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The eukaryotic translation initiation factor elF2 delivers Met-tRNAM" to the ribosomal small subunit in
GTP-bound form associated with elF1, elF1A, elF3 and elF5, and dissociates together with elF5 as elF5-
elF2-GDP complex from the ribosomal small subunit after formation of start codon-anticodon base pair-
ing between Met-tRNAM®" and mRNA. The inactive form elF2-GDP is then exchanged for the active form
elF2-GTP by elF2B for further initiation cycle. Previous studies showed that the C-terminal domains of
elF5 (elF5-CTD) and elF2Bg (elF2B&-CTD) have a common elF2B-binding site for interacting with an N-ter-
olF2 minal region of elF2p (elF2B-NTD). Here we have reconstructed the complexes of (el[F5-CTD)-(elF23-NTD)
eIF5 and (elF2Be-CTD)-(elF2B-NTD) in vitro, and investigated binding mechanism by circular dichroism spec-
elF2B troscopy and small angle X-ray scattering in solution. The results showed the conformation of elF23-NTD
was changed when bound to partner proteins, whereas the structures of e[F5-CTD and elF2Be-CTD were
similar in both isolated and complex states. We propose that e[F23-NTD works as an intrinsically disor-
dered domain which is disorder in the isolated state, but folds into a definite structure when bound to its
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partner proteins. Such flexibility of el[F2B-NTD is expected to be responsible for its binding capability.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Translation is a process of transforming the genetic information
from mRNA into the functional proteins on the ribosome, and con-
sists of three steps: initiation, elongation, and termination. Trans-
lational control is critical for gene regulation under conditions of
nutrient deprivation and stress, development and differentiation,
aging and disease in eukaryotic cells, and most regulations of
translation are exerted at the translation initiation step [1-3].

Eukaryotic translation initiation is a process involving the
assembly of an elongation-competent 80S ribosome, in which the
start codon-anticodon is base-paired between Met-tRNAY*" and
mRNA on the ribosome [4]. It is performed by initiation factors
(elFs) associated with Met—tRNAz\"et, mRNA, and ribosome. The ini-
tiation factor elF2 consisting of a-, B-, and y-subunits, is a G protein
(y-subunit), which is active in GTP-bound form and inactive in
GDP-bound form [5,6]. The elF2 in GTP-bound form plays a pivotal
role in delivering Met-tRNAM®" to ribosomal 40S and forms the 43S
ribosomal subunit comprised of the 40S subunit and multiple fac-
tor complex MFC (elF2-GTP- (Met — tRNAM") ternary complex,
elF3, elF1, elF1A and elF5) [7]. This 43S pre-initiation complex is at-
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tached to the 5’ proximal region of mRNA to form ribosomal 48S,
and scans mRNA in the 5’ to 3’ direction to search for the start co-
don [4]. After MFC binds to the 40S ribosomal subunit, the GTP on
elF2 is hydrolyzed to GDP, which is stimulated by the GTPase acti-
vator protein (GAP) elF5 [8,9]. When the codon-anticodon base-
pairing between Met-tRNAM™" and mRNA is formed, elF2-GDP
and inorganic phosphate are released from ribosomal 48S [10]. It
has been shown that elF5 and elF2 are released from the ribosome
together in the form of elF5-elF2-GDP complex [11-14]. Then, the
48S complex binds to 60S to form the 80S ribosome, and then the
elongation of protein synthesis is started. The released elF2-GDP is
inactive, and it must be exchanged to elF2-GTP for further rounds
of initiation. This reactivation is achieved by the guanine nucleo-
tide exchange factor (GEF) elF2B, which is a hetero-pentameric
complex consisting of a, B, v, 8, and € subunits [6,15].

As described above, elF2 binds to different target proteins at dif-
ferent reaction stages of the translation initiation. At the beginning
of the initiation process (MFC formation), of the three subunits of
elF2, elF2B is involved in direct binding to elF1, elF5, and elF3,
and mutations in elF2B destabilize these interactions [6,16-18].
The C-terminal domain of elF2f containing a C2-C2 Zinc binding
motif is conserved in archaea and eukaryotes, whereas the N-ter-
minal domain (elF2B-NTD) is only conserved in eukaryotes [19-
21]. Previous studies have shown that three lysine-rich segments
(K-boxes) of elF2B-NTD interact with two aromatic/acidic regions
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called AA box in the C-terminus of elF5 (elF5-CTD) [18,22]. In addi-
tion, the N-terminal domain of elF5 (elF5-NTD) interacts with the
G domain of elF2y and functions as a GAP [23,24].

On the other hand, when elF2B reactivates elF2 by removing
GDP and promoting association of GTP [6], the C-terminal domain
of elF2Be (elF2Be-CTD) mediates the interaction between elF2B
subunits and promotes the changing of GDP for GTP bound with
elF2y. Similar to elF5-CTD, elF2Be-CTD also contains two AA boxes,
which interact with K-boxes of elF23-NTD [25] (Supplementary
Fig. S1A). The structures of elF5-CTD (PDB ID: 2FUL) and elF2Be-
CTD (PDB ID: 1PAQ) show that both eIF5-CTD and elF2Be-CTD have
helical structures and AA boxes are contained in four C-terminal
helices [26,27]. Structural comparison showed that elF5-CTD and
elF2Be-CTD have very similar secondary structures and topologies
(a1-019) but with different orientations in tertiary structure (Sup-
plementary Fig. S1B). The surfaces of the four C-terminal helices in
elF5-CTD and elF2Be-CTD are also different (Supplementary
Fig. S1C and D). Considering these results, it is suggested that
elF5-CTD and elF2B&-CTD may bind to e[F2B-NTD in different ways
and/or with different affinities [27]. It has also been proposed that
elF5-elF2 complex antagonizes guanine nucleotide exchange, en-
abling coordinated regulation of translation initiation based on
the results of in vivo overexpression experiments [14]. However,
it still remains to be elucidated how elF2p binds to different target
proteins elF5 and elF2Be with the same binding site.

To address this problem, we studied the interaction mechanism
of elF2B-NTD with elF5-CTD and elF2B&-CTD by analyzing the con-
formational changes of those proteins in both isolated and complex
states. The circular dichroism (CD) spectroscopy and small angle
X-ray scattering (SAXS) were used to examine the structures of
elF2B-NTD, elF5-CTD, elF2Be-CTD, (elF5-CTD)-(elF2p-NTD), and
(elF2Be-CTD)-(elF2B-NTD). The results of current study showed
that el[F2B-NTD is unstructured in isolated state and the conforma-
tion was changed when bound to partner proteins, whereas the
structures of elF5-CTD and elF2Be-CTD were similar in both iso-
lated and complex states. The high flexibility of elF2B-NTD is an
advantage for structural changes according to further recognizing
and binding with different proteins. Based on these results, we pro-
pose the manner of binding between elF23-NTD and both elF5-CTD
and elF2B&-CTD, and discuss the role of eI[F23-NTD as a part of elF2.

2. Materials and methods
2.1. Protein expression and purification

The genes encoding elF2B-NTD (1-124 aa, MW = 13,171 Da),
elF5-CTD (241-405aa, MW =18967Da) and elF2Be-CTD
(538-712 aa, MW = 20,664 Da) of Saccharomyces cerevisiae with a
hexahistidine (Hisg) tag and a thrombin cleavage sequence at the
N-terminus were individually cloned into the expression vector
pET-28a fused with a D-box (ATGAATCATAAA). For overexpression,
each resulting plasmid of elF2B-NTD, elF5-CTD, and elF2Be-CTD
was transformed into Escherichia coli strain B834(DE) + pRARE2
by electroporation. The transformed cells were cultivated in
Luria-Bertani (LB) containing 25 pg/mL kanamycin and 34 pg/mL
chloramphenicol, and cultivated at 37 °C until the optical density
at 600 nm (ODggg) reached about 0.6. After adding isopropyl p-d-
1-thiogalactopyranoside (IPTG) to a final concentration of
0.5 mM, the cultures were incubated at 25 °C for an additional
16 h. The cells were harvested by centrifugation at 4500 x g under
4 °C for 25 min, and then washed in lysis-buffer (50 mM Tris-HCl,
pH 8.0, 50 mM NacCl, 1 mM EDTA). The washed cells were collected
by centrifugation at 6000x g under 4 °C for 15 min.

Recombinant elF2B-NTD, elF5-CTD, and elF2B&-CTD were puri-
fied separately using similar procedures as described in Supple-

mentary methods. To reconstruct (elF5-CTD)-(elF2B-NTD)
complex, purified el[F2B-NTD and elF5-CTD were mixed in a molar
ratio of 1:1 in the buffer (20 mM HEPES, pH 7.5, 10% glycerol, and
1 mM DTT) and incubated at room temperature for 30 min. The
mixed sample was purified using a Superdex 75 16/60 gel-filtra-
tion column. The (elF2B&-CTD)-(elF2B-NTD) complex was obtained
using the same protocol.

2.2. Circular dichroism (CD) spectroscopy

The CD spectra were recorded on a J800 spectropolarimeter (Ja-
pan, Spectroscopic Company) under an atmosphere of N, at room
temperature in a quartz cell with a path length of 2 mm. The sam-
ples of purified elF2B-NTD, elF5-CTD, elF2Be-CTD, (elF5-CTD)-
(elF2B-NTD), and (elF2Be-CTD)-(elF2B-NTD) were dialyzed in
10 mM sodium phosphate buffer at pH 7.5, 4 °C overnight before
measurement. The CD spectra were obtained from a wavelength
region of 190-300 nm by taking the average of four scans. The mo-
lar ellipticity per residues was calculated by (0) = 0 / (10n,c.l). Here,
0 is the CD signal in mdeg, n is the number of residues, c is the con-
centration in mol L7}, and [ is the length of the cuvette path (cm).
The concentrations of samples were measured using a Quant-iT™
Protein Kit (Invitrogen) three times, and the average values were
applied to calculate molar ellipticity per residue. The CD spectra
were analyzed using K2D2 online software package in order to
estimate the occupancies of secondary structures [28].

2.3. Small-angle X-ray scattering (SAXS)

For SAXS measurement, the purified elF2B-NTD, elF5-CTD,
elF2Be-CTD, (elF5-CTD)-(elF23-NTD), and (elF2Be-CTD)-(elF2p-
NTD) were dialyzed against each buffer system (20 mM HEPES,
pH 7.5, 30-100 mM NacCl, 5-10% Glycerol, and 1 mM DTT) at 4 °C
overnight. In order to make samples avoid aggregation throughout
the SAXS measurement, these buffer systems were optimized, and
the final condition of buffer consisted of 20 mM HEPES pH 7.5,
30 mM NacCl, 10% Glycerol and 1 mM DTT. All samples were con-
centrated to around 6.0 mg/mL firstly, and the concentration of
each sample (1.0-5.0 mg/mL) for SAXS measurement was also
optimized for Guinier analysis.

The conditions of SAXS measurements were optimized at the
beamline BL45, SPring-8 (Harima, Japan) [29], and final SAXS data
collection was carried out at the beamline BL-10C, Photon Factory
(Tsukuba, Japan) [30]. A wavelength of 1.488 A was used, and the
specimen-to-detector distance was 2034 mm calibrated with silver
behenate. The exposure time was determined to be 10 min without
aggregation caused by X-ray damage, and the temperature of the
sample cell was maintained at 20 °C. The scattering images were
recorded on an imaging plate detector (R-AXIS VII; Rigaku), and
each two-dimensional scattering image was circularly averaged
to convert the one-dimensional scattering intensity data. The ra-
dius of gyration Ry and the scattering intensity I(0) were obtained
by Guinier approximation in the small angle region:

1(Q) = 1(0) exp(—Rg/3 x Q°)

where Q = 47sin6// is the amplitude of the scattering vector, I(Q) is
the scattering intensity at Q, 20 is the scattering angle, /. is the
wavelength of the X-rays, and I(0) is the scattering intensity at
Q=0]31]. As the slope and y-intersection of Ln I(Q) vs. Q* (Guinier
Plot) give —Rg2/3 and Ln I(0), respectively, Rg and I(0), which is cor-
related with the total mass of the scatter, can be calculated based on
the concentration (c) of each sample. Therefore, the intrinsic values
of Rg and I(0)/c were obtained by extrapolation to a concentration of
zero to exclude the effect of sample concentration. The molecular
weight of the sample can be estimated from I(0)/c based on the
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1(0)/c value (I(0),f/cref) Of a reference protein with a known MW. In
this study, Ovalbumin (MW = 45 kDa) solutions in all types of buffer
and at various concentrations (1.0-5.0 mg/mL) were measured as
references. The values of R; were estimated using the program Igor
Pro ver. 6.22 ] (http://www.wavemetrics.com) with a linear func-
tion of regression analysis, and the theoretical Ry values of elF5-
CTD and elF2Be-CTD were calculated with the program CRYSOL
using crystal structures (PDB ID: 2FUL, PDB ID: 1PAQ) [32]. MWs
were derived from Guinier analysis based on the I(0)ef/Crer Of Oval-
bumin solution. The asymptotic standard errors are shown in
parentheses. Each Rg at the concentration of zero and the MW value
were estimated from scattering profiles in a specific Q range
(Q x Rg < 1.3) by Guinier analysis, and are summarized in Supple-
mentary Table S1. The scattering profiles by Kratky plot I(Q) x Q2
vs. Q were calculated to identify the structure state of these proteins
in solution [33,34].

3. Results

3.1. Reconstructing the (elF5-CTD)-(elF2p-NTD) and (elF2Be-CTD)-
(elF2B-NTD) complex

The (elF5-CTD)-(elF2B-NTD) and (elF2Be-CTD)-(elF2B-NTD)
complexes were reconstructed using purified elF2B-NTD, elF5-
CTD, and elF2Be-CTD. The purified (elF5-CTD)-(elF23-NTD) and
(elF2Be-CTD)-(elF2B-NTD) complexes are shown in Fig. 1. Although
there was no adsorption for e[F2B-NTD at a wavelength of 280 nm
as elF2B-NTD contains neither tyrosine nor tryptophan residues,
peaks at a wavelength of 280 nm on the gel filtration plot were
clearly shifted when either elF5-CTD or elF2Be-CTD formed a com-
plex with elF2B-NTD (Fig. 1A and B), suggesting that both (elF5-
CTD)-(elF2B-NTD) and (elF2Be-CTD)-(elF2B-NTD) were formed by
mixing purified el[F2B-NTD, elF5-CTD, and elF2Be-CTD in vitro. Fur-
thermore, while (elF2Be-CTD)-(elF23-NTD) could be confirmed
clearly on SDS-PAGE (Supplementary Fig. S2A, lane 7) and TOF
MASS (Supplementary Fig. S2B, E, F), (elF5-CTD)-(elF23-NTD) could
only be detected by TOF MASS (Supplementary Fig. S2B, C, D), as
the bands of eIF5-CTD and elF2B-NTD were located at the same po-
sition on SDS-PAGE (Supplementary Fig. S2B, lane 6).

3.2. Conformational changes in elF23-NTD upon binding to partner
proteins

The CD spectroscopy was used to analyze the conformational
changes that may occur upon binding of el[F2B-NTD to its partner
proteins, e[F5-CTD and elF2Be-CTD. The CD spectra of elF2B-NTD,
elF5-CTD, elF2Be-CTD, (elF5-CTD)-(elF2B-NTD), and (elF2Be-
CTD)-(elF2B-NTD) are shown in Fig. 2A and B. The CD spectra of
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both elF5-CTD and elF2Be-CTD showed two negative peaks at
208 and 222 nm, suggesting that they are typical helical structures.
Based on the CD spectra, the occupancies of a-helix of two proteins
were estimated to be 84 and 76%, respectively. Although not accu-
rately quantitative of the estimation, these results were consistent
with that of the reported crystal structures of eI[F5-CTD and elF2Be-
CTD, both of which consist of only o-helices and the calculated
occupancies of a-helix are about 82 and 73% with the remainder
random coil, respectively. In contrast, the spectrum of el[F2B-NTD
showed a typical random coil plot with minimum ellipticity near
200 nm, and calculation given over 70% random coil.

Interestingly, although the spectrum of elF2B-NTD showed a
typical random coil plot, the CD spectra of both (elF5-CTD)-
(elF2B-NTD) and (elF2Be-CTD)-(elF2B-NTD) complexes also
showed typical helical structural sharps similar to those of
elF5-CTD and elF2Be-CTD, respectively. While the spectrum of
(elF2Be-CTD)-(elF2B-NTD) was very similar to that of isolated
(elF2Be-CTD), the plot difference between (elF5-CTD)-(elF2B3-NTD)
and (elF5-CTD) suggested the difference of helical percentage. More-
over, the estimations of these data also showed that o-helix
occupancies of (elF2Be-CTD)-(elF2B-NTD) was similar to that of
elF2Be-CTD, while the a-helical percentage of (elF5-CTD)-(elF2pB-
NTD) was increased (more than 80%), suggesting that (eIF5-CTD)-
(elF2B-NTD) may be more compact than (elF5-CTD). Taken all
results together, it was suggested that elF2B-NTD is a disordered
domain in isolated situation, but may form helical structure when
it binds to elF5-CTD or elF2Be-CTD.

3.3. SAXS analysis of eIF23-NTD, elF5-CTD, elF2Be-CTD and their
complexes

To elucidate the structures of elF2B-NTD, elF5-CTD, elF2Be-CTD,
(elF5-CTD)-(elF2B-NTD), and (elF2Be-CTD)-(elF23-NTD) in solu-
tion, SAXS experiments were performed using synchrotron radia-
tion. Table S1 in Supplementary summarizes the radius of
gyration Rg at the concentration of zero and MW values estimated
from scattering profiles in a specific Q range by Guinier analysis.
The estimated MWs of all samples indicated that elF2B-NTD,
elF5-CTD, elF2Be-CTD were monomeric in solution, and two com-
plexes of (elF5-CTD)-(elF2B-NTD) and (elF2Be-CTD)-(elF2p-NTD)
were also single complexed molecules in solution. While the ob-
tained Ry values of elF2Be-CTD from SAXS data were compared
with the calculation volumes estimated from the crystal structure,
the Rg value of elF5-CTD was larger than that of the crystal struc-
ture, suggesting that eIF5-CTD shows marked fluctuation in
solution. On the other hand, the Ry values of both (elF5-CTD)-
(elF2B-NTD) and (elF2Be-CTD)-(elF23-NTD) complex were similar
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Fig. 1. Reconstruction of complexes. The reconstructed complexes of (elF5-CTD)-(elF23-NTD) (A) and (elF2Be-CTD)-(elF2B-NTD) (B), were purified by gel filtration column
chromatography. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. CD spectra. A. CD spectra of el[F2B-NTD (purple), elF5-CTD (yellow), and (elF5-CTD)-(elF23-NTD) complex (green). (B). CD spectra of el[F2B-NTD (purple), el[F2Be-CTD

(blue) and (elF2Be-CTD)-(elF2B-NTD) complex (cyan).

to that of elF2B-NTD, indicating that el[F2B-NTD may be less flexi-
ble in both complexes than in isolated situation.

The Kratky plot, I(Q) x Q? vs. Q plot of SAXS data, is a useful
expression of the structural characteristics for protein folding stud-
ies. Therefore, Kratky analyses of all samples were performed using
the measured scattering curve to obtain information on the folding
status (Fig. 3A and B). The Kratky plot of el[F2B-NTD showed a pla-
teau shape in the region of Q > 0.08. This kind of shape clearly indi-
cated a random-coiled structure. In contrast, Kratky plots of both
(elF2Be-CTD)-(elF2B-NTD) and (elF5-CTD)-(elF23-NTD) complexes
had a well-defined peak around Q = 0.05. In comparison with the
Kratky plots of elF5-CTD and elF2Be-CTD, the peaks of the two
complexes were also shifted to lower Q, corresponding to larger
Re. These Kratky plots suggested that isolated elF2B-NTD was un-
folded, and formed a structure when it bound to elF5-CTD or
elF2Be-CTD. Moreover, in comparison with the Kratky plot of
(eIF5-CTD), the (elF5-CTD)-(elF2B-NTD) complex was more com-
pacted than isolated elF5-CTD.

4. Discussion

During the process of translation initiation, the eIlF23-NTD plays
an important role as a binding domain in interacting with various
initiation factors, such as elF1, elF3, elF5, and elF2Be in different
reaction stages. Interestingly, among those interactions, the
elF2B-NTD binds to the C-terminus of elF5 (elF5-CTD) or elF2Be
(elF2Be-CTD) with the same binding site. The characteristics of
interacted residues between elF2B-NTD and both elF5-CTD and
elF2Be-CTD were identified: both elF5-CTD and elF2Be-CTD have
the common regions of AA-boxes that interact with the same re-
gions (K-boxes) of elF2B-NTD (Supplementary Fig. S1). However,
as shown in Supplementary Fig. S1, the structures of the C-terminal
region including the AA-boxes in elF5-CTD and elF2B&-CTD are dif-
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ferent. As in our experiment of CD and SAXS, we found that elF23-
NTD is highly unstructured in the isolated state but forms a struc-
ture when it binds to eIlF5-CTD or elF2Be-CTD. Such elF2B-NTD
works as an intrinsically disordered domain. The disorder of
elF2B-NTD is expected to be responsible for its binding capability
that recognizes and binds to different structural shapes and se-
quences of partner proteins by the same binding site.

It has been known that when the start codon is paired with its
anticodon, elF5-elF2-GDP complex is released from ribosomes, and
such inactive elF2-GDP has to be exchanged for the active form of
elF2-GTP with the aid of elF2B for the next round of initiation. elF5,
which has GDP dissociation inhibitor (GDI) activity [35,36], should
dissociate from elF5-elF2-GDP complex, and elF2B consequently
binds to elF2-GDP. In order to release elF5, then binds to the
elF2Be-CTD via the same regions, elF23-NTD should undergo struc-
tural changes. The unfolding situation of e[F23-NTD in the isolated
state is an advantage for structural changes according to further
interaction with different proteins.

Based on discuss above, we propose a binding mechanism of
elF2B-NTD with different proteins in different stages of translation
initiation (Fig. 4). el[F2B-NTD is an intrinsically disordered domain
required for its function that recognizes and binds to the different
proteins in the different reaction stages. The binding event of elF5
to elF2 induces elF23-NTD to form a structure that recognizes elF5-
CTD and binds strongly, aiding in the interaction between elF2y
and elF5. After elF5 stimulates the hydrolysis of elF2-GTP to
elF2-GDP, and the codon-anticodon base pairing between
Met-tRNAM" and mRNA is formed, elF5-elF2-GDP and inorganic
phosphate are released from the ribosome. As elF2Be-CTD has
higher binding affinity with elF2B-NTD than that of elF5-CTD,
elF2B can replace elF5 in elF5-elF2-GDP complex and form elF2B-
elF2-GDP complex to reactivate elF2 by exchanging GDP to GTP.
In this stage, the formation of elF2B-elF2-GDP complex also in-
duces structural changes in el[F23-NTD to form a structure for bind-
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Fig. 3. Kratky analysis of SAXS. A Kratky plots of el[F23-NTD, elF5-CTD, and (elF5-CTD)-(elF2B-NTD) complex. B. Kratky plots of el[F23-NTD, elF2Be-CTD, and (elF2Be-CTD)-

(elF2B-NTD) complex.
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Fig. 4. A model of the binding manner of elF2 with elF5 and elF2Be. The left
diagram shows elF2-GTP interacted with elF5 in the start-codon-scan stage. The
right diagram shows inactive form elF2-GDP interacted with elF2Be in the
reactivation stage. N and C indicate the N-terminal and C-terminal domains,
respectively.

ing to elF2Be-CTD. Moreover, when elF5 or elF2B dissociates,
elF2B-NTD should dynamically changes the structure into random
coli. It will be necessary to elucidate the structures of elF5-elF2 and
elF2B-elF2 to determine the detailed manner of recognition of elF2
with its partner proteins elF5 and elF2B.
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