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ABSTRACT

Eukaryotic translation initiation factor eIF2B, the guanine
nucleotide exchange factor (GEF) for eIF2, catalyzes
conversion of eIF2$GDP to eIF2$GTP. The eIF2B is
composed of five subunits, α, β, γ, δ and ε, within
which the ε subunit is responsible for catalyzing the
guanine exchange reaction. Here we present the crystal
structure of the C-terminal domain of human eIF2Bε
(eIF2Bε-CTD) at 2.0-Å resolution. The structure resem-
bles a HEAT motif and three charge-rich areas on its
surface can be identified. When compared to yeast
eIF2Bε-CTD, one area involves highly conserved AA
boxes while the other two are only partially conserved. In
addition, the previously reported mutations in human
eIF2Bε-CTD, which are related to the loss of the GEF
activity and human VWM disease, have been discussed.
Based on the structure, most of such mutations tend to
destabilize the HEAT motif.

KEYWORDS eukaryotic translation initiation factor 2B
(eIF2B), guanine nucleotide exchange factor (GEF), crystal
structure, HEAT motif, vanishing white matter (VWM)

INTRODUCTION

The formation of the Met-tRNAMet
i $eIF2$GTP ternary complex

results in the 43S pre-initiation complex (PIC) and is essential
for cap-dependent translation initiation in eukaryote (Kapp
and Lorsch, 2004; Marintchev and Wagner, 2004; Sonenberg
and Hinnebusch, 2007). Because this ternary complex
formation requires GTP-bound eIF2, eIF2$GDP can not
enter the initiation cycle until GDP is exchanged to GTP.

Such exchange is catalyzed by eIF2B and known as one of
the rate limiting steps in translation initiation (Pavitt, 2005). It
has been found that even little disturbance in eIF2B function
may cause severe problems. For example, mutations of
eIF2B have been identified in an autosomal recessive
neurodegenerative disease, known as VWM/CACH (vanish-
ing white matter or childhood ataxia with central nervous
system hypomyelination) (Li et al., 2004; Fogli and
Boespflug-Tanguy, 2006; Scali et al., 2006; Maletkovic et
al., 2008).

The eIF2B consists of five subunits α–ε, which can be
divided to two subcomplexes according to their functions
(Cigan et al., 1993; Pavitt et al., 1998; Williams et al.,
2001a, b; Pavitt, 2005; Mohammad-Qureshi et al., 2007a).
The subunits α, β and δ form a regulatory subcomplex, which
responds to the phosphorylation of eIF2α and cellular
stresses (Pavitt et al., 1998; Krishnamoorthy et al., 2001;
Williams et al., 2001a; Dever, 2002; Hinnebusch, 2005;
Smirnova et al., 2005). Another subcomplex is catalysis
relevant, containing subunits g and ε. The subunit ε is
responsible for the guanine nucleotide exchange reaction,
and can be regulated by direct phosphorylation (Wang et al.,
2001; Wang and Proud, 2008). Interestingly, the C-terminal
fragment of yeast eIF2Bε (residues 518–712) is sufficient to
catalyze the guanine nucleotide exchange of eIF2 (Pavitt et
al., 1998; Gomez et al., 2002; Mohammad-Qureshi et al.,
2007b).

The eIF2Bε-CTD not only covers the minimal catalytic
domain, but also contains highly conserved regions for
interaction with other proteins. Two AA boxes (rich in acidic
and aromatic residues) in eIF2Bε-CTD (Asano et al., 1999;
Boesen et al., 2004) are also conserved in eIF5 and eIF4G
(Marcotrigiano et al., 2001; Bieniossek et al., 2006; Wei et al.,
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2006). eIF2Bε and eIF5 employ these AA boxes to bind
lysine-rich K boxes in eIF2β (Das et al., 1997; Asano et al.,
1999; Das and Maitra, 2000; Singh et al., 2006). In addition to
the conserved sequence at AA boxes, similar structural
folding known as HEAT motif is observed in the C-terminal
domains of eIF2Bε, eIF5 and eIF4G.

In this study, the 2.0-Å crystal structure of the C-terminal
domain (residues 547–721) of human eIF2Bε was deter-
mined, which has been the best model of human eIF2Bε-CTD
with the highest resolution. The HEAT motif in this structure is
similar to that in its yeast homolog, but they have low
sequence identity and differ in the arrangement of their
internal helices as well as in surface electrostatic potential.
Finally, the reported mutations of human eIF2Bε-CTD related
to catalytic activity and VWM/CACH are discussed based on
the structure.

RESULTS

Overall structure

The crystal structure of human eIF2Bε-CTD has been solved
at 2.0-Å resolution with MAD method and refined to Rwork and
Rfree of 20.4% and 25.5%, respectively (Table 1). Similar to its
homolog in yeast (PDB ID: 1PAQ) (Boesen et al., 2004), the
human eIF2Bε-CTD structure is highly helical, containing nine
α-helices (α1–9) and two 310-helices (h1 and h2) (Fig. 1).
These helices are divided into four layers of helical repeats,
each containing one anti-parallel helical pair. These helical
pairs are packed along the axis that is perpendicular to the
helices, while left-handed twisting occurs between adjacent
layers. By such manner, human eIF2Bε-CTD is assembled
into a globular domain with approximate dimensions of 45 ×
40 × 30 Å3, which is widely recognized as HEATmotif and has
been reported to function in protein interactions (Marcotri-
giano et al., 2001; Bieniossek et al., 2006; Wei et al., 2006). In
addition, helices α6, α7 and α9 constitute two AA boxes
(Fig. 2), which are highly conserved and required for the
interaction with eIF2β N-terminal lysine-rich portion (Asano et
al., 1999).

Structural comparison of the eIF2Bε-CTDs from human
and yeast

Although the overall folding of human eIF2Bε-CTD is similar
to that of yeast eIF2Bε-CTD (PDB ID: 1PAQ) (Boesen et al.,
2004) (154 Cα’s aligned with RMSD of 2.3 Å by using DALI)
(Holm and Park, 2000), these domains exhibit different
structural features due to their low sequence identity (20%).
First, the bending angles in individual helices show significant
variation in human and yeast eIF2Bε-CTD. An extreme
example is demonstrated at the last helical repeat in human
eIF2Bε-CTD, where the bending degree is so high that an
extra helix (α8) is formed to adapt to such bending

conformation (Fig. 1 and Fig. 2). In addition, the conformation
of the loop linkage between α3 and α4 is quite different
(Fig. 3A). The α3/h1 helix in human eIF2Bε-CTD terminates
earlier than its yeast counterpart (α3) and thus releases two
end residues into loop conformation (Fig. 2 and Fig. 3A).
Finally, both eIF2Bε-CTD domains contain two 310-helices
that form natural extension of the adjacent alpha helices. In
human eIF2Bε-CTD, the first 310-helix (h1) is found at the C-
terminus of α3 and the second (h2) is at the N terminus of α6.
However, in yeast, the two 310-helices are accommodated at
the C-terminus of α4 and at the N-terminus of α8, respectively
(Fig. 2).

Surface property of human eIF2Bε-CTD

The surface of human eIF2Bε-CTD contains three areas with
condensed charge, two acidic and one basic (Fig. 3B). The
first area (area I) is acidic and formed by residues Glu591,
Glu602, Glu644, Asp651, Glu655, Glu657, Asp689 and
Asp692. Area II includes five acidic residues (Glu674,
Glu678, Glu679, Glu712 and Glu714) and two aromatic
residues (Tyr671 and Trp709), all of which are involved in the
two AA boxes (Fig. 2 and Fig. 3B). Composed of Lys626,
Lys665, Gln702 and Arg705, area III is positively charged and
located at the opposite side to the area I. The results of
sequence alignment of eukaryotic eIF2Bε-CTD’s (Fig. 2)
demonstrate: all the above areas and residues therein are
highly conserved among mammalian species; area II is
mostly conserved among all species, suggesting a common
interaction mode between eIF2Bε AA boxes and eIF2β; area I
and III are only of limited similarity (Fig. 2, Fig. 3B and 3C),
likely to underlie various regulatory mechanisms.

DISCUSSION

Structural implication of the mutation causing the loss of
the GEF activity of eIF2B

It has been reported that Glu577Ala mutant of human eIF2Bε
displays less catalytic activity and exhibits reduced binding
affinity for eIF2 (Wang and Proud, 2008). This is consistent
with the hypothesis that the corresponding residue in yeast
eIF2Bε, Glu569, is critical in interacting with eIF2g and
catalyzing GDP-GTP exchange (Mohammad-Qureshi et al.,
2008; Wang and Proud, 2008). In human eIF2Bε-CTD,
Glu577 participates in a hydrogen/salt bonding network with
Thr560 and Arg563 (Fig. 4A). As residues Glu577, Thr560
and Arg563 are highly conserved (Fig. 2) and a similar
bonding network was identified in yeast eIF2Bε-CTD
(Fig. 4B), the interactions between these residues are likely
to play an important role in eIF2Bε-catalyzed nucleotide
exchange. One obvious consequence of the above interac-
tions is the protection and stabilization of Glu577 in the
absence of eIF2g, while further investigation is required for
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thorough and better understanding.

Structural implication of the mutations causing the
human disease VWM/CASH

Up to date, several mutations in human eIF2Bε-CTD
(residues 547–721) have been assigned with VWM/CACH,
including Pro604Ser, Leu605frameshift, Trp628Arg,

Trp628stop, Ile649Thr, Glu650Lys, Lys665–Tyr671 deletion,
and Ser610–Asp613 deletion (Fogli and Boespflug-Tanguy,
2006; Scali et al., 2006; Maletkovic et al., 2008; Wu et al.,
2009).

Deletion of four residues Ser610–Asp613 in human
eIF2Bε-CTD was recently reported in a Chinese VWM patient
(Wu et al., 2009). These four residues are located on the loop
between helices α3 and α4 (Fig. 4C), which displays different

Table 1 Statistics of data reduction and structure refinement

data collection statistics

MAD data collection inflection peak remote refinement

space group C2221 C2221

unit cell parameters a = 46.5 Å, b = 66.0 Å, c = 136.5 Å
a = 46.5 Å, b = 66.1 Å,

c = 136.1 Å

wavelength (Å) 0.9796 0.9794 0.9600 0.9794

resolution range (Å)a 50–2.3
(2.38–2.30)

50–2.3
(2.38–2.30)

50–2.3
(2.38–2.30)

50–2.0
(2.07–2.00)

No. of total reflections 69,384 69,256 69,370 95,130

No. of unique reflec-
tions

9770 9770 9719 13,260

average redundancy 7.1 (6.8) 7.1 (6.8) 7.1 (7.2) 7.2 (7.4)

completeness (%) 99.6 (100.0) 99.6 (100.0) 99.5 (100.0) 90.6 (84.1)

Rmerge
b 0.057 (0.155) 0.072 (0.170) 0.062 (0.151) 0.070 (0.313)

< I> / <σ (I) > 34.8 (11.1) 28.2 (9.8) 31.3 (11.6) 24.1 (4.8)

refinement statistics

space group C2221

unit cell parameters a = 46.5 Å, b = 66.1 Å, c = 136.1 Å

Rwork/Rfree (%)c 20.4/25.5

r.m.s.d. bond length (Å) 0.0095

r.m.s.d. bond angle (°) 1.18

No. of protein residues 174

No. of water molecules 144

No. of glycerol molecules 1

average temperature factor (Å2)

protein main-chain atoms 24.4

protein side-chain atoms 25.8

water molecules 27.6

glycerol molecule 17.8

ramachandran plot (%)

residues in most favored regions 97.5

residues in additionally allowed regions 2.5

residues in generously allowed regions 0

residues in disallowed regions 0
a Data for the highest resolution bin is in parentheses.
b Rmerge = ∑|Ii−Im|/∑Ii, where Ii is the intensity of the measured reflection and Im is the mean intensity of all symmetry-related reflections.
c Rwork = ∑| |Fobs|-|Fcalc| |/∑|Fobs|, where Fobs and Fcalc are observed and calculated structure factors, respectively. Rfree = ∑T| |Fobs|-|Fcalc|

|/∑T|Fobs|, where T denotes a test data set of about 5% of the total reflections randomly chosen and set aside prior to refinement.
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conformations in human and yeast eIF2Bε-CTD as described
above (Fig. 3A). With the loop shortened, the orientation of
flanking helices α3/h1 and α4 might be forced to alter. This
would consequently change the packing at the core of HEAT
domain. In addition, this loop was suggested to play an
important role in catalysis, based on the comparisons with
other guanine nucleotide exchange factors (Boesen et al.,
2004). Deletion of the residues Lys665–Tyr671 would highly
reduce the stability of protein folding, since these residues are
located in α6 (Fig. 4C), a core helix in HEAT repeat packing.
Mutation of Trp628stop resulting in the lack of the two
important AA boxes, as well as mutation of Leu605frameshift,
would destroy the integral structure of eIF2Bε-CTD.

In the rest point mutations, Pro604Ser, Trp628Arg and
Ile649Thr are identified in hydrophobic cores of human
eIF2Bε-CTD. Residue Pro604 is involved in hydrophobic
interactions with Tyr617, Leu621 and Leu624 (Fig. 4D), while
Trp628 with Leu561, Phe603 and Leu624 (Fig. 4E), and
Ile649 with Leu601, Leu646, Phe652, Phe653, Leu667,
Phe670 and Leu676 (Fig. 4F). As polar residues were
introduced by Pro604Ser, or Trp628Arg, or Ile649Thr, the
hydrophobic interaction would be highly weakened. In
contrast to the above three mutations, the environment

around Glu650 is hydrophilic and it forms salt bond with
Arg698 plus hydrogen bond with Trp684. These interactions
stabilize the packing of helices α5, α8, α7 and the loop after
α7 (Fig. 4G). Mutation of Glu650Lys would disturb such
bonding network and therefore destabilize the HEAT folding.

Based on the above analysis, most VWM related mutations
within human eIF2Bε-CTD are more likely to associate with
structural integrity and stability, rather than the catalytic
activity.

MATERIALS AND METHODS

Plasmid construction, protein expression and purification

The gene fragment of human eIF2Bε-CTD (residues 547–721) was
amplified from a pDEST566 vector containing full-length eIF2Bε gene

(a generous gift from Dr. James Zhijie Liu, Institute of Biophysics,
Chinese Academy of Sciences), and constructed into p28 vector for
expression. The above construct contained an incidental mutation

Glu678Gly and N-terminal (His)6 tag. The plasmid was transferred
into methionine-auxotrophic E. coli strain b834 and cells were grown
in M9 media containing 40mg/L selenomethionine, 2 mM MgSO4,
0.1 mM CaCl2 and 0.05 µM FeSO4, with kanamycin sulfate

(50 μg/mL) at 37°C. Induction was performed by 0.25mM IPTG for 3
h. Cells were lysed by sonication in 20mM Tris-HCl, pH 7.7, 200mM

Figure 1. The overall structure of human eIF2Bε-CTD (stereo view). (A) Experimental electron density map based on the MAD

phases after density modification (stereo view). The map is contoured at 1.5 s. (B) Stereoview of the overall structure of human
eIF2Bε-CTD.
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NaCl, 20mM Imidazole, and 1mM PMSF. The recombinant protein in
lysate was purified by affinity chromatography with a Nickel Chelating
SepharoseTM Fast Flow column (GE), followed by gel filtration

chromatography with a Superdex75 column (GE).

Crystallization and structure determination

Crystals of selenomethionyl human eIF2Bε-CTD were obtained by

hanging-drop vapor-diffusion method plus streak-seeding using a
feline whisker at 16°C within one week. Hanging drops were prepared
by mixing a solution (1 μL) containing human eIF2Bε-CTD (19mg/mL

protein in 20mM Tris-HCl, pH 7.7, 40mM NaCl, 5 mM BME, and
0.2 mM EDTA) with 1 μL reservoir solution containing 15% PEG
8000, 0.2 M calcium acetate and 0.1 M sodium cocadylate. The

crystals were flash frozen after soaking in reservoir solution
supplemented with 15% (w/v) glycerol. A MAD data set at three
different wavelengths (linflection = 0.9796 Å, lpeak = 0.9794 Å, lremote =

0.9600 Å) was collected with a selenomethionyl human eIF2Bε-CTD
crystal at 100 K on beamline X12C, NSLS, Brookhaven National
Laboratory. A 2.0-Å resolution data set from another crystal was

collected at wavelength 0.9794 Å for refinement at 100 K on beamline
BL17U1 of Shanghai Synchrotron Radiation Facility. All the data were
processed with HKL2000 (Otwinowski and Minor, 1997). The crystal

belonged to the space group centered orthorhombic C2221 and
contained one human eIF2Bε-CTD molecule in the asymmetric unit
(Vm = 2.47 Å3 Da-1, solvent content = 50.2%). Five of the six expected
selenium atoms were located and used for phase determination at

2.3-Å by SOLVE (Terwilliger and Berendzen, 1999), and phases were

Figure 3. Structural comparison of human and yeast eIF2Bε-CTD. (A) Structural alignment of C-termini of human and yeast

eIF2Bε (stereo view). Human and yeast eIF2Bε-CTD are shown in cyan and yellow, respectively. The loops with different
conformation in two structures are circled. (B) Electrostatic potential distribution on the surface of human eIF2Bε-CTD in different
views. Charge-rich areas I, II and III are circled. Residues involved in area I, II and III are demonstrated with their side chains,

respectively. (C) Electrostatic potential distribution on the surface of yeast eIF2Bε-CTD (PDB ID: 1PAQ), shown as the same
orientation in (B).
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subsequently improved by density modification with RESOLVE
(Terwilliger, 2000, 2003) for initial model building. The model was

refined with 2.0-Å resolution data by Coot (Emsley and Cowtan,

2004), CNS (Brunger, 1998, 2007) and Refmac5 (Murshudov et al.,
1997) for additional model building and adjustment. In the final model,

the electron densities of residues Glu716–Asp721 were invisible and

Figure 4. The critical residues of human eIF2Bε-CTD concerned with GEF activity of eIF2B and VWM/CACH disease. (A)
Microenvironment around Glu577 in human eIF2Bε-CTD. (B) Microenvironment around Glu569 in yeast eIF2Bε-CTD. (C) Sites of
mutations related to VWM disease are labeled on the structure of human eIF2Bε-CTD. Deletion sites of Ser610–Asp613Δ and

Lys665–Tyr671Δ are colored red and blue, respectively. Other mutation sites at Pro604, Leu605, Trp628, Ile649 and Glu650 are
labeled in yellow. (D) Hydrophobic contacts of Pro604 with surrounding residues Tyr617, Leu621 and Leu624. (E) Hydrophobic
contacts of Trp628 with surrounding residues Leu561, Leu624 and Phe603. (F) Hydrophobic core formed by Ile649, Leu601,

Leu652, Phe653, Leu667, Leu646, Leu676 and Phe670. (G) The ion pair and hydrogen bond formed by Glu650 with Arg698 and
Trp684, respectively.
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those of Glu715, Thr690 and Thr691 were poor, so these 9 residues
were excluded.

Structure modeling and analysis

In the experimental model, the incidental mutation Glu678Gly was
located at the macromolecular surface. Therefore, it was expected to

make the least impact on the 3-D folding of human eIF2Bε-CTD. To
achieve a realistic distribution of electrostatic potential, structure
modeling was performed to replace Gly678 by Glu, using Modeler

(Sali and Blundell, 1993; Fiser et al., 2000; Martí-Renom et al., 2000;
Eswar et al., 2006). As expected, only a limited change was observed
in the adjusted model, where the side chain of Glu714 was slightly
altered. Based on the adjusted structure, the surface electrostatic

property was analyzed with APBS (Baker et al., 2001) and structural
representations were generated using PyMOL [http://www.pymol.
org].

COORDINATES DEPOSITION

The atomic coordinates and structural factors for human eIF2Bε-CTD

have been deposited in the Protein Data Bank (PDB) with the

accession code 3JUI.
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