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ABSTRACT

Metazoan spliced leader (SL) trans-splicing gener-
ates mRNAs with an m?®%>7’G-cap and a common
downstream SL RNA sequence. The mechanism
for elF4E binding an m?%7G-cap is unknown. Here,
we describe the first structure of an elF4E with an
m?>2’G-cap and compare it to the cognate m’G-
elF4E complex. These structures and Nuclear
Magnetic Resonance (NMR) data indicate that the
nematode Ascaris suum elF4E binds the two differ-
ent caps in a similar manner except for the loss of a
single hydrogen bond on binding the m?%’G-cap.
Nematode and mammalian elF4E both have a low
affinity for m?>?»’G-cap compared with the
m’G-cap. Nematode elF4E binding to the m’G-cap,
m227G-cap and the m?>27G-SL 22-nt RNA leads to
distinct elF4E conformational changes. Additional
interactions occur between Ascaris elF4E and the
SL on binding the m*>?7G-SL. We propose inter-
actions between Ascaris elF4E and the SL impact
elF4G and contribute to translation initiation,
whereas these interactions do not occur when only
the m®>2"G-cap is present. These data have implica-
tions for the contribution of 5-UTRs in mRNA trans-
lation and the function of different elF4E isoforms.

INTRODUCTION

Eukaryotic translation initiation is the main regulatory
step for translation and is controlled at multiple levels
(1-3). The initiation complex elF4F mediates ribosome
recruitment to mRNA and is composed of three subunits:
elF4E, elF4G and elF4A (4). The binding of eIF4E to
the cap is an essential step for cap-dependent translation
(4-6). Efficient mRNA translation initiation also requires
the scaffold protein, eI[F4G, which interacts with elF4E,
elF4A, the mRNA, and recruits the 40 S ribosome com-
plex to generate the translation initiation complex (2-5).
The binding affinity of eIF4E for the mRNA cap is con-
sidered to play a key role in translation efficiency (7,8). In
nematodes, two different types of capped mRNA are
present, m’G- and m**’G-cap. A large percentage of
nematode mRNAs are matured by spliced leader RNA
trans-splicing which generates the mature 5-ends of
mRNAs through the addition of a short leader sequence,
the 22-nt spliced leader (SL), and a new cap (an m**’G-cap
in metazoa) (9-12). Previous studies suggest that some
nematode elF4E isoforms (Ascaris suum elF4E-3 and
Caenorhabditis elegans eIF4E-1, -2, -5) are able to recog-
nize the two different nematode mRNA caps (10,13-15).
Current data suggest that most elF4E proteins have a
strong preference for the m’G-cap compared with an
m?2’G-cap evident from (i) their higher binding affinity for
the m’G-cap (16) and (ii) inefficient translation of
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m>*’G-capped mRNAs in wheat germ and rabbit reticu-
locyte lysates (17,18). In contrast a single nematode elF4E
isoform can translate both m’G- and m”**’G-capped
mRNAs in a nematode in vitro translation system (17).
Efficient translation of nematode m**’G-capped
mRNAs requires the downstream trans-spliced leader
(10,12,17).

Trans-splicing is an essential process in nematodes (19).
Importantly, many parasitic nematodes and flatworms
have trans-spliced mRNAs with m**’G-caps. These para-
sites remain a significant public health problem infecting
over 2 billion people (20). Consequently, knowledge of the
fundamental differences in nematode mRNA translation
and the associated proteins may lead to the directed de-
velopment of compounds that can specifically block
parasite, but not human, gene expression.

Structural studies on the eIF4E-m’G-cap complex have
revealed the details of eIF4E interactions with the m’G-
cap (16,21-28). However the mechanism of eIF4E binding
to the atypical m*>*’G-cap has not been determined. It has
been proposed that the observed lower affinity of mam-
malian eIF4E for the m**’G-cap is the consequence of a
narrower binding pocket (14) or steric hindrance caused
by the addition of two methyl groups at the N position
(29). Alternatively, intrinsic protein conformational flexi-
bility may be a major determinant that enables the eIF4E
from a trans-splicing flatworm to bind both caps (30).

Here, we have used a combination of X-ray crystallog-
raphy, Nuclear Magnetic Resonance (NMR) spectroscopy
and other biophysical techniques to examine the inter-
action of nematode eIF4E with the m**’G-cap. Our struc-
tural analyses represent a first step in understanding the
structural specificity of eIF4E proteins for different caps
and rational drug design against a parasitic nematode
elF4E. We present the first structure of an eIF4E-m**’G
complex and demonstrate how the addition of two methyl
groups at the N? position disrupts a critical hydrogen bond
that is required for higher affinity binding of the m’G-cap.
NMR analyses w1th nematode elF4E and its interaction
with m’G-cap, m**’G-cap and m**’G-SL demonstrate
distinct conformational changes on binding these ligands.
Notablg conformational changes associated with binding
the m**’G-cap are significantly reduced compared
with binding the m’G-cap. Compensatory conformational
changes on binding m* ’7G-SL provide one explanation
for the requirement of the 22-nt SL RNA sequence in
nematode translation of m>*’G-capped, trans-spliced
mRNAs. Our studies suggest that ¢IF4E proteins may
undergo distinct conformational changes on binding a
cap, and elF4E interactions with the mRNA 5-UTR
could be important for the translation of some mRNAs.

MATERIAL AND METHODS

Synthesis of cap analogs and capped spliced leader
sequence

Cap analogs and the m**’GTP-Sepharose affinity resin
were synthesized as previously described (31-33). The

m>*’G-capped spliced leader sequence was prepared
from a chemically synthesized 5’ phosphorylated RNA

Nucleic Acids Research, 2011, Vol. 39, No. 20 8821

oligonucleotide, p-GGUUUAAUUACCCAAGUU
UGAG (TriLink BloTechnologles lnc ) by coupling with
an imidazolide derivative of m**’GDP under aqueous
conditions. Final products were isolated from the reaction
mixture and purified using High Performance Liquid
Chromatography (HPLC) ga detailed protocol will be
pubhshed elsewhere). bn’m GMP was synthesized from
N2-fluoro-2',3',5'-O-triacetyl-O°®-[2-(4-nitrophenyl)ethyl])
guanosine (34) by nucleophilic substitution with benzyl
iodide, subsequent 5'-phosphorylation using the standard
method of Yoshikawa (35) and the methylation carried
out as previously described (31). A detailed method for
the synthesis of the compound will be described elsewhere.

Protein purification

Ascaris elF4E-3 protein was prepared from bacterial cul-
tures induced with 0.2mM IPTG at Aggy = 0.7 and in-
cubated overnight at 25°C. The cells were collected by
centrifugation at 4000g, suspended in HEPES binding
buffer 20mM HEPES, pH 7.4, 100mM KCI, I|mM
dithiothreitol, I mM EDTA), sonicated and clarified by
centrlfugatlon at 16000g. The supernatant was loaded
onto m’GTP-Sepharose resin (GE Healthcare) and
rotated at 4°C for 2h. The resin was washed with the
binding buffer, and elF4E was eluted with 2M KCI in
binding buffer. The eluted protein was applied to a
Superdex 75 (GE Healthcare) column equilibrated in
binding buffer, and monomeric protein was collected,
analyzed by Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and concentrated using an
Amicon 10000 MW Ultra Centrifugal Filter Device
(Millipore, Billerica, MA, USA).

Full-length  human eIF4E was subcloned into
pGEX6P-1 (GE Healthcare, Parsipanny, NJ, USA) and
then transformed into Escherichia coli strain XA90.
Protein expression was induced, the cells were collected
and sonicated, and the supernatant was recovered as de-
scribed above except that phosphate-buffered saline buffer
was used. The cell lysate was incubated with Glutathione-
Sepharose 4B (GE Healthcare) for 4 h at 4°C with rotation.
The resin was washed with phosphate-buffered saline
buffer, and eIF4E was cleaved from the glutathione S-
transferase fusion protein by incubation with PreScission
Protease at 4°C overnight. Eluted protein was further
purified as described above on a Superdex 75 column.

Crystallization conditions, data collection and refinement

Purified A. suum elFAE-349 236, was concentrated to 10 mg/
ml (Amicon, 10000 MW Ultra Centrifugal Filter Device,
Millipore, Billerica, MA, USA) and then incubated with
1 mM 4E-BP peptide (RITYDRKFLMECRNSPYV, corres-
ponding to the residues 51-67 of the human 4E-BPI
sequence) and 0.5mM m’G or m**'G-cap at 4°C for
1 h before crystallization setup using the hanging drop
vapor diffusion method. Needle-like crystals developed
in 20% MME PEG 2000, 0.2 M (NH4),SO4 and
100mM Na C3;HsO(COO); (pH 5.6) at 4°C within 1
week using 0.5ml 1 M NaCl as the well solution (30).
Before data collection, the crystal was transferred into
the equivalent mother solution containing 30% MMG
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PEG 2000 for 15min, and then flash cooled in liquid
nitrogen. X-ray diffraction data were collected using the
Advanced Light Source beamline 4.2.2 at the Lawrence
Berkley National Laboratory and 19-ID of the
Structural Biology Center, Advanced Photon Source
(APS) at Chicago. The Ascaris elF4E-3 complex struc-
tures were solved by molecular replacement using
PDB:2V8W as the initial model and the program
PHASER in the CCP4 suite (36). Model building and
manual refinement were performed in COOT (37) and
REFMAC from the CCP4 suite (36), respectively.
Figures were generated using Pymol (38). At the final
stage of refinement, the TLS refinement with REFMCA
was used using the TLS parameter generated by the
TLSMD server (39).

NMR spectroscopy

All NMR spectra were acquired on a 900 or 800 MHz
Varian spectrometer at a probe temperature of 25°C.
For the backbone assignment, standard 3D resonance
NMR experiments were conducted including HNCACB,
HNCOCA, HNCOCACB, CCONH-TOCSY using
0.5mM triple-labeled Ascaris eIlF4E-3 in complex with
m’GTP at a 1:1.2 molar ratio. The HNCACB and
CBCACONH were recorded to facilitate resonance as-
signments for the m**’GTP complex using 0.6mM
13C/'SN Ascaris eIF4E-3. Titration experiments with
m>*’GTP were used to facilitate apo-form backbone as-
signments. Titration experiments were performed at the
protein concentration of 50 pM in the presence of different
molar ratios of ligands. All the NMR data were processed
using NMRPipe (40) and analyzed using CcpNmr (41).

In vitro translation

In vitro translation and depletion/reconstitution assays
were carried out as previously described (17). elF4F
complex consisting of full-length eIF4G and wild-type or
mutant elF4E were co-expressed and the complex purified
using His-tagged elF4G (17). eIF4F complex addition was
normalized to both e¢IF4E and elF4G using antibodies
directed to the Ascaris proteins. Preparation and use of
an optimized cap-dependent rabbit reticulocyte lysate
translation system was done as described (42).

Isothermal titration calorimetry

The calorimetric titration was carried out at 20°C using a
VP-ITC calorimeter (MicroCal Inc., Northampton, MA,
USA). elF4E proteins were purified as described above
and used for ITC in 20mM HEPES (pH 7.4), 1mM
EDTA and 100 mM KClI buffer. Each titration experiment
consisted of a 5pl injection followed by 29 injections of
10 ul of cap analogs. Data were processed using the single
binding site model in Origin (Version 7.0 MicroCal).
Control titration experiments demonstrated that the dilu-
tion heat was trivial compared with the real binding heat
(e.g. buffer titrated into protein and cap titrated into
buffer; data not shown).

Fluorescence titration

Titrations of eIF4E-3 with the cap analogs were per-
formed as described previously (16). Absorption and
emission spectra were recorded on Lambda 20 UV/VIS
and LS-55 (Perkin-Elmer, CT, USA) spectrometers, re-
spectively. The protein solution was spun down at
18000g for 10min at 4°C before the experiments to
remove any possible precipitants. The measurements
were carried out in 50mM HEPES/KOH, pH
7.204+0.02, 200mM KCIl, 1TmM DTT and 0.5mM
EDTA, at a temperature of 20°C and repeated multiple
times at eIF4E-3 concentrations of 0.4-0.6uM. The
samples of m**’GpppG used for determination of the
binding constant were synthesized in seven independent
batches. The temperature was controlled to £0.2 K with
a thermocouple inside the thermostated cuvette, and the
sample was stirred magnetically. The fluorescence, excited
at 280 nm (slit 2.5nm, auto cut-off filter), was monitored
at 335nm (slit 2.5-4nm, 290 nm cut-off filter), with an
integration time of 30s and a gap of 30s for adding the
cap analogue. Dilution during the titration did not exceed
2.5%. Fluorescence intensity was corrected for the inner
filter effect. The emission of the free cap analogues was
explicitly included in the numerical analysis. A theoretical
curve for the fluorescence intensity as a function of the
total ligand concentration was fitted to the experimental
data points by means of non-linear, least-squares method,
using Prism 3.02 (GraphPad Software, USA).

Thermofluor assays

Thermofluor assays were carried out using an RT-PCR
instrument (Bio-Rad iCycler 5). The protein concentration
used in this assay is 1 pM in the 20 mM HEPES buffer (pH
7.4) containing 100mM KCI and 1mM EDTA. The
various caps were incubated with the protein for 10 min
before the addition of SYPRO orange dye (1:1000
dilution) (Invitrogen). The fluorescence was measured
with the increase of temperature at the rate of 1°C/min
(excitation wavelength at 492 nm and emission wavelength
at 610nm). The data were analyzed using the Boltzmann
equation in Prism 3.02 (GraphPad Software).

Accession numbers

Atomic coordinates and structure factors have been de-
posited in the Protein Data Bank for Ascaris
elF4E-3-m’GTP-4E-BP complex (PDB code 3M93) and
Ascaris eIF4E-3- m**’GTP-4E-BP complex (PDB code
3M94).

RESULTS

Structure of Ascaris eIF4E-3 in complex with
m’G-/m**’G-cap

Previous qualitative studies suggested that Ascaris
elF4E-3 recognizes both the m’G and m**’G-cap (10),
whereas studies on mammalian eIF4E proteins indicated
they had very low affinity for m**’GTP (~100-fold less)
compared with m’GTP (16). We carried out quantitative
fluorescent cap-binding studies with Ascaris elF4E-3.



These studies suggested that Ascaris el[F4E-3 had equal
affinity for m’GpppG and m**’GpppG-cap (Kp =
~luM) (Table 1 and Supplementary Figure SI1A).
Sequence alignments comparing ¢IF4E proteins did not
provide any obvious explanation for why the nematode
proteins would have higher affinity for the m>*’GpppG-
cap compared with mammalian eIF4E (Supplementary
Figure S1B).

In order to understand the binding mechanism of
Ascaris eIF4E-3 with the m**’G-cap, we tried to deter-
mine the co-crystal structure of full-length Ascaris
elF4E-3 with the m>*’G-cap. Full-length Ascaris
eIF4E-3 with the m**’G-cap failed to produce diffraction
quality crystals. Sequence alignment, trypsin digestion and
isothermal titration calorimetry (ITC) cap-binding ana-
lyses indicated that N-terminal truncation of the protein
(49-236) retained cap-binding ability (Table 2). Using this
shorter construct in the presence of the human 4E-BPI
peptide, we obtained diffraction quality crystals and
determined the co-crystal structures of Ascaris eIF4E-3
with m*>*’GTP and m’GTP (Table 3). The overall struc-
tures of the Ascaris m**’GTP and m’"GTP complexes are
very similar to each other (RMSD for Ca = 0.31 A) and
to the human eIF4E-m’GTP complex structures (PDB:
2V8W, RMSD for Ca = 0.79 A) (25) (Figure 1A-C and
Supplementary Figure S1C). The human 4E-BP1 peptide
binds to the opposite surface of the protein and forms
interactions with Ascaris elF4E-3 (Figure 1A and B)
almost identical to those previously observed in the
human elF4E/4E-BP complex structure (43).
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The electron density of both caps in the binding pocket
is well defined except for the third phosphate (Figure 1D).
Three main interactions occur between the m**’GTP-cap
and the protein that include: (i) cation-m stacking between
the guanine base and Trp69 and Trpl15; (ii) electrostatic
and hydrogen bonding interactions between Argl70 and
Lys175 and the o and B phosphates of the m**’GTP-cap:;
and (iii) two H-bonds between the guanine N' and O° with
the carboxyl group of Glul16 and the backbone amide of
Trpll5, respectively. Comparison of the Ascaris elF4E-3
m>*’GTP and m’GTP complexes and other eukaryotic
elF4E complex structures (22,30) demonstrates that the
only major difference on binding m**’G-cap is the loss
of a single H-bond between the N- of the guanine base and
the carboxyl group of Glull6 (Figure 1D).

To further evaluate the role of Glul16 in m**’GTP-cap
binding, two mutants were generated (E116A and
E116D). We predicted that the substitution of Glu by
Asp or Ala would disrupt one H-bond between Glu
carboxyl group and guanine N? of the m’G-cap.
However, the loss of the H-bond would not affect
binding to the m**’GTP-cap since this H-bond is
already absent, as shown in Figure 1D. The E116A sub-
stitution resulted in an insoluble protein precluding its use
in cap-binding analysis. In contrast, the E116D
substituted protein was readily purified. Binding studies
using ITC demonstrated that the E116D substitution led
to a decreased binding affinity for the m’GTP-cap
(10-fold), with little effect on m**’GTP-cap binding
(Table 2). To examine the role of these substitutions on

Table 1. Fluorescent titration analysis of Ascaris eIF4E-3 and human eIF4E cap-binding affinity

Cap analog Kp (uM) AG° (kcal/mol)

Ascaris elF4E-3 Human eIF4E (28-217) Ascaris elF4E-3 Human eIF4E (28-217)
m’GTP 0.161 +0.005 0.0274 +0.0002 —9.1140.02 —10.138 +0.003
m7Gg>ppGa 0.787 £0.025 0.335+0.036 —8.19+0.03 —8.69 £0.06

22'GpppG* 0.662 £0.057 3.1+1.1 —8.28 +0.05 —7.38 £0.20
GTP 83+ 14 140 £ 6° —5.47+£0.10 —5.17£0.03°
GpppG 116 +38 2504+ 19° —4.8740.09 —4.4340.06°
GpppG® 232436 500 =+ 38°

Results similar to these were obtained for m’GpppA and m**’GpppA.

PCalculated from the values at 100mM KCI and the slope of ionic-strength dependence of the association constants for the triphosphate mono- and

dinucleotide cap analogs (16).

“Microscopic association constant derived from the measured one by dividing by a factor of two due to entropic effects for the symmetric cap analog.

Table 2. Isothermal titration calorimetry analysis of Ascaris eIF4E-3 and human elF4E cap-binding affinity

Protein Ligand Kp (uM) AH (kcal/mol) TAS (kcal/mol) AG (kcal/mol)
Ascaris eIF4E-3 m’GTP 0.24 %+ 0.04 —14.5+1.7 55+1.4 -9.0
Ascaris eIF4E-3 m>>’GTP 84+1.0 —104403 3.5440.42 —6.86
Ascaris eIF4E-3 (49-236) m’GTP 0.17£0.05 —12.38£0.02 3.3+£0.56 —9.08
Ascaris eIF4E-3 (49-236) m>>’GTP 122439 —11.5840.52 5.0240.72 —6.56
Ascaris eIF4E-3 (E116D) m’GTP 1.9840.2 —11.0440.84 3.38£0.78 —17.66
Ascaris eIF4E-3 (E116D) m>>’GTP 7.040.1 —10.6540.05 3.69+0.1 —6.96
Ascaris elF4E-3 (49-236) m’GpppG 0.75+0.19 —11.5+0.8 33+£0.7 —8.2
Ascaris eIF4E-3 (49-236) m>>'GpppG* 172429 —4.5240.38 1.340.1 -3.22
Human elF4E m’GTP 0.032+£0.008 —12.54+£0.45 25403 —10.4
Human elF4E m>>’GTP 4.56+2.1 —12.1£0.36 476 +1.01 —7.34

“Data were analyzed using the fixed stoichiometry (N = 1) due to the weak binding affinity (Supplementary Figure S1A).


http://nar.oxfordjournals.org/cgi/content/full/gkr650/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr650/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr650/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr650/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr650/DC1

8824 Nucleic Acids Research, 2011, Vol. 39, No. 20

Table 3. Crystal data and refinement statistics for Ascaris elF4E-3

Data collection m’GTP-cap m>*’GTP-cap
Space group 14 (1) 14 (1)
Cell dimensions

a (A) 104.62 104.98

b (A) 104.62 104.98

¢ (A) 47.22 46.91

o (%) 90 90

B () 90 90

v (©) 90 90
Measured reflections 22966 104 640
Resolution® 39.99-2.9 (3.0-2.9) 41.73-2.00 (2.07-2.00)
Ry OF Ryerge 0.113 (0.299) 0.113 (0.275)
I/o 6.7 (2.2) 6.6 (3.2)
Completeness (%) 98.5 (98.8) 98.3 (98.1)
Redundancy 34 (3.3) 3.68 (3.7)
Refinement .

Resolution (A) 2.9 2.05

Number of reflections 5713 15993

Ryork/ Riree 23.6/29.8 20.4/24.4
Number of atoms

Protein 1429 1441

Peptide 113 117

Ligand 29 31

Water 2 22
B factors

Protein 45.6 21.4

Peptide 46.2 91.3

Ligand 77.5 41.6

Water 17 19.9
Rms deviations

Bond length (A) 0.011 0.01

Bond angles (°) 1.35 1.27
Ramachandran plot

Residues in most 95.7 98.9

favorable regions (%)
Residues in disallowed 0 0

regions (%)

“Values in parentheses are for the highest resolution shell.

translation, we were able to functionally co-express both
E116A and E116D with full-length Ascaris eIF4G and use
them in translation assays. The substitutions in E116A or
E116D led to a loss in translation of m’G-capped mRNAs
compared with m**’G-capped mRNAs (Figure 2A and
B). Overall, these data are consistent with our structural
observations indicating the importance of the hydrogen
bonds at the N? position for binding of the m’G-cap
(16,22).

Characterization of Ascaris eIF4E-3 binding to
m’G- and m**’G-caps

A comparison of the Ascaris eIF4E-m>*’G and Ascaris
elF4E-m’G complexes presented here with the human
elF4E-m’G complexes did not show any other major dif-
ferences in the cap-binding pocket or the protein’s inter-
actions with the ligands (Sugplemental Figure S1C). The
two methyl groups at the N? position of the m**’G-cap
are solvent exposed and have no apparent direct inter-
action with the protein. These observations sug-
gest that mammalian elF4E might be able to bind
m>*’G-cap with a similar binding affinity as that observed
for the Ascaris elF4E-3. In support of this prediction,
both human elF4E and Ascaris elF4E-3 were retained

on m**’GTP-sepharose and could be eluted by the
m>*’GTP-cap analog (Supplementary Figure S2A
and S2B). We next carried out ITC binding studies on
Ascaris and human elF4E. These analyses indicated that
Ascaris elF4E-3 has a lower binding affinity for
either m**’GTP or the m**’GpppG-cap compared with
m’GTP- and m’GpppG caps (Table 2 and Supplementary
Figure S2C-F). NMR studies of Ascaris elF4E-3
with dinucleotide caps (m**’GpppG and m’GpppG)
further support that the affinity of Ascaris elF4E-3 for
m>*’GpppG is lower than for m’GpppG (Supplementary
Figure S2G) as do SPR studies (data not shown). We note
that while similar Ascaris elF4E-3 binding affinities for
the two caps were observed using fluorescence titration
methods described above (Table 1), overall our
interpretation of the structural, NMR and translation
data (see below) are most consistent with the view that
the affinity of Ascaris eIF4E-3 for the m**'G-cap is
lower than for the m’G-cap (see Discussion in
Supplementary Data). Furthermore, the ITC data indicate
that Ascaris eIF4E-3 and human eIF4E have similar and
lower binding affinities for the m>*’G-cap. Similar
observations were made for eIF4E protein from the
parasitic flatworm  Schistosoma mansoni that also
has m?*’G-capped mRNAs (30). Thus, the major
difference between the human, nematode and flatworm
elF4E is that the human protein has a higher binding
affinity (6-9 fold) for m’G-cap (Table 2) (14,30,44).

The lower binding affinity of mammalian eIF4E for the
m>*’GTP-cap was previously proposed to be a result of
both a narrower binding pocket and steric hindrance
caused by the two additional methyl groups at N2
(14,15,29). Our structures of the Ascaris eIF4E-m**’G
and elF4E-m’G suggest there is no direct interaction
between the protein and the two methyl groups at the
N? position. Furthermore, we have shown here that
human and Ascaris elF4E-3 have a similar affinity for
the m*>’GTP (Table 2 and Supplementary Figure S2).
To examine if steric hindrance is responsible for the
reduced affinity for the m>*’G-cap, we tested the
binding of a cap analog, bn’m’GMP (Supplementary
Figure S3A), which has a large benzyl substituent at N?
and find that it binds to both human and Ascaris elF4E-3
with a 10-fold higher affinity compared with m’GMP
(Supplementary Table S1). These data suggest that add-
itional N? methyl groups are not likely to preclude
m>*’GTP from entering the cap-binding pocket and
that the pocket may be able to adapt its conformation
to accommodate different caps. This is consistent with
recent data indicating that the eIF4E cap binding pocket
is relatively flexible (25). Further, as mammalian eIF4E
undergoes a major conformational change on binding
the cap (24,29.,45), it is apparent that the N? substituent
does not impede any conformational change required to
form the cap-binding pocket or access of the cap to the
pocket. Consistent with the increased affinity of
bn’m’GMP for Ascaris eIF4E-3, it is also a strong com-
petitive inhibitor of either m’G- or m?**’G-capped
mRNA translation in vitro (Supplementary Figure S3B
and S3C) and is a stronger inhibitor than m’GTP.
Furthermore, in an optimized cap-dependent rabbit
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D

Arg170

Fi§ure 1. Structure comparison of Ascaris eIF4E-3 m’GTP and m>>’GTP complexes. (A and B) Ascaris elF4E-3 structure in complex with
m>>’GTP and human 4E-BP1 peptide (blue) shown in two orientations. The three o helices and eight B strands in the structure are labeled.
m>>’GTP and the two stacking aromatic residues of eIF4E (Trp69 and Trpl15—yellow) are shown as colored sticks. (C) Superimposition of Ascaris
elFAE-m**’GTP (Wheat) and m’GTP-cap complexes (Green). The m’GTP-cap is omitted from the figure. (D) m’GTP and m>>’GTP interactions in
the Ascaris eIF4E-3 cap-binding pocket. The colored dashed lines illustrate hydrogen bonding. Note the additional hydrogen bond present with the
m’GTP-cap from E116. 2Fo-Fc Electron density map is contoured at a level of Ic.

reticulocyte lysate translation system (Supplementary
Figure S3D), addition of the benzyl group to m’GMP
significantly increases its efficacy as a translational inhibi-
tor. Enhanced binding of eIF4E for bn’m’GMP may be
due to a change in the methylated ring character (46) or an
increased favorable entropy contribution from the N?
benzyl group (47). The benzyl group of bn’m’GMP may
form additional interactions with eIF4E to enhance cap
binding.

elF4E conformational differences on binding
m**’G- versus m’G-caps

To further explore the mechanistic basis for m*>’G-cap
binding, we used NMR chemical shift perturbation

analyses to examine the changes that occur in Ascaris
elF4E-3 upon binding m**’G- and m’G-caps
(Supplementary Figure S4A). Approximately 25 residues
from Ascaris eIF4E-3 exhibit significant chemical shift
changes upon addition of m’G- or m**'G-cap
(Supplementary Figure S4B and S4D), indicating that
these residues interact with the cap and/or undergo signifi-
cant conformational rearrangements on binding the cap.
These residues fall into three categories based on their
location in the structure (Figure 3B): (i) residues involved
in the formation of the cap-binding pocket or around the
binding pocket; (ii) residues associated with the elF4E/
elF4G interface (compare H1 and S2 in Figure 3B and
D); and (iii)) residues at a distance from these two
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Figure 2. Mutations in Ascaris eIF4E-3 E116 have a greater affect on the translation of m’G-capped compared with m**’-capped mRNAs.
(A) Comparison of translation of m’G- to m**’G-capped mRNAs by wild-type and mutant E116 eIF4E. W69A or W115A represent mutations
in aromatic tryptophan residues required for cap binding and abolish translation. (B) Ratio of m**’G- to m’G-capped mRNA translation as
function of the wild-type and mutant E116 elF4E. Ascaris embryo extracts were depleted of the elF4F complex. elF4F complex consisting of
wild-type eIF4G and wild-type or mutant eIF4E complex were then added back to the extract to reconstitute translation as described (17).

regions. These data are consistent with chemical shift per-
turbations observed for the human eIF4E protein on
binding m’GTP-cap (24). The majority of residues with
NMR chemical shift perturbations are similar on binding
both the m’G- and m>*’G-cap (Supplementary
Figure S4B-D), consistent with the minimal differences
observed between the crystal structures of the
elF4AE-m**’G and eIF4E-m’G complexes (Figure 1C).
However, there are clear differences in the magnitude of
chemical shift changes on binding m’G- versus
m>*’G-cap (Figure 3A—C). Most of the changes are sig-
nificant reductions in the chemical shifts associated with
residues located in and around the cap-binding pocket and
near or at the eIF4E/elF4G interface (see Figure 3D for
cyan residues at the eIF4E/G interface). Reduced changes
are observed in Lys112 and Aspl17 (Figure 3A-B and
Supplementary Figure S5) that may be a direct conse-
quence of the loss of the H-bond between the N? of the
base and carboxyl group of Glull6 on binding the
m>*’G-cap. Interactions with eIF4G may be affected by
perturbations of residues Lys74, GIn75, Val76, Ala77 and
Phe79 of S2 as well as Tyr104 (Figure 3B and C). These
residues pack against alpha helix 1 and are connected to
the key Trp69 that stacks with the methylated cap base
(Figure 3C and D). Notably, both of these regions are part
of the eIF4E interface with eIF4G. In addition, there are a
number of changes at some distance from the binding
pocket, including Aspl57 that is also part of the elF4E/
G interface. Data examinin§ mammalian elF4E
cap-binding (m’GTP versus m”>*’GTP) conformation
changes by increased susceptibility to pepsin cleavage
showed conformational differences in regions of H1, H2
and S2 that support the changes we observe in the eIF4E/
elF4G interface on binding these two caps (29). While we

envision potential networks of interactions that would
lead to these changes emanating either from the alter-
ations in Lysl112 and Aspll7 or residues adjacent to
Trp69, peaks from a number of residues in the NMR
spectra are missing or not assignable due to the effects
of intermediate conformational exchange. Thus, the
exact mechanism of how these perturbations are
transmitted from the cap-binding pocket to these regions
of Ascaris eIF4E-3 interface with elF4G is unclear.

m**’GpppG-SL and eIF4E interaction reveals a possible
explanation for the ‘SL effect’

Nematode trans-splicing generates mRNAs with an
m>*’GpppG-cap followed by a conserved 22-nt RNA
spliced leader. Translation of mRNA with only the
m>*’GpppG-cap is poor in nematodes (10,12). Efficient
nematode translation of the m**’GpppG-capped mRNAs
requires specific nucleotides and structural elements within
the downstream spliced leader (SL) sequence including a
stem loop that contains a 3-bp stem immediately following
the cap (17). We have described this phenomenon as the
‘SL effect’. The requirement for the SL in the translation
of m**’GpppG-capped RNA appears consistent with the
low affinity of Ascaris eIF4E-3 and the reduced conform-
ational changes on binding this cap. We hypothesize that
the SL is required to compensate for these deficiencies
and facilitate translation. To examine where the SL
might interact with Ascaris elF4E-3, we used NMR spec-
troscopy to compare the binding of m**’GpppG-SL,
m>*’GpppG and m**’GTP-caps to Ascaris elF4E-3.
Comparison of the chemical shift perturbations in eIF4E
on association with these three ligands (Figure 4A and B)
demonstrated that the interaction with m**’G-SL leads to
additional perturbation of residues around the cap-binding
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Figure 3. Ascaris elF4E-3 chemical shift perturbations are less on binding the m**’G- compared to m’G-cap. (A) Differences in eIF4E-3 chemical
shift perturbation upon binding m**’G- compared to m’G-cap. The reported difference in the chemical shift changes (AAS$) is the difference in the
weighted chemical shift changes, calculated as As = {AS('H)*+0.2 x AS("*’N)*}'/2, where AS('H) and AS('°N) are the chemical-shift differences of the
amide proton and nitrogen, relative to chemical shifts observed in the apo-protein, respectively (24,54). The dashed horizontal lines represent £1 SD
from the mean chemical shift difference. (B) Location of eIF4E-3 residues that show significant chemical shift perturbations on binding m’GTP
compared to the apo protein (Supplementary Figure S4A and S4B). Residues with major chemical shifts are colored as follows: red = >2.5 SD;
orange = >2.0 SD; yellow = >1.5 SD above the mean. (C) Location of eIF4E-3 residues with significantly different chemical shift perturbations on
binding m**’G- compared with the m’G-cap. Data are derived from (A). Residues with major chemical shifts are colored as follows: red = chemical
shifts >1 SD above the mean and blue = residues with chemical shift changes <1 SD below the mean. Orange (increase) and slate (decrease) residues
are those that show less significant changes for one of the two comparisons (m**’GTP versus m’GTP or m*>’GpppG versus m’GpppG).(D)
Location of eIF4E-3 residues predicted to be involved in the interaction with eIF4G. elF4E residues impacted by yeast eIF4G (393-490) (55) were
mapped onto Ascaris eIF4E-3 and colored in cyan.

pocket (Gly101, Aspl103, Val 128, Val 129, Val 167 and contribute to the structure or interactions within the
Asnl68) and at the eIF4E/G interface including: (i) cap-binding pocket and may influence Ascaris elF4E-3
residues in the S2 strand (Lys75-Asp80) and (ii) residues interactions with elF4G and other translation factors
in the H1 helix area (Glu83-Ala94). Unique chemical shift through protein conformational changes (Figure 4B).
changes observed only in the presence of the SL occur in
the region of Vall28-Argl35 (Figure 4C). These perturb-
ations may reflect the position of some portion of the SL DISCUSSION

RNA sequence on Ascaris el[F4E-3. Overall, these obser- Spliced leader trans-splicing in metazoa generates mRNAs
vations suggest that binding of m>*’GpppG-SL may with an atypical mRNA-cap, m*>*’G-cap, followed by a
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changes in the presence of triphosphate or dinucleotide cap analogs and most likely represents a region that interacts with the SL-RNA.




spliced leader (9—12). In nematodes, two populations of
mRNA are always present: (i) non-tzrans-spliced RNAs
with a typical m’GpppN-cap and variable 5’ sequence
and (ii) trans-spliced RNAs with an m>*’GpppG-cap
and a common 22-nt 5 spliced leader sequence. Ascaris
elF4E-3 can initiate the translation of both types of
nematode mRNAs (17). Here, we describe the first struc-
ture of an eIF4E with an m**’G-cap and compare it to
the cognate m’G-elF4E complex. These structures and
NMR data indicate that the nematode A. suum elF4E
binds the two different caps in a similar manner except
for the loss of a single hydrogen bond on binding the
m?>*’G-cap. Consistent with the structures, both mamma-
lian and nematode eIF4E have a similar low affinity for
m>*’G-cap compared with the m’G-cap. The low affinity
of eIF4E for the m**’G-cap is not a result of a narrower
cap-binding pocket or steric hindrance as previously
postulated. Nematode eIF4E binding to the m’G-cap,
m>*’G-cap and m*>’G-SL leads to distinct eIF4E con-
formational changes. Overall, these data lead us to
propose a model for how the nematode spliced leader fa-
cilitates translation of m**’G-capped mRNAs.

Nematode eIF4E structure and conformation changes on
cap binding

The overall structures of Ascaris el[F4E-3 bound to both
caps are similar and resemble those determined for other
eukaryotic elF4E-cap complexes. (16,21-28). The major
difference in Ascaris eIF4E-3 on binding m**’G-cap
compared with the m’G-cap is the loss of a single
H-bond between the N? of the guanine base and the
carboxyl group of Glull6 (Figure 1D), which leads to a
significant drop in m**’G-cap binding affinity (Table 2).
From ITC analysis, the reduced binding affinity for the
m>*’G-cap results from a reduced enthalpy (AH) presum-
ably from the loss of the H-bond to Glull6, and also an
increase in the unfavorable entropy. The crystal structures
with the m**’G-cap and m’G-cap reveal no significant dif-
ferences in the crystallographic B-factors or atomic pack-
ing density in the vicinity of the ligand. However,
formation of the H-bond between Glull6 and the N2 in
the m’G-cap would lead to release of water back into bulk
solvent and would be entropically favorable. Therefore,
the presence of the two methyl groups prevents this
release, requires solvation of the exposed EI116 side
chain carboxyl, and additionally leads to increased
solvent ordering around the two methyl groups leading
to less favorable enthalpy.

Several lines of data suggest binding to the m’G-cap
compared with the m**’G-cap results in different protein
conformations. First, although NMR spectroscopy reveals
that most of the residues that change on binding each cap
are the same, the magnitude of the chemical shift differ-
ences for a subset of these residues (20 of 25) is smaller on
binding the m**’G-cap (Figure 3A and C). Second, the
different entropy change on binding m’GTP compared
with m**’GTP (Table 2) further suggests that different
protein conformational changes occur upon binding the
different caps. Third, the thermafluor assays demonstrate
that cap-binding stabilizes Ascaris eIF4E-3 against thermal
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denaturation and the stabilization is much greater with
the m’GTP compared with the m>*'GTP-cap
(Supplementary Figure S6). Overall, these data suggest
that conformational changes are different on binding
these two caps and these could have important ramifica-
tions in translation (see below).

Nematode elF4E and the trans-spliced spliced leader

Efficient translation of m**’G-capped mRNAs in Ascaris
requires specific sequence and structure within the down-
stream trans-spliced 22-nt SL sequence, the ‘SL effect’
(10,12,17). Notably, these SL elements do not facilitate
translation of m’'G-capped RNAs in nematodes or
m>*’G-capped mRNAs in mammalian or plant transla-
tion systems (17). Furthermore, adaptations in the Ascaris
eukaryotic translation initiation factor ¢eIF4E/G complex
enable efficient translation of the m**’G -SL RNAs in
diverse in vitro translation systems (17).

One possible explanation for the requirement of the SL
in the translation of m**’G-capped mRNAs is that the SL
sequence facilitates or increases elF4E-3 binding to the
m>*’G-cap. However, studies on Ascaris e[F4E-3 and
elF4E/G indicate that the SL sequence does not increase
either Ascaris e¢IF4E-3 or eIF4E/G affinity for the
m>*'G-cap (17).

Our NMR data indicate that the SL leads to increased
chemical shift changes in Ascaris elF4E-3 S2 (Lys75-
Asp80) and residues in the HI1 helix region (Glu83-
Ala94) (Figure 4A and B). Recent molecular dynamics
data using C. elegans elF4E isoforms also su%gest that
the flexible S1-S2 loop is affected by m*>*’G-cap
binding (48). Residues located in S2 exhibit different chem-
ical shifts upon interaction with the two caps. These
chemical shifts are significantly less on binding the
m>*’G-cap (Figure 3A). We propose that binding of the
m’G-cap leads to perturbation of residues at the eIF4E/G
interface (S2 and H1) (Figure 3B) and this is a result of a
hydrogen bond interaction with Glull6, and possibly
other changes. On binding the m**’G-cap, the loss of a
hydrogen bond between the cap and Glul16 (and possibly
other changes) leads to reduced changes in elF4E at the
interface of eIF4E with eIF4G. We propose that these
interactions are required for recruitment of the 43S
ribosome complex. When the m**’G-cap is bound, the
loss of these interactions leads to reduced recruitment of
the 43S ribosome complex. When the m**’G-cap is
present with the SL, the SL leads to increased chemical
shift changes including those in S2 (Lys75-Asp80) and
residues in the HI helix region (Glu83-Ala94) at the
elF4E/G interface. Therefore, we propose that the SL
sequence in the m**’G-capped RNA is required to
induce the requisite conformational changes necessary
for interactions at the Ascaris elF4E/eIF4G interface.
The reduced binding affinity of nematode eIF4E for
m’G-cap compared with human eIF4E may allow add-
itional degrees of conformational flexibility in Ascaris
elF4E-3 that enable alternate conformations of the
elF4E/G/cap ternary complex necessary for translation
of the two populations of mRNAs (m’G- and
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m?>>’G-capped) in nematodes. Additional adaptations in
the Ascaris eIF4E/G are also required (17).

Nematode elF4E cap binding specificity

Our initial interest in determining the structure of Ascaris
elF4E-3 was based on the premise that Ascaris eIF4E-3
and elF4E from other metazoa with trans-splicing had
adaytatlons in their eIF4Es to specifically recognize the

"G-cap (10,13-16,30,44). However, our new data
demonstrate that both human and Ascaris eIF4E-3 recog-
nize the m**’G-cap with broadly similar, but low affinity,
and that the major difference in cap-binding between the
Ascaris and human proteins is the higher affinity of the
human protein for the m’G-cap (Table 2 and Discussion
in Supplementary Data).

The lower binding affinity of mammalian eIF4E for the

m>>’GTP-cap was previously proposed to be a result of
both a narrower binding pocket and steric hindrance due
to the introduction of two additional methyl groups at N2,
thus preventing this cap from entering the cap binding
pocket (14,15,29). However, our structures of the
Ascaris elF4E-m”**’G and eIF4E-m’G complexes rule
this out as there is no direct 1nteract10n between the protein
and the two methyl groups at N? in the base (Figure 1).
We show that both human and Ascaris elF4E-3 have
a similar affinity for the m®>*’GTP (Table 2 and

gplementary Figure S2). In addition, the cap analog,
m’GMP, with a large benzyl substituent at NZ
posmon has increased binding affinity to both Ascaris
and human eIF4E further suggesting that the N substitu-
ent does not impede the known elF4E conformational
change required to form the cap binding pocket or
prevent access of the ¢ ap to the pocket. Our observation
that addition of an N benzyl group substituent on a
monophosphate (this bn’m’GMP) is a better ligand for
mammalian elF4E and leads to significant translation in-
hibition may provide a novel avenue for cap analog
inhibitor development (Supplementary Figure S3D).

Five isoforms of elF4E have been described in
C. elegans (13,15,49) with two isoforms, described as pri-
marily specific for the m’G-cap, whereas the remaining
three interact with both the m’G- and m**’G-caps.
Mutagenesis studies on the C. elegans dual cap-binding
protein elF4E-5 suggested that alteration of two specific
residues (N64Y/V65L) led to a 2-fold decrease in binding
specificity for m**’GTP-cap (14). These substitutions
were suggested to influence both the width and depth of
the cap-binding pocket. However, native Ascaris eIF4E-3
has both of these substitutions (Tyr105 and Leul06) (10).
The position of these two residues in the Ascaris eIF4E-3
complex structures (m’GTP or m**’GTP-cap) and their
lack of change on binding the two caps (Supplementary
Figure S7) suggests they are not likely the key determin-
ants of cap binding specificity.

The only other trimethylguanosine cap-binding protein
whose structure is known is snurportinl (PDB: 1XKJ5)
(46). Snurportin spemﬁcally binds the trimethylguanosine
cap of snRNAs. The m**’GpppG-cap-binding mechan-
ism for snurportinl (PDB:1XKJ5) is different from that
observed in Ascaris elF4E-3 (Supplementary Figure S8).

The hypermethylated base of the cap is stacked with an
aromatic group (Trpl07) of snurportin and the second
base forms the third residue in a stacked sandwich.
Consistent with this structure, snurportin binds a di-
nucleotide cap (m**’GpppG) with a 10-fold higher affinity
than a mononucleotide cap (46). While the methyl group
at N7 introduces a net positive charge into the guanine
ring and thus enhances the stacking energy between the
base and eIF4E Trp (16} the two additional methyl
groups at the exocyclic N have been proposed to have
no effect on the stacking interaction (50). Thus, the two
additional methyl groups at N? of the cap appear to play
very different roles in their interaction with eIF4E
compared with snuportinl where they form a hydrophobic
interaction with Trp107 (Supplementary Figure S8).

CONCLUSIONS

Our data provide new insight into the mechanism of
eIF4E binding to the atypical m**’G mRNA cap,
1dent1fy eIF4E conformational changes on binding m’G
and m**’G mRNA caps, and suggest a key interaction
between the frans-spliced nematode 5-UTR and e¢IF4E
necessary for efficient translation of trans-spliced
mRNAs in nematodes. Some mammalian mRNAs are
more dependent on elF4E levels or elF4E cap affinity
for efficient translation (51-53). Given our data, we
suggest that eIF4E binding to the cap may be dependent
on or influenced by the RNA 5-UTR sequence and struc-
ture and that this may influence translation efficiency of
some eukaryotic mRNAs.

Most eukaryotes have several isoforms of eIF4E (6,28).
Alignment of eIF4E isoform sequences and residues
associated with their cap-binding pockets indicates that
most are very similar. However, based on our findings,
inherent differences in eIF4E isoform protein flexibility,
ternary complex formation and interaction with the
mRNA 5-UTR may have important consequences in
translation initiation resulting in distinct physiological
roles for elF4E isoforms in translation of different
mRNAs.
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Supplementary Discussion

Cap-binding affinity.

Although previous qualitative m’GTP-sepharose binding and elution data and fluorescent titration
analyses suggested that several nematode and flatworm elF4E proteins have similar affinity for both
caps (Jankowska-Anyszka et al. 1998; Keiper et al. 2000; Miyoshi et al. 2002; Lall et al. 2004; Liu et al.
2009), overall our current structural, ITC, NMR, and translation data are all consistent with Ascaris
elF4E-3 having a significantly lower affinity for the m??’G-cap compared to the m’G-cap (Wallace et al.
2010). We suggest the sepharose data were likely due to the higher affinity of the human elF4E for the
m’GTP cap which would make elution of the protein much less efficient with m**’GTP. Consequently,
the reduced affinity of the nematode and schistosome elF4E proteins for the m’GTP cap would lead to
their more efficient elution by the m**'GTP.

The quantitative fluorescence and ITC data are consistent for mammalian elF4E and for monomethyl
caps for Ascaris elF4E-3. However, it remains unclear why the fluorescence titration data for nematode
and flatworm elF4E suggest high affinity to the m??’G-cap. This may be due to some atypical aspect of
the fluorescence quenching with the nematode and flatworm elF4E compared to other eukaryotic
elF4Es. The discrepancy is also likely due to distinct attributes of the two assays which are known in
some cases to lead to different results (Haq et al. 1997). We used an NMR titration assay as an
independent approach and these data in general are consistent with the ITC data. In addition, surface

plasmon resonance data also suggest that Ascaris elF4E-3 has a lower affinity for the trimethylated cap.
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Supplementary Table 1. ITC Binding affinity of Ascaris elF4E-3 and human elF4E for bn’m’GMP
cap.

Kb
Protein Ligand (M)

m’GMP 8.06 + 0.98

_ m>’GMP 54116
Ascaris elF4E-3 2Bm’GMP 1.06 + 0.06
m’GMP 1.99 + 0.25

m?’GMP 2.76 £ 0.07

Human elF4E 2Bm’GMP 0.255 + 0.03




Supplementary Figures

Supplementary Figure 1. Ascaris elF4E-3 fluorescence titration and alignment with other
elF4E proteins.

A. Quenching of intrinsic fluorescence of Ascaris suum elF4E-3 upon addition of

monomethylated, trimethylated and unmethylated cap analogues, and the corresponding

binding isotherms. Dinucleotide cap analogues: A, m’GpppG; m, m:**'GpppG; A, GpppG.

Mononucleotide cap analogues: ®, m’GTP; o, GTP. The titrations were performed at 20°C in 50
mM Hepes/KOH, pH 7.2, 200 mM KCI, 1 mM DTT and 0.5 mM EDTA. Increase of the
fluorescence signal at higher concentrations of the methylated cap analogues originates from
the fluorescence of free cap molecules in the solution. The emission of the cap has been
explicitly taken into account in the numerical analysis.

B. elF4E protein sequence alignment. Horizontal boxed elF4E proteins are proteins from trans-
splicing organisms known to bind the m?*%’G-cap (Jankowska-Anyszka et al. 1998; Keiper et al.
2000; Miyoshi et al. 2002; Lall et al. 2004; Liu et al. 2009). Sequence of the Ascaris elF4E-3-alt,
elF4E-1 and -4 are unpublished data (Genbank Accession #s ADY45853.1, ADY45288.1, and
ADY48285.1). Vertical red boxes represent the two key aromatic residues (W69 and W115 in
Ascaris) that stack with the cap base on cap binding. Residues marked with a red + are
residues orthologous to yeast elF4E that interact with elF4G (Gross et al. 2003). Asterisks
represent residues with differences in NMR chemical shifts observed on binding the m??’G-
compared to the m’G-cap. Blue arrow shows the N-terminal truncation of the Ascaris elF4E-3
used for crystallization (49-236).

C. Superimposition of Ascaris elF4E-m**’GTP (Wheat), Ascaris elF4E-m’GTP (Green), and
human elF4E-m’GTP (cyan; PDB:2V8W) (Brown et al. 2007) cap complexes. m’GTP is in grey
and the m**’GTP in magenta. Only the m’GTP (grey) and m**’GTP (magenta) caps from the
elF4E-3 complexes are shown. Blue helix represents the human 4E-BP1 peptide used in the

crystallization of Ascaris elF4E.

Supplementary Figure 2. elF4E has higher affinity for monomethyl than
trimethylguanosine caps.

A-B. Recombinant Ascaris elF4E-3 (A) and human elF4E (B) bind to m?**’GTP-sepharose and
are eluted by m?**’GTP. Beads = elF4E protein bound to beads, Elution = elF4E eluted from

beads.



C-F. Isothermal titration calorimetry analysis of elF4E cap-binding affinity (A-E Ascaris and F
human).

C. 10 uM Ascaris elF4E-3 titration with m’GTP cap (100 uM).

D. 30 uM Ascaris elF4E-3 titration with m??’GTP cap (300 uM).

E. 10 uM Ascaris elF4E-3 titration with m’GTP cap (100 uM).

F. 10 uM human elF4E titration with m**’GTP cap (100 uM). Upper panels show and the
bottom panels show the integrated data with the continuous lines representing the fit of data
using a one site-binding mode. The insets in the upper panels represent the buffer controls.
High concentrations of m??’GTP cap and Ascaris elF4E-3 were required to generate
measurable enthalpy changes.

G. Cap-binding affinity of Ascaris elF4E-3 for dinucleotides determined by NMR.

Supplementary Figure 3. Translation inhibition by bn?m’GMP.

A. The chemical structure of bn?m’GMP. The red circle denotes the benzyl group at N? position.
B-C. Ascaris in vitro translation inhibition assays using cap analogs and two representative
types of Ascaris mMRNAs (B, m’G-capped and C, m**’G-capped luciferase mRNA).

D. Rabbit Reticulocyte lysate translation inhibition assays using an m’G-capped luciferase
mRNA.

Supplementary Figure 4. Analysis of Ascaris elF4E cap-binding by NMR spectroscopy.
A. Superposition of the "H-""N HSQC spectrum of the Ascaris elF4E apo-form (orange), bound
to m’GTP cap (blue) and bound to m?**’GTP cap (black).

B, C. Specific chemical shift perturbations observed upon Ascaris elF4E binding m’GTP (A) and
m?%’GTP cap (B). The normalized chemical shift changes (A8) are calculated from
AS={AS8("H)?+0.2xA8(**N)2 "2, where Ad('H) and A8(*°N) are the chemical-shift difference of the
amide proton and nitrogen, respectively (Grzesiek et al. 1996; Volpon et al. 2006). Amino acid
residues with significant chemical shifts are labeled. Horizontal lines in B represent 1.5, 2.0. and
2.5 standard deviations above the mean. The horizontal line in C represents 1.5 standard
deviations above the mean.

D. Chemical shift changes observed upon Ascaris elF4E binding m’GpppG and m**’GpppG
cap. Ad are calculated as described in B,C. Horizontal line represents 1.5 standard deviations

above the mean.



E. Differences in the chemical shift changes for Ascaris elF4E binding m’GpppG compared to
m’GTP, and for m**'GpppG compared to m**’GTP. The difference in the chemical shift
changes (AAJ) is the difference in the weighted chemical shift changes (Ad) shown in B-C. The
dashed horizontal lines represent +/- 1 standard deviation from the mean chemical shift

difference.

Supplementary Figure 5. Chemical shift differences in Ascaris eFI4E Asp117 and Lys112
on binding m’G- and m**’G-cap.

A,B. Superimposition of 2D HSQC spectra showing residue Asp117 and Lys112 in the different
elF4E-cap complexes. Red=apo, blue=m’GTP, black=m**'GTP.

Supplementary Figure 6. Cap-induced Ascaris elF4E thermal stability change.
Thermaflour assays of protein stability were carried out with Ascaris elF4E and different cap
analogs. Note that elF4E cap-binding stabilizes the protein and m’GTP has the most stabilizing

effect.

Supplementary Figure 7. Orientation of residues suggested to be involved in cap
discrimination are not changed on binding the two caps.

A. Location of residues in the cap-binding pocket. The two tryptophans stack on the methylated
cap base. E116 hydrogen bonds to the cap base and electrostatic interactions occur between
the cap phosphates and R170 and K175. The position of Tyr105 (Tyr64 in C. elegans elF4E-5)
and Leu106 (Leu65 in C. elegans elF4E-5) in the Ascaris elF4E complex previously predicted to
contribute to the cap-binding specificity for m’G-cap compared to m*?’G-cap are shown in
blue. Note that their position is not in the proximity of the two methyl groups at N2 of the m??’G-
cap.

B. lllustration of the position of Tyr105 and Leu106 in the two Ascaris elF4E complexes (m’GTP
= wheat; m*%’GTP= green). There is no difference in their location in the complexes, which
suggests that these residues are unlikely to be involved in determining specificity for m’GTP
over m*?>’GTP cap-binding.

Supplementary Figure 8. lllustration of m**’GpppG cap binding for Snurportin1 (PDB
code:1XK5). In the snurportin1 m**’GpppG cap binding pocket, the two methyl groups at N?

position (circled in red) form favorable hydrophobic interaction with the Trp107 side chain.
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