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ABSTRACT

The majority of eukaryotic mRNAs are translated in a cap-dependent manner, which requires recognition of the
mRNA 5’ cap by elF4E protein. Multiple elF4E family members have been identified in most eukaryotic organ-
isms. Drosophila melanogaster (Dm) has eight elF4E related proteins; seven of them belong to Class I and one
to Class II. Their biological roles with the exception of Dm elF4E-1, Dm elF4E-3 and Dm 4EHP, remain unknown.
Here, we compare the molecular basis of Dm elF4E's interactions with cap and elF4G peptide by using homology
modelling and fluorescence binding assays with various cap analogues. We found that despite the presence of
conserved key residues responsible for cap recognition, the differences in binding different cap analogues
among Class I Dm elF4E isoforms are up to 14-fold. The highest affinity for cap analogues was observed for Dm
elF4E-3. We suggest that Dm elF4E-3 and Dm eIF4E-5 bind the second nucleoside of the cap in an unusual manner
via stacking interactions with a histidine or a phenylalanine residue, respectively. Moreover, the analysis of ter-
nary complexes of eIF4G peptide-elF4E-cap analogue showed cooperativity between elF4G and cap binding only

for Dm elF4E-4, which exhibits the lowest affinity for cap analogues among all Dm elF4Es.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Post-transcriptional regulation of gene expression plays a key role in
many cellular and developmental processes. In eukaryotes, the vast ma-
jority of mRNAs are translated via the cap-dependent mechanism, in
which the cap binding protein elF4E, complexed with a scaffold protein
elF4G, binds the cap structure (m’GpppN, where N is any nucleotide) at
the 5’ end of the mRNA to recruit the small ribosomal subunit to initiate
translation. In this mechanism, cap recognition by elF4E, as well as the for-
mation of the e[F4E-elFAG complex, are two of the limiting steps regulat-
ing the global process of translation [1,2]. e[F4E is negatively regulated by
elF4E-binding proteins (4E-BP), which share with elF4G the canonical
elF4E-binding motif (C-motif) YXXXXL$ (where X is any amino acid
and ¢ is a hydrophobic residue) that interacts with the convex dorsal sur-
face of eIF4E. Binding of 4E-BPs to elF4E precludes formation of the el[F4E-
elF4G complex, thereby repressing cap-dependent translation [3,4].

With the advent of genome-wide sequencing projects of hundreds
of organisms across disparate phyla, a number of elF4E genes have
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been discovered and classified into three Classes [5,6]. Interestingly,
some species have been reported to have several elF4E paralogues
that display different expression patterns in certain tissues, promote
or inhibit translation of specific mRNAs, are involved in translation
under stress responses, or show variable biochemical properties. More-
over, some elF4E orthologues are also restricted to specific phylogenetic
lineages [5-13]. Mammalians have four elF4E isoforms, elF4E (also
called elF4E-1a), eI[F4E-1b belonging to Class I, eIF4E-2 (or 4EHP) be-
longing to Class Il and elF4E-3 belonging to Class IIl. Whereas elF4E-1a
is the major translation factor, elF4E-2 acts in a cell most probably as a
translation repressor. It has been shown that mouse 4EHP binding
homeodomain transcription factor Prep1 inhibits Hoxb4 translation
[14] and, along with Grb10-interacting GYF protein (GIGYF2) and zinc
finger protein 598, it is a member of translational repressor complex
during embryonic development [15]. However, some recent studies
[16-18] have indicated an alternative role for 4EHP. They showed that
under conditions of extreme oxygen depletion (hypoxia), human cells
use 4EHP in the process of an alternative cap-dependent translation.
The findings concerning the role of el[F4E-3, the fourth member of mam-
malian elF4E family, suggest that it acts as a tissue-specific tumour sup-
pressor [19]. The biological role of elF4E-1b in mammalian cells remains
unknown. The expression of this isoform is strictly limited to oocytes
across all classes of Tetrapoda [9]. Its role was identified in Xenopus
oocyte, were it is member of CPEB mRNP repressor complex [20].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbapap.2016.06.015&domain=pdf
http://dx.doi.org/10.1016/j.bbapap.2016.06.015
mailto:kginal@cent.uw.edu.pl
http://dx.doi.org/10.1016/j.bbapap.2016.06.015
http://www.sciencedirect.com/science/journal/15709639
www.elsevier.com/locate/bbapap

J. Zuberek et al. / Biochimica et Biophysica Acta 1864 (2016) 1292-1303 1293

The biological role of eIF4E family members has been also extensive-
ly investigated in a nematode, Caenorhabditis elegans, encoding five
elF4E family members (IFE-1 to -5) [13,21], which show different ex-
pression patterns and effects of gene deletion and mutations for growth
and development. The IFE-3 isoform, which is closely related to mam-
malian elF4E-1a, is essential for viability and embryogenesis [13] and
it regulates sex-determination in the hermaphrodite germline [22].
IFE-1, which is expressed in germ-line along with IFE-3 and IFE-5, is re-
quired for production of functional sperm, as it affects the expression of
some sperm-specific proteins, such as GSP-3 and MSPs [23,24]. IFE-2,
which also functions in germline, is mostly expressed in somatic tissues
[13]; knock-out of the ife-2 gene reduces somatic mRNA translation.
IFE-4, the only one C. elegans elF4E isoform belonging to Class II,
is enriched in soma and its loss produces a pleiotropic phenotype induc-
ing a defect in egg-laying by reducing translation IFE-4 sensitive mRNA
[25].

Another species with several elF4E genes is Drosophila melanogaster,
a model organism that has provided extensive insight into post-
transcriptional mechanisms for regulating gene expression. It contains
seven genes encoding eight elF4E paralogues, namely Dm elF4E-1, -2,
-3, -4, -5, -6, and -7 belonging to Class I, and Dm 4EHP belonging to
Class IL. The expression of these proteins varies throughout the develop-
ment [26,27]. For some of them, a tissue-specific role has been reported.
Whereas elF4E-1 is ubiquitous and required for general translation in all
tissues [5,26], eIF4E-3 is a testis-specific protein required only for sper-
matogenesis [28,29], and 4EHP is a translational repressor that inhibits
translation of specific mRNAs during early embryogenesis [30-32]. De-
spite these few cases, the biological roles played by the majority of the
elF4E-related proteins, as well as their structural and biochemical prop-
erties, remain unknown.

The structures of several e[FAE family proteins from different species
in the apo form, and either in binary or ternary complex with various
cap analogues and a fragment of elF4G or a 4E-BP that contain the
elF4E-binding site, have been solved [33-39]. The elF4E-like fold is
characterised by the presence of an eight-stranded antiparallel p-
sheet backed by a-helices (with R132a1R3R4a2B5R6033704f38 to-
pology, as observed in mouse elF4E (PDB: 1EJ1) [33]), forming a struc-
ture described as a cupped hand [33]. These studies have demonstrated
that elF4G or 4E-BP proteins bind to the dorsal surface of eIF4E via a ca-
nonical motif (C-motif) and as shown recently for some 4E-BPs, by a
non-canonical motif (NC-motif) to a lateral surface of elF4E [37-39].
On the other side, they have shown that cap nucleotides interact with
a narrow slot on the concave surface of elF4E. The interatomic contacts
between elF4E proteins and cap analogues can be divided into three
classes: (i) sandwiching of the 7-methyl guanine between two trypto-
phan residues (in Class I eIF4E isoforms) or a tryptophan and a tyrosine
residues (in Class II); (ii) hydrogen bonds and van der Walls contacts
with the 7-methylguanosine; and (iii) direct interactions and water-
mediated contacts with the phosphate chains of a cap structure and a
positively charged pocket of the cap-binding slot of elF4E formed by
the side chains of several Lys and Arg residues [12,33,35].

Although all members from each elF4E multigenic family are
structurally- and sequence-related proteins, we need to understand
the features of various elF4Es that account for their differences in activ-
ity and regulation. Here, using biophysical methods, we characterise the
structural properties of all eIFAE paralogues from D. melanogaster (Dm
elF4Es) both, in a binary complex with diverse cap analogues, and in a
ternary complex with cap analogues and the elF4G C-motif.

2. Material and methods
2.1. Synthesis of cap analogues
Mono- and dinucleotide cap analogues were synthesised as de-

scribed previously [40-42]. Cap analogues concentrations were deter-
mined using spectrophotometric methods [43].

2.2. Synthesis of elF4G peptides

Peptides spanning residues 609-621 of human elF4GI [44] (se-
quence: KKRYDREFLLGFQ), referred to as Hs elF4G peptide; residues
618-630 of D. melanogaster elFAG [45] (sequence: KKQYDREQLLQLR),
referred to as Dm elF4G peptide; and Drosophila elF4G peptide with mu-
tations Tyr621A, Leu626A and Leu627A (sequence: KKQADREQAAQLR),
referred to as Dm elFAG3A peptide, were synthesized by Metabion Com-
pany (Germany) using solid-phase peptide synthesis method with
Fmoc-chemistry. The peptides were purified by RP-HPLC and quantised
by MALDI-TOF: (Hs elFAG peptide predicted mass: 1699,99 Da, mea-
sured mass: 1700,96 Da; Dm elF4G peptide predicted mass: 1718 Da,
measured mass: 1719.97 Da; Dm elF4G3A peptide predicted mass:
1541.74 Da, measured mass: 1542.50 Da). Peptides were dissolved in
0.1% TFA in water and their concentrations in the case of Hs elF4G and
Dm elFAG were also determined spectrophotometrically assuming
€330 = 1490 cm ML

2.3. Cloning, mutagenesis, expression and purification of recombinant
proteins

cDNAs of Drosophila elF4Es were PCR-amplified and subcloned into
pET30a expression vector (Novagen) in Ndel-BamHI sites in the case
of Dm elF4E-1, Dm elF4E-2, Dm elF4E-4, and Dm 4EHP, and in Ndel-
EcoRI sites in the case of Dm elF4E-3, Dm elF4E-5(12-232) and Dm
elF4E-7(9-429) without any affinity tag. Point mutations Cys217Ala
and Cys228Ala in Dm elF4E-4 were obtained using a PCR-based site-
directed mutagenesis method.

For Dm elF4E expression, constructs in pET30a were transformed
into Escherichia coli BL21(DE3) or Rosetta 2(DE3) strains (Novagen).
Bacteria were grown in LB medium to ODggg nm Of 1.0 and induced for
3 h at 37 °C by adding 0.5 mM isopropyl-1-thio-3-D-galactopyranoside
(IPTG). Cells were harvested, resuspended in lysis buffer (20 mM
HEPES/KOH (pH 7.5), 100 mM KCl, 1 mM EDTA, 2 mM DTT, 10% glycer-
ol) and disrupted by sonication. After lysate centrifugation (30,000g for
30 min), supernatant was removed and the pellet was washed three or
two times with wash buffer (20 mM HEPES/KOH (pH 7.2), 1 M gua-
nidine hydrochloride, 2 mM DTT, 10% glycerol). Inclusion bodies
were dissolved in 50 mM HEPES/KOH (pH 7.2), 6 M guanidine hydro-
chloride, 10% glycerol, and 2 mM DTT, and cell debris was removed
by centrifugation (43,000g for 30 min). Proteins (diluted to a
concentration lower than 0.1 mg/mL) were refolded using a one-
step dialysis against 50 mM HEPES/KOH (pH 7.2), 100 mM KCl (or
50 mM KCI in the case of Dm elF4E-3), 1.0 mM EDTA, and 2 mM
DTT, and purified by ion exchange chromatography on a HiTrap SP
column (GE Healthcare). Purified proteins were analysed on Bio-
Safe Coomassie stained 15% acrylamide gel (in Suppl. Fig. S1) and
their concentrations were determined based on absorption of pro-
tein samples using molar absorption coefficients as follows: €50 =
52,940 M~ ! cm~! for Dm eIF4E-1; 550 = 52,940 M~ ! cm~! for
Dm eIF4E-2; €350 = 65,890 M~ ' cm™' for Dm eIF4E-3; £330 =
51,450 M~ ' cm ™! for Dm eIF4E-4 and mutant Dm elF4E-4_C217A/
C228A; €350 = 55,920 M~ ' cm~' for Dm elF4E-5; &350 =
54,430 M~ ' cm~ ! for Dm elF4E-7; and €550 = 55,920 M~ ! cm ™!
for Dm 4EHP, as calculated based on amino acid composition using
an algorithm on ExPASy Server [46].

Human elF4E protein was expressed in E. coli BL21(DE3) strain
(Novagen) and purified from inclusion bodies as described above for
Drosophila elFAE proteins. Concentration of the purified protein was de-
termined based on absorption of the protein sample using €30 =
52,940 M~ ! cm™! calculated based on amino acid composition [46].

24. Protein structure homology modelling

Homologues of D. melanogaster elF4E proteins were identified with
PSI-Blast [47] searches (E-value threshold of 0.005) performed against
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the NCBI nonredundant protein sequence database using sequences of
Dm elF4E-1, Dm elF4E-2, Dm elF4E-3, Dm elF4E-4, Dm elF4E-5, Dm
elF4E-7 and Dm 4EHP as queries. Multiple sequence alignment was de-
rived using PCMA program [48] followed by some manual adjustments.
Secondary structures were predicted with PSIPRED [49]. 3D models of
D. melanogaster elFAE proteins with cap analogues were constructed
with MODELLER [50] using selected homologues of known structure
as templates [51]. To obtain eIF4E isoforms bound to m’GDP, Dm
elF4E-1/Dm elF4E-2, Dm elF4E-3, Dm elF4E-4, Dm elF4E-5, Dm elF4E-7
were modelled based on Dm elF4E-2 (PDB: 4AXG) [37] and human
elF4E (PDB: 2W97) [36], while Dm 4EHP was modelled based on
human 4EHP (PDB: 2JGB) [52], Pisum sativum elF4E (PDB: 2WMC)
[53] and Mus musculus elFAE (PDB: 1EJ1) [33]. 3D models of Dm
elF4AE-4 and Dm elF4E-5 in complex with elF4G peptide were generated
using the structure of Dm elF4E-2 (PDB: 4UEC) [39]. Additionally, Dm
elF4E-1/Dm elF4E-2, Dm elF4E-3 and Dm elF4E-5 were also modelled
to obtain a 3D structure with m’GpppA using Dm eIF4E-2 (PDB:
4AXG) and human elF4E (PDB: 1IPB) [54] as templates.

2.5. Fluorescence binding assays

Fluorescence measurements leading to determination of association
constants for elF4E with cap analogues and peptides were performed as
described previously [34,55]. Fluorescence titration curves were carried
out on an LS-55 spectrofluorometer (Perkin Elmer Co., Norwalk, CT.,
USA), in 50 mM HEPES/KOH (pH 7.2), 0.5 mM EDTA and 1 mM DTT, ad-
justed with KCI to an ionic strength of 150 mM. The sample was
thermostated at a temperature of 20.0 £ 0.3 °C and controlled with a
thermocouple inside the cuvette. In the case of e[F4AE-cap analogue ti-
tration, the protein fluorescence was excited at 280 nm or 290 nm
and the fluorescence intensity was monitored at a single wavelength
340 nm or 345 nm. For titration of eIF4E with elF4G peptides, the pro-
tein fluorescence was excited at 290 nm and observed at 345 nm,
where the relative quenching of protein fluorescence upon peptide
binding was the highest. Continuous titrations were performed by
adding 1 pL aliquots of a cap analogue or peptide solution to 1400 pL
of 0.1 UM solution of elF4E alone or saturated with the peptide or cap an-
alogue. The time for the integration of fluorescence signal upon each li-
gand addition was 30 s. The solution was mixed using magnetic stirring.
Each titration consisted of 35-45 data points. Measured fluorescence in-
tensities were corrected for dilution (<4%) and for the inner filter effect.
Association equilibrium constants (K,s) were obtained by fitting a theo-
retical curve of corrected fluorescence intensity (F) upon total concen-
tration of ligand ([L]) to the titration data according to the equation:

F = F(0)—[cX] - (Ad + g pree ) + L] - diigfce

with the concentration of the cap analogue-elF4E complex [cx] given
by:

[L] + [Pact] N ]_\/(KaS([L]_[Pact]) + 1) + 4Kas - [Pact]

== 2K

where A¢ stands for the difference between the fluorescence efficien-
cies of the apo and ligand-bound protein; ¢jig_free is the fluorescence ef-
ficiency of the free ligand; F(0) is the initial fluorescence, and [P,] is the
total concentration of the active protein [34]. The final K,s was calculat-
ed as a weighted average from three to ten independent titration series
carried out for at least two independent preparations of the protein. Nu-
merical least-squares nonlinear regression analysis was performed
using ORGIN 6.0 from Microcal Software Inc., USA.

The Gibbs free energy of binding was calculated based on the K,
value according to the standard equation AG® = —RT In Kjs.

3. Results and discussion

To compare the cap- and elF4G-binding properties of Drosophila
elF4E family proteins, we applied the fluorescence titration, which
is widely used to investigate the elF4E-cap analogue association
[34,55-58]. In this technique, quenching of the intrinsic fluorescence
of conserved tryptophan residues in elF4E (Fig. 1) due to binding of a
cap analogue as well as elF4G peptide is measured [34]. Next, we
built homology models of Dm elF4E structures and analysed the se-
quence and structure differences that may influence interaction
with the cap and the elF4G peptide in relation to the results obtained
from binding studies.

3.1. The canonical elF4E-1 from Drosophila binds cap analogues with
significantly weaker affinity than its human counterpart

The measured K5 values for complexes of Dm elF4E-1 and human
elF4E with different cap analogues are presented in Table 1. Similar to
plant [58] and yeast elF4Es [59], Dm elF4E-1 bound all investigated
cap analogues from 2.4- to 10-fold weaker than human elF4E
(Fig. 2A), keeping high specificity towards a methylated guanine at
the N7 position and an extension of the phosphate chain (Table 2)
[34,42]. For m’GMP, the K, is 0.82 & 0.05 pM ™" for human eIF4E and
0.34 + 0.01 upM~ ! for Dm eIF4E-1, and for m’GTP the K, is 70.1 +
1.2 uM~ ! and 8.94 4+ 0.27 uM~! for human and Drosophila proteins,
respectively.

Sequence comparison of human elF4E and Dm elF4E-1 showed that
both proteins share all key residues that are required for cap binding
(Fig. 1 and Table S1 for numbering). The main difference, which might
affect cap binding affinity, seems to be an additional a-helix (amino
acids 119-124) present in human elF4E (Fig. 2B) and other vertebrates,
but absent in Drosophila, yeast [60] and plant elF4Es [61]. This region
consists of large amino acids (KQQRRS) and lifts the position of the
neighbouring 3506 loop towards the cap binding pocket. As a conse-
quence, in human elF4E Lys159 located at the tip of 3536 loop interacts
tightly with the cap phosphate moiety, in contrast to its counterpart
Lys201 in Dm elF4E-1 (Fig. 2B). Crystal and NMR structures of mamma-
lian elF4E showed that the a- and B-phosphate groups of cap analogues
are stabilised in the binding slot by a hydrogen bond formed with
Arg157 and a salt bridge with Lys162 (numbering of human elF4E)
[34,35]. Additionally, binding studies with mutated mouse elF4E
showed that lysine 159 influences the binding of the -, 6- and ¢-
phosphate groups of cap to elF4E [42]. Moreover, NMR studies of
human elF4E showed that closing of the 35336 loop upon cap binding
is important for interaction between the phosphate chain of the cap
and the lateral chains of Arg157, Lys 159 and Lys162 [62]. Analysis of
the changes in the standard Gibbs free energy of binding (AAG®)
(Table 2) revealed significant differences in binding of 3-phosphate
group of cap analogues by both elF4E proteins. In the case of Dm
elF4E-1, the energy gain corresponding to addition of a 3-phosphate
group to m’GMP is ca. 0.6 kcal/mol higher than for the human counter-
part, whereas the differences in the energy changes AAG® between the
proteins for binding of y- and 6-phosphate groups are only 0.1 and
0.2 kcal/mol, respectively. The observed differences in the energy
changes suggest weaker closing of Dm elF4E-1 structure upon cap bind-
ing and weaker interaction of Lys201 with the phosphate chain of the
cap, as compared to the human counterpart.

Besides N7 guanine methylation and presence of the phosphate moi-
ety in the cap structure, which influence its binding to canonical verte-
brate elF4E factors, the third characteristic element of the cap structure
is the influence of the second nucleoside, N (m’GpppN). Addition of the
second nucleoside to the mononucleotide in a cap analogue reduces sig-
nificantly (ca. 10-12 fold) its ability to bind human eIF4E [34,42]. The
same destabilisation effect caused by the presence of a second nucle-
oside was observed for Dm eIF4E-1. The K, value for m’GpppG is ca.
7-fold lower that the K,s observed for m’GTP (Table 1).
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Fig. 1. Sequence comparison for eIF4E proteins. Multiple sequence alignment is shown for all Drosophila melanogaster elF4E proteins and selected homologues of known structure (pea
elF4E, PDB: 2WMC; mouse elF4E, PDB: 1EJ1; human elF4E, PDB: 2W97/1IPB; human 4EHP, PDB: 2]JGB). Conserved residues (50% or greater) are highlighted in yellow. Locations of
secondary structure elements (E, B-strand; H, a-helix) in Dm elF4E-2 (PDB: 4AXG) are marked above the sequences. Positions of amino acids in human/mouse elF4E forming
intermolecular contacts with cap [33,35] and elF4G peptide [39,79] are indicated with green circles and black triangles, respectively. Positions of conserved elF4E Trp residues are

marked with violet squares.

3.2. Dm elF4E-3 and Dm elF4E-4 show the highest and lowest cap binding
affinities, respectively, among Class I Dm elF4Es

We next analysed the binding affinity of Class I Drosophila elFAE pro-
teins to different cap analogues. Despite the presence of conserved key
residues responsible for cap recognition (Fig. 1, Table S1), Drosophila
proteins bound cap analogues with diverse affinities (Fig. 3A). The K
values for complexes of Drosophila elF4E isoforms with a series of vari-
ous cap analogues are presented in Table 1, and the corresponding stan-
dard Gibbs free energies of binding (AG®) are shown in Table S2.

Among the seven analysed Dm elF4E proteins, the highest cap bind-
ing affinities are found for Dm elF4E-3, with K5 values higher or compa-
rable to those obtained for the human elF4E, with the exception of
m’GTP, m’Gp4 and m’GppppG, which are bound with higher affinity
by the human elF4E. Dm elF4E-3 binds m’GTP ca. 3.5-fold weaker
than human elF4E, but 2-fold stronger than Dm elF4E-1 and ca. 9-fold
stronger than Dm elF4E-4, which among all Dm elF4E proteins shows
the lowest ability to bind cap analogues. A characteristic feature of Dm
elF4E-3 is its high specificity towards dinucleotide cap analogues
(Tables 1 and 2). Previous studies showed that in vertebrate elF4E pro-
teins [34,56,57], addition of a second guanosine to m’GTP and m’Gp4
gives a disadvantageous entropic effect of about + 1.4 kcal/mol and
+ 1.8 kcal/mol calculated as the change in the Gibbs free energy of bind-
ing (AAG®). The observed K, values for m’GpppG in complex with ver-
tebrate elF4E were even 2.5-3.0-fold lower than those observed for

elF4E- complexes with m’GDP [34,56,57]. Addition of further three nu-
cleotides to the cap structure (m’GpppNpNpNpN) restored the K,
values to the level observed for m’GTP [63]. These results show that
the second nucleoside of the cap is not well stabilised within the cap
binding slot itself and, additionally, its presence destabilises intermolec-
ular contacts between the second, third and fourth phosphate groups of
dinucleotide cap analogues and positively charged amino acids located
at the entrance to the cap binding slot. Moreover, the short a-helix
following the 37 strand does not exist in human elF4E complexes
with dinucleotide cap analogues, as compared to complexes with
mononucleotide cap analogues [35,36]. The presence of the long loop
3738 may make the structure of elF4E in complex with a dinucleotide
cap analogue more open as compared to that with a mononucleotide
(Fig. 3B and C). For Dm elF4E-3, the destabilising effect on complex for-
mation resulting from the addition of the second guanosine to m’Gppp
is only + 0.5 kcal/mol, whereas m’GppppG and m’Gp4 are bound with
similar K, values of 35.7 4+ 1.1uM~ ' and 38.4 2.0 uM~ !, respectively.
For the other Class I Dm elF4E proteins, complex destabilisation
resulting from the presence of the second nucleoside was observed.
The energetic cost of adding a guanosine moiety to m’GTP is ca.
+ 1.0 kcal/mol (Table 2), similar to what is observed for the human
elF4E. Strong binding of the cap a-phosphate group by Dm elF4E-3,
with very low binding to the [3-, y- and 6-phosphate moieties, can ex-
plain the high specificity of this isoform towards dinucleotide cap ana-
logues. The K, value for complex of Dm eIF4E-3 with m’GMP is 3.6-

Table 1
Equilibrium association constants (Kj) for the complexes of Drosophila and human elF4E proteins from Class I and Class II with a series of various cap analogues.
Cap analogue Class I Class II
Hs elF4E Dm elF4E-1 Dm elF4E-2 Dm elF4E-3 Dm elF4E-4 Dm elF4E-5 Dm elF4E-7 Hs 4EHP" Dm 4EHP
Kos (WM~
m’GMP 0.82 + 0.05 0.34 £ 0.01 0.30 £+ 0.02 2.96 + 0.06 0.10 £+ 0.01 0.83 + 0.03 0.44 + 0.01 0.07 £+ 0.01 0.35 £ 0.01
m’GDP 18.24 +£ 0.24 2.70 £+ 0.05 2.58 £+ 0.03 11.94 + 0.19 0.66 + 0.02 7.13 £ 0.10 1.72 £ 0.02 0.23 £+ 0.03 0.94 + 0.03
m’GTP 70.1 £ 1.2 8.94 + 0.27 8.47 £+ 0.28 19.29 + 0.52 2.16 4 0.07 179+ 14 53401 0.70 + 0.04 2.89 £+ 0.12
m’Gpy 320+ 18 299409 284+ 1.6 384+ 20 7.55 £ 0.25 1063 £+ 2.6 302408 1.20 + 0.04 44403
m’GpppG 6.25 £+ 0.07 1.29 + 0.04 1.23 + 0.04 8.24 +0.28 0.38 £ 0.01 4.44 4+ 0.20 1.56 + 0.01 0.17 £ 0.01 0.84 + 0.03
m5?-°GpppG 5954 0.13 1.27 £ 0.01 1.04 + 0.03 8.96 + 0.56 0.35 + 0.01 5.46 4+ 0.10 1.17 £ 0.01 0.12 4+ 0.01 0.89 + 0.01
m’GpppA 3.08 4+ 0.03 0.78 £ 0.07 0.73 £+ 0.03 5.88 +£0.10 0.24 £+ 0.01 3.16 + 0.09 0.64 + 0.03 0.13 £+ 0.01 0.71 £ 0.01
m’GpppC 3.45 £+ 0.18 0.98 + 0.02 0.94 + 0.01 4.79 4+ 035 0.26 + 0.01 2.46 + 0.08 0.92 + 0.03 0.16 + 0.02 0.73 £+ 0.04
m’GppppG 499+ 1.2 7.03 £ 0.10 6.61 £+ 0.15 357+ 1.1 1.73 £ 0.03 225+ 3.0 55402 0.72 £+ 0.02 249 £+ 0.17
GTP 0.044 + 0.002 0.036 4 0.005 0.05 £+ 0.01 0.034 4 0.001 0.07 £+ 0.01 0.056 + 0.003 0.07 £ 0.01 0.031 £ 0.002 0.014 £ 0.002

* data from [56].
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Fig. 2. Cap binding ability of Drosophila eIF4E-1 protein and human eIF4E. (A) Comparison of binding affinities of Dm elF4E-1 and human eIF4E protein to various cap analogues on the basis
of the ratio of K,s values as determined from fluorescence titration measurements in the same conditions. (B) Comparison of a 3D model for Dm eIF4E-1 and crystal structure of human
elF4E (PDB: 2W97). Additional short o-helix in human elF4E is shown in violet, while side chains of the conserved lysine located on 35{36 loop, which is closer to the cap binding slot in

human protein, are shown in orange. Cap analogue (m’GTP) is shown in green.

fold higher than that for the human elF4E (K,; = 2.96 + 0.06 uM~ ' and
0.82 & 0.05 pM !, respectively). The energetic gain resulting from the
extension of m’GMP to m’GDP is about — 0.8 kcal/mol for Dm elF4E-
3, whereas for the human protein it is about — 1.81 kcal/mol. Upon ad-
dition of the third and fourth phosphate groups to cap analogues, the
energetic gain for Dm elF4E-3 is about — 0.3 kcal/mol and — 0.4 kcal/
mol, whereas for the human elF4E it is about — 0.8 kcal/mol and
— 0.9 kcal/mol, respectively (Table 2). Consequently, the second nucle-
otide of the cap does not disturb the interaction between the cap phos-
phate chain and positively charged amino acids in Dm eIF4E-3, in
contrast to other elF4Es, which bind - y- and &-phosphate groups
strongly. Additionally, according to our model, His234 in Dm elF4E-3, lo-
cated in the B7p8 loop (Fig. 3B), is likely to cause the observed high af-
finity of Dm elF4E-3 for dinucleotide cap analogues. This aromatic
amino acid probably takes part in the stacking interactions with the

Table 2

second base of the cap and is replaced by Ser207, GIn249, GIn238,
GIn219 and Leu419 in human elF4E, Dm elF4E-1, Dm elF4E-2, Dm
elF4E-4 and Dm elF4E-7, respectively (Fig. 1 and Fig. 3B). Prediction of
stacking interactions between His234 of Dm elF4E-3 and the second
base of the cap is also confirmed by weaker binding to dinucleotide
cap analogues containing pyrimidines instead of purines (Table 1). Dm
elF4E-5 has an aromatic residue, Phe222, at the position corresponding
to His234 in Dm elF4E-3. The K, values for complexes of Dm elF4E-5
with dinucleotide cap analogues (m’GpppN) are ca. 3-fold higher than
those observed for Dm elF4E-1 and comparable to those of the human
elF4E. However, the energetic cost resulting from the addition of a sec-
ond nucleoside to m’Gppp is about + 1.0 kcal/mol, 2-fold higher than
that observed for Dm elF4E-3. Dm elF4E-5 shows stronger binding to
the 3-, y- and 6-phosphate groups of mononucleotide cap analogues
(Table 2), and probably opening of the elF4E structure after dinucleotide

Changes in standard Gibbs free energy (AAG®), showing the contribution of structural elements of the 5 mRNA cap to binding free energy of el[F4E-cap complexes. AAG® values were
calculated as the difference in the binding free energy (AG®) of elF4E to cap analogues, which varies in single structural modifications.

Structural changes  Class | Class Il
Hs elFAE Dm elF4E-1 Dm elF4E-2 Dm elF4E-3 Dm elF4E-4 Dm elF4E-5 Dm elF4E-7 Hs 4EHP Dm 4EHP
AAG° (kcal/mol)
Methylation of the guanosine ring in N’ position AAG® = AG® (m’Gp,,) — AG® (Gp,)
GTP — m’GTP —4294003 —3204+009 —298+0.12 —3694+003 —2.02+004 —336+005 —24940.04 -1.80 £ 0.05 —3.07 +0.09
Successive addition of the phosphate groups AAG® = AG® (m”Gpy, 4 1) — AG® (m’Gp,,)
m’GMP->m’GDP  —1.81 +£0.03 —121+003 —125+004 —081+002 —108+006 —1.24+002 —0.80+0.02 -0.71 £ 0.15 —0.58 4 0.02
m’GDP- > m’GTP —0.784+0.02 —-0.704+0.02 —-0.694+0.02 —-0.284+002 —-0694+003 —054+005 -—0.65+0.01 -0.64 £ 0.09 —0.66+ 0.03
m’GTP- > m’Gp, —0.884+004 —-0704+£002 —-0.70+£0.04 —-0404+003 —-0.734+0.03 —1.04+£0.05 —1.0240.02 -0314+0.03 —0.2540.05
Addition of the second nucleoside AAG® = AG® (m”Gp,G) — AG® (m’Gp,,)
m’GTP- > m’GpsG 1.41 £+ 0.02 1.13 £ 0.03 1.13 4+ 0.03 0.50 £ 0.03 1.01£0.02 0981 + 0.05 0.71 4 0.01 0.82 4+ 0.04 0.72 + 0.03
m’Gpa- > m’GpsG 1.08 £ 0.04 0.84 + 0.02 0.85 + 0.03 0.04 &+ 0.03 0.86 4+ 0.02 0.90 4 0.08 0.99 4 0.03 0.29 + 0.02 0.34 + 0.06
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Fig. 3. Differences in the cap binding ability of Class I Drosophila elF4Es. (A) Comparison of the binding affinities of Dm elF4Es to various cap analogues determined from fluorescence
titration measurements in the same conditions. Values are given as the K ratio of the given isoform over that of Dm elF4E-1. (B) Possible stabilisation of the second base of the cap by
stacking interactions with His243 in Dm eIF4E-3 and Phe222 in Dm eIF4E-5. Cap analogue (m’GpppA) is shown in violet. (C) Additional potential stabilisation of the phosphate group

of cap by interaction with Asn223 in Dm eIF4E-5. Cap analogue (m’GDP) is shown in green.

cap analogue binding is not compensated by stacking interactions be-
tween the second base of the cap and Phe222.

Dm elF4E-5 shows the highest affinities for dinucleotide cap ana-
logues with methyl at the 2’-hydroxyl group of the ribose moiety of
m’Guo. The K, value for m32-°GpppG is 1.4 fold higher than for
m’GpppG. For the other Dm elF4E isoforms and the human elF4E,
the positive influence of ribose methylation in C2’ position on cap-
binding was not observed (Table 1). The structures of mammalian
elF4Es show that the ribose hydroxyl group of m’Guo is located out-
side the protein surface and does not interact directly with elF4E [33,
35].

elF4E-7 is the Drosophila isoform with the highest molecular weight
and the longest N-terminal region (31-249), which seems to be un-
structured, as indicated by our sequence and structure analysis. We ob-
served that elF4E-7 binds cap analogues with affinities comparable to
those of Dm elF4E-1. Similarly, Dm elF4E-2, obtained via alternative
splicing of the product of the gene encoding Dm elF4E-1, showed bind-
ing affinity for cap analogues similar to that of Dm elF4E-1 (Fig. 3A).
These two isoforms differ only in the N-terminal region, as the core
and the C-terminal region are identical.

The lowest cap-binding affinity among the Dm elF4E isoforms was
observed for Dm elF4E-4, despite the conservation of all key residues in-
volved in cap binding (Fig. 1). This isoform shows a similar decrease of
K,s values for all investigated monomethylated cap analogues, as com-
pared to K,s observed for Dm elF4E-1 (Table 1). Dm elF4E-4 binds to
monomethylated cap analogues 3.2- to 4.1-fold weaker than Dm
elF4E-1. The energetic effects corresponding to the extension of the
cap phosphate chain and to the addition of the second nucleoside are
similar for both proteins (Table 2). The main difference observed for
the Dm elF4E-4 isoform was its lower specificity to N7 guanosine meth-
ylation. The energetic gain observed upon GTP methylation was only
—2.02 £ 0.04 kcal/mol, whereas for Dm elF4E-1 it was —3.20 +
0.09 kcal/mol and for Dm elF4E-3 —3.69 + 0.03 kcal/mol (Table 2).
For this isoform, we observed the tendency for dimerisation (in Suppl.
Fig. S2 A); it is likely that two cysteines in Dm elF4E-4 (Cys217 and
Cys228) are responsible for this effect. The cysteines are located in the
378 loop and the last strand 38, which may form cross disulphide
bonds. Replacement of these cysteines by alanine residues abrogates
the protein dimerisation (in Suppl. Fig. S2 A) but does not affect its
cap and elF4G binding affinities (in Suppl. Fig. S2B).
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3.3. Different contribution of cap's phosphate groups on stabilization of Dm
Class I elF4E-cap complexes

The interactions between the phosphate moiety of the cap and the
side chains of basic residues located at the entrance to the elF4E cap bind-
ing slot play a critical role in e[F4E-cap complex formation. These interac-
tions are mediated by networks of salt bridges and hydrogen bonds [33,
35]. The extension of the phosphate chain of mono- and dinucleotide
cap analogues results in an increase of vertebrate elF4E binding affin-
ities [34,42,56,57]. In mammalian elF4Es, the strongest influence on
cap binding is exerted by the cap - and B-phosphate groups that in-
teract with the side chains of Arg112, Arg157, and Lys162 (number-
ing of human elF4E). The total energy of a-phosphate and p-
phosphate stabilisation is ca. — 3.0 kcal/mol and ca. — 1.8 kcal/mol,
respectively (Table 2) [34,35]. The extension of the phosphate chain
by the y- and 6-moieties gives an energetic gain of — 0.8 kcal/mol and
— 0.9 kcal/mol, respectively, similar to what has been described for hy-
drogen bond formation [64] (Table 2). For all Dm elF4E isoforms, an in-
crease of K, values as a result of the phosphate chain extension was also
observed. However, the stabilising effect of individual phosphate
groups on binding with proteins was very diverse (Tables 1 and 2).

Dm elF4E-3 recognizes the a-phosphate group with the highest af-
finity, with K, value for m’GMP about 9-fold higher than Dm eIF4E-1
and about 3.6-fold higher than human elF4E and Dm elF4E-5. Addition
of the B-phosphate (m’GMP — m’GDP) causes a significant increase
of the binding affinity in the case of Dm elF4E-1, Dm elF4E-2, Dm
elF4E-4, and Dm elF4E-5. K, values for the respective complexes with
m’GDP are from 6.6 to 8.6-fold higher than with m’GMP. However,
the observed increase in cap binding affinity for these proteins is two-
fold lower, as compared to the human protein. The energetic gain of in-
troducing the 3-phosphate group into the cap is about — 1.2 kcal/mol,
which suggests that these isoforms can form one or two hydrogen
bonds/salt bridges with the 3-phosphate moiety. These results are in
contrast to what we observed for Dm elF4E-3 and Dm elF4E-7, with a
AAG® of —0.8 kcal/mol, corresponding to the creation of only one
hydrogen bond/salt bridge. The changes in the binding energy accom-
panying the cap phosphate chain extension in mononucleotide ana-
logues (m’GDP — m’GTP — m’Gp,) is ca. —0.70 kcal/mol for Dm
elF4E-1, Dm elF4E-2 and Dm elF4E-4, implying that these proteins
probably form one hydrogen bond with the cap y- and 6-phosphate
groups, similar to what has been reported for mammalian elF4Es
(Table 2) [34,42]. In the case of Dm eIF4E-3, the corresponding AAG®
value associated with the addition of y- and 6-phosphate groups to
the cap is ca. —0.28 kcal/mol and — 0.4 kcal/mol, respectively, which
is weaker than the typical values reported for the hydrogen bond in a
solvent-accessible region within proteins [64]. The reason of this
might be a partial dispersion of the positive charged in the cap binding
pocket.

In contrast to other Dm elF4E isoforms and human elF4E, a signifi-
cant increase in cap binding affinity associated with the addition of an
extra 6-phosphate group was observed for Dm elF4E-5 and Dm elF4E-
7. They bind m’Gp, about 6-fold stronger than m’GTP, while other
Drosophila isoforms bind m’Gpy4 up to 3.5-fold stronger than m’GTP.
In addition, Dm eIF4E-5 binds m’Gp, 2.5-fold stronger than other iso-
forms. The main difference between Dm elF4E-5 and the other isoforms,
responsible for a higher affinity to m’Gp, might be Asn223, which may
interact with the §-phosphate group (Fig. 3C). This residue is replaced
by Gly in Dm elF4E-1, -2, -3, -4 and -7. Based on our modelling, we see
no significant changes in Dm elF4E-7 that might be responsible for its
higher affinity to the m’Gp, cap analogue.

3.4. Drosophila 4EHP shows a low cap binding affinity but still higher than
its human counterpart

Dm 4EHP belongs to the Class II of elF4E family proteins [6]. Mem-
bers of this class have either Tyr or Phe in the position corresponding

to Trp43 and Tyr instead of Trp56 of human elF4E [6]. As a consequence,
in Dm 4EHP and human 4EHP the N7-methylguanine moiety of the
cap is sandwiched between tyrosine and tryptophan residues (Tyr68
and Trp114 in Dm 4EHP and Tyr78 and Trp124 in human 4EHP [52])
(Fig. 4). In contrast, in Class I e[F4E proteins, the N7-methylguanine is
stacked between two tryptophan residues (Trp56 and Trp102 in the
human protein). The lack of the ability to interact with elF4G renders
both, Drosophila and human 4EHP, translation repressors [26,30].
Through binding with both, the cap and diverse 4E-BPs that directly or
indirectly bind to 3’-UTR elements, 4EHP inhibits translation of specific
mRNAs [14,15,30,31]. Recent fluorescence binding studies showed that
human 4EHP recognises cap analogues very weakly, with K, for m’GTP
100-fold lower than that of the human elF4E [56]. This difference in cap
affinity probably prevents uncontrolled competition between 4EHP and
elF4E for cap binding in vivo.

We compared the binding affinities of Dm 4EHP for different cap an-
alogues. As reported for human 4EHP, also for Dm 4EHP we observed
lower binding affinity for cap analogues as compared to Dm elF4E-1,
but the differences in ability to bind the cap are not as high as it was ob-
served for human proteins (Table 1). Dm 4EHP binds m’GTP with a K,
value of 2.89 + 0.12 uM~ !, which is 3.1-fold lower than the value ob-
served for Dm elF4E-1 and similar to the Dm elF4E-4 value. Thus, Dm
4EHP affinity for m’GTP is 4-fold higher than the K, value reported
for its human counterpart under the same conditions [56].

Since Dm 4EHP specificity towards N7-methylguanine of cap is sim-
ilar to that of Dm elF4E-1 (Table 2), analyses of our data suggest that the
weak affinity of Dm 4EHP for the cap might not be caused by the Trp to
Tyr substitution in the stacking interaction with m’G. We observed that
the corresponding energetic gain upon addition of a methyl group at the
guanine moiety of GTP is —3.07 + 0.09 kcal/mol and —3.20 +
0.09 kcal/mol for Dm 4EHP and Dm elF4E-1, respectively. In addition,
substitution of Trp56 by tyrosine residue in human elF4E did not reduce
its binding affinity [56]. Both, our sequence analysis and 3D structure
modelling, suggest that the most prominent difference that might ex-
plain the weak cap binding ability of Dm 4EHP seems to be the lack of
conserved Arg and Lys residues (Arg156, Lys201 and Lys204 in Dm
elF4E-1), which may interact with the phosphate groups of the cap. In
Dm 4EHP, they are replaced by glutamine (GIn124), proline (Pro166)
and serine (Ser169), respectively (Fig. 4). Lack of arginine and lysine
residues in these positions can be partially compensated in Dm 4EHP
by Arg128. This residue is substituted by an uncharged amino acid in
the other Drosophila elF4E isoforms (e.g. Thr160 in Dm elF4E-1).

The binding studies of Drosophila and human 4EHP revealed some
differences and similarities in their abilities to bind the cap. First of all,
human 4EHP shows a very low specificity to N7 guanosine methylation,
what distinguishes it from Dm 4EHP. The changes in binding energy cor-
responding to methylation of the guanine moiety in GTP is only
—1.80 + 0.05 kcal/mol for human 4EHP, whereas for Dm 4EHP it is
—3.07 £ 0.09 kcal/mol. These differences might be associated with
the extension of the 3132 loop by five amino acids in human 4EHP, as
compared to elF4E, which may increase the loop's flexibility. In Dm
4EHP, this loop is extended only by three amino acids (Figs. 1 and 4).
As a consequence, the aromatic ring of Tyr78 in human 4EHP might
adopt a slightly different alignment and may overlap with the N7-
methylguanine moiety. Again, both proteins are lacking the full network
of interactions created between the conserved Arg and Lys residues and
the phosphate groups of the cap that are present in canonical elF4Es. In
both proteins, Lys159, Lys162 (numbering of human elF4E) and in Dm
4EHP also Arg112 are substituted by non-positively charged amino
acids (Fig. 4). However, in human 4EHP, the a-phosphate group is
stabilised by an extra hydrogen bond with N2 of His110 [52], which is
replaced by Tyr100 in Dm 4EHP and by glycine residue in both, Dm
elF4E-1 and human elF4E. What is more, the y-phosphate group is sta-
bilized by water-mediated hydrogen bond with the additional Arg138
in human and Arg128 in Drosophila 4EHP (Fig. 4). The differences
in intermolecular contacts between phosphate chain of cap and
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Fig. 4. Comparison of Class I and Class II elF4E structures in complex with cap analogues. Dm elF4E-1 (Class ) and Dm 4EHP (Class II) modelled structures were compared with reported
structure of human 4EHP (Class II, PDB: 2JGB). Amino acids critical for differences in binding affinity for cap analogues are indicated in cyan. Conserved tryptophan is shown in orange. Cap

analogues are depicted in green.

amino acids observed between both 4EHP proteins did not transfer
to differences in the Gibbs free energy of phosphate group binding
between proteins. The sequential additions of the next three phos-
phate groups to m’GMP gave the same energetic gain (AAG®) for
both proteins (Table 2). These results suggest that the difference in
cap binding abilities between Drosophila and human 4EHP proteins
concerns the binding of N7-methylguanosine.

3.5. Cooperativity between binding of the elF4G peptide and cap analogues
is observed only for Dm elF4E-4 isoforms

It has been shown by both coimmunoprecipitation experiments and
the yeast two-hybrid systems that all Drosophila Class I elF4E proteins
bind Dm elF4G, in contrast to both Drosophila and mammalian 4EHP
[7,26,28,65,66]. Moreover, recent studies [38,39] have shown that Dm
elF4E-2 binds Dm elFAG only via the canonical 4E-binding motif
621YDREQLL627 in elF4EG. In six Class I Drosophila elF4E proteins,
all residues involved in elF4G binding by the C-motif are conserved
(Fig. 1), whereas in Dm elF4E-3 and Dm 4EHP they are not [26].

Several biophysical and biological studies have shown that the asso-
ciation of elF4G to elF4E in the apo form enhances cap binding by elF4E.
This cooperativity effect has been observed in the case of both, human
and yeast, elF4Es, where interaction with elF4G increased cap affinity
2-fold [67] and up to 100-fold, respectively [68]. It has been suggested
that this effect is important for formation of an active elF4F complex
and therefore for translation control [69]. In disagreement with these
observations, other biophysical studies have shown that binding of a
90-residue-long fragment of e[F4G to mammalian elF4E did not increase
the cap binding affinity of elF4E [34,70].

Next, we wanted to extend our fluorescence-based comparative
analyses of cap binding to Drosophila elFAE proteins in complex with a
peptide (13 amino acids) consisting of the elF4E-binding site of either

Table 3

human or Drosophila elF4G. As a control, we used a Drosophila elFAG
peptide, in which the residues important for elF4E binding, Tyr621,
Leu626 and Leu627, are substituted by Ala.

First, we determined the K, values for binary complexes of Dm elF4E
with Dm elF4G peptide, taking advantage of the fact that binding to elF4E
dorsal surface leads to quenching of the intrinsic elF4E fluorescence
through interaction with a tryptophan residue corresponding to human
Trp73. The obtained K, values for Drosophila (except for Dm elF4E-3,
which does not have a Trp residue in this position) and human elF4Es
are presented in Table 3. We observed Ky, of the order of 106 M~
which is similar to the values published for mammalian proteins with
short elF4G peptides containing only the C-motif [34,67,71,72]. As ex-
pected, Dm 4EHP did not interact with Dm elF4G peptide [65]. We also
observed no interaction between the peptide Dm elF4G3A and any of
all Dm elF4E isoforms. Unexpectedly, we observed the strongest binding
affinity between Dm elF4G peptide and Dm elF4E-4, with K, value for the
binary complex ca. 7-fold higher than that for the corresponding complex
with Dm elF4E-1 (Table 3). We also observed formation of a strong com-
plex in the case of Dm elF4E-5 isoform with K, value ca. 3.5-fold higher
than for Dm elF4E-1 and Dm elF4E-2. The most crucial difference that
might explain higher affinity of Dm elF4E-4 and Dm elF4E-5 to elF4G pep-
tides corresponds to the replacement of Dim elF4E-2 Met73 by Glu55 and
Glu58 in Dm elF4E-4 and Dm elF4E-5, respectively (Fig. 5C). These
glutamic acids may form additional interactions with two conserved ly-
sines, namely Lys618 and Lys619 in Dm elF4G, and Lys609 and Lys610
in human elF4G. Interestingly, both, Dm elF4E-4 and human elF4E,
showed the highest affinity for their own elF4G peptide, even though
the peptides differ from each other only in 5 amino acids. The differences
in binding affinities between human elF4G and Dm elF4G to the
corresponding elF4Es are by 2-fold (Table 3). These results suggest that
the composition of amino acids in the C-binding motif and in the
neighbouring regions, especially the presence of arginine and lysine

Equilibrium association constants (K,s) of the binary complexes of the Drosophila and human elF4E protein from Class I with the Drosophila and human elF4G peptides that contain the
respective elF4E-binding site, with the non-binding counterpart in the case of the Drosophila eIF4G peptide, and for the ternary complexes: peptide-elF4E-m’GTP of previously pep-

tide-saturated elF4E.

Class I Class 11
Hs elFAE Dm elFAE-1 Dm elF4E-2 Dm elF4E-3? Dm elFAE-4 Dm elF4E-5 Dm elFAE-7 Dm 4EHP
Kas [uM ] for peptide
Dm elF4G peptide 4.44 + 0.62 0.99 + 0.21 1.16 + 0.08 ND 7.39 4 0.60 3.44 +0.78 1.15 £ 0.52 <0.07
Dm elF4G3A peptide <0.17 No binding <0.03 ND <0.03 No binding <0.08 No binding
Hs elF4G peptide 7.08 +0.30 0.74 £+ 0.23 1.29 4+ 0.06 ND 4.64 +0.14 2334+ 033 ND ND
Kas [UM "] for m’GTP when elF4E is peptide-saturated

Apo 735+ 24 8.09 £+ 0.25 7.34 £ 0.12 21.97 £ 0.72 2.12 £+ 0.06 19.7 £ 0.8 5.70 £ 0.13 2.76 + 0.10
Dm elF4G peptide saturated 703 + 3.1 7.71 £ 0.20 6.06 + 0.08 20.86 4 0.76 3.70 & 0.05 173+ 3.0 5.52 + 0.07 2.71 £+ 0.08
Dm eIF4G3A peptide saturated 734+ 32 8.30 + 0.45 7.04 + 0.09 202+ 24 2.24 4+ 0.08 18.0 + 0.7 5.56 + 0.07 2.96 + 0.05
Hs elFAG peptide saturated 684 + 5.5 6.77 £ 0.15 7.00 + 0.67 ND 4.00 + 0.06 214+ 08 ND ND

@ Substitution of Trp residue taking a part in binding of eIF4G and others 4E-BP proteins by Phe residue.
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" Dm elF4E-2 Dm elF4E-4
Fig. 5. Cooperativity in the formation of the ternary complex elFAG-Dm elF4E-4-cap analogue. (A) Comparison of the fluorescence titration curves for the formation of Dm elF4E-4 binary
and ternary complexes with m’GTP and the Dm elFAG-peptide. (B) Thermodynamic cycle for ternary complex formation of Dm elF4G-peptide, Dm elF4E-4 and either m’GTP or m’GpppG
cap analogues with the changes in the standard free energy (AAG®) as calculated from free energy of binding (AG®) determined for sequential binding of each member of the complex.
(C) Comparison of the reported structure of Dm elF4E-2 (PDB: 4UEC) and the modelled structures of Dm elF4E-4 and Dm eIF4E-5 in complex with the Dm elFAG peptide and cap
analogue. Dm elF4G peptide and cap analogue are indicated in orange and green, respectively. Critical Dm elF4G lysines are shown in yellow. Amino acids critical for the difference in

the binding affinity for Dm eIFAG are depicted in cyan.

residues (KKXYXR/KX,LéX,R/K), play an important role in diversifica-
tion of elF4G and other 4E-BPs binding affinities among elF4Es, as also
suggested Peter and co-workers [39].

Then, we asked whether elF4G binding to Drosophila elF4E proteins
exerts a cooperative effect on their ability to bind cap analogues. To ad-
dress this question, we determined K, values for m’GTP binding, when
the elF4G peptide was already bound to Dm elF4Es. The saturation con-
centration of elF4G peptide for each elF4E isoform was calculated based
on the equation for concentration of el[FAE-elF4G peptide complex
using the determined K5 values. A short (13 amino acids) elF4G peptide
enhanced binding to m’GTP only in the case of Dm eIF4E-4, by 2-fold
(Table 3). To probe the synergy in formation of the ternary complex of
elF4G peptide-elF4E-4-cap analogues, we conducted fluorescence
binding titration for all four binding reactions involving Dm elF4G pep-
tides, Dm eIF4E-4 and one of two cap analogues, namely, m’GTP and

m’GpppG (Fig. 5A). The obtained results are summarised in Fig. 5A, B
and in Suppl. Table S3. In the case of Dm elF4E-4, we observed a cooper-
ative activity in ternary complexes formation. Both, el[FAG peptides and
cap analogues, increased Dm elF4E-4 affinity for the other ligand by an
average of 0.2-0.3 kcal/mol in the case of Dm elF4G peptide and 0.3-
0.4 kcal/mol in the case of human elF4G (1.5-2.0-fold increase of K,
values). Equivalent experiments for human complexes did not show
the cooperativity in formation of ternary complex (in Suppl. Table S3).
Previous studies on human complex formation showed both elF4E
cap-affinity enhancement by elF4G binding [67], as well as lack of influ-
ence of elFAG on elF4E cap binding [34,70]. However, the elF4E-elF4G
binding studies for human protein were performed with different
length of elF4GI and elF4GII fragments (short 12-20 amino acid pep-
tides and 90-residue-long elF4G fragment), and according to our and
previous studies the length and sequences composition of e[F4G peptide
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The destabilization effect of second
nucleoside is not observed for Dm elF4E-3

second base

The addition of &-phosphate group increases affinity
to cap for Dm elF4E-5 and Dm elF4E-7 and has
insignificant effect on Dm elF4E-3 and Dm 4EHP

[ Dm elF4E-3 has the lowest affinity to the ]

cap y -phosphate group

Dm elF4E-4 has the lowest specificity to
methylation of guanine ring at N7 position

The methylation of ribose ring at 2’0 position
increases ability of Dm elF4E-5 to bind cap

Dm elF4E-3 has the highest affinity to the
cap o -phosphate group

N

[ Dm elF4E-3, Dm elF4E-7 and Dm 4EHP display weak J

interaction with the cap B-phosphate group

Fig. 6. Schematic representation of the cap structure and its interactions with Dm eIF4Es. The differences in ability of the Drosophila eIFAE proteins to bind the individual elements of a 5’
mRNA cap structure are indicated. The cap is represented by m’GpppA. For consistency with text, the numbering of phosphate groups applied for mononucleotide cap analogues was used.

is important for the interaction with elF4E [39,71,72]. Furthermore, in
contrast to Drosophila elF4E, the human protein probably contains a sec-
ond NC-motif for elF4G binding [72,73].

Although the cooperativity in formation of ternary elFAG peptide-
elF4E-cap analogue complexes remains controversial, some NMR, MS
and crystallographic studies have shown significant structural differ-
ences between a binary and a ternary complex [36,62,74]. e[F4E binding
to the cap results in structural rearrangements, not only around the re-
gion of cap binding, but also on the dorsal surface of elF4E and, con-
versely, elFAG binding alters the conformation around the cap binding
slot especially in the region that interacts with phosphate moiety of
the cap [62].

4. Conclusion

Using fluorescence binding studies combined with sequence/struc-
ture analyses, we demonstrate shared and distinct features of cap bind-
ing by Drosophila elFAE family members. Although Class [ Dm elF4Es
have all the key conserved residues involved in cap recognition, differ-
ences in amino acid sequences confer different binding affinities to the
elements of the cap structure: N7-methylguanosine, phosphate chain
and the second nucleoside (Fig. 6). The K, values for complexes of Dm
elF4Es with individual cap analogues differed by as much as 14-fold.
However, the N7-methyl group is crucial for cap recognition by all Dm
elFAE proteins.

According to our 3D models, Dm elF4E-3 and elF4E-5 display, typical
for nuclear cap binding complex (CBC), stabilisation of the second cap
nucleoside by potential stacking interaction with an aromatic residue:
His234 and Phe222, respectively. In human CBC, the second nucleoside
is stabilised by stacking interaction with Tyr138 [75] and its substitution
by alanine reduces CBC binding affinity for m’GpppG about 4-fold [76,
77]. Dm elF4E-3 binds dinucleotide cap analogues 1.3-1.9 fold stronger
than human elF4E. Interestingly, Dm elF4E-3 expression is restricted to
testes of adult male flies and regulates translation during spermatogen-
esis by forming specific elF4F complexes with elF4G and elF4G2, and its
activity is not regulated by 4E-BP. Moreover, male flies lacking elF4E-3
are viable but are completely sterile [28].

Other Drosophila elF4E cognate, for which the biological role is
known, is 4EHP that acts as a translation repressor by competing with
elF4E for binding of the mRNA cap. It represses translation of specific
maternal mRNAs, such as caudal (cad) and hunchback (hb), which are
important for establishing the correct anterior-posterior axis polarity
in the Drosophila embryo [30,31]. 4EHP inhibits translation of cad
mRNA by simultaneous binding with the cap and Bicoid, which in turn
binds to 3'UTR of cad mRNA. In the case of hb mRNA, 4EHP binds the
cap and a Brat protein member of NRE complex required for inhibition
of hb mRNA [31,78]. In mammals, such inhibition of mechanism involv-
ing 4EHP was documented during maturation of mouse oocyte, where
4EHP in complex with Prep1 protein inhibits translation of Hox4
mRNA [14]. Interactions of 4EHP with specific protein partners together
with the lack of elF4G binding, as well as its low affinity for the cap in
apo form were considered key factors for translational inhibition of spe-
cific mRNAs. The significantly lower (100-200 fold) cap binding affinity
of human 4EHP as compared to human elF4E [56] can prevent cap rec-
ognition of all mRNA and hence uncontrolled translation inhibition.
Drosophila 4EHP binds only 3-fold weaker to m’GTP and m’GpppG
than Dm elF4E-1, suggesting the existence of different additional control
mechanisms of 4EHP availability for mRNA recognition in Drosophila
and human.

Altogether, our studies showed that some local sequence differences
play an important role in the elF4E-cap interactions that might have an
impact on their biological role.
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