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ABSTRACT

The interaction of the eukaryotic initiation factor 4G
(elF4G) with the cap-binding protein elF4E initiates
cap-dependent translation and is regulated by the 4E-
binding proteins (4E-BPs), which compete with elF4G
to repress translation. Metazoan elF4G and 4E-BPs
interact with elF4E via canonical and non-canonical
motifs that bind to the dorsal and lateral surface of
elF4E in a bipartite recognition mode. However, pre-
vious studies pointed to mechanistic differences in
how fungi and metazoans regulate protein synthe-
sis. We present crystal structures of the yeast elF4E
bound to two yeast 4E-BPs, p20 and Eap1p, as well as
crystal structures of a fungal elF4E—elF4G complex.
We demonstrate that the core principles of molecu-
lar recognition of elF4E are in fact highly conserved
among translational activators and repressors in eu-
karyotes. Finally, we reveal that highly specialized
structural motifs do exist and serve to modulate the
affinity of protein-protein interactions that regulate
cap-dependent translation initiation in fungi.

INTRODUCTION

The assembly of the eukaryotic initiation factor 4F (elF4F)
on the 5 cap structure of mRNA is essential for cap-
dependent translation initiation in eukaryotes. elF4F is a
heterotrimeric complex, consisting of the cap-binding pro-
tein eIF4E, the DEAD-box RNA helicase eIF4A and the
scaffolding subunit elF4G. elF4G plays a central role in
complex assembly as it bridges the interaction between
elF4E and eIF4A. Furthermore, eIF4G recruits the 43S
preinitiation complex (PIC, comprising the 40S ribosomal
subunit, the eIF3 complex, and associated factors) to the

mRNA 5" untranslated region (UTR), which then initiates
scanning in search for the initiation codon (1,2).

The assembly of the eIF4F complex is tightly regulated by
a large family of translational repressors known as eIF4E-
binding proteins (4E-BPs) that compete with elF4G for
binding to elF4E, thereby inhibiting translation initiation
(3.4). Metazoan elF4G and 4E-BPs bind to the same eIF4E
surfaces using a similar bipartite binding region that com-
prises a canonical and a non-canonical 4E-binding mo-
tif connected by a linker region (5-7). The canonical mo-
tif, characterized by the YX4L® consensus sequence (3,4)
(with Y, X, L and ® representing Tyr, any amino acid, Leu
and any hydrophobic residue), mediates binding to a con-
served dorsal surface of eIF4E, opposite to the cap-binding
pocket (8,9). The non-canonical motif recognizes a con-
served elF4E lateral surface, enhancing the affinity of the
interaction (5-7,10-14).

In contrast to the bipartite elF4E—eIF4G recognition
mode observed in the metazoan complexes, previous solu-
tion NMR studies of the eIF4E—eIF4G complex from Sac-
charomyces cerevisae (Sc) revealed a distinct eIF4E recogni-
tion mode, whereby eIF4G does not contact the lateral sur-
face of eIF4E (15). Instead, the eIF4G sequences flanking
the canonical motif wrap around the poorly conserved N-
terminal extension of eIF4E, forming a bracelet-like struc-
ture that increases the binding affinity of elF4G for eIF4E
by 400-fold (15).

Budding yeast encodes two 4E-BPs, p20 (or Caf20p) and
the elF4E-associated protein 1 (Eaplp), which have no se-
quence homology with each other or with metazoan 4E-BPs
except for the canonical motif (16-19). These proteins in-
hibit cap-dependent translation initiation in vitro through
competition with eIF4G and have been implicated in differ-
ent cellular processes through the regulation of translation
of specific mRNAs (17,18,20-30).

Although it is well established that p20 and Eaplp act
as translational repressors, the molecular details regarding
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their interaction with eIF4E remain unknown except for the
presence of a canonical motif (17,18,29). However, no addi-
tional elF4E-binding elements, such as the non-canonical
motifs of metazoan 4E-BPs, have been described for these
proteins. Moreover, it is not known whether the yeast 4E-
BPs have evolved bracelet-like structures similar to that ob-
served in Sc elF4G.

In metazoans, the competition mechanism of 4E-BPs
is based on molecular mimicry of the bipartite elF4E—
elF4G interaction. However, since the eIF4E—IF4G bind-
ing modes appear to differ between yeast and metazoans,
this raises the question of how do 4E-BPs compete with
elF4G for binding to ¢IF4E in order to regulate transla-
tional initiation in yeast.

To uncover the molecular principles underlying the as-
sembly of eIF4E—eIF4G complexes and competition by 4E-
BPs in fungi, we have determined high-resolution crystal
structures of the eIF4E—elF4G complex from Chaetomium
thermophilum (Ct)—a thermophilic filamentous fungus. In
addition, we also determined crystal structures of the Sc
elF4E in complex with either p20 or Eap1p. Surprisingly, we
observed that eIF4G as well as p20 and Eaplp share a con-
served bipartite elF4E-binding mode, as described for the
metazoan elF4G and 4E-BPs, and contact the dorsal and
lateral surfaces of eIF4E via canonical and non-canonical
motifs, respectively. However, despite this apparent similar-
ity, there are unique structural features in the Ct eI[F4E-
elF4G interface that promote complex stability. Finally, we
show that yeast 4E-BPs have evolved molecular adaptations
to modulate the affinity for this shared binding interface
with eI[F4E most likely to be able to compete effectively with
elF4G and regulate the initiation of cap-dependent transla-
tion.

MATERIALS AND METHODS
DNA constructs

For expression in E. coli, a cDNA fragment encoding Sc
elF4E (residues T25-L213 or V35-L213) was inserted into
the Ndel and Nhel restriction sites of the pnYC-NpH
vector (31) to express proteins with an N-terminal Hisg-
tag cleavable by HRV 3C protease. Codon-optimized syn-
thetic cDNA fragments for expression of Ct elF4E (full-
length), Ct eIF4G (residues A728-P1059), Sc p20 and Sc
Eaplp (residues M1-K250) were purchased from GeneArt
(Thermo Fisher Scientific). cDNA fragments encoding Ct
elF4E (residues T35-V250, K40-V250 and V45-V250 all
carrying the A183-202 deletion) were inserted into the Ndel
and Nhel restriction sites of the pnYC-NpH vector as well
as into the Ndel and BamHI restriction sites of the pnYC-
CvH vector to express Ct elF4E with a C-terminal Hisg tag
cleavable by TEV protease. For the purpose of facilitating
crystallization, we used a construct of Ct eIF4E in which we
had removed a short internal insertion that is not present
in most other eIF4E proteins and is not near the eIF4G-
binding surface (Supplementary Figure S1A and B).
cDNA fragments of Sc¢ eIF4G (residues T408-G485) and
Ct elF4G (residues Q954-D1030) were inserted into the
Ndel and Nhel restriction sites of the pnEA-NpM vector
to express the proteins with an N-terminal maltose binding
protein (MBP) tag cleavable by HRV 3C protease. cDNA

fragments of Sc p20, Sc¢ Eaplp, Sc and Ct eIF4G (Sup-
plementary Table S1) were also inserted into the Ndel and
BamHI restriction sites of a modified pnEA-NpM vector
additionally encoding a C-terminal fusion of the Bl domain
of immunoglobulin-binding protein G (GB1), to produce
an MBP-(elF4G or 4E-BP)-GBI1 fusion protein. The GBI
fusion is connected by a GSASG (eIF4G) or GSSRASG
(p20 and Eaplp) linker sequence to the eIF4G or 4E-BP
fragment. All mutants used in this study were generated by
site-directed mutagenesis using the QuikChange mutagen-
esis kit (Stratagene). All constructs used in this study are
listed in Supplementary Table S1.

Protein expression and purification

All proteins were expressed in E. coli BL21 Star (DE3)
cells (Invitrogen) grown in LB medium overnight at 20°C.
To purify the elF4E—<IF4G and ecIF4E-4E-BP com-
plexes used in crystallization, N-terminally Hisg-tagged
Sc elF4E (residues T25-1.213 or V35-L213) or Ct elF4E
(residues T35-V250 A183-202) were co-expressed with N-
terminally MBP-tagged Sc¢ Eaplp (residues T91-G150),
Sc p20 (residues M1-H49) or Ct elF4G (residues Q954—
D1030), respectively. All protein purification steps were per-
formed at 4°C. The cells were lysed by sonication in lysis
buffer containing 20 mM Na-phosphate (pH 7.5), 300 mM
NaCl and 2 mM dithiothreitol (DTT) supplemented with
lysozyme (1 mg/ml), DNase I (5 pg/ml) and a protease
inhibitor cocktail (Complete Protease Inhibitor Cocktail,
Roche). Except for the Sc eIF4E-p20 complex, all com-
plexes were purified from cleared lysates using amylose resin
(New England Biolabs). In the case of the Sc elF4E-p20
complex, cells were lysed in lysis buffer supplemented with
25 mM imidazole and the cleared cell lysate was applied
to a Ni**-charged HiTrap IMAC HP column (GE Health-
care). The Sc eIF4E—p20 complex was eluted with a gra-
dient of 25-500 mM imidazole. For all protein complexes,
MBP- and Hisg-tags were cleaved overnight with HRV 3C
protease while dialyzing into 20 mM HEPES-NaOH (pH
7.5),100 mM NaCl and 2 mM DTT. The protein complexes
were further purified using a HiTrap Heparin HP column
(GE Healthcare) and eluted using a gradient from 100 to
500 mM NaCl. As a final step, all complexes were subjected
to size exclusion chromatography on a Superdex 75 column
(GE Healthcare) equilibrated in 10 mM HEPES-NaOH
(pH 7.5), 200 mM NaCl and 2 mM DTT. All proteins were
stored at —80°C after flash freezing in liquid nitrogen.

The C-terminally GB1-tagged peptides used in the ITC
measurements were purified as described above with the fol-
lowing changes. After cleavage of the MBP tag by HRV 3C
protease, the proteins were diluted to obtain a buffer con-
taining 20 mM HEPES-NaOH (pH 7.5), 75 mM NaCl and
2 m DTT and subjected to anion exchange chromatogra-
phy on a HiTrap Q column (GE Healthcare) to remove the
cleaved MBP. The proteins were further purified by size ex-
clusion chromatography on a Superdex 75 column equili-
brated in 10 mM Na-phosphate (pH 7.5), 150 mM NaCl
and 2 mM DTT, followed by purification over amylose resin
to remove any remaining MBP.
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The MBP- and GB1-tagged Sc eIF4G, Sc Eaplp, Sc p20
and Ct elF4G fragments used in pulldown assays were ex-
pressed as described above.

The eIF4E proteins used in the ITC measurements and
pulldown assays were expressed with an N-terminal Hisg-
tag for Sc eIF4E and a C-terminal Hisg-tag for Ct eIF4E.
The cells were lysed in lysis buffer containing 25 mM imida-
zole. The cell lysates were applied to Ni’>*-charged HiTrap
IMAC HP column (GE Healthcare) and eluted with a gra-
dient of 25 to 500 mM imidazole. Cleavage of the Sc eIF4E
Hisg-tag with HRV 3C protease was performed overnight
while the proteins were dialyzing in 20 mM HEPES-NaOH
(pH 7.5), 300 mM NaCl and 2 mM DTT. After dilution to
20 mM HEPES-NaOH (pH 7.5), 100 mM NaCl and 2 mM
DTT, the proteins were further purified on a HiTrap Hep-
arin HP column (GE Healthcare). The Sc¢ eIF4E proteins
were subjected to a final purification on a Superdex 75 col-
umn (GE Healthcare) in 20 mM Na-phosphate (pH 7.5),
200 mM NaCl and 2 mM DTT.

Note that the removal of the N-terminal Hisq and MBP
tags by the HRV 3C protease cleavage results in proteins
containing a GPHM sequence motif at the N-terminus.

Crystallization

The purified eIF4E—IF4G complexes were subjected to
crystallization trials directly after purification. When indi-
cated, cap analog (m’GpppG; NEB) was added to the puri-
fied eIF4E—eIF4G complexes at a 1.05-1.20-fold molar ex-
cess prior to crystallization.

Crystals of Ct eIF4E (residues T35-V250 A183-202)-Ct
elF4G (residues Q954-D1030) complex at 19 mg/ml [592
pM; in HEPES-NaOH (pH 7.5), 200 mM NaCl and 2 mM
DTT]) were obtained after mixing 0.1 pl purified protein
complex with 0.1 w1 Morpheus 96-well screen condition E9
(Molecular Dimensions). Crystals grew within one day at
20°C using the sitting drop vapor diffusion method. Crys-
tals of Ct eIF4E (residues T35-V250 A183-202) in complex
with Ct elF4G (residues Q954-D1030) and m’ GpppG were
obtained using the sitting drop vapor diffusion method at
20°C. Crystals grew within one day after mixing 0.1 pl of
purified protein complex at 20 mg/mL (625 wM protein)
and 687 pwM cap analog [in 10 mM HEPES-NaOH (pH
7.5), 200 mM NaCl and 2 mM DTT] with 0.1 wl Morpheus
96-well screen condition D9 (Molecular Dimensions).

Crystals of Sc¢ elF4E (residues V35-L213 carrying
the K42A, K168A and K187A substitutions)-Sc Eaplp
(residues T91-G150) were obtained using the sitting drop
vapor diffusion method at 20°C. The crystals grew within
four days after mixing 0.2 pl purified protein complex at
18 mg/ml [in 10 mM HEPES-NaOH (pH 7.5), 200 mM
NaCl and 2 mM DTT] with 0.2 pl reservoir solution [0.1
M HEPES-NaOH (pH 7.5), 30% (w/v) Jeffamine ED-
2001]. Crystals of Sc¢ elF4E (residues T25-L213 carry-
ing the K42A, K122A, K168A and K187A substitutions)
bound to Sc Eaplp (residues T91-G150) and m’GpppG
were obtained using the sitting drop vapor diffusion method
at 20°C. Crystals grew within 4 days after mixing 0.2 .l pu-
rified protein complex at 18 mg/mL (610 wM protein) and
730 wM cap analog [in 10 mM HEPES-NaOH (pH 7.5),
200 mM NaCl and I mM TCEP] with 0.2 wl reservoir solu-
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tion [0.1 M MIB (sodium malonate:imidazole:boric acid in
molar ratio of 2:3:3) buffer (pH 7.0), 21% (w/v) PEG 1500].

Crystals of Sc elF4E (residues V35-L213 carrying the
K42A, K168A and K187A substitutions) in complex with
p20 (residues M 1-H49) were obtained using sitting drop va-
por diffusion at 20°C. Crystals grew within three days after
mixing 0.2 wl purified protein complex at 23 mg/ml [850
M protein in 10 mM HEPES-NaOH (pH 7.5), 200 mM
NaCl] with 0.2 pl reservoir solution containing 0.1 M Na-
acetate (pH 5.0), 13% (w/v) PEG 6000, 10 mM ZnCl,.

All crystals were briefly transferred into mother liquor
supplemented with 18-20% (v/v) glycerol for cryoprotec-
tion and then flash cooled in liquid nitrogen.

Data collection

The diffraction data for the Cr eIF4E—eIF4G and Sc
elF4E-Eaplp complexes were collected at 1.0000 A wave-
length at 100 K and on a PILATUS 6M detector (Dec-
tris) at the PXII beamline of the Swiss Light Source (Vil-
ligen, Switzerland). The diffraction data for the Sc eIF4E—
p20 complex bound to cap analog were recorded at a wave-
length of 1.0332 A at 100 K on a PILATUS 6M detector
at the P11 beamline of PETRA III, Deutsches Elektronen-
Synchrotron (DESY) (Hamburg, Germany).

Structure determination

Diffraction data were processed using XDS (32) and scaled
using AIMLESS as part of the CCP4 package (33-35).
The phases were obtained by molecular replacement us-
ing PHASER (36). In the case of the Ct elF4E—elF4G
complex bound to cap analog, the human elF4E structure
[PDB ID: 4TPW (37), chain B] was used as a search model.
For the remaining elF4E complexes, Ct eIF4E of the fi-
nal model of Ct elF4E-elF4G—cap complex was used as
a search model. The molecular replacement solutions were
used to rebuild the initial models of all complexes using
ARP/wARP (38) for the Ct eIF4E—elF4G complexes, the
Sc elF4E-Eaplp-cap analog complex and the Sc eI[F4E-
p20—cap analog complex or the PHENIX AutoBuild wizard
(39) in the case of the Sc eIF4E-Eaplp complex.

To complete and improve the initial models, iterative cy-
cles of model building were performed using COOT (40).
Refinement was performed using PHENIX (41). Friedel re-
flection pairs were kept separate during the refinement of
the Sc eIF4E—p20—cap analog complex as the bound Zn>*
ions contributed a significant anomalous signal. Ligand re-
straints for the refinement were generated using GRADE
(42) and PHENIX ReadySet in the case of the metal ions. In
the case of the Ct eIF4E—eIF4G complex and the Sc eIF4E—
Eaplp complex bound to cap analog, all atoms other than
water were refined with anisotropic individual B-factors. In
all the other structures, translation/libration/screw (TLS)
parameters were refined for the peptide chains in addition to
the individual isotropic B-factors. The unmodified guano-
sine base of the m’GpppG cap analog used in the crys-
tallization condition was not visible in the electron density
map. Therefore, the cap analog was modeled as m’GTP.

The final model of the Ct eIF4E—eIF4G complex com-
prises one elF4E-eIF4G complex and 230 water molecules
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in the asymmetric unit. eIF4E residues S241-A246 are miss-
ing in the model. The final model of the Ct eIF4E—IF4G
complex bound to cap analog comprises one elF4E—<eIF4G
complex, one m’GTP and 134 water molecules in the asym-
metric unit. eIF4E residues G240-R247 are missing in the
model.

The final model of the Sc eIF4E-Eap1p complex consists
of two elF4E-Eaplp complexes, one calcium ion (Ca’*)
and 218 water molecules in the asymmetric unit. eIF4E
residues A202-H206 (chain A) and A202-N203 (chain C)
are missing in the model. The final model of the Sc eIF4E-
Eaplp complex bound to cap analog comprises two e[F4E—
Eaplp complexes, two m’GTP, six glycerol and 517 water
molecules in the asymmetric unit. The following residues
are missing in the model: eIF4E A31-D34 and S201-P207
(chain A), eIF4E D29-H32 and S201-P207 (chain C),
Eaplp S120-E127 and R147-G150 (chain D).

The final model of the Sc eIF4E—p20 complex consists of
one elF4E—p20 complex, two zinc ions (Zn>*) with one at
50% occupancy, three glycerol and 210 water molecules in
the asymmetric unit. The following residues are missing in
the model: eIF4E W104-D106 and D145-S147 (chain A),
and p20 S15-L16 as well as N46-H49 (chain B).

Stereochemical properties for all structures were verified
using MOLPROBITY (43), and the structural images were
prepared using PyMOL (http://www.pymol.org).

Isothermal titration calorimetry

The ITC experiments were performed using a VP-ITC mi-
crocalorimeter (Microcal) at 20°C. All proteins were dia-
lyzed into a buffer containing 20 mM Na-phosphate (pH
7.5) and 150 mM NaCl. A solution of Sc¢ eIF4E (residues
T25-L213 or V35-L213; WT or II-AA mutant) 3-11 wM in
the calorimetric cell was titrated with tenfold-concentrated
solutions of GB1-stabilized fragments of Sc eIF4G (70-100
wM), Sc p20 (100 wM), or Sc Eaplp (30-110 wM). Each
titration experiment consisted of a first injection of 2 pl fol-
lowed by 28 injections of 10 wl at 240 s intervals. At least
three independent experiments were performed. The col-
lected data were analyzed using ORIGIN software 7.0 (Mi-
crocal). Correction for the heat of dilution and mixing was
achieved by subtracting the final baseline, which consisted
of small peaks of similar size. To better estimate the heat
of dilution and mixing for the titrations of ligands with an
affinity of >1 wM, GBI-stabilized fragments were titrated
into the buffer whilst the buffer was titrated into the cell
containing the corresponding concentration of Sc elF4E
(44). The per-injection averaged sum of both control titra-
tions was subtracted from the eIF4E-ligand thermograms.
The first data point was removed from the analysis (45).
The thermodynamic parameters were estimated by fitting a
single-site binding isotherm yielding the equilibrium asso-
ciation constant (K,) and enthalpy of binding (A H). Repre-
sentative thermograms are shown in Supplementary Figure
Se.

In vitro pulldown assays

Pulldown assays were performed as described previously
(5,10). In the pulldown assays shown in Figures 1, 3 and

6, bacterial lysates expressing recombinant eIF4E or pu-
rified eIF4E (2 pM; 50 pg) were incubated with Ni-NTA
beads for 30 min. The immobilized eIF4E was then incu-
bated for 30 min with bacterial lysates expressing recombi-
nant elF4G, p20 and Eaplp fragments tagged N-terminally
with MBP and C-terminally with GB1. Proteins bound to
elF4E were eluted with imidazole and analyzed by SDS-
PAGE followed by Coomassie staining.

Sequence analysis

elF4E, p20, Eaplp and elF4G sequences were aligned us-
ing MAFFT or MUSCLE as accessible in Jalview (46).
Seq2Logo was used to generate the sequence logo for the
non-canonical motif of Eaplp (47). The sequence similar-
ity of the eIF4E-binding region of Ct eIF4E (Q954-D1030)
and Sc eIF4E (T408-N500) was calculated using the BLO-
SUMG62 matrix as implemented in EMBOSS Water (48).

Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) data for the Sc eIF4E—
elF4G—cap complex (Sc elF4E residues T25-L213 and Sc
elF4G residues T408-G485) was collected on the SWING
beamline at SOLEIL synchrotron (Saint-Aubin, France).
Cap analog m’GpppG was added in 1.20-fold molar ex-
cess to the elF4E-elF4G complex. The complex (50 pl at
8 mg/ml) in the presence of the excess of m’GpppG was in-
jected on an online HPLC system (Agilent) equipped with a
Superdex 200 Increase 5/150 GL column (GE Healthcare)
equilibrated in 10 mM HEPES-NaOH (pH 7.5), 200 mM
NaCl and 5 mM DTT (sample flow rate of 0.3 ml min~!).
The scattering data were recorded at 1.5 s exposures on
Aviex CCD detector at 291 K, at a wavelength of 1.0332
A and sample-to-detector distance of 1800 mm. Data re-
duction to absolute units, averaging of frames and subtrac-
tion of buffer was performed using FOXTROT (Xenocs,
France). Calculation of theoretical SAXS profiles based on
atomic models and comparisons with experimental SAXS
data were performed using the FoXS server (49) as imple-
mented in CHIMERA (50). Missing loops and terminal
residues of the atomic models were modeled using MOD-
ELLER (51) version 9.15 interface in CHIMERA. An en-
semble of five models per polypeptide chain was used. For
the Sc elF4E-elF4G—cap model based on the NMR solu-
tion structure (PDB ID: 1RF8) (15), the boundaries of the
polypeptide chains in the coordinates of the model were
adjusted to match those in the reconstituted Sc¢ elF4E-
elF4G complex (Supplementary Table S1). The homology
model of Sc¢ elF4E-eIF4G—cap complex based on the crys-
tal structure of the Ct eIF4E—elF4G—cap complex was also
generated using MODELLER.

RESULTS

The lateral surface of eIF4E contributes to elF4G and 4E-
BPs binding in fungi

Comparative sequence analysis of the eIF4E proteins across
eukaryotes shows that several residues comprising the lat-
eral hydrophobic surface of eIF4E are conserved (Supple-
mentary Figure S1A, B). Furthermore, the eIF4E-binding
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Figure 1. Sc and Cr elF4G interact with the lateral surface of e[F4E. (A) Schematic representation of Sc and Ct eIF4E proteins. The eIF4E N-terminal
truncations (N-term) used in this study are indicated by dashed lines. The C-terminal conserved folded domain of eIF4E is highlighted in dark gray. (B)
Schematic representation of the eIF4E-binding regions of Sc¢ p20, Eaplp, eIF4G and Ct eIF4G proteins. The N-terminal region (N), the canonical (C)
and non-canonical (NC) elF4E-binding motifs, and the connecting linker (L) are indicated. Secondary structural elements are shown below the protein
outline. (C, D) The interaction of N-terminally MBP-tagged and C-terminally GB1-tagged elF4E-binding regions of Sc eIF4G (C) (residues T408-N500,
C+L+NC) or Ct elF4G (D) (residues Q954-S1033, N+C+L+NC or R996-S1033, C+L+NC), with the respective Hisg-tagged eIF4E protein [wild-type
(WT) or lateral surface mutant (II-AA)] were analyzed in vitro using pulldown assays. Sc Hisg-eIF4E A24 or Ct eIF4E A34-Hisg were used in the pulldown
assays. Lanes labeled SM (starting material) show lysates (panel C: 1.5% for the MBP-tagged proteins; panel D: 3% for the Ct eIF4E proteins and 0.5% for
MBP-tagged proteins) and purified proteins (panel C: 11% for Sc eIF4E) used in the pulldown assays. Bound fractions (16%) were analyzed by SDS-PAGE
and Coomassie blue staining. MBP served as negative control. (E, F) Binding of purified Sc Hisg-eIF4E A24 (wild-type or lateral surface mutant II-AA) to
the indicated N-terminally MBP-tagged and C-terminally GB1-tagged fragments of Sc p20 (E) (residues M1-H49, C+L+NC) or Sc Eaplp (F) (residues
K80-G150, N+C+L+NC or residues D101-G150, C+L+NC) was analyzed in vitro using Ni-NTA pulldown assays. The starting material (11% for eIF4E
proteins and 1.5% or 3% for MBP-tagged proteins in panel E and F, respectively) and bound fractions (16% in panel E and 13% in panel F) were analyzed
asin (C, D).
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region of the Sc¢ eIF4G contains a putative non-canonical
motif enriched in hydrophobic and aromatic residues (Sup-
plementary Figure S2A, B). Sequence analysis allowed us
to identify putative non-canonical motifs in the two known
Sc 4E-BPs, p20 and Eaplp (Supplementary Figure S3A—
C). This suggests that the lateral surface of eIF4E, as well
as the non-canonical motifs of the eIF4E-binding proteins
that typically bind to this lateral surface, are under evolu-
tionary selection pressure across eukaryotes. However, the
analysis of sequence conservation, which suggests that the
fungi elF4E lateral surface may play a role, possibly by en-
gaging the eIF4G and 4E-BPs non-canonical motifs as was
shown in the metazoan complexes (5-7), is in sharp contrast
with the solution structure of the Sc eIF4E—eIF4G complex
in which the non-canonical region of Sc elF4G does not
contact the lateral surface of eIF4E but forms a part of a
bracelet-like structure around the N-terminal extension of
elF4E (15).

To address the question of the functional role of the
lateral surface of fungal eIF4E, we initially performed in
vitro pulldown assays using a truncated Sc el F4E that con-
tains the N-terminal extension required for eI[F4G binding
(eIF4E A24; Figure 1A) and an elF4E (II-AA) mutant in
which we had introduced mutations to disrupt binding at
the lateral surface (Supplementary Table S1). These eIF4E
proteins were tested for binding to protein fragments of Sc
elF4G, p20, and Eaplp that contained both the canoni-
cal and putative non-canonical motifs as well as adjacent
conserved sequences (Figure 1B; Supplementary Figures
S2A, B and S3A, B; Supplementary Table S1). Surprisingly,
we observed that the association of Sc eIF4G with Sc eIF4AE
was substantially weaker with the II-AA mutant (Figure
1C, lane 8 vs. 7), thus suggesting that the lateral surface
of eIF4E does contribute to the stability of the Sc eIF4E—
elF4G complex. To address the conservation of the lateral
binding to the eIF4E, we performed similar experiments
with the eIF4E and elF4G proteins from the filamentous
fungus Ct. However, the equivalent mutations in the lat-
eral surface of Ct eIF4E did not decrease Ct e[F4G binding
(Figure 1D; lanes 8 and 9). Rather, binding to the II-AA
mutant was only affected when, in addition, the eIF4G se-
quences N-terminal (N) to the canonical motif, which may
form a bracelet-like structure in Ct elF4G as observed for
Sc elF4G, were also deleted (Figure 1D; lanes 10 and 11).
This indicates that the eIF4E lateral surface contributes to-
wards el F4E interaction with eIF4G in Sc¢ and other fungi,
but its contribution may become apparent in some species
only when eIF4G binding to eIF4E is impaired by deletion
of the elF4G sequences N-terminal to the canonical motif.

Next, we tested whether the binding of the Sc¢ 4E-BPs,
p20 and Eaplp, was similarly sensitive to mutations in the
lateral surface of Sc eIF4E. Despite extensive efforts to sta-
bilize full-length p20 in solution following bacterial produc-
tion, we were unable to prevent nonspecific aggregation and
degradation and as both Eaplp and eIF4G are consider-
ably larger than p20 we did not attempt to produce these
proteins as intact, full-length polypeptides. Instead, we had
used protein fragments of Sc elF4G, p20 and Eaplp that
contained both the canonical and putative non-canonical
motifs as well as adjacent conserved sequences for evaluat-
ing their binding to the eIF4E proteins (Figure 1B; Supple-

mentary Figures S2A, B and S3A, B; Supplementary Table
S1). In contrast to the observations with the eIF4G, the lat-
eral surface mutations did not affect p20 binding to eIF4E
under the conditions of the pulldown assay (Figure 1E).
This result suggests that the binding mode of p20 to eIF4E
is either substantially different from that of eIF4G or that
the canonical motif and the non-canonical binding elements
contribute differently toward the affinity of the interaction
with eIF4E.

The Eaplp fragment (K80-G150) also pulled down the
wild-type el F4E and the II-A A mutant with equal efficiency
(Figure 1F, lanes 8 and 9), thus suggesting that Eaplp, like
p20, does not form crucial stabilizing contacts to the eI[F4E
lateral surface. Strikingly, however, the deletion of Eaplp
residues N-terminal to the canonical motif rendered this
shortened Eaplp fragment (D101-G150) sensitive to mu-
tations in the lateral surface of eIF4E (Figure 1F, lanes 10
and 11). The first important implication of these results is
that the lateral surface of the eIF4E participates in interac-
tions with elF4G and 4E-BPs and, secondly, that the Eaplp
sequences N-terminal to the canonical motif (K80-M100,
Figure 1B), contribute to the interaction with eIF4E. How-
ever, these sequences are not present in the p20 orthologs,
because the canonical motif is at the protein N-terminus,
suggesting that the interaction modes may have diverged be-
tween the two yeast 4E-BPs.

Structure of the fungal eIF4E—eIF4G complex reveals that
the bipartite binding mode is conserved in eukaryotes

To gain insight into the architecture and assembly of the
elF4E-eIF4G complex in fungi, we crystallized the Ct
elF4E in complex with the eI[F4E-binding region of the Ct
elF4G (residues Q954-D1030). The Ct eIF4E—eIF4G com-
plex was crystallized both in the absence and presence of
the m’GpppG cap analog, and the structures were refined
to 1.29 A and 1.50 A resolution, respectively (Figure 2 and
Supplementary Figure S4A; Table 1). The conformation of
Ct elF4G is essentially identical in complex with cap-bound
or cap-free eIF4E (Supplementary Figure S4A), consistent
with the notion that cap binding does not substantially af-
fect the eIF4E—eIF4G interaction (5,15,52).

The overall fold of Ct eIF4E is highly conserved and
consists of a strongly curved B-sheet of eight antiparallel
strands that adopt a horseshoe-like conformation (9,53).
The cap-binding cavity is located on the concave, ventral
surface. The convex surface is covered by three long a-
helices that form the dorsal binding surface of the pro-
tein (Supplementary Figure S4A). The structure of Ct
elF4E bound to cap analog superposes to the Drosophila
melanogaster (Dm) and human (Hs) eIF4Es bound to cap
analog (5) (Supplementary Figure S4B) with RMSDs of
0.57 A over 119 Ca atoms and 0.67 A over 113 Ca atoms,
respectively.

The most striking and unanticipated feature in the Ct
elF4E—eIF4G structure is that the eI[F4G peptide contacts
the lateral surface of eIF4E (Figure 2A) in a mode that
is structurally analogous to that observed for diverse 4E-
BPs and metazoan elF4Gs (5-7,54) but is in contrast to the
NMR solution structure of the Sc¢ eIF4E-eIF4G complex
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Figure 2. Structure of the Cr eIF4E-eIF4G complex. (A) Cartoon representation of the eIF4E-binding region of Ct eIF4G (dark red) in complex with
Ct elF4E (gray) shown as surface representation in three orientations. Selected secondary structure elements are labeled in black and red for eIF4E and
elF4G, respectively. (B) Close-up views of the molecular bracelet of Ct eIF4G bound to the N-terminus of Ct eIF4E. Selected interface residues are shown
as dark red sticks for eIF4G. elF4E is represented as a surface in two orientations with selected interface residues labelled in yellow. (C) Close-up view
of the molecular bracelet of Cr elF4G. eIF4E was omitted for clarity. Residues involved in intramolecular interactions are shown as sticks and hydrogen
bonds as dashed lines. (D) Close-up view of the binding mode of the canonical helix (3) of Ct eIF4G to the dorsal surface of eIF4E. Residues 34-44F
954-9904C and L1005*C have been omitted for clarity. Selected interface residues are shown as gray sticks for eIF4E and dark red sticks for eIF4G. (E)
Close-up view of the linker (L3) region connecting the canonical and non-canonical helices of Ct eIF4G. Dashed lines indicate hydrogen bonds and salt
bridges. (F) Close-up view of the Ct eIF4G non-canonical helix bound to the lateral hydrophobic pocket of eIF4E. Selected interface residues are shown

as gray sticks for eIF4E and dark red sticks for eIF4G.

(15) where the elF4G is not in contact with the lateral sur-
face of eIF4E (Supplementary Figure S4C).

In addition to the structural elements common to all
elF4E—eIF4G complexes, the Ct elF4E—eIF4G complex
exhibits some striking features that were not observed in
the crystal structures of the metazoan complexes. The N-
terminal segment of the Cr eIF4G includes two helices (al
and «2) that, together with the canonical helix «3, wrap
around the N-terminus of eIF4E forming a bracelet-like
structure (Figure 2A, B; Supplementary Figure S2A, B),
analogous to what was observed in the Sc eIF4E—-elF4G

complex (Supplementary Figure S4C). Due to the presence
of many contacts between the N-terminal regions of eIF4E
and elF4G, the Cr elF4E-€IF4G interface is thus much
more extensive than the metazoan interface (4200 A? ver-
sus 2900 and 3000 A% buried surface area for the Hs and
Dm complexes, respectively).

The N-terminal bracelet in elF4G substantially extends the
binding interface with eIF4E

The Ct elF4G N-terminal bracelet is stabilized in the com-
plex by an extensive network of inter- and intramolecular
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Table 1. Data collection and refinement statistics

Ct elF4E-elF4G

complex (cap-bound)

Ct elF4E-elF4G
complex (cap-free)

Sc elF4E-Eaplp

complex (cap-bound)

Sc elF4E-Eaplp
complex (cap-free)

Sc eIF4E-p20 complex

(cap-free)
C

Space group P212,2 P212,2 2 P212,2 2

Unit Cell .

Dimensions (A)

a, b, c 64.0,75.4,48.4 63.6,75.2,48.4 91.7,121.7, 62.4 87.6,95.1, 56.0 102.0, 62.8, 44.7

Angles (°)

o, B,y 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 132.0, 90.0 90.0, 90.0, 90.0 90.0, 107.0, 90.0

Data collection

Wavelength (A) 1.00000 1.00000 0.99996 0.99996 1.03320

Resolution (A) 48.76-1.50 40.71-1.29 46.32-1.35 48.26-1.92 48.78-1.75 (1.78-1.75)
(1.52-1.50)* (1.36-1.29) (1.37-1.35) (1.97-1.92)

Reym 0.074 (1.913) 0.048 (0.713) 0.045 (1.284) 0.105 (1.711) 0.114 (1.056)

Mean I/al 16.0 (1.2) 11.5(1.6) 16.6 (1.4) 17.5(1.6) 8.8(1.2)

CC(1/2) 0.999 (0.416) 0.999 (0.584) 0.999 (0.643) 0.999 (0.542) 0.994 (0.454)

Completeness (%) 99.6 (91.6) 93.9 (85.3) 98.1(92.6) 100.0 (99.9) 99.9 (99.9)

Multiplicity 12.7 (10.7) 3.1(3.0) 6.7 (6.6) 13.2(12.7) 4.2(4.1)

Total no. of 487 466 (18 589) 172 455 (21 476) 727 684 (33 379) 481 553 (30 566) 114 714 (6189)

reflections

No. of unique 38 537 (1742) 54 870 (7178) 108 809 (5058) 36 515 (24006) 27294 (1510)

reflections

Refinement

Resolution (A) 48.76-1.50 40.71-1.29 46.32-1.35 48.26-1.92 42.78-1.75

No. of reflections 38 394 54 840 108 796 36 466 52 161 [27 2947

Ryork/ Riree 0.170/0.206 0.163/0.201 0.138/0.168 0.174/0.207 0.182/0.217

No. atoms

Protein 2214 2239 3978 3885 1798

Cap analog 33 - 66 - -

Other ligands - - 36 1 8

Water 134 230 514 218 210

B-factors (Az)

Protein 38.1 23.5 28.7 45.2 27.8

Cap analog 75.8 - 36.1 - -

Other ligands - - 76.4 254 433

Water 40.7 32.8 39.7 422 40.2

Ramachandran Plot

Favored (%) 97.0 97.8 98.7 99.1 97.6

Disallowed (%) 0.0 0.0 0.0 0.0 0.0

RMS Deviation

Bond lengths (A) 0.022 0.008 0.012 0.010 0.020

Bond angles (°) 1.669 0.941 1.279 0.747 1.031

*Values shown in parentheses are for the highest-resolution shell.

#Friedel pairs were kept separate during refinement. Value in brackets shows number of non-anomalous reflections.

interactions (Figure 2B, C). The bracelet interior is lined
by several aromatic and hydrophobic residues located in
the connecting loops L1 (F9674C, Y976*G, 1980%C) and
L2 (F998%CG, Y1000*C), helix a1 (L962%C), the canonical
helix a3 (F1004*S and F1008%¢) and the linker region
(F1012%C). Ct elF4E contributes to the interaction with
F43*F, V45%F and K46*F, which face helix a1 and loop L1
of eIF4G, whereas V36*E, F374F and K40*E contact eIF4G
residues located in the canonical helix, loop L1, and the
linker region (loop L3). These predominantly hydrophobic
interactions are critically positioned to stabilize the whole
interface. The residue P48*F of the invariant HPL motif of
elF4E forms contacts with aromatic residues of loops L1
and L2, and the canonical motif and together with an ex-
tensive hydrogen bond network stabilizes the bracelet on the
dorsal surface of eIF4E (Figure 2C).

The binding of the elF4G canonical helix on the dorsal sur-
face of elF4E is conserved

The canonical helix a3 of Ct elF4G interacts with elF4E
through the conserved residues in the consensus sequence
in a similar manner as observed in other eIF4G and 4E-BPs
in complex with eIF4E (5,6,8,14,15) (Figure 2D). The Tyr
residue of the consensus canonical motif (Y 1000%C) forms a
hydrogen bond to the backbone of the invariant HPL motif
(H47-P48-L49) of Ct el F4E and van der Waals interactions
with V81E. The hydrophobic residues at the C-terminus
of the canonical motif (L® — L1005*C and L1006%C) are
in contact with the conserved residues (V814E, W85%F and
L146°F) on the dorsal surface of el F4E.

Our previous studies indicated that the canonical mo-
tifs of metazoan eIF4G and other 4E-BPs contain Arg/Lys
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residue at positions 2 and 9 of the canonical motif lead-
ing to an extended canonical consensus sequence (6)
[YX(R/K)X,L®X;,R/K; Figure 2D and Supplementary
Figure S2]. In the metazoan complexes, the R/K residues
contribute to the interaction with eIF4E, likely by prevent-
ing hydrophobic surface patches of eIF4E from being ex-
posed to solvent (5,6,14,54). However, the canonical motif
of Ct lacks R/K residues at position 2 and 9. Furthermore,
the R/K residues at position 2 of metazoan elF4G and
4E-BPs form a salt bridge with an acidic residue in eI[F4E
(6) (Dm D164, Hs E132*F), which is conserved in meta-
zoans but absent in fungal elF4Es (Supplementary Figure
S1A, B).

The conformation of eIF4G non-canonical motifs on the lat-
eral surface of eIF4E is preserved in fungal complexes

Adjacent to the canonical helix, the Ct elF4G linker
(N1010*S — D1019*C) adopts an extended conformation
that permits only few intramolecular interactions (one hy-
drogen bond is formed between T1013*C and E1014%C; Fig-
ure 2E). The linker is anchored to the lateral surface of
elF4E through intermolecular hydrogen bonds via the con-
served eIF4E N89*E, which interacts with the backbone car-
bonyls of Q1009*C and F1012*C and the neighboring N90*F
residue, which interacts with T1013%C and K1015%C. These
interactions conformationally restrict the linker region and
orient it towards the lateral surface of eIF4E.

At the C-terminal end of the linker region, the non-
canonical motif of Ct eIF4G binds into a hydrophobic
pocket on the lateral surface of eIF4E, which is lined by
residues F574F, V754 176%F 187%F and 191°F (Figure 2F).
A striking feature of the observed conformation of the Ct
elF4G is the formation of an a-helix (a4) on the lateral sur-
face of the eIF4E, which has been previously observed only
in the complex of Dm CUP and invertebrate Mextli proteins
bound to eIF4E (14,54). This Ct eIF4G non-canonical helix
engages the hydrophobic pocket of eIF4E through the side
chains of residues F1020%¢, V10244C, 1.10274C and 110284C
(Figure 2F).

The elF4E-binding regions of Ct and Sc¢ elF4G share
a sequence identity and a similarity of 27% and 43%, re-
spectively. Because we were not able to confirm whether the
bipartite binding mode observed in the Ct eIF4E—eIF4G
complex is representative of the conformation in the Sc
complex, which did not crystallize, we employed small an-
gle X-ray scattering (SAXS) to study the conformation of
the Sc eIF4E-eIF4G complex in solution. The experimen-
tal SAXS profile of the Sc eIF4E—eIF4G complex was in ex-
cellent agreement with the scattering profile calculated from
a homology model of Sc eIF4E-eIF4G based on the Ct
elF4E—IF4G crystal structure (x poxs = 2.0; Supplemen-
tary Figure S4D, E). However, the fit to a homology model
based on the Sc eIF4E—eIF4G solution NMR structure (15)
was convincingly worse (X poxs = 5.0; Supplementary Fig-
ure S4D, F). Thus, the SAXS data indicate that, in solution,
the Sc elF4E—elF4G complex likely adopts a conformation
very similar to that observed in the crystal structure of the
Ct elF4AE—eIF4G complex. This is consistent with the re-
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sults of the pulldown assays, which demonstrate that the lat-
eral surface of eIF4E does contribute to the stability of the
Sc elF4E—elF4G complex. We therefore propose that the Ct
complex may be considered representative of ascomycetous
fungi, which include Sc.

The N-terminal extension of eIF4E contributes to the stabil-
ity of the complex with eIF4G in yeast

Previous reports highlighted the importance of the N-
terminal extension of Sc eIF4E for the interaction with
elF4G, whereby deleting the first 35 N-terminal elF4E
residues reduced the binding affinity for the eIF4G by two
orders of magnitude (15). Accordingly, we have also ob-
served a pronounced decrease in binding of the Sc¢ eIF4G to
an equivalent deletion mutant of the Sc eIF4E (A34) com-
pared to the Sc eIF4E A24 deletion mutant, which still in-
cludes the residues that stabilize the e[F4G bracelet (Figure
3A). In contrast, however, we observed that the equivalent
deletions in the Ct eIF4E did not detectably reduce its inter-
action with the Ct eIF4G (Figure 3B). This observation im-
plies that the Cz eIF4G may be less sensitive to the deletion
of the N-terminal residues in the eIF4E under the condi-
tions of the pulldown assay. One explanation for this is that
other binding elements form interactions of sufficiently high
affinity to compensate for the loss of the N-terminal inter-
face. It is tempting to speculate that such apparent redun-
dancy in stabilizing interfaces may be physiologically rele-
vant to efficiently support translation in thermophilic or-
ganisms.

Structures of Sc 4E-BPs bound to eIF4E reveal differences in
binding mode

We crystallized the eIF4E-binding regions of Sc¢ p20 (M1-
H49) and Sc Eaplp (T91-G150) in complex with Sc eIF4E
and refined the structures to 1.75 A and 1.35 A resolu-
tion, respectively (Figure 4A, B; Table 1). As the wild-type
Sc p20— and Eaplp—cIF4E complexes did not crystallize,
we employed combinatorial substitutions of surface lysines
to alanines in the Sc¢ eIF4E (Supplementary Figure SSH).
Analogous to the Ct eIF4E—eIF4G complex, the presence
of the cap analog does not influence the conformation of
the Sc Eaplp, which was co-crystallized with eIF4E in cap-
bound and cap-free states (Supplementary Figure SSF, G;
Table 1). The overall architecture of the complexes reveals
that the Sc p20 and Eaplp are similar to the Ct eIF4G in
that they also contain both canonical and non-canonical
motifs binding to the dorsal and lateral surfaces of eIF4E,
respectively. Intriguingly, however, neither 4E-BP interacts
with the N-terminal extension of eIF4E.

Sc p20 and Eaplp display very similar interaction modes
of their canonical motifs with the dorsal surface of the
elF4E (Figure 4C, D) analogous to those previously re-
ported for canonical peptides in complex with elF4E
(5,6,8,12-15,55). A critical difference between the binding
modes of the two yeast 4E-BPs, however, is the presence of
an N-terminal auxiliary extension in Eaplp, which is absent
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Figure 3. Contribution of the N-terminal extension of fungal eIF4Es to eIF4G binding. (A, B) Ni-NTA pulldown assays were used to probe the binding
of N-terminally truncated eIF4E to eIF4G from Sc or Ct. Starting material shows purified proteins (Sc e[F4E) or lysates (all others) (panel A: 1% in lane
1, 2 and 4 and 2% in lane 3; panel B: 0.05% for all) and bound fractions (panel A: 15% for lanes 5, 6 and 30% for lane 7; panel B: 16%) were analyzed by
SDS-PAGE and Coomassie blue staining. Strep-Hisg-NusA (SHN) served as negative control.

A scp20

C helix

Sc elFAE

C Sc p20 canonical helix

Figure 4. Structure of Sc 4E-BPs bound to eIF4E. (A) Cartoon representation of the e[F4E-binding region of Sc p20 (fuchsia) in complex with Sc eIF4E
(gray) shown as a surface in three orientations. Selected secondary structure elements are labeled in black and fuchsia for eIF4E and p20, respectively.
(B) Cartoon representation of the eIF4E-binding region of Sc Eaplp (green) in complex with cap-bound Sc eIF4E (gray) shown as a surface in three
orientations. The bound m’GTP cap analog is shown as sticks. (C, D) Close-up view of the canonical helix of S¢ p20 (C) and Eaplp (C) bound to the
dorsal surface of Sc eIF4E. Selected residues are shown as sticks, and secondary structure elements are labeled and colored as in panels A and B. Dashed
lines indicate hydrogen bonds.
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in p20. This N-terminal extension forms extensive interac-
tions with eIF4E that are unique to this complex and have
not been observed in any reported structures of eIF4E com-
plexes with partners (Figure 5A, B). This extension folds
into an elongated ‘hairpin’-like conformation on the dor-
sal surface of eIF4E and significantly increases the buried
surface area of the eIF4E-Eaplp interface (2800 A? versus
3900 A?). Key stabilizing contacts are formed by the con-
served K1055%1P at the turn of the ‘hairpin’ that forms salt
bridges to E140*E and D143*F as well as a hydrogen bond to
the backbone carbonyl of E144*F (Figure 5A; Supplemen-
tary Figure S3B). At the very N-terminal end, the Eaplp
‘hairpin’ is anchored to the dorsal surface of eIF4E by a
salt bridge formed between D92F#'P and R132%F (Figure
5B).

The linker regions of the yeast 4E-BPs are flexible indicating
mechanistic differences with human 4E-BP1-3

As observed for the Ct eIF4G, the non-canonical motifs of
both Sc 4E-BPs fold into an amphipathic a-helix that binds
to the lateral surface of eIF4E (Figure 5C). In p20, the non-
canonical a2 helix establishes hydrophobic as well as polar
interactions and spans over the complete lateral surface of
elF4E. A triad of invariant hydrophobic residues on this
long helix (F27P20, 131720, V34P%0) acts like a ‘zipper’ and
mediates the key stabilizing contacts with elF4E (Figure
5C). In contrast to the exclusively hydrophobic interactions
mediated by the non-canonical helix of the Ct eIF4G, p20
participates in a number of polar contacts with eIF4E (Fig-
ure 5D). Specifically, R28°?° and K35P%° anchor the non-
canonical helix via a salt bridge and a hydrogen bond to
E86*E. The side chain of the conserved Q38P% tethers the
C-terminal end of the helix to the lateral surface via a hy-
drogen bond to the backbone of L89*E.

The non-canonical a2 helix of Eaplp is notably shorter
than in p20, and its principally hydrophobic contacts with
the upper region of the lateral surface of eIF4E are less
extensive, consistent with the lack of sequence conserva-
tion in the non-canonical motifs (Figure SE; Supplementary
Figure S3B). However, the FWRL motif (residues F144—
L147), which is C-terminal to the non-canonical helix and
highly conserved in Eaplp orthologs (Supplementary Fig-
ure S3C), provides critically stabilizing contacts, as evi-
denced by the Eaplp W145 residue, which is at the cen-
ter of extensive T-shaped m-m-stacking that also involves
F144Far1p a5 well as Y474F and Y93*F (Figure 5F). The non-
canonical motif of Eaplp is anchored at the lateral surface
of eIF4E via a salt bridge involving the guanidinium group
of a highly conserved R 146F2P'P and the carboxylate moiety
of E56%F.

The canonical and non-canonical helical segments in p20
and Eaplp are connected by flexible linkers, which begin
with a Lys residue at position 9 of the extended canonical
motif (K13P%, K118F2!P; Figure 4C, D). Apart from a hy-
drophobic contact between the aliphatic portion of the Lys
and the invariant W75, there are no contacts between the
p20 or Eaplp linkers and the dorsal surface of Sc ¢IF4E,
and the linker conformation is not restricted (Supplemen-
tary Figure S5A). In the eIF4E-p20 crystal structure this
apparent flexibility is evidenced by the in part very poor
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electron density of the p20 linker region, whereas in the
Eaplp the linker does not engage eIF4E with any specific in-
teractions (Supplementary Figure S5B). The structural su-
perposition of all eIF4E-Eaplp complexes present in the
asymmetric unit of the crystal structures further confirms
that the linker is conformationally variable (Supplementary
Figure S5C). This is in contrast to previous observations in
the metazoan 4E-BP1 where the somewhat rigid linker may
contribute in conferring a competitive advantage on 4E-BPs
over elF4G for binding to eIF4E via possible restriction of
conformational freedom (5,6).

The canonical and non-canonical motifs in 4E-BPs and
elF4G contribute differently to the affinity for eIF4E

Initially, we tested the interaction of the minimal elF4E-
binding regions of p20 containing all binding elements [p20:
C+L+NC (M1-H49); Eaplp: N+C+L+NC (K80-G150)],
or truncated versions of these proteins with eIF4E in pull-
down assays (Figure 6). Both p20 and Eaplp fragments
bound to eIF4E. However, the contributions of the differ-
ent binding elements (N, C and L+NC sequences) to the
interaction with eIF4E was strikingly different among the
4E-BPs. In p20, the isolated canonical motif (C) alone ef-
ficiently associated with eI[F4E, whereas the non-canonical
sequences (L+NC) in isolation did not bind eIF4E (Figure
6A). In contrast, the isolated L+NC sequences of Eaplp
exhibited a weak interaction with eIF4E and the canon-
ical motif was necessary for strong binding (Figure 6B).
The auxiliary segment located N-terminally to the canon-
ical motif in Eaplp was important for the interaction with
elF4E as the N+C fragment was sufficient for binding to
elF4E, which underscores the stabilizing role of the N-
terminal sequences observed in the structure of the e[F4E-
Eaplp complex. In contrast, the peptide containing only the
canonical motif did not bind to eIF4E (Figure 6B, lanes 11
versus 12).

We then examined the thermodynamic contribution of
the individual eIF4E-binding elements to the overall affin-
ity of p20 and Eaplp for eIF4E using isothermal calorime-
try (ITC; Supplementary Table S2; Supplementary Figure
S6). We were unable to determine the affinity of the com-
plete eIF4E-binding regions of both 4E-BPs, as the proteins
were unstable in solution when not in complex with eIF4E.
Nevertheless, the isolated canonical motif of p20 bound to
elF4E with high nanomolar affinity (Kp = 20 £+ 1 nM).
In contrast, however, the affinity of the canonical motif of
Eaplp for eIF4E was more than two orders of magnitude
lower (Kp = 3400 £+ 300 nM) and comparable to that ob-
served for the canonical motif of the Sc eIF4G (Kp = 2000
+ 1000 nM; Supplementary Table S2). Interestingly, bind-
ing of the p20 and Eaplp canonical motifs to eI[F4E was
clearly driven by their enthalpic contribution and involved
a higher entropic penalty of binding compared to the cor-
responding motif in eIF4G, which showed both a favorable
enthalpic and entropic contribution to binding.

The pronounced difference in affinities of the canonical
motifs of p20 and Eaplp despite very similar structures in
complex with the eIF4E prompted us to probe the molec-
ular basis of this difference. To this end, we replaced two
groups of residues in or next to the canonical helix of Eaplp
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A Sc Eap1p N-terminal loop

B Sc Eap1p N-terminus

Figure 5. Molecular details of the binding surfaces in the yeast eIF4E-4E-BP complexes. (A, B) Close-up views of the N-terminal extension of Sc¢ Eaplp
bound to eIF4E helices a2 and a3 (A) or to an acidic patch in helix a3 (B) of the dorsal surface of eIF4E. Dashed lines indicate hydrogen bonds or salt
bridges. Selected residues are shown as sticks and colored in black and green for eIF4E and Eaplp, respectively. (C, D) Close-up views of the non-canonical
helix of Sc p20 establishing hydrophobic contacts (C) and polar interactions (D) at the lateral surface of eIF4E. Selected residues are shown as sticks and
colored in black and fuchsia for eIF4E and p20, respectively. (E, F) Close-up views of the non-canonical motif of S¢ Eaplp contacting the upper (E) or
the lower part (panel F; the FWRL motif) of the lateral surface of elF4E. Residues 145-150 of Sc¢ Eaplp have been omitted for clarity in panel E.

with their direct p20 equivalents (Supplementary Figure
S5D, E). Separately exchanging three residues directly N-
terminal to the canonical helix or four residues in the canon-
ical helix increased the affinity of each resulting peptide
(Eaplp C YAS* or p20 helix) by 16-fold (Supplementary
Table S2). These results are consistent with the notion that
p20 achieves high affinity interaction with the eIF4E via
several interaction ‘hot spots’ in the canonical helix and the
N-terminal flanking sequence.

Interestingly, in the presence of the N-terminal binding
element (residues K80-A122; N+C peptide), the affinity
of the Eaplp peptide is comparable to that of the canon-
ical motif of p20 (Kp = 8 + 4 nM). The enhanced bind-
ing affinity is accompanied by a favorable change in the
binding enthalpy (AAH = —5.3 kcal/mol) and by an in-
crease in the entropic penalty of binding [A(-TAS) = 1.7
kcal/mol] compared to the isolated canonical motif of
Eaplp. These changes in binding energetics may be indica-
tive of a disorder-to-order transition of the N-terminal se-
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Figure 6. Contribution of individual elements of yeast 4E-BPs to eIF4E binding. (A, B) Ni-NTA pulldown assay showing the binding of Sc¢ Hisg-eIF4E
A24 with the indicated MBP-tagged fragments of Sc p20 (panel A) or Sc Eaplp (panel B). The starting material (SM) shows the lysates (panel A: 1% for
Hisg-eIF4E and 1.5% for MBP-tagged proteins; panel B: 1% for Hisg-eIF4E and 0.5% for MBP-tagged proteins). The bound fractions (16% in panel A

and 26% in panel B) were analyzed as described in Figure 1.

quences of the Eaplp upon binding to eIF4E, as evidenced
by the folding of this segment into a ‘hairpin’-like confor-
mation on the surface of eIF4E. The affinity of an Eaplp
fragment lacking the eleven N-terminal residues of the ex-
tension (T91-A122; N0t tC), as observed in the crys-
tal structure, is comparable to that of the longer Eaplp
(residues K80-A122; Kp = 12.9 + 0.9 nM). This indicates
that the structurally characterized fragment of Eap1p is nec-
essary and sufficient for binding to the eIF4E. Consistent
with the structure of the complex in which Eaplp does not
participate in any interactions with the N-terminal exten-
sion of eIF4E, the deletion of the N-terminal residues in
the eIF4E (A34) did not impact on the affinity of the inter-
action with Eaplp (T91-A122; Kp = 8.8 & 0.5 nM).

The non-canonical sequences (L+NC) of Eaplp also
contribute to the energetics of the interaction with elF4E.
In fact, the affinity of the Eaplp L+NC fragment (residues
S123-G150) for eIF4E (Kp = 1000 £ 100 nM) was compa-
rable to that of the isolated canonical (C) motif and required
a functional lateral surface of eIF4E, as binding to the II-
AA mutant was not detected by ITC. Similarly, the affinity
of a bipartite fragment of Sc eIF4G (residues V448-N500;
C+L+NC) for elF4E (Kp = 70 + 3 nM) was strongly re-
duced upon II-AA mutation of the lateral surface (Kp =
1020 £ 90 nM), to an affinity comparable to that of the iso-
lated canonical motif (Kp = 2000 &+ 1000 nM).

Overall, the thermodynamic data support a model in
which the individual binding elements of p20 and Eaplp
make different contributions to the overall affinity of these
proteins toward eIF4E. The canonical motif of p20 makes
by far the most critical contribution towards the stability of
the complex as evidenced by its high affinity, whereas Eaplp
exhibits a more complex binding mode in which several
binding elements (N, C and L+NC) contribute to achieve
high affinity binding to eIF4E.

DISCUSSION

Binding to the eIF4E lateral surface is conserved in eukary-
otic eIF4G proteins

Previous studies raised the question of whether the binding
mode of elF4G to elF4E diverged during evolution. The
elF4E-binding mode observed in the structures of the fun-
gal complexes in this study contrasts strikingly with an early
NMR structure of the Sc el F4E-eIF4G complex (15) where
it was observed that the non-canonical motif does not con-
tact the lateral surface of eIF4E. The differences in the ob-
served conformations of the e[F4G may be explained by
the use of CHAPS, a zwitterionic detergent, in the NMR
structure determination (15). The use of this detergent may
have affected the hydrophobic contacts at the lateral surface
of the eIF4E as was previously shown (9). We propose that
the binding interface delineated by the canonical and non-
canonical motifs of eIF4G, which contact the dorsal and
lateral surfaces of eIF4E, as observed in the fungal and the
metazoan elF4E—IF4G and eIF4E-4E-BPs, and recently
also plant eIF4E—-eIF4G complexes (5-7,14,55) is the phys-
iologically relevant state required for the initiation of cap-
dependent translation and that it is conserved among eu-
karyotic eIF4G proteins.

Comparative analysis of sequence conservation of the
elF4E-binding region of eIF4G proteins from multiple fun-
gal phyla suggests that the non-canonical motif is present
in all eIF4Gs but the precise sequence composition is
not conserved (Supplementary Figure S2A, B). In fact,
the sequence of the non-canonical motifs of Sc¢ and Ct
elF4G (Ascomycetes) diverges from the analogous se-
quence of eIF4G proteins present in Basidiomycetes (Usti-
lago, Sporisorium, Kalmanozyma, Wallemia, Thanatepho-
rus, Pseudozyma) or Glomeromycetes (Rhizophagus), which
appear to be more similar to their metazoan counterparts
(Supplementary Figure S2B). In addition to the apparent
similarity to the metazoan eI[F4G non-canonical motifs, the
Basidiomycetes and Glomeromycetes non-canonical motifs
lack helical propensity, suggesting that in these species the
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non-canonical motif will not adopt a helical conformation
as observed in the Ct eIF4E—eIF4G complex.

A conserved molecular bracelet of eIF4G is a fungal-specific
adaptation that enhances binding to eIF4E

A striking feature of the Sc and Ct eIF4E-binding region
is their requirement for sequences N-terminal to the canon-
ical motif to stabilize the interaction with the dorsal sur-
face of eIF4E and to achieve high affinity binding (Figure
2 and Supplementary Figure S2A, B). These N-terminal
sequences are involved in forming a bracelet-like structure
that appears to be a unique feature of fungal eIF4G proteins
from Ascomycota (Supplementary Figure S2B). The molec-
ular bracelet binds to eIF4E via an extensive network of
inter- and intramolecular interactions (15) (Figure 2B, C).
Interestingly, several of these interactions are established
with residues that only occur in the N-terminus of certain
fungal eIF4Es (Supplementary Figure S1B), thereby ratio-
nalizing the conservation of this specific mode of interac-
tion in these fungal eIF4E-eIF4G complexes. Comparing
orthologs from metazoa and fungi of distinct phyla, the N-
terminus of eIF4E proteins varies in length and sequence
and these adaptations may have co-evolved with the con-
comitant loss of the stabilizing bracelet-like structure in
elF4G.

Yeast 4E-BPs variably utilize their binding elements to mod-
ulate affinity toward elF4E

Our work also reveals the molecular architecture of the
yeast 4E-BPs p20 and Eaplp bound to eIF4E (Figure 4). We
show that, like eIF4G, these proteins interact with eIF4E
using a bipartite binding mode contacting eIF4E dorsal and
lateral surfaces to establish an extended interface. However,
in contrast to yeast and Ct elF4G, p20 and Eaplp do not
form molecular bracelet-like structures. In p20, a bracelet
structure is not possible because the canonical motif is po-
sitioned very close to the N-terminus. Thus, p20 displays
a minimal elF4E-binding region, which comprises two he-
lical motifs (canonical and non-canonical) connected by a
flexible linker. Interestingly, the p20 canonical motif on its
own binds to elF4E with 100-fold higher affinity than the
canonical motifs of either eI[F4G or Eaplp (Supplementary
Table S2). This high-affinity binding in an isolated bind-
ing element may have evolved to compensate for the lack
of N-terminal extensions to support the interaction of the
canonical motif with the dorsal surface of eIF4E, which are
present in both eIF4G and Eaplp, thus providing p20 with
the ability to compete effectively for binding to elF4E. It
is probable that the full-length p20 has a substantial com-
petitive advantage over elF4G for binding to the eIF4E but
this could not be directly verified in vitro due to the poor
stability of the full-length eIF4E-interacting proteins.
Eaplp employs a different strategy to achieve high affin-
ity for eIF4E: residues located N-terminal to the canonical
motif contribute to the interaction with eIF4E, but instead
of forming a bracelet, they adopt a defined loop conforma-
tion on the dorsal surface of eIF4E. This additional binding
element assists the canonical motif of Eaplp in the inter-
action with the dorsal surface of eIF4E and enhances the
affinity by a factor of 400 (Supplementary Table S2).

The molecular details that determine the differences in
affinity among conserved canonical motifs are not com-
pletely understood. Comparative structural analysis of sev-
eral eIF4E4E-BP and eIF4E—IF4G complexes shows that
the same basic interactions are established in all cases. One
of the principal contributing factors is the residue imme-
diately preceding the canonical motif (XYX4L®) that also
forms interactions with the dorsal surface of eIF4E. This is
the case in p20, in which a lysine residue (K3) establishes
hydrogen bonds with an invariant glutamate located within
an acidic patch of the eIF4E dorsal surface (Sc eIF4E E140;
Figure 4C). In Eaplp, the directly equivalent interaction is
not possible as the lysine is replaced by alanine (A108; Fig-
ure 4D), nevertheless another lysine (K105; Figure 5A) on
the N-terminal extension projects to this acidic patch on
elF4E and may play a similar role.

The yeast 4E-BPs may stabilize elF4E on bound transcripts

In both yeast 4E-BPs, the non-canonical motifs are rather
large and span over the complete lateral surface of eIF4E,
positioning the proteins in close proximity to the eIF4E cap-
binding pocket. Interestingly, adjacent to the non-canonical
motif, the p20 and Eaplp sequences are rich in positively
charged residues (Lys and Arg; Supplementary Figure S3A,
B). Given that such sequences are likely to promote non-
specific RNA binding (56), it is tempting to speculate that
p20 and Eaplp enhance the affinity of eIF4E for the capped
mRNA via interactions with the 5 UTR of the elF4E-
bound mRNA, in a similar way as has been proposed for
elF4G (57,58). Interestingly, both yeast 4E-BPs have also
been shown crosslink to or associate with RNA (59-62).
This suggests a scenario wherein in addition to competing
with e[F4G, the yeast 4E-BPs may stabilize eIF4E on bound
transcripts. In support of this notion, whilst this manuscript
was in review, it was reported that p20 interacts with syn-
thetic RNA in vitro and substantially enhances the eIF4E
affinity for capped RNA when bound to the eIF4E (62).

In summary, our data indicate that a wide diversity
of eIF4E complexes with distinct molecular features (N-
terminal bracelets, N-terminal loops, flexible or rigid link-
ers, helical non-canonical motifs or non-canonical loops)
can be found in eukaryotes. Although the functional impli-
cations of this molecular diversity for translational control
are not yet completely understood, the structural and ther-
modynamic plasticity in the eI[F4E binding modes point to
species- or protein-specific adaptations to fine-tune transla-
tion initiation, which may be exploited in the development
of antimycotic therapeutics targeting protein synthesis.
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Coordinates and structure factors have been deposited
in the Protein Data Bank with accession codes 6FBZ
(Ct eIF4AE—eIF4G in cap-bound state), 6FC0 (Ct eIF4E-
elF4G), 6FC1 (Sc eIF4E-Eaplp in cap-bound state), 6FC2
(Sc elF4E-Eaplp) and 6FC3 (Sc elF4E—p20).
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