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The crystal structures of the full-length human eukaryotic

initiation factor (eIF) 4E complexed with two mRNA cap ana-

logues [7-methylguanosine 5«-triphosphate (m(GTP) and P"-7-

methylguanosine-P$-adenosine-5«,5«-triphosphate (m(GpppA)]

were determined at 2.0 AI resolution (where 1 AI ¯ 0.1 nm). The

flexibility of the C-terminal loop region of eIF4E complexed

with m(GTP was significantly reduced when complexed with

m(GpppA, suggesting the importance of the second nucleotide

in the mRNA cap structure for the biological function of eIF4E,

INTRODUCTION

Translation initiation in eukaryotes requires a complex bio-

chemical pathway, catalysed by a large number of initiation

factors. The first step of the translation process involves binding

of the small ribosomal subunit to mRNA. This is the rate-

limiting step in translation initiation, and is also a target for

translational control (reviewed in [1]). Eukaryotic mRNA has a

common cap structure at the 5«-terminal end. The cap structure

is important for stabilizing mRNA and facilitating its binding to

ribosomes in the translation process [2,3]. In cap-dependent

translation, an interaction is required between the cap structure

and the eukaryotic initiation factor (eIF) 4F for the efficient

translation of mRNA [4,5]. eIF4E, the smallest subunit in eIF4F,

binds specifically to the mRNA cap structure and plays an

important role in the initiation of protein synthesis [6]. Eluci-

dation of the interaction between eIF4E and the mRNA cap

structure is therefore necessary to understand the initiation

mechanism of protein synthesis.

Recently, two 7-methylguanosine 5«-diphosphate (m(GDP)-

bound eIF4E structures from different sources were analysed by

X-ray crystallography [7] and NMR spectroscopy [8], and the

structural basis of eIF4E for m(G cap recognition was made

clear, together with the tertiary structure in the core region.

Abbreviations used: eIF, eukaryotic initiation factor ; 4E-BP, eIF4E-binding protein ; m7GDP, 7-methylguanosine 5«-diphosphate ; m7GTP, 7-
methylguanosine 5«-triphosphate ; m7GpppA, P1-7-methylguanosine-P3-adenosine-5«,5«-triphosphate.

1 To whom correspondence should be addressed (e-mail tomoo!gly.oups.ac.jp).
The coordinates of human full-length eIF4E complexed with m7GTP and m7GpppA have been deposited in the PDB (accession codes 1IPC and 1IPB

respectively).

especially the fixation and orientation of the C-terminal loop

region, including the eIF4E phosphorylation residue. The present

results provide the structural basis for the biological function

of both N- and C-terminal mobile regions of eIF4E in translation

initiation, especially the regulatory function through the switch-

on}off of eIF4E-binding protein–eIF4E phosphorylation.

Key words: cap analogues, eIF4E, flexibility, translation in-

itiation.

However, the structures of the N- and C-terminal regions are still

unclear, because of the high flexibility of these regions in eIF4E.

Furthermore, the binding mode between eIF4E and the capped

mRNA molecule has not yet been fully elucidated.

In the present study we have determined the X-ray structures

of human full-length eIF4E complexed with mRNA cap ana-

logues [7-methylguanosine 5«-triphosphate (m(GTP) and P"-7-

methylguanosine-P$-adenosine-5«,5«-triphosphate (m(GpppA)].

These structures reveal that the flexible C-terminal loop region in

eIF4E could be important for binding with capped mRNA. The

analyses of their complete structures at the atomic level may

provide a more detailed insight into the initiation mechanism of

eIF4E.

MATERIALS AND METHODS

Expression and purification of eIF4E complexed with mRNA cap
analogues

Recombinant human eIF4E expression in Escherichia coli and

purification were carried out according to the previously reported

methods [9]. E. coli BL21(DE3) cells transformed with the

pDUCBP vector encoding the expression of eIF4E were grown

in Luria–Bertani medium containing 100 µg}ml ampicillin at
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Table 1 Data collection and refinement statistics

Statistics ­m7GTP ­m7GpppA

Data collection

Resolution (AI ) 30–1.9 30–1.9

Unique reflection 21848 20089

Completeness (%) 89.8 82.6

Rmerge (%) 7.86 8.36

Space group P43 P43

Cell dimensions (AI ) a¯ b¯ 88.18 a¯ b¯ 87.98

c¯ 38.27 c¯ 38.21

Refinement

Resolution (AI ) 30–2.0 30–2.0

Reflection 16787 16683

R-factor (%) 19.2 19.6

Rfree (%) 22.8 22.9

Number of atoms

Protein 1540 1572

Cap analogue 33 51

Water 153 139

Root-mean-square deviation

from ideal geometry

Bond (AI ) 0.0057 0.0058

Angle 1.28 1.28

Improper 0.68 0.68

Average B factor (AI 2) 24.14 23.76

37 °C. The expression of wild-type eIF4E was induced by the

addition of 0.1 mM isopropyl β--thiogalactoside. After in-

duction for 12 h, the cells were harvested and disrupted by

sonication. The supernatantwas applied to anm(GTP–Sepharose

4B column, and the bound protein was eluted with elution buffer

containing 100 µM m(GTP or m(GpppA in order to obtain

eIF4E complexed with mRNA cap analogues.

Crystallization and data collection

The m(GTP- and m(GpppA-bound eIF4Es were crystallized by

hanging drop vapour diffusion at 15 °C. The protein solution was

Figure 1 Stereoscopic superposition of Cα traces of the human full-length eIF4E–m7GpppA complex (magenta) and mouse eIF4E (truncated at N-terminal
27 residues) complexed with m7GDP (green)

In contrast with large flexibility at both N- and C-terminal regions, the core regions consisting of eight-stranded anti-parallel β-sheets and three long α-helices are very similar to each other. The

Figure was prepared using MOLSCRIPT [20] and Raster3D [21].

equilibrated against the reservoir solution containing 100 mM

Hepes}KOH (pH 7.5), 27% (w}v) PEG-6000 and 0.2 M

(NH
%
)
#
SO

%
. Long needle-shaped crystals were obtained after one

week. X-ray diffraction data were collected at 100 K on a Rigaku

R-AXISIV detector using synchrotron radiation at BL-24XU in

Spring-8. Data processing was performed using the program

PROCESS [10]. The crystals diffracted up to 1.9 AI resolution

(where 1 AI ¯ 0.1 nm; see Table 1).

Structure determination and refinement

The initial structure of the human eIF4E–m(GTP complex was

determined by the molecular replacement method with the

program CNS [11] using the starting models of the yeast and

mouse eIF4E. The best solution of molecular replacement was

obtained using 10–4 AI resolution data. The atomic model

was constructed using the graphics program TURBO-FRODO

[12], and the structure was refined by the CNS program package.

The statistics are shown in Table 1.

RESULTS AND DISCUSSION

Conserved cap-recognition pocket

Human full-length eIF4E (Figure 1) consists of an α,β structure

motif similar to RNA-binding protein [13]. As compared with

the overall structure of m(GDP-bound mouse eIF4E [7], no

remarkable difference is found in the core region of the human

eIF4E structure; the average Cα deviation between the m(GDP

and m(GpppA complexes is 0.38 AI . The electron densities of

m(GTP and m(GpppA bound to eIF4E are shown in Figures

2(a) and 2(b) respectively. The structure of the cap-recognition

pocket is almost conserved between human and mouse eIF4E.

The schematic interaction mode in the m(GpppA complex is

depicted in Figure 3; nearly the same mode is also observed in the

m(GTP complex, except for the adenosine moiety. As has already

been proposed from the model studies [14,15], the m(G moiety of

the cap structure is sandwiched between the two aromatic side

chains of Trp&' and Trp"!#. Two (cap m(G)NH [ [ [O(Glu"!$

carboxy group) hydrogen bonds stabilize the stacking interaction.
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Figure 2 Final electron density maps

2Fo-Fc omit maps of m7GTP (a) and m7GpppA (b) bound to human eIF4E, and 2Fo-Fc maps and backbone models (in stereo) of C-terminal loop regions of human eIF4E complexed with m7GTP

(c) and m7GpppA (d). The continuity of electron densities in these C-terminal loop regions is clearly different, and this resulted from the absence or presence of the second nucleotide in the mRNA

cap analogue.
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Figure 3 Schematic representation of the interaction modes between
m7GpppA and human eIF4E

Possible hydrogen bonds and short contacts are shown with broken lines, and van der Waals

contacts are indicated by arcs. The Figure was generated using the program LIGPLOT [22].

The first and second phosphate groups of the m(GTP}m(GpppA

were linked to the basic amino acids located at the cap-binding

pocket (Arg""#, Arg"&( and Lys"'#) through the direct or water-

mediated hydrogen bonds (Figure 3). These interactions in-

cluding water molecules are also well conserved in the mouse

eIF4E–m(GDP complex. The third phosphate group of m(GTP}
m(GpppA forms a hydrogen bond with the Arg""# side chain via

a water molecule, whereas the corresponding space in the eIF4E–

m(GDP complex is occupied by one water molecule.

Importance of the C-terminal loop for cap binding and functional
regulation

In contrast with the well conserved core structure, the C-terminal

region shows conformational flexibility depending on the struc-

ture of the mRNA cap analogue. In the m(GpppA complex,

however, the adenine nucleoside located in the C-terminal loop

region is hydrogen-bonded to Thr#!& and Thr#"" (via a water

molecule) and is stabilized by some van der Waals contacts with

Ser#!( and its neighbouring residues (Figure 3). Consequently,

the C-terminal loop (Ala#!$–Thr#""), which was not determined

in the structure of human eIF4E–m(GTP (Figure 2c), showed

clear electron density in the structure of the m(GpppA complex

(Figure 2d).

The crystal structure of mouse eIF4E in complex with m(GDP

contains two crystallographically independent molecules in

the asymmetric unit. One molecule of mouse eIF4E can trace the

backbone of the C-terminal loop region, although the backbone

trace for residues 208–211 is missing for the other molecule.

When we compare the structure of the human eIF4E–m(GpppA

complex with that of the mouse m(GDP complex, these two

structures show a large difference at the C-terminal loop region

(Figures 1 and 4), where the root-mean-square deviation is 0.9 AI
for the Cα position of residues 200–217. This is obviously due to

the interactions of the flexible C-terminal loop with the adenosine

moiety of m(GpppA (Figure 3), indicating that this nucleotide or

its sequence linked to the m(Gppp moiety of the cap structure

could regulate the flexibility and orientation of the C-terminal

loop region. For example, this region is moved to widen the cap-

binding slot of eIF4E by the adenosine moiety of m(GpppA

(Figure 4).

It is generally believed [16,17] that the phosphorylation of

eIF4E mainly occurs at the Oγ atom of Ser#!* and plays a role in

controlling the switch-on}off of association between eIF4E and

mRNA. The adenosine moiety of m(GpppA is located far from

Ser#!* in the m(GpppA complex (Figure 4). Thus this suggests

that the adenosine moiety does not contribute directly to the

Ser#!* phosphorylation, but through the fixation and orientation

of the flexible loop region of Ala#!$–Thr#"". On the other hand,

it is still unclear how the phosphorylation affects eIF4E activity.

It has been considered that the phosphorylated Ser#!* could form

a retractable salt bridge with Lys"&* to clamp the cap moiety

of mRNA. However, the distance between the Cα positions of

Ser#!* and Lys"&* is approx. 19 AI in the m(GpppA complex. This

distance would be too long to form such a retractable salt bridge,

even though the loop region and Lys"&* side chain are both

flexible (Figure 4). We have observed that the Ser#!*!Glu

mutant of eIF4E has much higher affinity for the cap analogue

than the wild-type. Thus it may be reasonable to assume that the

charge change around the cap-binding site by Ser#!* phosphory-

lation increases the binding ability with capped mRNA.

N-terminal flexible region

As is shown in Figure 1, we could determine the structure from

Glu#( in both complexes of human full-length eIF4E; it was

impossible to determine the structure from the N-terminus to

Gln#' because of the high flexibility. No specific secondary

structural element was observed in the Glu#(–His$( sequence. In

human eIF4E, Ala#*, Tyr$% and Lys$' form hydrogen bonds with

Leu'#, Gln)! and His() of the neighbouring protein respectively,

thus stabilizing this region.

It is known that the biological function of eIF4E is performed

through binding with eIF4G and is regulated by binding with

endogenous eIF4E-binding protein (4E-BP) [18]. The crystal

structures of mouse eIF4E complexed with eIF4G- or 4E-BP-

mimic peptide showed that His$(, Val'* and Trp($ in eIF4E play

an important role in binding with eIF4G or 4E-BP [19]. On the

other hand, it is also known that phosphorylation of Ser'& and

Thr(! of 4E-BP weakens its binding ability to eIF4E, leading to

its dissociation from the complex. Although the actual binding

mode between eIF4E and 4E-BP has not yet been determined,

the present results suggest that two acidic amino acids, Glu$# and

Glu(!, in the N-terminal region of eIF4E are located in the

neighbourhood of Ser'& and Thr(! in 4E-BP. Phosphorylation of

Ser'& and Thr(! will cause electrostatic repulsion with these two

acidic residues in eIF4E and thus lead to the decrease in binding

ability with eIF4E (Figure 5).

The present results indicate that the flexible N- and C-terminal

moieties of eIF4E shift the structure so as to just fit to

the structures of biological partners, i.e. 4E-BP}eIF4G and the

mRNA cap structure, leading to a functionally active super-

molecule.
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Figure 4 Comparison between C-terminal loop regions of human eIF4E–m7GpppA (green) and mouse eIF4E–m7GDP (red line) complexes

The only major difference is found in the C-terminal loop region. This difference is due to the presence of the second nucleoside in m7GpppA. Prepared using MOLSCRIPT [20] and

Raster3D [21].

Figure 5 Probable binding mode of 4E-BP fragment to human eIF4E

4E-BP peptide (PDB code 1EJ4 [11]) was fitted to human eIF4E, although the structure of Ser65–Thr70 was not determined. The molecular surface of human eIF4E is coloured according to its

electrostatic potential (GRASP [23]); blue and red represent positively and negatively charged regions respectively.

We thank Dr Norbert Strater (Institute for Crystallography, Free University of Berlin,
Germany) for helping prepare Figures 4 and 5.
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