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The eukaryotic translation initiation factor eIF4E recognizes
themRNA cap, a key step in translation initiation. Here we have
characterized eIF4E from the humanparasite Schistosomaman-
soni. Schistosome mRNAs have either the typical monomethyl-
guanosine (m7G) or a trimethylguanosine (m2,2,7G) cap derived
from spliced leader trans-splicing. Quantitative fluorescence
titration analyses demonstrated that schistosome eIF4E has
similar binding specificity for both caps. We present the first
crystal structure of an eIF4E with similar binding specificity for
m7G and m2,2,7G caps. The eIF4E"m7GpppG structure demon-
strates that the schistosome protein binds monomethyl cap in a
manner similar to that of single specificity eIF4Es and exhibits a
structure similar to other known eIF4Es. The structure suggests
an alternate orientation of a conserved, key Glu-90 in the cap-
binding pocket that may contribute to dual binding specificity
and a position for mRNA bound to eIF4E consistent with bio-
chemical data. Comparison of NMR chemical shift pertur-
bations in schistosome eIF4E on binding m7GpppG and
m2,2,7GpppG identified key differences between the two com-
plexes. Isothermal titration calorimetry demonstrated signifi-
cant thermodynamics differences for the binding process with
the two caps (m7G versusm2,2,7G).Overall theNMRand isother-
mal titration calorimetry data suggest the importance of intrin-
sic conformational flexibility in the schistosome eIF4E that
enables binding to m2,2,7G cap.

Eukaryotic initiation protein eIF4E2 is an essential transla-
tion factor that recognizes themRNA cap (1–3). Recognition of

the mRNA cap by eIF4E is the key and rate-limiting step in
mRNA translation. The majority of translation in eukaryotic
cells is cap-dependent; that is recruitment of mRNAs to the
ribosome for translation is dependent on the interaction
between eIF4E and the mRNA cap. eIF4E directly binds to the
mRNA cap. However, for productive translation initiation to
occur, eIF4E must interact with eIF4G. eIF4G acts as a bridge
protein interacting with factors in the 40 S ribosomal subunit
that facilitate ribosome recruitment to the mRNA. Increased
expression of eIF4E is associated with a variety of cancers and
cancer progression (4). Efforts in a number of laboratories are
directed toward therapies against eIF4E in cancer, including the
development of cap analogs (5–9).
The mRNA cap in most eukaryotes is m7GpppN (where N is

A, C, G, or U). The cap contains a 5!–5! triphosphate bridge
with the first guanosine methylated at the N-7 position. How-
ever, spliced leader trans-splicing in metazoa adds a differ-
ent cap to recipient mRNAs, a trimethylguanosine cap,
m2,2,7GpppN (see Fig. 1A) (10–14). trans-splicing is present in
a variety of parasitic nematodes and flatworms, and these orga-
nisms remain a significant health problem in many parts of the
world, infecting upward of 2 billion people (15–17). Translation
of these trans-spliced mRNAs is thought to require eIF4E rec-
ognition of the m2,2,7G cap to facilitate ribosomal recruitment
(18–20). Vertebrate eIF4E has very low affinity for the trimeth-
ylguanosine cap in comparisonwith themonomethylguanosine
cap, and association of the m2,2,7G cap with mammalian eIF4E
seems to destabilize the overall structure of the protein (1, 9,
21). Approximately 70% of mRNAs in the nematode Caenorh-
abditis elegans undergo trans-splicing. Several isoforms of C.
elegans eIF4E and an eIF4E from the parasitic nematodeAscaris
suum recognize both monomethyl- and trimethylguanosine
caps to a similar extent (19, 22–24). The unique ability of trans-
splicing worms to interact efficiently with them2,2,7G cap com-
pared with vertebrate eIF4E represents a potential drug target
against a diverse group of parasitic worms important in human
and veterinary medicine.
Structural studies on mammalian, plant, and yeast eIF4E

using NMR (25–29) and crystallography (5, 27, 30–34) have
provided insight into the recognition of the m7GpppN cap by
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eIF4E. The eIF4E core resembles a “cupped hand” within which
the cap-binding pocket residues are located. A key component
of eIF4E cap-binding involves sandwiched stacking of the
methylated guanine ring between two aromatic tryptophan res-
idues at the top and bottom of the cupped hand that holds the
guanine in place through interactions between the ring sys-
tems. Several other cap-binding proteins also involve stacking
of the cap between aromatic residues as part of their mecha-
nism of cap binding (35–37). The N-7 methyl group on the
guanosine cap introduces a positive charge to this moiety that
greatly enhances the stacking interaction and stabilizes the
complex (25, 30). eIF4E does not effectively recognize
unmethylated guanosine phosphate and requires more than
one phosphate residue on the N-7 methylated guanosine (1).
The mRNA cap is further stabilized inside the eIF4E cap-bind-
ing pocket by hydrogen bonds derived from the side chain car-
boxylate of a conserved glutamic acid, a backbone NH of one of
the stacking tryptophans, and additional bonds derived from
conserved eIF4E residues with the three phosphate groups and
the ribose of the cap (30). van der Waals contacts also contrib-
ute to cap stabilization including contact from a third con-
served tryptophan with the N-7 methyl group.
Despite this understanding of how eIF4E recognizes the

monomethyl cap, themechanismbywhich eIF4E proteins from
trans-splicing organisms recognize and bind the alternate
m2,2,7G cap is not known.Herewe describe the cloning, expres-
sion, and characterization of the sole form of eIF4E in the
human parasitic flatworm Schistosoma mansoni. Schistosomes
infect "200 million people resulting in significant morbidity,
and an estimated 800 million people are at risk of infection (16,
17). Schistosome eIF4E exhibits dual cap specificitywith similar
binding affinity for bothm7GpppG andm2,2,7GpppG caps. As a
first step in understanding the biochemical and biophysical
basis for recognition of the m2,2,7G cap in some forms of eIF4E,
we determined the high resolution crystal structure of schisto-
some eIF4E in complex with m7GpppG or m7GpppA. In addi-
tion,we usedNMR, fluorescence titration, and isothermal titra-
tion calorimetry studies to obtain insights into the ability of
schistosome eIF4E to bind the atypicalm2,2,7G cap. These stud-
ies provide the basis for understanding recognition of the
m2,2,7G cap by a diverse group of important parasitic worms
and provide general insights into the key cap-binding protein
eIF4E.

EXPERIMENTAL PROCEDURES

Cloning of the S. mansoni eIF4E—Sequences encoding the S.
mansoni eIF4Ewere identified in public genomic and expressed
sequence tag databases (38, 39). These sequences were used to
design primers corresponding to the full eIF4E open reading
frame (5! # ATGACGGCTGTTGAGAGT and 3! # CTA-
AATTTCATATTTTCCAGTAC). The primers were used to
PCR amplify the open reading frame from cDNA prepared by
random priming of adult schistosome RNA (40). The PCR
product was initially cloned into a pET-30 Ek/LIC vector
(Novagen, Madison, WI), and the sequence was confirmed.
Protein Expression and Purification—Initial protein expres-

sion andpurificationwere carried out inRosettaTM2(DE3) cells
induced at 30 °C for 3 h with 0.4 mM isopropyl !-D-thiogalac-

toside. The protein was purified by nickel-nitrilotriacetic acid-
agarose and used for cap analog-Sepharose chromatography as
described previously (19). Protein for fluorescent titration stud-
ies was prepared from bacterial cultures induced with 0.2 mM
isopropyl!-D-thiogalactoside atA600# 0.7 and incubated over-
night at 25 °C. The cells were collected by centrifugation at
4,000 $ g, suspended in binding buffer (20 mM Hepes, pH 7.4,
100 mM KCl, 1 mM dithiothreitol, 1 mM EDTA), sonicated, and
clarified by centrifugation at 16,000 $ g. The supernatant was
loaded onto m7GTP-Sepharose resin (GE Healthcare) and
rotated at 4 °C for 2 h. The resin was washed with the binding
buffer, and eIF4Ewas elutedwith 2MKCl 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 SDS-PAGE, and concentrated using
an Amicon 10,000 molecular weight Ultra Centrifugal Filter
Device (Millipore, Billerica, MA).
Cap Analog-Sepharose Assays—Sepharose affinity assays

were carried out as described previously (19). Briefly"15 "g of
protein in binding buffer (described above) was mixed with 20
"l of m7GTP-Sepharose resin (GE Healthcare) or m2,2,7GTP-
Sepharose (22) pre-equilibrated in binding buffer. After incu-
bation on a Nutator at 4 °C for 1 h, the resin was washed three
times with 100 "l of binding buffer, and the protein was then
eluted by addition of 20 "l of binding buffer with 200 "M cap
analog. Eluted protein was analyzed by SDS-PAGE.
Fluorescence Titration—The fluorescence titration was per-

formed using a FluoroMax-3 spectrophotometer (Horiba Ltd.)
with full-length eIF4E at 20 °C and a protein concentration of
0.4"M inbinding buffer. The excitationwavelengthwas 280nm
(slit, 1 nm), and the emission wavelength was 335 nm (slit, 2
nm). The temperature was kept at 20 °C with a thermocouple
inside a thermostated cuvette, and the sample was stirred mag-
netically. Assays were performed by addition of 1 "l of increas-
ing concentrations of cap analog to 1400 "l of protein solution
using an integration time of 30 s and a gap of 60 s. Dilution
during the titration did not exceed 2.5%. Fluorescence intensity
was corrected for the inner filter effect, and the emission of the
free cap analogs was explicitly included in the numerical anal-
ysis. A theoretical curve for the fluorescence intensity as a func-
tion of the total ligand concentration was fitted to the experi-
mental data points by means of non-linear, least squares
method using Prism 3.02 (GraphPad Software) as described
previously (9, 30, 41).
Protein Preparation for Crystallization—Because of the flex-

ibility of the eIF4E N terminus, most eIF4E crystals have been
produced and the structures have been solved usingN-terminal
truncated proteins (25, 27, 31). From eIF4E sequence align-
ments and limited trypsin digestions, we chose to truncate the
schistosome protein by 22 residues at the N terminus to gener-
ate schistosome eIF4E-(23-203). This coding region was sub-
cloned into pGEX6P-1 (GE Healthcare) using EcoRI and XhoI
restriction sites and then transformed into Escherichia coli
strain XA90. Protein expression was induced, the cells were
collected and sonicated, and the supernatant was recovered as
described above except that phosphate-buffered saline buffer
was used. The cell lysate was incubated with Glutathione-
Sepharose 4B (GEHealthcare) for 4 h at 4 °C with rotation. The

Parasite eIF4E Structure and m7G and m2,2,7G Cap Binding

NOVEMBER 6, 2009 • VOLUME 284 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31337

 a
t U

n
iv

 C
o
lo

ra
d
o
 - D

e
n
is

o
n
 M

e
m

o
ria

l L
ib

ra
ry

, o
n
 O

c
to

b
e
r 3

0
, 2

0
0
9

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 

http://www.jbc.org/content/suppl/2009/08/26/M109.049858.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/


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 over-
night. Eluted proteinwas further purified as described above on
a Superdex 75 column.
Crystallization, Data Collection, and Refinement—Schisto-

some eIF4E-(23–203) was concentrated to 10 mg/ml (Amicon
10,000 molecular weight Ultra Centrifugal Filter Device) and
then incubated with 1 mM 4E-BP peptide (SGSGRIIYDRK-
FLMECRNSPV, corresponding to residues 51–67 of the
human 4E-BP1 sequence) and 0.5 mM m7GpppA or m7GpppG
cap analogs at 4 °C for 1 h before crystallization setup using the
hanging drop vapor diffusion method. Thin platelike crystals
developed in 20% polyethylene glycol 4000, 0.2 M MgCl2, 100
mM MOPS, pH 6.0–6.5 at 4 °C within 1 week using 0.5 ml of
750 mM NaCl as the well solution. Before the data collection,
the crystal was transferred into the equivalent mother solution
containing 30% polyethylene glycol 4000 for 15 min and then
flash-cooled in liquid nitrogen. Crystallographic data were col-
lected using the mail-in data collection program at the
Advanced Light Source beamline 4.2.2 at the Lawrence Berkley
National Laboratory. The structure of schistosome eIF4E-(23-
203) was solved by the molecular replacement method using
human eIF4E (Protein Data Bank code 2V8W) as a model and
the program PHASER in the CCP4 suite (42). Model building
and manual refinement were performed in COOT (43) and

REFMAC from the CCP4 suite (42), respectively. Figures were
generated using Pymol (44).
Accession Numbers—Atomic coordinates and structure fac-

tors have been deposited in the Protein Data Bank for schisto-
some eIF4E"m7GpppG"4E-BP complex (Protein Data Bank
code 3HXI) and schistosome eIF4E"m7GpppA"4E-BP complex
(Protein Data Bank code 3HXG).
NMR Sample Preparation—Full-length schistosome eIF4E

protein was purified by a refolding method. The induction was
done as described above, and the bacterial pellet was dissolved
in denaturant solution (20 mM Hepes, pH 7.5, containing 6 M
guanidine HCl, 1 mM dithiothreitol, 1 mM EDTA). The protein
solution was then diluted 10-fold into refolding buffer (20 mM
Hepes, pH 7.5, containing 1 M arginine, 300 mM NaCl, 1 mM
dithiothreitol) and incubated at 4 °C for 2 h. Following centrif-
ugation at 16,000 $ g, the supernatant was dialyzed overnight
against binding buffer and thenmixedwithm7GTP-Sepharose.
Protein was eluted with 2 M KCl and further purified on Super-
dex 75 using NMR buffer (50 mM pH 7.4 phosphate, 100 mM
KCl, 1 mM dithiothreitol, 1 mM EDTA).

Isotopically enriched schistosome eIF4E was prepared by
growing cells in minimal M9 medium containing 15NH4Cl
and/or [13C6]glucose. To prepare uniformly labeled schisto-
some eIF4E, host cells were grown in M9 minimum D2O
medium supplemented with 1g/liter 2H,15N,13C-labeled
ISOGRO# (ISOTECTM, Miamisburg, OH).

FIGURE 1. Schistosome eIF4E binds both m7G and m2,2,7G caps. A, chemical structures of m7GpppN (upper) and m2,2,7GpppN caps. The positive charge at the
five-membered ring of the 7-methylguanosine moiety is localized at N-7 (67). B, purified, recombinant schistosome eIF4E is eluted from m7GTP-Sepharose with
either m7G or m2,2,7G nucleotides. C, recombinant schistosome eIF4E binds to m2,2,7GTP-Sepharose and is eluted with either m7G or m2,2,7G nucleotides.
D, quenching of intrinsic fluorescence of schistosome eIF4E on binding m7G or m2,2,7G dinucleotide cap and fitting residuals. The calculated dissociation
constants are shown. The increase in fluorescence signal at higher concentrations of the cap analogs originates from the free cap molecules in the solution. The
emission of cap has been explicitly taken into account in the numerical analysis. a.u., absorbance units.
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NMR Experiments and Data Processing—All NMR spectra
were acquired on a 900-MHz Varian spectrometer using 0.6
mM triple labeled sample (2H,15N,13C) at a probe temperature
of 25 °C. For the backbone assignment, standard three-dimen-
sional resonance NMR experiments were conducted including
HNCACB, HNCOCA, HNCOCACB, 15N NOESY-HSQC, and
15N-HSQC-NOESY-HSQC. For NMR chemical shift pertur-
bation experiments, two-dimensional 15N HSQC were col-
lected using 0.2 mM 15N-labeled sample supplemented with
m7GpppG or m2,2,7GpppG cap analogs (45, 46) in a 1:1 ratio,
leading to %90% of the protein in complex with cap according
to the fluorescence binding constants. NMR data were pro-
cessed using NMRPipe (43) and analyzed using CcpNmr (47).
Isothermal Titration Calorimetry—The N-terminal trun-

cated protein (25 "M) used for crystallization studies in 20 mM
Hepes, pH 7.4, 1 mM EDTA, 100 mM KCl was used in titration
experiments carried out at 20 °C using a VP-ITC calorimeter
(MicroCal Inc., Northampton, MA). Each titration experiment
consisted of a 5-"l injection followed by 29 injections of 10"l of
700 "M cap analog. All the data were processed using the single
binding site model in Origin (Version 7.0, MicroCal Inc.). Con-
trol titration experiments were performed and subtracted (cap
titrated into buffer) from the titrations for enthalpy changes
due to dilution.

RESULTS

Cap Binding Specificity of Schistosome eIF4E—Sequence
searches for eIF4E in comprehensive genomic and expressed
sequence tag databases identified only a single isoform of eIF4E
in S. mansoni or a second schistosome species, Schistosoma
japonicum (38, 39, 48, 49). The presence of only a single eIF4E
isoform is atypical for metazoa (50, 51). The schistosome eIF4E
has 32% identity and 51% similarity with human eIF4E. Notably
schistosome eIF4E is more highly divergent from human eIF4E
than are nematode eIF4Es. Schistosome mRNAs exhibit two
different types of mRNA caps, the typical m7GpppN cap and
them2,2,7GpppA cap added during spliced leader trans-splicing
(Fig. 1A) (12). Although the exact percentage of schistosome
mRNAs that are trans-spliced is not known, a rough estimate of
"10% has been proposed (52, 53). Most eIF4E proteins have a
lower affinity for trimethylguanosine caps compared with the
monomethylguanosine form (30). The presence of only a single
eIF4E isoform and the presence of two different mRNA caps in
schistosomes prompted us to determine whether the S. man-
soni eIF4E was capable of binding both monomethyl- and tri-
methylguanosine mRNA caps.
We first examined the cap specificity of recombinant schis-

tosome eIF4E using a qualitative assay, cap analog-Sepharose
chromatography (19). As shown in Fig. 1, B and C, purified
schistosome eIF4E binds both monomethyl- and trimethyl-
guanosine cap. To quantitatively investigate the binding affinity
of schistosome eIF4E to cap analogs, a fluorescence titration
assay was conducted. The equilibrium dissociation constants
calculated for schistosome eIF4E are KD # 0.27 "M for
m7GpppG and KD # 1.27 "M for m2,2,7GpppG (Fig. 1D). The
affinity of schistosome eIF4E for m7GpppG is similar to that
observed for truncated murine and full-length human eIF4E,
KD # 0.14 and 0.10 "M, respectively (30). Schistosome eIF4E

binds the m2,2,7GpppG cap with a slightly lower affinity ("5-
fold). Schistosome eIF4E binds them2,2,7GpppA cap (the native
schistosome trans-spliced cap) with a similar affinity (data not
shown). Notably, previous studies on murine eIF4E have dem-
onstrated a several hundred-fold lower affinity for the m2,2,7G
compared with them7Gmononucleotide cap (30, 54).We con-
clude that the schistosome eIF4E protein binds both m7G and
m2,2,7G cap and discriminates less against them2,2,7G cap com-
pared with other eukaryotic eIF4E proteins, consistent with its
biological requirement of binding both caps.
Overall Crystal Structure of Schistosome eIF4E—To under-

stand the structural basis for the ability of schistosome eIF4E to
bind both the m2,2,7G and m7G caps, we solved the crystal
structure of a schistosome eIF4E"m7GpppG"4E-BP1 complex to
1.8-Å resolution (Table 1). The electron density is well defined
except for residue Asp-196 and the side chains of Lys-39, Arg-
70, Glu-71, Arg-145, Ser-174, and Asp-195. The overall struc-
ture of schistosome eIF4E is very similar to that of other eIF4Es
(Fig. 2, B and C) (5, 25–27, 30, 33, 34, 55), containing eight
!-strands and three #-helices that form a glove-shaped struc-
ture with the m7GpppG cap analog situated on the concave
surface of the!-strands. The 4E-BP1 peptide binds to the oppo-
site surface of the protein and forms interactions with schisto-
some eIF4E almost identical to those previously observed in the
human eIF4E"4E-BP complex structure (56). Therefore, these
are not discussed further here. The 4E-BP peptide was used to
enable crystal formation. In comparison with the human eIF4E

TABLE 1
Crystal data and refinement statistics for schistosome eIF4E ternary
complex (eIF4E"m7GpppG"4E-BP peptide)

Data collection m7GpppG m7GpppA
Space group P21212 P21212
Cell dimensions
a (Å) 45.31 45.56
b (Å) 125.33 125.4
c (Å) 37.33 37.34

!, ", # (°) # # ! # $ # 90° # # ! # $ # 90°
Measured reflections 91,837 104,640
Resolutiona 35.8-1.7 (1.8-1.7) 41.7-2.0 (2.1-2.0)
Rsym or Rmerge 0.082 (0.472) 0.113 (0.275)
I/$ 7.8 (2.0) 6.6 (3.2)
Completeness (%) 94.8 (96.2) 98.3 (98.1)
Redundancy 4.0 (3.0) 3.7 (3.7)
Refinement
Resolution (Å) 1.8 2.1
Number of reflections 17,407 13,064
Rwork/Rfree 23.8/28.9 23.6/29.1

Number of atoms
Protein 1,516 1,495
Peptide 129 123
Ligand 52 51
Water 112 114

B factors (Å2)

Protein 22.8 19.9
Peptide 26.4 23.3
Ligand 22.8 17.6
Water 29.8 25.6

r.m.s.b deviations
Bond length (Å) 0.011 0.009
Bond angles (°) 1.348 1.222

Ramachandran plot
Residues in most favorable
regions (%)

94.8 93.8

Residues in disallowed regions (%) 0 0
a Values in parentheses are for the highest resolution shell.
b Root mean square.
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(Protein Data Bank code 1WKW), the schistosome eIF4E com-
plex structure has a root mean square deviation of 0.66 Å.
Although the overall structure of the schistosome and other
eIF4Es are similar, there is a marked difference between the
schistosome and human eIF4E (Protein Data Bank code
1WKW) in the position of two loops (S1-S2 loop and S7-S8
loop) (Fig. 2C). The different position for these loops appears to
be related to the orientation of the second base of the cap in the
schistosome eIF4E structure, which is very different in the two
proteins (see below).
Schistosome eIF4E Cap-binding Site—Overall the cap-bind-

ing pocket and interactions between the cap and residues in the
pockets are very similar between schistosome and mammalian
eIF4E. The electron density of the dinucleotide cap analog,
m7GpppG, is well defined in our structure (Fig. 3A), allowing its
position to be precisely determined. The residues involved in
dinucleotide cap binding include Trp-43, Trp-89, Glu-90, Gln-
141, Arg-143, Lys-148, and Arg-192. The major features that
contribute to the interaction of the schistosome eIF4E with the

cap include the following (Fig. 3 and
supplemental Fig. 1): 1) cation-%
stacking of the positive charged
m7G moiety with two highly con-
served aromatic Trp residues
(Trp-43 and Trp-89) (Fig. 3A and
supplemental Fig. 1); 2) two hydro-
gen bonds between the N-1 hydro-
gen and N2 hydrogen of the m7G
moiety and the carboxyl group of
conserved Glu-90 and one more
between O6 of m7G and the back-
bone amide nitrogen of Trp-89 (Fig.
3A and supplemental Fig. 1); and 3)
interaction between the three phos-
phates in the cap dinucleotide and
residues (Gln-141, Arg-143, Lys-
148, and Arg-192) that constitute
the phosphate access slot as illus-
trated in Fig. 3B and supplemental
Fig. 1. The presence of the N-1
H–O bond (2.93 Å) suggests that
the cationic form of the m7G moi-
ety is preferred. In the complex of
m7GpppG, N2 hydrogen of the
second base forms a weak hydro-
gen bond (3.1 Å) with the back-
bone oxygen of Leu-41. This bond
is not present in the complex with
m7GpppA because of the lack of a
hydrogen donor in adenosine at a
suitable position. This is consist-
ent with a slightly higher affinity of
mammalian eIF4E for m7GpppG
versus m7GpppA and m7GpppC
(30, 57). All of the cap-binding res-
idues, except Leu-41 that interacts
with the cap only through the
backbone, are highly conserved in

the eIF4E protein family (Fig. 5E).
One observed difference in the geometry of the interatomic

contacts within the schistosome eIF4E cap-binding center that
might contribute to the similar specificity for the m7G and
m2,2,7G forms of the mRNA 5! cap is the variant conformation
of the carboxylate of a conserved Glu-90. This carboxylate is
turned by "80° compared with the orthologous Glu-103 car-
boxylate in the mammalian eIF4E (Fig. 2C). The result of this
rotation is that Glu-90 forms only one hydrogen bond with
m7Gof the cap,whereas in human eIF4E, the equivalent residue
Glu-103 forms two hydrogen bonds with both N-1 and N2 of
the cap m7G. This almost perpendicular position of the schis-
tosome Glu-90 carboxylate versusmammalian Glu-103 results
from the interaction with N& of Arg-188 (bond lengths of 2.97
and 3.29 Å in the m7GpppG andm7GpppA complexes, respec-
tively) fixing the position of theGlu. In human eIF4E, there is no
equivalent interaction as this region of the protein ismoved out
away from Glu-103 due to the positioning of the second base
(Fig. 2C) (see below). Mutation of Glu-90 (Ala, Asp, or Arg)

FIGURE 2. Comparison of schistosome eIF4E with human eIF4E shows overall similarity in structure but
differences in the orientation of the second base in the cap. A, structure-based sequence alignment of
schistosome eIF4E with human eIF4E. The secondary structural elements were assigned based on the schisto-
some eIF4E structure. Residues involved in cap binding are colored in red. The underlined residues are substi-
tutions and deletions discussed in the text. The alignment was prepared using the combinatorial extension
algorithm (68) and an on-line server. B, the overall view of schistosome eIF4E structure. The 4E-BP peptide is
colored blue. Three #-helices and eight !-strands are labeled. The m7GpppG cap is shown as sticks. C, super-
imposition of schistosome and human eIF4E complexes bound to the dinucleotide cap. Note the difference in
orientation of the second cap base (marked by arrows) between schistosome eIF4E (yellow) and human eIF4E
complex structure (Protein Data Bank code 1WKW) (blue). The S1-S2 and S7-S8 loops and caps are marked. The
position of the key residue Glu-90 (schistosome, yellow; human, blue color) is also shown. The colored dashes
(schistosome, red; human, blue) denote a hydrogen bond between the N2 amide from the N-7 methylated
guanine base and the side chain of Glu. In addition, one hydrogen bond is shown between the side chain of
Glu-90 to N& of Arg-188 in the schistosome eIF4E complex structure. All the pictures were generated using
Pymol (44). S. man., S. mansoni.
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results in protein oligomerization suggesting that this residue
contributes structurally to the apo form of the protein. Conse-
quently direct analysis of the contribution of this residue to cap
discrimination is difficult. The conformation of this conserved
Glu and its contribution to m7G/m2,2,7G specificity in other
eIF4E isoforms remains an open question.
Position of the Second Base of the Bound Cap Analog—Al-

though the positions of them7Gmoiety, the ribose, and the first
phosphate group of the cap as well as the conserved eIF4E tryp-
tophans align well between schistosome andmammalian eIF4E
(Fig. 2C), the orientation of the second base in the schistosome
structure differs from that observed in the mammalian eIF4E
structure (Fig. 2C). In previous eIF4E structures with a dinucle-
otide cap, the second base of the cap was only well resolved in
the human eIF4E complex structure (22, 23) apparently due to
the flexibility of this nucleotide. In the human structure, the sec-
ond base (m7GpppA) points to the C-terminal flexible loop and
has some hydrogen bonding with the residues located in this
loop. However, in the schistosome eIF4E complex structure,
the orientation of the second base (m7GpppG) points to the
N-terminal S1-S2 loop as shown in Fig. 2C. To test whether the

orientation of the second base in the two structures was a con-
sequence of the different purines at the second base (A versus
G), the structure of schistosome eIF4E in complex with
m7GpppA was also determined (supplemental Fig. 2). In the
m7GpppA structure, the location of the second base also points
to the N-terminal S1-S2 loop as observed for the m7GpppG
complex.
The position of the second base in the schistosome eIF4E

structure allows stacking of the base (A or G) onto a Phe
(derived from vector sequence) from a symmetry-related mol-
ecule in the crystal as shown in Fig. 4A. This Phemaymimic the
third base in an RNA and stabilize the position of the second
base in our structure. The cap $-phosphate in the schistosome
eIF4E structure forms three hydrogen bondswith the side chain
of Arg-143 and Arg-192 (Fig. 3B). These additional hydrogen
bonds to the $-phosphate in the schistosome eIF4E structure
are consistent with the higher eIF4E binding affinity observed
for m7GTP compared with m7GDP in mammalian eIF4E
(30). Furthermore mammalian eIF4E binds the dinucleotide
m7GpppG cap with lower affinity ("20-fold) compared with
m7GTP. The schistosome eIF4E has a similar affinity for the
mono- and dinucleotide cap.Overall these data suggest that the
second base is not likely to have extensive interactions with
eIF4E protein and might suggest that the main interaction for
the second base would be stacking with the third base of the
RNA.
Consequences of the Position of the Second Base—The orien-

tation of the second cap base is associated with differences in
the positions of the two loops (S1-S2 loop and S7-S8 loop)
between the schistosome and human eIF4E structures. Specif-
ically in the human structure loop S7-S8 is swung away from the
rest of the protein due to the position of the second base of the
cap (Fig. 2C). In the schistosome structure, the second base of
the cap is positioned in a nearly opposite orientation that allows
S7-S8 to move closer to the cap-binding pocket in a “clamp”-
like position. Loop S1-S2 in the schistosome structure also
shifts slightly (compared with the human structure) to accom-
modate the position of the second base. The orientation of the
second base and its influence on loop S7-S8 likely does not play
a role in cap binding specificity butwould impact the path of the
RNA.
To explore possible pathways that the mRNA may take, we

modeled additional bases into the schistosome and human
structures (Fig. 4, B and C). Although the structure of this part
of the mRNA in different mRNAs may vary and is not known,
wemodeled the RNAusing canonical A-formbase stacking, the
favored conformation for RNA, even in the single-stranded
state (58).When the RNA ismodeled onto the human structure
so that the third base stacks directly on the second, the pre-
dicted RNA has significant steric clash with the protein in loop
S7-S8 and the adjacent helix.Manualmanipulation of themod-
eled mRNA revealed a position without steric clash, but this
position required severe contortion of the RNA backbone
between the second and third bases (Fig. 4C, blue RNA). In
contrast, when the mRNA was modeled on the schistosome
eIF4E structure so that the third base stacks directly on the
second base, the path of the sugar phosphate backbone roughly
parallels loop S1-S2. A single steric clash is seen between

FIGURE 3. Cap density and interactions with schistosome eIF4E residues.
A, the electron density map of m7GpppG cap bound to schistosome eIF4E
illustrating stacking interactions with the first cap base (contour level at 1').
B, cap-binding pocket of schistosome eIF4E in complex with m7GpppG illus-
trating the hydrogen bonding interactions with the cap phosphates. Two
important water (WAT) molecules shown as spheres have interactions within
the three phosphates in the cap-binding pocket. Colored dashed lines denote
hydrogen bonding interactions, and unique schistosome hydrogen bonds
are colored blue.
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Phe-17 and theRNA.A secondmodeled position for themRNA
on the schistosome eIF4E structure inwhich the third base does
not stack directly on the second base also allowed themRNA to
exit the protein without any steric clash (Fig. 4B). Both of these
modeled positions on schistosome eIF4E are compatible with
our structure and illustrate minimal direct interaction of the
RNA with eIF4E. This is consistent with a variety of studies
suggesting that eIF4E does not interact specifically with the
body of the mRNA (59).
Importantly the position of the second base in the schisto-

some eIF4E structure is also consistent with data related to the
phosphorylation of Ser-209 in mammalian eIF4E. Phospho-
rylation of Ser-209 can reduce eIF4E cap binding affinity (57,
60–62), suggesting that electrostatic repulsion between the
cap phosphate and phosphorylated Ser-209 might reduce
cap affinity (62). Ser-209 is located in a very flexible loop
(S7-S8) in the eIF4E structure. In the human structure (Pro-
tein Data Bank code 1WKW), the distance between the C# of

Ser-209 to the cap phosphate is
"12 Å, a distance likely too far for
a significant repulsion interaction
(Fig. 4D) (61). However, in the
schistosome eIF4E structure, this
flexible loop (S7-S8) is closer to
the cap-binding pocket (6.6 Å; Fig.
4D) compared with that in the
human eIF4E structure (Protein
Data Bank code 1WKW). Thus, the
human Ser-209 would be close
enough to the phosphate backbone
for repulsive electrostatic interac-
tions to occur with the cap that
could lead to a reduction in eIF4E
affinity for the cap (Fig. 4D).
Chemical Shift Perturbation

Associated with Different Caps—
The determinants that enable some
eIF4E proteins to have similar bind-
ing affinity for both m2,2,7G and
m7G caps (schistosome and some
nematode eIF4Es) whereas others
have high selectivity for only m7G
(mammalian, yeast, plant, etc.)
remain unknown. The overall crys-
tal structure and cap binding of
schistosome eIF4E for m7GpppG is
similar to that observed for other
eIF4E proteins that have low affinity
for the m2,2,7G cap. Thus, the gen-
eral mechanism of cap binding and
overall structure of the schistosome
protein bound to m7GpppG is not
different from other monospecific
eIF4Es. However, modeling the
m2,2,7G cap into the schistosome
eIF4E structure indicates that the
two additional methyl groups at N2

would likely lead to steric hindrance
with the key Glu-90 residue. Our concerted efforts to obtain
schistosome eIF4E crystals with am2,2,7G capwere not success-
ful. One possible reason for this is that theN2 ofm7G cap forms
crystal packing contacts with Asp-84 in a symmetry-related
molecule. Thus, the methylation of N2 would likely disrupt
crystal packing.
Therefore, to further explore the mechanism of schistosome

m2,2,7G cap binding specificity, we undertook NMR chemical
shift perturbation studies to compare schistosome eIF4E bind-
ing to the m7GpppG versus m2,2,7GpppG cap. NMR experi-
ments could not be done for free protein because the free schis-
tosome eIF4E protein was not stable at the requisite high
concentration for NMR experiments. Superimposition of the
1H-15N HSQC spectrum of m7GpppG-bound (red) versus
m2,2,7GpppG-bound (blue) schistosome eIF4E is shown in Fig.
5A, and a summary of the induced chemical shift perturbations
with the different caps is provided in Fig. 5B. Surprisingly there
are "15 residues with significant chemical shift perturbations

FIGURE 4. Proposed mRNA path based on eIF4E complex crystal structure. A, a Phe derived from vector
sequence in the symmetry-related molecule stacks with the second base, mimicking the third base of the RNA.
The tan color denotes the model from a neighboring molecule. B, potential RNA paths based on the schisto-
some eIF4E complex crystal structure. C, potential RNA paths based on the human eIF4E complex crystal
structure (Protein Data Bank code 1WKW). The two RNA orientations (red and blue) are based on a C-3 or C-2
endo ribose conformation with the extended RNAs in an idealized A-form conformation. D, illustration of
potential distance change of human Ser-209 from the $-phosphate of the cap based on the location of the
schistosome S7-S8 loop. The red dashed arrow represents the movement of the loop based on the schistosome
structure with the new location of the Ser-209 at the arrowhead. The dashed dark blue line represents the 12.6-Å
distance of Ser-209 to the phosphate, and the light blue line represents the 6.6-Å distance to the phosphate
with the altered location of the S7-S8 loop (yellow, schistosome; blue, human eIF4E).
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(CSPs) that differ on schistosome eIF4E binding to the m2,2,7G
versus the m7G cap (Fig. 5B). The only difference between the
caps is the addition of twomethyl groups at theN2 position (Fig.
1A), yet around 10% of the schistosome residues show major
chemical shift differences between the m7G and m2,2,7G com-
plexes. Residues with major CSPs were mapped onto the schis-
tosome eIF4E crystal structure (Fig. 5, C–E). Most of these res-
idues are distributed around the cap-binding pocket (Fig. 5C;
Gln-36, Asp-44, Glu-45, Leu-47, Glu-48, Val-50, Lys-93, Asn-

94, Phe-140, Arg-143, Arg-145, Ser-147, and Ser-185). The res-
idues Gln-36, Asp-44, Glu-45, Leu-47, Glu-48, and Val-50,
which are around Trp-43 and located in the S2 strands, also
undergo major CSPs in the trimethylguanosine compared with
the m7G cap-bound complex. Based on the cap binding mech-
anism recently suggested by Volpon et al. (28), this region is
predicted to move like a hinge to lock the capped guanine ini-
tially and then hold them7Gmoiety in the appropriate position
to form the interaction with Trp-56. This suggests that this

FIGURE 5. NMR-determined chemical shift perturbations on schistosome eIF4E binding to m2,2,7GpppG compared with m7GpppG. A, superposition of
the 1H-15N HSQC spectrum of the schistosome eIF4E bound to m7GpppG (red) and bound to m2,2,7GpppG (blue). B, specific chemical shift perturbations on
binding m2,2,7GpppG compared with m7GpppG. The reported chemical shift &( represents the weighted chemical shift by applying the Pythagorean theorem:
&({1H,15N} # {&((1H)2 ' 0.2 $ &((15N)2}1⁄2 where &((1H) and &((15N) are the chemical shift difference of the amide proton and nitrogen, respectively (28, 69).
Amino acid residues with large chemical shifts are labeled. C and D, residues with major chemical shift perturbation on binding m2,2,7G compared with the m7G
cap mapped onto the crystal structure of the m7GpppG"eIF4E complex. The backbone residues with major chemical shifts are colored red. Residues with major
chemical shifts in the vicinity of the second base of the cap are shown in C, and those with major chemical shifts in the vicinity of the third phosphate of the cap
are shown in D. E, Clustal sequence alignment of several eIF4E illustrating conserved residues, residues undergoing CSP, and mouse pepsin cleavage sites on
cap binding. The black boxes denote residues with major chemical shift perturbation in our NMR experiments as described above. The vertical black arrows
denote the specific pepsin cleavage sites based on the mammalian eIF4E (21). Starred residues are those involved in cap binding with the two key Trp residues
in red. The red box indicates two key residues for C. elegans eIF4E reported to be important for m2,2,7G cap binding specificity (24). Note that C. elegans eIF4E-5
and Ascaris eIF4E-3 binds both types of caps, whereas mouse eIF4E3 and C. elegans eIF4E-3 are specific for m7G cap.
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region plays a crucial role for enabling them7G cap to enter the
binding pocket. Significant CSPs for residues in this region
were observed on binding m7GpppG compared with
m2,2,7GpppG as shown in Fig. 5. One interpretation of these
differences could be that the path or mechanisms through
which the m7G and m2,2,7G caps enter into the binding pocket
have discrete differences. Several residues (Ile-72, Leu-117,
Val-151, Phe-181, and Thr-198) withmajor CSPs are present in
a region distal from the cap-binding pocket (Fig. 5, C and D)
indicating that long distance conformational changes also
occur uponm2,2,7G cap binding. Overall these data suggest that
some features of the overall binding mechanism and specific
interactions within the binding pocket for each cap are
different.
Isothermal Titration Calorimetry (ITC) Characterization of

Schistosome eIF4E Interaction with Cap—To probe thermody-
namic parameters for schistosome eIF4E binding to the two
caps, ITC was carried out. Binding affinity and thermodynam-
ics parameters for schistosome eIF4E binding to m7G and
m2,2,7G caps are shown in Table 2 and Fig. 6, A and B. The
standard molar enthalpy change observed on binding
m7GpppG and m2,2,7GpppG is similar for schistosome eIF4E
(Table 2). The main enthalpy contributions to cap binding are
from the cation-% stacking, hydrogen bonding (except for those
involving the N2 amino group), and interactions of the phos-
phates with the positively charged residues. The similar
enthalpy changes on binding the two caps do not account for
the difference in binding free energy and binding affinity

observed. The binding affinity is likely to be influenced by the
different entropic changes observed suggesting that there are
potential differences in the overall binding mechanism. The
eIF4E cap binding affinity differences observed using ITC and
fluorescence titration (Fig. 1D and Table 2) is likely due to
methodological differences (63).

DISCUSSION

Binding Specificity of Schistosome eIF4E and Translation—
Cap analog-Sepharose chromatography demonstrates that
schistosome eIF4E can bind both m7G and m2,2,7G caps. The
fluorescent titration analyses demonstrate that 1) schistosome
eIF4E recognizes both the m7G and m2,2,7G caps with similar
affinity and that 2) the schistosome affinity form7G cap is com-
parable to that ofmammalian eIF4E (Fig. 1). However, the affin-
ity of mammalian eIF4E for the m2,2,7GTP cap is several hun-
dred-fold less than for the m7G (30). Thus, schistosome eIF4E
has relatively high affinity for the m2,2,7G cap. Unlike other
trans-splicing organisms examined (22, 23, 50, 64), only a single
eIF4E isoform is identifiable in schistosomes. This suggests that

FIGURE 5—continued

TABLE 2
Summary of isothermal titration calorimetry measurements

Ligand KD %H T&S %G
"M kcal/mol kcal/mol kcal/mol

m7GTP 0.58 ( 0.18 )17.8 ( 0.1 9.4 ( 0.1 8.4 ( 0.2
m2,2,7GTP 11.2 ( 2.1 )19.2 ( 0.3 12.5 ( 0.8 6.72 ( 0.06
m7GpppG 0.47 ( 0.01 )16.8 ( 0.1 8.3 ( 0.3 8.48 ( 0.01
m2,2,7GpppG 13.5 ( 0.5 )17.0 ( 1.0 10.5 ( 0.8 6.56 ( 0.03
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this single eIF4E likely initiates translation for both non-trans-
spliced (m7G) and trans-spliced mRNAs (m2,2,7G).
Overall Crystal Structure of Schistosome eIF4E"m7GpppG/A—

Although the schistosome eIF4E has limited sequence identity
with other eIF4Es, the overall structure in complex with either
m7GpppG or m7GpppA is very similar to that observed for
other eukaryotic eIF4Es (Fig. 2, B and C). The mode of binding
m7G and the interactions within the cap-binding pocket are
essentially identical to that observed for other forms of eIF4E (5,
25, 26, 28, 30, 33) (Fig. 3, A and B). One exception is different
orientation of the conserved Glu-90 carboxylate in the cap-
binding pocket that is stabilized by Arg-188. It remains to be
determined whether this configuration and the orientation of
the Glu-90 carboxylate play a role in the binding specificity.
Position of the Second Cap Base and RNA—A major differ-

ence in the schistosome eIF4E structure compared with human
eIF4E bound to the dinucleotide m7GpppA is the position of
two loops, S1-S2 and S7-S8 (Figs. 2C and 6C). The position of
these loops appears to be a function of the different location
of the second nucleotide in the cap in the schistosome com-
paredwith the human eIF4E structure (Fig. 2C). Several aspects
of the position of the second nucleotide in the schistosome
eIF4E structure are consistent with other data. Modeling of a
longer RNA into the schistosome eIF4E structure indicates that
the position of the second nucleotide leads to an unobstructed
RNA path leaving the schistosome cap-binding pocket (Fig.
4B). In contrast, similar modeling of the human structure leads
to steric hindrance with the protein or a highly contorted RNA
(Fig. 4C).
The schistosome structure is also consistent with data show-

ing that phosphorylation of Ser-209 in mammalian eIF4E can
reduce the affinity of eIF4E for the cap (57, 60–62). In addition,
mutation of Ser-209 to Glu decreases cap binding affinity of
mammalian eIF4E (62), which is consistent with our structure.
Although the role of Ser-209 phosphorylation remains unclear
in eIF4E function and translation, the schistosome eIF4E crystal
structure provides a reasonable model to explain how electro-
static repulsion between the human Ser-209 and cap might
affect cap binding. In sum, the orientation of the second cap
base in the schistosome structure is consistent with a likely
RNA path and some functional data on cap binding affinity.
Comparison of Schistosome Binding to m7G Versus m2,2,7G

Cap—Given that the structure and apparent mechanism of
schistosome eIF4E binding to m7G cap is strikingly similar to
mammalian eIF4E binding to m7G cap, what then enables the
schistosomeprotein to bind to the structurally differentm2,2,7G
cap? To begin to address this, we used the NMRCSP technique
to compare schistosome eIF4E binding to the m7G andm2,2,7G
caps. The major CSP differences observed on binding the two
different caps can be divided into three categories based on
their location in the schistosome eIF4E complex structure with
m7G cap: 1) residues in the vicinity of the two key Trp-43 and
Trp-89 aromatics involved in stacking the first guanine of the

cap (Fig. 5C), 2) residues in the vicinity of the phosphates in the
cap-binding region of the protein (Fig. 5D), and 3) residues that
are at a significant distance from the cap-binding pocket.
Whereas residues in the first two categories likely are involved
in direct interactions with the two different caps, residues at a
significant distance from the cap-binding pocket may be
involved in allosteric conformational and/or stability changes
of the protein as a whole on binding the two different caps.
These conformational change differences observed by NMR
throughout the protein may reflect a difference in conforma-
tional dynamics, which contributes to differences in binding
affinity as suggested by the thermodynamics studies (Fig. 6).
Recent studies have shown that murine eIF4E interaction

with m2,2,7G versusm7G cap leads to differences in pepsin sus-
ceptibility within the protein (21). The appearance of new
cleavage sites in the vicinity of Trp-56 (murine eIF4E) on inter-
action with m2,2,7G cap is consistent with our NMR chemical
shift data (Fig. 5E). These data may indicate that the m2,2,7G
moiety can enter the cap-binding slot even in mammalian
eIF4E but that productive binding does not ensue (Fig. 5E).
However, we also observed significant chemical shift perturba-
tions for the residues located around Trp-102 and residues in
the region that interact with the phosphates (Fig. 5, C and D).
These perturbations differ from those observed in the pepsin
cleavage studies on mammalian eIF4E. These differences are
likely due to the selective binding affinity for the m2,2,7G cap
and may suggest that the m2,2,7G cap does not have free access
to the whole cap-binding slot in murine eIF4E.
The new schistosome m7G crystal structure described here

suggests that the ability of this protein to bind both caps with
similar affinity is not a result of major differences in the overall
cap binding mechanism. Thus, all residues involved in binding
the monomethyl cap are identical between mammalian and
schistosome eIF4E. Therefore, based on the available data, we
favor amodel in which intrinsic protein flexibility or conforma-
tional changes likely play a crucial role in m2,2,7G cap binding.
This hypothesis is supported by NMR and in part by our ITC
data. Using data from our NMR chemical shift perturbation
studies, mammalian eIF4E pepsin cleavage data on binding dif-
ferent cap analogs (21), and the mammalian eIF4E free protein
structure (28), we suggest the following m2,2,7G cap binding
mechanism model. When the schistosome eIF4E associates
with the m2,2,7G cap, the stacking interaction between the gua-
nine ring and the Trp (Trp-56 in human) induces a specific
protein conformational change. This conformational change
specifically promotes formation of a m2,2,7G cap-binding
pocket, analogous to an “induced fit” mechanism. Thus, resi-
dues far away from the cap-binding pocket are also observed to
have significant chemical shift perturbations. In mammalian
eIF4E, association and interactionwith them2,2,7G capmay not
lead to the requisite conformational changes and formation of
the necessary m2,2,7G cap-binding pocket. As a consequence,
mammalian eIF4E has amuch lower binding affinity form2,2,7G

FIGURE 6. ITC analysis of schistosome eIF4E cap binding and conformational differences between schistosome and human eIF4E. A, m7GpppG titration.
B, m2,2,7GpppG titration. The top panels show the raw data, and the bottom panels show the integrated data with the continuous lines representing the fit of the
data to a single site binding model. The insets in the upper panels represent buffer injection alone. Similar values were obtained with m7GTP and m2,2,7GTP.
C, structural comparison of human (blue) and schistosome (yellow) eIF4Es around H2-S4 loop.

Parasite eIF4E Structure and m7G and m2,2,7G Cap Binding

31346 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 45 • NOVEMBER 6, 2009

 a
t U

n
iv

 C
o
lo

ra
d
o
 - D

e
n
is

o
n
 M

e
m

o
ria

l L
ib

ra
ry

, o
n
 O

c
to

b
e
r 3

0
, 2

0
0
9

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 

http://www.jbc.org/content/suppl/2009/08/26/M109.049858.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/


cap comparedwithm7G cap. Thismodel suggests that intrinsic
and specific conformational flexibility of the schistosome eIF4E
plays the crucial role for m2,2,7G cap binding.

Steric hindrance of the cap due to the additional two methyl
groups at the N2 position of the m2,2,7G cap has been suggested
previously to likely be important in the reduced affinity of
mammalian eIF4E in binding m2,2,7G cap (9, 21). Previous
mutagenesis studies forC. elegans eIF4E-5, a form of eIF4E that
can bind both types of caps, showed that two residue changes
(N64Y/V65L) (Fig. 5E) led to a decrease in cap specificity for the
m2,2,7G cap (24). It was suggested that these two residues could
impact the width and depth of cap-binding slot. However,
another nematode eIF4E (Ascaris eIF4E-3) has these Tyr-64/
Leu-65 residues and readily binds them2,2,7G cap (19). Further-
more our NMR chemical shift perturbation data show that
more than 15 residues have major chemical shifts as shown in
Fig. 5, A and B, indicating that relatively significant intrinsic
conformational changes throughout the molecule are also
likely to play a role in cap binding specificity rather than simply
the dimensions of the cap-binding slot and steric consider-
ations due to the additional methyl groups in the m2,2,7G cap.
Other Insights from the Schistosome eIF4E Structure on Cap

Binding—The addition of a second base to an N-7 methylated
nucleotide in general does not significantly increase mamma-
lian eIF4E affinity for the cap (9). In fact, human eIF4E binding
affinity for dinucleotide triphosphate cap (m7GpppG) is sig-
nificantly lower than that observed for a mononucleotide
(m7GTP) (9, 45) Interestingly, the schistosome eIF4E binding
affinity for mono- and dinucleotide substrates is similar as
determined by ITC (Table 2 and data not shown). Comparison
of the schistosome and human 4E sequences (Fig. 2A) shows
that two residues (Lys-119 and Gln-120) located in the S4-H2
loop are replaced by Ala-86 and Arg-87 in schistosome eIF4E.
Mutation of Lys-119 or Gln-120 in the human eIF4E was
reported to cause an increase in eIF4E binding affinity to cap
analogs (65). In particular, the K119A mutation leads to a
10-fold increase in affinity for dinucleotide cap, whereas only a
3-fold increase is observed for a mononucleotide cap (66). An
NMR structural analysis showed that the mutations in this
region led to changes in the neighboring S5-S6 loop that
directly interacts with the cap phosphates (28). From these
data, Volpon et al. (28) suggested that the reduced interaction
between these two loops (H2-S4 and S5-S6) might lead to
greater conformational flexibility in the H2-S4 leading to the
observed increase in cap binding.
The substitution of two residues (K119A/Q120R) and

absence of three more residues in the schistosome (RRS) (Figs.
2A and 5E) H2-S4 loop results in a shorter H2 helix compared
with human eIF4E. In addition, the schistosome H2-S4 loop is
shifted away from the S5-S6 loop, and the S7-H3 loop is shifted
inward (Fig. 6C). As a consequence, the interaction between
these two loops might be stronger in the schistosome eIF4E
enabling the S5-S6 loop to interact more directly with the cap
phosphates. This may explain why the schistosome affinity for
mono- and dinucleotide caps is similar. These changes may
enable dinucleotide caps to more readily enter into the cap-
binding slot in schistosome eIF4E. This might also explain why

we were able to obtain a relatively high quality schistosome
crystal with a dinucleotide cap.
Conclusion—We have identified and characterized the cap

binding characteristics of the sole isoform of schistosome
eIF4E. Several lines of data indicate that schistosome eIF4E is
able to bind both m7G and m2,2,7G caps with similar affinity.
We have determined the co-crystal structure of eIF4E with
m7GpppG and m7GpppA. The schistosome eIF4E cap binding
mechanism for m7G cap is very similar to that described for
mammalian eIF4E. Our data demonstrate one potential differ-
ence in the cap-binding pocket and suggest a likely position for
the RNA when the cap is bound by eIF4E consistent with bio-
chemical data. We have also identified that significant confor-
mational changes occur in eIF4E on binding m2,2,7G cap that
provide insight into schistosome eIF4E binding tom2,2,7G com-
pared with m7G cap. Interestingly analysis of schistosome
eIF4E binding to m7G and m2,2,7G caps demonstrates signifi-
cant thermodynamic differences. Although a detailed molecu-
lar mechanism for binding m2,2,7G cap is not yet available, our
data indicate that major conformational differences occur on
schistosome binding the two types of cap, and aspects of the
binding mechanisms for each cap are likely to be different.
Mammalian eIF4E affinity for the m2,2,7G cap is several hun-

dred-fold lower than observed for schistosome eIF4E (30, 54).
The large difference in affinity for the m2,2,7G cap between
schistosome and mammalian eIF4E suggests that this protein
may represent a potential target for rational drug design against
schistosomes (16, 17). Nematodes also have trans-splicing and
eIF4E proteins with high affinity for the m2,2,7G cap. Nema-
todes infect upward of 2 billion people and are important agri-
cultural pests (15, 17). A better understanding of the mecha-
nisms of parasite eIF4E binding of them2,2,7G capmight enable
development of new compounds that are efficacious against a
broad spectrum of important parasites.
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Supplemental Figures 
 
Supplemental Figure 1. Schematic diagram of the Schistosoma mansoni eIF4E interaction network with the 
m7GpppG cap. The broken lines denotes the hydrogen-bonding interactions and  “  “ denotes the hydrophobic 
interactions.  The diagram was prepared using LigPlot (1). 
 
Supplemental Figure 2. Superimposition of schistosome eIF4E- m7GpppA and eIF4E- m7GpppG crystal 
structures.  Schistosome eIF4E bound to m7GpppA (Blue, dinucleotide cap) is shown in blue and schistosome 
eIF4E bound to m7GpppG (Red, dinucleotide cap) is shown in yellow. 
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