique properties
to the complexes and resulting in different regulatory
mechanisms. These differencesmay have important func-
tional implications; for example by specifying the cell
type and conditions in which a specific 4E-BP exerts its
regulatory role in translation.More generally, the growing
repertoire of 4E-BP-bindingmechanisms offers new oppor-
tunities for the design of eIF4E inhibitors for therapeutic
applications.

Materials and methods

DNA constructs

The DNA constructs used in this study are described in the Sup-
plemental Material and are listed in Supplemental Table S1. All
of the constructs and mutations were confirmed by sequencing.

Protein expression and purification

All of the recombinant proteins were expressed in Escherichia
coli BL21 Star (DE3) cells (Invitrogen) grown in LB medium over-
night at 20°C. For 15N-labeling of the GB1-stabilizedMxt peptide
(residues 577–640), cells were grown in M9 minimal medium
with ammonium–15N chloride (Sigma-Aldrich) as a nitrogen
source. The cells were lysed by sonication in lysis buffer contain-
ing 50 mM HEPES (pH 7.2), 300 mM NaCl, and 2 mM DTT sup-
plemented with 5 µg/mL DNase I, 1 mg/mL lysozyme, and
protease inhibitor cocktail (Roche). To purify the eIF4E–Mxt
complexes, His6-tagged Dm eIF4E (residues 69–248) and Ce
eIF4E3 (residues 30–215) were coexpressed with the maltose-
binding protein (MBP)-tagged Dm Mxt (residues 577–640) and
CeMxt (residues 471–507), respectively. The complexes were pu-

rified from cleared cell lysates using amylose resin (New England
Biolabs) followed by removal of the MBP and His6 tags with
HRV3C protease cleavage overnight at 4°C. After cleavage of
the tags, the complexes were separated from free MBP and His6
using a heparin column (5 mL of HiTrap Heparin HP; GE Health-
care) and further purified on a Superdex 75 column (GE Health-
care). Purified proteins were stored at −80°C in a buffer
containing 10 mM HEPES (pH 7.2), 200 mM NaCl, 2 mM DTT,
and 5% glycerol.
For the ITC measurements and competition assays shown in

Figures 6 and 7 and Supplemental Figures S3 and S7, the GB1-sta-
bilized peptides (Mxt, eIF4G, and chimeric 4E-BP) were purified
as described previously, with the exception that the GB1-stabi-
lizedDm Mxt peptide (residues 577–640) was subjected to an ad-
ditional round of anion exchange chromatography (5 mL of
HiTrap Q HP; GE Healthcare) to remove residual MBP (Igreja
et al. 2014; Peter et al. 2015). The 15N-labeled GB1-stabilized
Mxt peptide (residues 577–640) used for the NMR experiments
was purified using the same procedure. The Dm eIF4E construct
(residues 69–248) used for ITCmeasurements and the full-length
Dm eIF4E construct used forNMRwere purified as previously de-
scribed (Igreja et al. 2014). The complexes of His6-tagged Dm
eIF4E (residues 69–248) with MBP-tagged Dm eIF4G (residues
578–650) or of His6-tagged Ce eIF4E (full-length) with MBP-
taggedCe eIF4G (residues 315–491) that were used for the compe-
tition assays were purified as previously described (Igreja et al.
2014).
To obtain the eIF4E–Mxt complexes used in the competition

assays shown in Figure 7, His6-tagged eIF4E (residues 69–248)
was coexpressed with MBP-tagged Mxt fragments (residues
577–620, residues 577–640, or the 577–620 IS-RR mutant) that
were C-terminally fused to GB1. The complexes were purified
from cleared cell lysates using amylose resin (New England Biol-
abs). For the competition assays shown in Supplemental Figure
S7, the complexes containing GST-tagged Dm eIF4G (residues
578–650) and SHN-tagged Dm eIF4E (full-length; either wild
type or II-AA mutant) were expressed and purified as previously
described (Igreja et al. 2014). The SHN tag consists of a streptavi-
din-binding peptide (strep), His6, and the NusA protein.

Crystallization, data collection, and structure determination

A detailed description of the crystallization conditions and the
structure determination process are included in the Supplemen-
tal Material. All diffraction data sets were recorded on a Pilatus
6M detector at the PXII beamline of the Swiss Light Source at a
temperature of 100 K. The diffraction data and refinement statis-
tics are summarized in Table 1.

Coimmunoprecipitation assays and Western blotting

Coimmunoprecipitation assays in S2 cells and Western blotting
were performed as described previously (Igreja et al. 2014). The
pull-down assay using m7GTP beads (Jena Biosciences, AC-155)
was performed as previously described (Igreja et al. 2014). All
Western blots were developed using the ECL Western blotting
detection system (GE Healthcare). The antibodies used in this
study are listed in Supplemental Table S4.

Pull-down experiments, ITC, and NMR analysis

The in vitro pull-down assays were performed as previously de-
scribed (Igreja et al. 2014; Peter et al. 2015). The ITC and NMR
measurements are described in the Supplemental Material.
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Competition assays

The competition assays were performed as previously described
(Igreja et al. 2014; Peter et al. 2015). For the competition assays
shown in Figure. 6, A–D and G–J, purifiedDm eIF4E–eIF4G com-
plexes containing His6-eIF4E (residues 69–248) and MBP-eIF4G
(residues 578–650) were incubated with purified and GB1-tagged
4E-BP peptides, including CUP C +NC, Dm Mxt C +NC, Dm
Mxt C +NC+ α3, Dm Mxt C +NC IS-RR mutant, Ce Mxt C +
NC, and 4E-BP chimera. MBP served as a negative control. The
eIF4E-bound proteins were pulled down using Ni-NTA beads at
the indicated time points and eluted with imidazole for analysis
by SDS-PAGE. The amount of eIF4G bound to eIF4E was quanti-
fied and normalized to the levels of eIF4E present at each time
point. These values were set to 100 in the presence of MBP.
Data points from three or four independent experiments were
plotted, and the resulting curves were determined using the Lev-
enberg-Marquardt algorithm (exponential decay).
For the experiments shown in Figures 6, E and F, and 7, C andD,

purified Ce eIF4E–eIF4G complexes containing His6-Ce eIF4E
(residues 1–215) andMBP-Ce eIF4G (residues 315–491) were incu-
bated with purified GB1-tagged Ce Mxt peptide (residues 471–
507) or chimeric 4E-BP peptide.MBP served as a negative control.
The amount of MBP-Ce eIF4G bound to eIF4E at each time point
was determined as described above. For the experiment shown in
Figure 7, A and B, purified Dm eIF4E–Mxt (C +NC, C +NC+ α3,
or IS-RR) complexes were incubated with a fivefold molar excess
of Dm eIF4G (residues 578–650) or chimeric peptides that were
C-terminally fused to GB1. In the experiment shown in Figure
7, E–G, purified Dm eIF4E–Mxt (C +NC wild type or IS-RR mu-
tant) complexes were incubated with a fivefold molar excess of
chimeric peptide C-terminally fused to GB1. The eIF4E-bound
proteins were pulled down using Ni-NTA beads and analyzed
by SDS-PAGE as described above. The amount of competitor
used in each experiment is indicated in the figure legends.

Accession numbers

Coordinates for the structures described in this study have been
deposited in the Protein Data Bank under accession numbers
5ABU (Dm eIF4E–Mxt complex with cap analog), 5ABV (Dm
eIF4E–Mxt), 5ABX (Ce eIF4E–Mxt complex with cap analog),
and 5ABY (Ce eIF4E–Mxt complex).

Acknowledgments

We are grateful to F. Bono for providing the His-eIF4E and GST-
CUP 311–440 constructs, and P. Lasko for kindly providing
anti-4E-T antibodies. We thank R. Büttner and T. Raisch for
setting up the crystallization screens, E. Valkov for advice in
the crystal structure refinement, C. Weiler for technical assis-
tance, and the staff at the PX beamline of the Swiss Light Source
for assistance with data collection. This work was supported by
the Max Planck Society and the Gottfried Wilhelm Leibniz Pro-
gram of the Deutsche Forschungsgemeinschaft (DFG; awarded
to E.I.).

References

Bah A, Vernon RM, Siddiqui Z, Krzeminski M, Muhandiram R,
Zhao C, Sonenberg N, Kay LE, Forman-Kay JD. 2015. Folding
of an intrinsically disordered protein by phosphorylation as a
regulatory switch. Nature 519: 106–109.

Banko JL, Poulin F, Hou L, DeMaria CT, Sonenberg N, Klann E.
2005. The translation repressor 4E-BP2 is critical for eIF4F

complex formation, synaptic plasticity, and memory in the
hippocampus. J. Neurosci 25: 9581–9590.

Dowling RJ, Topisirovic I, Alain T, Bidinosti M, Fonseca BD, Pet-
roulakis E, Wang X, Larsson O, Selvaraj A, Liu Y, et al. 2010.
mTORC1-mediated cell proliferation, but not cell growth,
controlled by the 4E-BPs. Science 328: 1172–1176.

Gingras AC, Gygi SP, Raught B, Polakiewicz RD, Abraham RT,
Hoekstra MF, Aebersold R, Sonenberg N. 1999. Regulation
of 4E-BP1 phosphorylation: a novel two-step mechanism.
Genes Dev 13: 1422–1437.

Gingras AC, Raught B, Gygi SP, Niedzwiecka A, Miron M,
Burley SK, Polakiewicz RD, Wyslouch-Cieszynska A,
Aebersold R, Sonenberg N. 2001. Hierarchical phosphoryla-
tion of the translation inhibitor 4E-BP1. Genes Dev 15:
2852–2864.

Gkogkas CG, Khoutorsky A, Ran I, Rampakakis E, Nevarko T,
Weatherill DB, Vasuta C, Yee S, Truitt M, Dallaire P, et al.
2013. Autism-related deficits via dysregulated eIF4E-depen-
dent translational control. Nature 493: 371–377.

Gosselin P, Oulhen N, Jam M, Ronzca J, Cormier P, Czjzek M,
Cosson B. 2011. The translational repressor 4E-BP called to or-
der by eIF4E: new structural insights by SAXS. Nucleic Acids
Res 39: 3496–3503.

Gross JD, Moerke NJ, von der Haar T, Lugovskoy AA, Sachs AB,
McCarthy JE, Wagner G. 2003. Ribosome loading onto the
mRNA cap is driven by conformational coupling between
eIF4G and eIF4E. Cell 115: 739–750.

Hernández G, MironM, Han H, Liu N, Magescas J, Tettweiler G,
Frank F, Siddiqui N, Sonenberg N, Lasko P. 2013. Mextli is a
novel eukaryotic translation initiation factor 4E-binding pro-
tein that promotes translation in Drosophila melanogaster.
Mol Cell Biol 33: 2854–2864.

Igreja C, Peter D, Weiler C, Izaurralde E. 2014. 4E-BPs require
non-canonical 4E-binding motifs and a lateral surface of
eIF4E to repress translation. Nat Commun 5: 4790.

Jackson RJ, Hellen CU, Pestova TV. 2010. The mechanism of eu-
karyotic translation initiation and principles of its regulation.
Nat Rev Mol Cell Biol 11: 113–127.

KinkelinK, VeithK,GrunwaldM, Bono F. 2012. Crystal structure
of a minimal eIF4E–Cup complex reveals a general mecha-
nism of eIF4E regulation in translational repression. RNA
18: 1624–1634.

Kong J, Lasko P. 2012. Translational control in cellular and devel-
opmental processes. Nat Rev Genet 13: 383–394.

Lukhele S, Bah A, Lin H, Sonenberg N, Forman-Kay JD.
2013. Interaction of the eukaryotic initiation factor 4E with
4E-BP2 at a dynamic bipartite interface. Structure 21: 2186–
2196.

Mader S, Lee H, Pause A, Sonenberg N. 1995. The translation ini-
tiation factor eIF-4E binds to a common motif shared by the
translation factor eIF-4γ and the translational repressors 4E-
binding proteins. Mol Cell Biol 15: 4990–4997.

Marcotrigiano J, Gingras AC, SonenbergN, Burley SK. 1999. Cap-
dependent translation initiation in eukaryotes is regulated by
a molecular mimic of eIF4G. Mol Cell 3: 707–716.

Marcotrigiano J, Lomakin IB, Sonenberg N, Pestova TV, Hellen
CU, Burley SK. 2001. A conserved HEAT domain within
eIF4G directs assembly of the translation initiation machin-
ery. Mol Cell 7: 193–203.

Martineau Y, Azar R, Bousquet C, Pyronnet S. 2013. Anti-onco-
genic potential of the eIF4E-binding proteins. Oncogene 32:
671–677.

Matsuo H, Li H, McGuire AM, Fletcher CM, Gingras AC, Sonen-
berg N, Wagner G. 1997. Structure of translation factor eIF4E

Peter et al.

1848 GENES & DEVELOPMENT



bound to m7GDP and interaction with 4E-binding protein.
Nat Struct Biol 4: 717–724.

Mizuno A, In Y, Fujita Y, Abiko F, Miyagawa H, Kitamura K,
Tomoo K, Ishida T. 2008. Importance of C-terminal flexible
region of 4E-binding protein in binding with eukaryotic initi-
ation factor 4E. FEBS Lett 582: 3439–3444.

Paku KS, Umenaga Y, Usui T, Fukuyo A, Mizuno A, In Y, Ishida
T, Tomoo K. 2012. A conserved motif within the flexible C-
terminus of the translational regulator 4E-BP is required for
tight binding to the mRNA cap-binding protein eIF4E. Bio-
chem J 441: 237–245.

Peter D, Igreja C, Weber R, Wohlbold L, Weiler C, Ebertsch L,
Weichenrieder O, Izaurralde E. 2015. Molecular architecture
of 4E-BP translational inhibitors bound to eIF4E. Mol Cell
57: 1074–87.

Umenaga Y, Paku KS, In Y, Ishida T, Tomoo K. 2011. Identifica-
tion and function of the second eIF4E-binding region in N-ter-
minal domain of eIF4G: comparison with eIF4E-binding
protein. Biochem Biophys Res Commun 414: 462–467.

Volpon L, Osborne MJ, Topisirovic I, Siddiqui N, Borden KL.
2006. Cap-free structure of eIF4E suggests a basis for confor-
mational regulation by its ligands. EMBO J 25: 5138–5149.

Structure of Mextli bound to eIF4E

GENES & DEVELOPMENT 1849


