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ABSTRACT

Heterotrimeric eukaryotic/archaeal translation initi-
ation factor 2 (e/alF2) binds initiator methionyl-tRNA
and plays a key role in the selection of the start
codon on messenger RNA. tRNA binding was exten-
sively studied in the archaeal system. The y subunit
is able to bind tRNA, but the o subunit is required to
reach high affinity whereas the p subunit has only a
minor role. In Saccharomyces cerevisiae however,
the available data suggest an opposite scenario
with p having the most important contribution to
tRNA-binding affinity. In order to overcome
difficulties with purification of the yeast elF2y
subunit, we designed chimeric elF2 by assembling
yeast o and f subunits to archaeal y subunit. We
show that the p subunit of yeast has indeed an im-
portant role, with the eukaryote-specific N- and
C-terminal domains being necessary to obtain full
tRNA-binding affinity. The o subunit apparently has
a modest contribution. However, the positive effect
of o on tRNA binding can be progressively increased
upon shortening the acidic C-terminal extension.
These results, together with small angle X-ray scat-
tering experiments, support the idea that in yeast
elF2, the tRNA molecule is bound by the o subunit
in a manner similar to that observed in the archaeal
alF2-GDPNP-tRNA complex.

INTRODUCTION

In eukaryotic and archaeal cells, the initiator tRNA
carrier is the eukaryotic/archaeal translation initiation
factor 2 (e/alF2) heterotrimer. In its GTP-bound form,
this factor specifically binds Met-tRNA;*" and handles
it in the translation initiation complex. After start codon
recognition, the factor, in its GDP-bound form, loses
affinity for Met-tRNAM® and eventually dissociates
from the initiation complex. This leaves Met-tRNA;M®

in the P-site of the small ribosomal subunit and allows
the final steps of initiation to occur (1,2). In this process,
specific binding of the initiator tRNA by e/alF2 is crucial
for accuracy. In both archaea and eukaryotes, the Ky
values of the e/alF2-GDPNP-Met-tRNA;™* complexes
are in the nanomolar range (3-8).

e/alF2 results from the association of three subunits, o,
B and vy. In archaea, the heterotrimer consists of a rigid
central part, formed by the y subunit, the C-terminal
domain 3 of the o subunit and the N-terminal helix of
the B subunit. Two mobile parts formed by domains 1
and 2 of the o subunit, and by the o—fp and the zinc-
binding domains of the B subunit are appended to the
central core (Figure 1A) (6,9-12).

Until very recently, based on high structural resem-
blance of the y subunit with the elongation factor EF1A
as well as on site-directed mutagenesis studies, it was
believed that the binding mode of the tRNA molecule
on alF2 was similar to that observed with the elongation
factor (3,7,9,13,14). However, biochemical results and de-
termination of the 5-A crystal structure of archaeal
Sulfolubus solfataricus 1F2 (Ss-alF2) bound to initiator
methionyl-tRNA have broken this model (15,16). In the
3D structure of the alF2-GDPNP—tRNA complex, the
tRNA is bound by the o and y subunits of alF2
(Figure 1A). alF2 approaches tRNA from the acceptor
stem minor groove side, whereas EF1A approaches
tRNA from the T-stem minor groove side. Despite this,
thanks to a kinked conformation, the acceptor end of the
tRNA fits in a channel on alF2y, which corresponds to the
tRNA acceptor end-binding channel on EFIA. This
model clearly explains why the isolated y subunit of
archaeal alF2 is indeed able to bind initiator methionyl-
tRNA but with a binding affinity highly reduced when
compared with the tRNA-binding affinity for the
complete alF2 heterotrimer. Indeed, the o subunit
provides the heterotrimer with almost its full tRNA-
binding affinity, whereas the B subunit only slightly con-
tributes to tRNA binding (5-7,15).

In contrast with archaeal alF2, the construction of a
Saccharomyces cerevisiae strain completely lacking elF2o
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Figure 1. Eukaryotic and archaeal e/alF2. (A) Cartoon representation of Ss-alF2 in complex with GDPNP and Met-tRNAM®. The cartoon was
drawn from PDB ID 3V11 (15). The color code is as follows: G-domain of y (yDI, 1-210) in green, domain II (yDII, 211-327) in yellow, domain III
(yDIII, 328-415) in orange, domain 1 of o in dark blue (aD1, 1-85), domain 2 of « in blue (D2, 86-174), domain 3 of o« in cyan («D3, 175-266).
The N-terminal o helix of the B subunit (3-19) anchored to yDI is colored in pink. Note that the position of the rest of the B subunit (residues
33-139, encircled with a dotted line) is only a tentative model, derived from SAXS data (15). The figure was drawn with PyMOL (http://www.pymol.
org). (B) Schematic structural organizations of e/alF2 o and B subunits. The colored boxes indicate the structural domains. Specific eukaryotic
domains and extensions are colored in orange. Gray bars symbolize the K-boxes in the N-terminal domain of yeast elF2p.

and allowing purification of an elF2By heterodimer has
shown that, in yeast, & would only slightly contribute to
tRNA-binding affinity (no more than a factor of 5) (17),
whereas B would have an important effect (18). From
these data, an ‘eukaryotic behavior’, with a major role
for the P subunit in the binding of the tRNA and a
minor role for the o subunit would be opposed to an
‘archaeal behavior’ in which o has the major contribution.
Hence, the possibility that the structural involvement of
the peripheral subunits in the eukaryotic ternary initiation
complex differs from that in the archaeal one cannot be
completely excluded. Notably, eIF2 from the primitive eu-
karyote Encephalitozoon cuniculi displays an intermediate
behavior with o and B subunits equally contributing to
tRNA-binding affinity (19).

Functional dissection of S. cerevisiae elF2 in vitro was
impaired by the inability to produce the isolated y subunit.
However, very recently, we reported that a chimeric
protein formed by assembling the vy subunit of
S. solfataricus alF2 with the o subunit of S. cerevisiae
elF2 was useful to study the role of the yeast elF2a
subunit (15). Therefore, chimeric proteins appear as an
attractive tool for studying the role of the yeast peripheral
subunits of elF2 in tRNA binding. In the present study,
using chimeric e/alF2, we show that the § subunit of yeast
has indeed an important role in tRNA-binding affinity.
The N- and C-terminal domains of yeast eIF2f3 are neces-
sary to obtain full tRNA-binding affinity, the C-terminal
extension of B having the most important role. The effect
of the B subunit on tRNA-binding affinity may be either



direct or indirect. The intact o subunit apparently only
slightly contributes to tRNA binding. However, shorten-
ing of the acidic C-terminal extension revealed a positive
effect of the o subunit on tRNA binding (15). Here, we
show that the negative effect of the C-terminal extension is
directly related to the size of the acidic C-terminal tail.
Moreover, the small-angle X-ray scattering (SAXS) diffu-
sion curve obtained with the Ch-elF2aACy-GDPNP-
met-tRNAM® complex agrees well with the theoretical
curve computed from the crystallographic structure of
Ss-alF20y bound to GDPND and met-tRNAMS
Therefore, altogether, the results are compatible with the
idea that, in yeast e[F2, the tRNA molecule is bound in an
orientation similar to that observed in the archaeal alF2—
GDPNP-tRNA complex.

MATERIALS AND METHODS

Cloning, expression and production of yeast elF2 o and
B subunits and their variants

The genes encoding the o and B subunits of elF2 from
S. cerevisiae were amplified by PCR from genomic DNA
and cloned in pET-derivative vectors. The gene coding for
the o subunit was cloned between the Ndel and BamHI
restriction sites of pET15b. The resulting plasmid called
pET15bY-a led to the expression of an N-terminally
tagged version of yeast o subunit in Escherichia coli. The
gene coding for the P subunit was cloned between the
Ndel and Sacll restriction sites of pET3a to give
pET3aY-B. This plasmid allows expression of an unmodi-
fied version of yeast eIF2p.

Deletions in the target genes were carried using the
QuikChange Site-directed Mutagenesis method
(Stratagen). The full sequence of all mutated genes was
confirmed by resequencing. Deletion of the C-terminal
extension of yeast elF2a was achieved using pET15bY-a
to give various truncated forms. pETISbY-aAC274
produced a protein ending at residue T274 (195).
pET15bY-aAC283 produced a protein ending at residue
L1283, pET15bY-aAC292 produced a protein ending at
residue S292 and pET15bY-aAC298 produced a protein
ending at residue E298. The DNAs coding for yeast D3
or yeast aD3AC274 were obtained by the QuikChange
Site-directed Mutagenesis method with the introduction
of a start codon at position 178.

Deletion of the C-terminal domain of yeast eIF2 was
achieved using pET3aY-f to give pET3aY-BAC. The con-
struction allowed expression of a [ subunit ending at
residue 1271. pETI5bY-B allowed expression of an
N-terminally tagged version of yeast eIF2B. pET15bY-
BAN was a derivative of pETI5bY-B producing a
B subunit deleted of its N-terminal domain (residues
1-125) His-tagged at its N-terminus. The doubly deleted
mutant elF2BANAC was expressed from
pET15bBANAC, a derivative of pET15bBY-AN. The
resulting protein corresponded to an N-terminally histi-
dine-tagged version of yeast eIF2 comprised of the core
domain of elF2f, from residue E126 to 1271.

Each subunit was overexpressed separately in E. coli
BL21 Rosetta pLacl-Rare (Merck, Novagen). One-liter
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cultures were in 2xTY containing 50 pg/ml of ampicillin
and 34 pg/ml of chloramphenicol. Expression was induced
after an overnight culture at 37°C (ODygso ~ 2.5) by adding
ImM of IPTG. After induction, the cultures were
continued for 5-6h at 18°C.

Purification of chimeric elF2

Overexpression of Ss-alF2y subunit was performed as
described (6). Cultures of cells each overproducing one
of the three subunits (250ml for yeast o, 500ml for
yeast B and 500ml for S. solfataricus alF2y) were har-
vested, mixed in 80ml of buffer A (10mM HEPES pH
7.5, 500mM NaCl, 3mM 2-mercaptoethanol, 0.1 mM
PMSF and 0.1 mM benzamidine) and disrupted by sonic-
ation. After centrifugation, the supernatant was loaded
onto a column (3ml) containing Talon affinity resin
(Clontech) equilibrated in the same buffer. The resin was
first washed with 50 ml of buffer A and then with 50 ml of
buffer A supplemented with 10 mM imidazole. The frac-
tions containing the heterotrimer were finally recovered
after elution with buffer A containing 125 mM imidazole.
To remove the excess of the yeast o subunit, the affinity
column eluate was diluted to 300mM NaCl and then
loaded onto a 5ml S-Hiload column (10 mm x Scm; GE
Healthcare) equilibrated in buffer B (10mM HEPES pH
7.5, 300mM NaCl, 10mM 2-mercaptoethanol, 0.1 mM
PMSF and 0.ImM benzamidine). A  gradient
from 300mM NaCl to 600mM NaCl was used for
elution (128 ml at a flow rate of 2ml/min). After sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) analysis, the fractions containing the heterotrimer
were pooled and dialyzed against buffer B. Finally, the
protein was concentrated by using Centricon 30 concen-
trators. Either GDPNP-Mg>® (1mM) or GDP-Mg**
(1mM) was added before storage at 4°C of the recovered
heterotrimer (Figure 2, lane 1). The same procedure was
applied to purify the Ch-eIF2aACBy, Ch-eIF2BANYy and
Ch-elF2BANACYy (Figure 2, lanes 4, 6 and 9).

Purification of Ch-elF2fy and Ch-elF2BACy

Cultures of cells each overproducing one of the two
subunits (500 ml for yeast B or yeast BAC and 500 ml for
S. solfataricus alF2y) were harvested, mixed in 40 ml of
buffer B (10mM HEPES pH 7.5, 300mM NacCl, 10mM
2-mercaptoethanol, 0.lmM PMSF and 0.1mM
benzamidine) and disrupted by sonication. After centrifu-
gation, the supernatant was loaded onto a 15ml S-Hiload
column (16 mm x 20 cm; GE Healthcare) equilibrated in
buffer B. A gradient from 300mM NaCl to 600 mM
NaCl was used for elution (120 ml at a flow rate of 2ml/
min). After SDS-PAGE analysis, the fractions containing
the heterodimer were pooled and dialyzed against buffer
B. To remove remaining nucleic acids, the recovered
protein was then loaded onto a 15ml Q-Hiload column
(16 mm x 20 cm; GE Healthcare) equilibrated in buffer B.
The heterodimer was recovered in the flow-through
fraction and then concentrated by using Centricon 30 con-
centrators. Either GDPNP-Mg®" (1 mM) or GDP-Mg>*
(1mM) was added before storage at 4°C of the recovered
heterodimer (see Figure 2, lane 3 for purified Ch-eIF2fy).
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Figure 2. SDS-PAGE analysis of purified Ch-elF2 variants. The 12.5% SDS-PAGE were stained with Coomassie Blue. Lane 1, Ch-elF2
heterotrimer. Lane 2, Ch-elF2ay heterodimer. Lane 3, Ch-elF2By heterodimer. Lane 4, Ch-eIF2(aAC274)By. Positions of tagged yeast elF2a
(Y-a, 36-9kDa), tagged yeast elF2aAC274 (Y-aAC, 33-4kDa), yeast elF2B (Y-B, 31-4kDa) and Ss-alF2y (Ss-y, 45-6kDa) are indicated. Lane 5,
Ch-elF2BANACY heterodimer. Lane 6, Ch-eIF2BANy heterodimer. Lane 7, Ch-eIF20AC274y heterodimer. Positions of yeast eIF2BANAC
(Y-BANAC), elF2BAN (Y-BAN) and elF2aAC274 (Y-aAC) are indicated. Lane 8, ChEncc-elF2(2AC274)y heterodimer, Lane 9, ChEncc-elF2ay
heterodimer. Positions of tagged yeast elF2aAC274 (Y-aAC, 33-4kDa), tagged yeast elF2a (Y-o, 36:9kDa) and E. cuniculi elF2y (Encc—v,

48-9kDa) are indicated.

Purification of Ch-elF2ay heterodimers and of its variants

The procedure used for the purification of Ch-elF2ay
heterodimer was described previously (15) (Figure 2,
lane 2). To purify the Ch-eIF2aACy heterodimer
variants (aAC274, aAC283, aAC292 and aAC298), the
S-Hiload step was replaced by a molecular sieve using a
Superdex 200 HR 10/30 column (GE Healthcare). The
purified proteins (Figure 2, lane 7) were stored in buffer
B in the presence of either 1 mM GDPNP-Mg®" or | mM
GDP-Mg*".

The procedure used to purify Ch-elF2aD3y and
Ch-elF2aD3ACy heterodimers was the same as that
used for Ch-elF2aACy heterodimer variants, except that
after the Talon column, size-exclusion chromatography on
Superdex 75 HR 10/30 (GE Healthcare) was used to
polish the preparation.

Ch-elF2aACy and Ch-elF2aD3ACy protein used to
perform SAXS studies were purified as follows. aAC
and aD3AC were first purified using Talon affinity resin.
The His-tag extensions of the recovered proteins were
then removed during overnight dialysis in a buffer con-
taining 10mM HEPES pH 7.5, 200mM NacCl, 3mM
2-mercaptoethanol, 10mM CaCl, and Thrombin
(0.25U/mg of substrate protein) at 4°C. The y subunit
of S. solfataricus was purified as described (6). aAC
and/or aD3AC was assembled with Ss-alF2y and the
heterodimers were finally purified using a last step of mo-
lecular sieving using a Superdex 200 HR 10/30 column
(GE Healthcare) in buffer C (10mM HEPES pH 7.5,
200 mM NaCl and 3 mM 2-mercaptoethanol).

Purification of Ch-Encc-elF2ay and of
Ch-Encc-elF2aACy

BL21 Rosetta pLacl-Rare containing the pET28b+vytc-
Encc plasmid was used to overexpress the y subunit
from E. cuniculi (19). The resulting protein carried a
6-histidine tag at its C-terminus. One-liter cultures were
in 2xTY containing 25 pug/ml of kanamycin and 34 pg/ml
of chloramphenicol. Expression was induced by adding
1 mM of IPTG when ODgs reached 0.8. After induction,
the cultures were continued for 8-12h at 18°C.

Cultures of cells each overproducing one of the two
subunits (250ml for yeast o, 500ml for E. cuniculi
elF2y) were harvested, mixed in 40ml of buffer A and

disrupted by sonication. After centrifugation, the super-
natant was loaded onto a column (3 ml) containing Talon
affinity resin (Clontech) equilibrated in the same buffer.
The resin was first washed with 50 ml of buffer A and then
with 50ml of buffer A supplemented with 10 mM imid-
azole. The fractions containing the heterodimer were
finally recovered after elution with buffer A containing
125mM imidazole. To remove the excess of the yeast o
subunit, the affinity column eluate was diluted to 250 mM
NaCl and then loaded onto a 5ml Q-Sepharose HP
column (10mm x S5cm; GE Healthcare) equilibrated
in buffer C (10mM HEPES pH 7.5, 250mM Nac(l,
10mM 2-mercaptoethanol, 0.1 mM PMSF and 0.1 mM
benzamidine). The heterodimer flowed through the
column whereas the excess yeast o subunit was retained.
After SDS-PAGE analysis, the fractions containing the
heterodimer were pooled and dialyzed against buffer B.
Finally, the protein was concentrated by using Centricon
30 concentrators. Either GDPNP-Mg®>* (1mM) or
GDP-Mg®" (1mM) was added before storage at 4°C of
the recovered heterodimers.

The same procedure was used to purify ChEncc-
elF2aACy except that after the Talon column, the
protein was loaded onto a Superdex 75 column (HR10/
30, GE Healthcare) equilibrated in buffer B. The eluted
heterodimer was loaded onto a 5Sml S-Sepharose HP
column (10mm x Scm, GE Healthcare) equilibrated in
buffer D (10mM HEPES pH 7.5, 200mM NacCl, 10 mM
2-mercaptoethanol, 0.1lmM PMSF and 0.1mM
benzamidine). A gradient from 200 to 800mM NaCl
was used for elution (80ml at a flow rate of 2ml/min).
The fractions containing the heterodimer were pooled
and dialyzed against buffer B. Finally, the protein was
concentrated by using Centricon 30 concentrators.
Either GDPNP-Mg®" (ImM) or GDP-Mg>" (ImM)
was added before storage at 4°C of the recovered
heterodimer (Figure 2, lanes 8§ and 9).

Protection assay

The protocol used was derived from (20). tRNAM® was
produced in E. coli from synthetic genes and purified as
described (21,22). Endogenous tRNA;M*' purified from
S. cerevisiae was a generous gift of Dr Geérard Keith
(Institut de Biologie Moléculaire et Cellulaire,



Strasbourg, France). Full aminoacylation with [*>S]-me-
thionine  (~10000dpm/pmol; Perkin Elmer) was
achieved using homogeneous E. coli M547 MetRS (23).
tRNAM'UAC, a derivative of tRNAM® carrying a UAC
(Val) anticodon was produced as described (21,22).
Valylation with ["*C]Val (563 dpm/pmol) was performed
with homogeneous E. coli valyl-tRNA synthetase as
described (7). Aminoacyl-tRNAs were precipitated with
ethanol in the presence of 0.3M NaAc pH 5.5 and
stored at —20°C in 100% EtOH in small aliquots.
Before use, aminoacylated tRNAs were redissolved in
water and full aminoacylation was systematically
controlled through measurement of radioactivity after
precipitation in 5% trichloroacetic acid (TCA).

Protection by chimeric elF2 (Ch-elF2) variants of
methionyl-tRNAM® against spontaneous hydrolysis was
assayed as follows. Reaction mixtures (150 ul) contained
20mM HEPES-NaOH pH 8.0, 100mM NaCl, 5SmM
MgCl,, 1mM DTT, 0.1mM EDTA, 0.2mg/ml BSA
(bovine serum albumin; ROCHE), 5% glycerol, 0.1%
triton X-100, ImM GDPNP and 2nM of E. coli
methionyl-tRNAM¢'. The concentrations of the proteins
were determined from A280 measurements using extinc-
tion coefficients computed from the amino acid sequences.
Concentrations of Ch-elF2 variants were varied from
I nM to 30 uM, using a range depending on the Ky value
to be measured. The mixtures were incubated at 30°C. To
determine the rate constants of deacylation, 20 ul aliquots
were withdrawn at various times (usually, six aliquots
from 5 to 60min) and precipitated in 5% TCA in the
presence of 80pug of yeast RNA as carrier. In all cases,
the deacylation curve as a function of time could be fitted
with a single exponential. For each K4 measurement, a set
of 8-10 experiments corresponding to 8-10 different
protein concentrations was performed. The rate constants
measured at variable protein concentrations were then
fitted to simple binding curves (20) from which the dissoci-
ation constant of the studied protein—tRNA complexes
and their associated standard errors could be deduced
using the MC-Fit program (24). Each experiment was in-
dependently repeated at least twice, without significant
variation of the results.

Small-angle X-ray scattering

SAXS experiments were conducted on the SWING
beamline at the SOLEIL synchrotron as described (15).
For these experiments, the His-tags of elF2a3AC and
of elF2aAC were removed before assembly with
Ss-alF2y, as described above. A concentrated sample of
Ch-elF2(a3AC)y (~4nmol in 40 pl) was injected onto a
size-exclusion column (agilent Bio column SEC3; 300 A)
using an Agilent HPLC system and eluted directly into the
SAXS flow-through capillary cell at a flow rate of 0.4ml/
min.

To collect data on Ch-elF2(aAC)y-GDPNP-
Met-tRNAM complex, the protein was mixed with a
1.15-fold molar excess of Met-tRNAM® and injected as
a concentrated sample (~20nmol in 250pul) onto a
size-exclusion column (Superdex 200 HR10/30, GE
Healthcare), using an Agilent HPLC system and eluted
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directly into the SAXS flow-through capillary cell at a
flow rate of 0.4ml/min. The same procedure was used
to collect data on Ss-alF2-GDPNP-Met-tRNAM®,
Ss-alF2-GDPNP-Met-tRNAM(A1-U72) and Ss-alF2—
GDPNP-Ss-Met-tRNAM®  complexes. tRNAM(AI-
U72) and Ss-tRNA;M®' were purified and aminoacylated
as described (7,25).

For all experiments, the elution buffer consisted of
10mM MOPS (pH 6.7), 200mM NaCl and 5mM
MgCl,. SAXS data were collected continuously, with a
frame duration of 1.5s and a dead time between frames
of 1.0s. Selected frames corresponding to the main elution
peak were averaged (26). A large number of frames were
collected during the first minutes of the elution, and these
were averaged to account for buffer scattering, which was
subsequently subtracted from the signal during elution of
the protein or protein—tRNA complex. Data reduction to
absolute units, frame averaging and subtraction were done
using FOXTROT (26). All subsequent data processing,
analysis and modeling steps were carried out with
PRIMUS and other programs of the ATSAS suite (27).
Scattered intensity curves were calculated from the atomic
coordinates of the crystallographic structure, using
CRYSOL with 50 harmonics (28). This program was
also used to fit the calculated curve to the experimental
one, by adjusting the excluded volume, the averaged
atomic radius and the contrast of the hydration layer sur-
rounding the particle in solution.

RESULTS
Production and assembly of the Ch-elF2 heterotrimer

The chimeric heterotrimer (Ch-elF2) was formed by
assembling the archaeal y subunit of S. solfataricus alF2
with the o and B subunits of S. cerevisiae elF2. To facili-
tate purification of Ch-elF2, we used an N-terminally
tagged version of yeast elF2a and native versions of
yeast elF2p and Ss-alF2y. The three subunits were
produced independently in E. coli. The first step of puri-
fication of the assembled Ch-elF2 heterotrimer was a
metal affinity chromatography. This step showed that
the archaeal y subunit was able to interact with both
yeast o and B subunits. To remove the excess of the
yeast o subunit, we then used anion exchange chromatog-
raphy. This purification step allowed to recover a correct
stoechiometry between the three subunits, as judged by
SDS-PAGE analysis ]&Figure 2, lane 1).

Binding of tRNA;™*" onto e/alF2 leads to protection
of aminoacylated tRNA against spontaneous deacylation.
Thus, dissociation constants of Met-tRNA;M from an e/
alF2-GDPNP-Met-tRNA;M* complex can be estimated
by following deacylation rates in the presence of various
elF2 concentrations at a fixed tRNA concentration (7,20).
The sequence of the E. coli initiator tRNAM® has a high
homology with the one from the archacal initiator tRNA
(Figure 3). In particular, the acceptor stems of both
tRNAs are identical, with the exception that the
A1-U72 base pair in the archaeal tRNA is replaced by
C1-A72 in the bacterial one. Moreover, it was previously
shown that E. coli Met-tRNAM was as good a ligand of
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Figure 3. Cloverleaf representations of initiator Met-tRNAs from S. solfataricus, E. coli and S. cerevisiae cytoplasm. Nucleotides denoted with gray
boxes are universally conserved in initiator tRINAs. Post-transcriptional modifications are indicated in the cases of E. coli and S. cerevisiae.

archaeal alF2 as the cognate initiator Ss-tRNA;M®
produced in E. coli (15). To further validate at a structural
level, the use of E. coli initiator Met-tRNAM® as a model
ligand, we compared the SAXS curve of Ss-alF2-
GDPNP-Met-tRNAM¢" with the corresponding ones
with either Met-tRNAMSA1-U72 variant or Met-
tRNAM from S. solfataricus. The three SAXS curves
were nicely superimposable (Supplementary Figure Sl1),
showing that the three complexes were highly similar.
Escherichia coli Met-tRNA M initiator tRNA was used
as a model ligand to study tRNA binding by Ch-elF2.
Ch-eIF2 bound efficiently initiator methionyl-tRNA in
the presence of GDPNP-Mg®>" with a Ky value of
87 £ 10nM (Table 1, row 1). Moreover, in the presence
of GDP instead of GDPNP, the K4 value was increased to
700 £ 300nM. Therefore, GDP lowered the binding
affinity of the initiator methionyl-tRNA by one order of
magnitude, in keeping with the nucleotide effects observed
with yeast elF2 [factor of 20 (4)] or Ss-alF2 [factor of 100,
(6)]. Furthermore, we verified that Ch-eIF2 could still
interact  with  authentic  yeast  Met-tRNAM®
(Kgq = 27 = 5uM; Table 1, row 1; Figure 3). The binding
affinity of both initiator tRNAs for the chimeric factor in
the presence of GDPNP were reasonably high, when
compared with the affinity for eIF2 from yeast
[Kq = 9nM, (4)] or for Ss-alF2 [K4q = 1.5n1M, (6)]. The
observed discrepancies between the Ky values measured
with yeast elF2, Ss-alF2 or Ch-eIF2 could be in part
due to differences in the assay conditions. Indeed, in the
case of yeast elF2 the temperature used in the assay was
26°C and in the case of Ss-alF2, the temperature used in
the assay was 51°C. Here, to avoid thermal effects on yeast
o and B proteins, we performed the measurements at 30°C,
a temperature sub-optimal for the archaeal y subunit of
Ch-elF2 (5). Finally, it is known that archaeal and eukary-
otic elF2 strongly recognize the methionine moiety on ini-
tiator tRNAs (4,7,29,30). Therefore, as an additional

control to validate the use of Ch-elF2 as a tool, we
verified that the chimeric heterotrimer had the same
property. We used Val-tRNAM UAC in a standard pro-
tection assay. Instead of protection against deacylation,
we observed a surprising 2-fold increase of the rate of
deacylation in the presence of 7.4 uM Ch-elF2. Possibly,
low-affinity unspecific binding of the Val-tRNAM UAC
on the factor may favor hydrolysis of the esterified amino
acid. Nevertheless, this experiment allowed to conclude
that the presence of the valyl group strongly affected
specific aminoacyl-tRNA binding.

The yeast  subunit strongly influences tRNA
binding on Ch-elF2

At 30°C, only weak, though significant, GDPNP-
dependent binding of initiator tRNA to Ss-alF2y occurs
(Table 1, row 2). Therefore, the large difference between
the K4 value measured with the Ss-y subunit alone and
that measured for the full Ch-eIF2 trimer showed that
the o and/or the B subunits participate in tRNA binding
(Table 1, rows 1 and 2). In order to examine the contri-
bution of each peripheral subunit, Ch-elF2ay and
Ch-elF2By heterodimers were produced and purified
(Figure 2, lanes 2 and 3). Using Ch-elF2y, the Ky value
of Met-tRNAM® was 55+ 10nM (Table 1, row 3)
whereas using  Ch-elF2ay, the Ky value of
Met-tRNAM was 9200 + 2000nM (Table 1, row 7).
Hence, the B subunit of yeast elF2 improved the binding
affinity of Met-tRNAM® by three orders of magnitude
(Table 1, rows 2 and 3, Supplementary Figure S2A). The
yeast o subunit also participated in the binding affinity of
Met-tRNAM®! Tts contribution was however two orders
of magnitude less important than that of the B subunit
(Table 1, rows 2 and 7, Supplementary Figure S2A).
Notably, in the absence of the o subunit, the affinity of
Ch-elF2By for Met-tRNAM was similar to that
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Y-o Y-B Ss-y Ky (nM) K4 (nM) Ky (nM)
Met-tRNAMS (GDPNP)*  Met-tRNAM (GDP)*  Met-tRNAM' (GDPNP)®
1 Ch-elF2 wt wt wt 87 £ 10 700 =+ 300 27+5
2 Ss-alF2y - - wt 55000 £ 12000 n.d. 27000 + 10000
3 Ch-elF2By wt wt 55+£20 180 £+ 50 34+6
4 Ch-elF2(BAN)y - BAN wt 231 + 30 557 £ 125 n.d.
5 Ch-eIF2(BAC)y - BAC wt 532 + 140 1670 £ 960 n.d.
6 Ch-eIF2(BANAC)y - BANAC wt 3500 £ 1400 >9500 n.d.
7 Ch-elF2ay wt - wt 9200 =+ 2000 >120000 4200 + 2200
8 Ch-elF2(aAC274)y aAC - wt 73 £ 10 740 + 70 36 £8
9 Ch-elF2(aAC274)By aAC wt wt 3+1 26 + 4 n.d.
10 Ch-elF2(a2AC283)y aAC - wt 950 + 180 n.d. n.d.
11 Ch-elF2(aAC292)y aAC - wt 2600 + 600 n.d. n.d.
12 Ch-elF2(a2AC298)y aAC - wt 4200 £ 200 n.d. n.d.
13 Ch-elF2(a3)y o3 - wt >30000 n.d. n.d.
14 Ch-elF2(a3AC274)y a3AC - wt 2900 + 500 >44 000 n.d.

Dissociation constants of Met-tRNAM¢" from its complexes with the indicated versions of Ch-eIF2 were determined from protection experiments as

described in ‘Materials and Methods’ section.
"Measured with E. coli Met-tRNAM as a ligand.

PMeasured with S. cerevisiae Met-tRNA;M® as a ligand. n.d., not determined.

measured with the complete chimeric heterotrimer
(compare rows 1 and 3, Table 1 and Supplementary
Figure S2A). The same effects of the o and B subunits
were observed using authentic yeast Met-tRNA;M as a
substrate (Table 1, rows 2, 3 and 7). This indicated that
the association of the B subunit to y was enough to retrieve
almost the same binding affinity for tRNA as full
Ch-elF2. Ch-eIF2By remained specific of the methionine
moiety of the tRNA ligand. Indeed, the presence of 10 uM
Ch-eIF2By only decreased the deacylation rate of
Val-tRNAM UAC by 20%, consistent with a dissoci-
ation constant of the order of several tens of micromolar.
Notably, the behavior of the yeast peripheral subunits was
opposite to that observed with archaeal o and  subunits
(Supplementary Figure S2A).

N- and C-terminal extensions of yeast elF2f are
necessary for Met-tRNA* binding

The yeast B subunit is made of a conserved structural core
corresponding to the archaecal version of the protein to
which are appended eukaryote-specific domains, namely,
an N-terminal domain and a short C-terminal extension
(Figure 1B). To evaluate the roles of the yeast-eIF2[ ex-
tensions in tRNA binding, three truncated versions of the
subunit were produced. In eIF2BAN, the first 125 residues
were removed. In eIF2BAC, residues 272-285 were
removed. The two deletions were also performed simul-
taneously giving eIF2BANAC.

The three heterodimers Ch-eIF2BANy, Ch-elF2BACy
and Ch-eIF2BANACY were purified and Met-tRNA M-
binding affinities were measured. As shown in Table 1, the
N-terminal domain contributed by a factor of 4.2 to
tRNA-binding affinity (rows 3 and 4) and the
C-terminal extension of elF2p contributed by a factor of
9.7 (rows 3 and 5). These results showed that both eukary-
otic extensions participate in the binding of the tRNA
molecule with the contribution of the short basic
C-terminal extension being twice as much as that of the

N-terminal domain. Moreover, with the double truncation
(Ch-eIF2BANACY), the dissociation constant fell down
by a factor of 63 when compared with unmodified
Ch-elF2By (rows 3 and 6). Therefore, the positive effects
of both extensions on the binding of the initiator tRNA
were cumulative (Supplementary Figure S2B). Finally,
using Ch-eIF2BANACY, a Ky-value for Met- tRNAM®
binding of 3500 + 1400nM was measured. The affinity
of the tRNA remained 15-fold higher than that with
Ss-alF2y alone. Hence, the conserved core of yeast
elF2p still contains some features allowing it to participate
in tRNA-binding affinity (Supplementary Figure S2B).

The acidic C-terminal extension of yeast elF2a
interferes with tRNA binding

The yeast o subunit of eIF2 comprises a conserved struc-
tural core corresponding to the archaeal version of the
protein, with an additional highly acidic (pI = 3.14) C-ter-
minal tail, containing 16 Asp or Glu out of 30 residues.
This acidic C-terminal extension is characteristic of
eukaryotic elF2a (Figures 1B and 4). Previously, the
C-terminal region corresponding to residues 275-304
was removed through site-directed mutagenesis of the
yeast elF2a gene (15). With the heterodimer
Ch-elF20AC274y, a Ky-value for the initiator
methionyl-tRNA of 73 £ 10nM was measured (15).
Therefore, removal of the C-terminal tail increased the
binding affinity by more than two orders of magnitude
(rows 7 and 8 in Table 1 and Supplementary Figure
S2C). The same effect was observed using authentic
yeast Met-tRNAM® as a substrate (Ky = 36 + 8nM;
Table 1). Hence, the C-terminal extension of the yeast o
subunit is strongly unfavorable to the binding of the
tRNA on Ch-elF2ay. Again, we verified that
Ch-elF20AC274y remained specific of the methionine
moiety of the tRNA ligand. Indeed, the presence of
10 uM Ch-elF2aAC274y only decreased the deacylation
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rate of Val-tRNAM® UAC by 37%, consistent with a
dissociation constant in the 10 uM range.

In order to delineate the region responsible for the
negative effect on tRNA binding, three deletions of
various lengths in the C-terminal extension were per-
formed. The three shortened proteins were named
aAC283, aAC292 and aAC298 (Figure 4). The corres-
ponding chimeric heterodimers Ch-eIF2aACy were
purified and their tRNA-binding affinities were
measured. As shown in Table 1 (rows 8 and 10-12), the
tRNA-binding affinity increased when the size of the
acidic C-terminal extension decreased, the highest
tRNA-binding affinity being obtained upon deletion of
the complete acidic C-terminal extension (Table 1 and
Supplementary Figure S2C). In the context of the
heterotrimer, complete removal of the acidic tail of «
(xAC274) increased the affinity by a factor of 30 (rows 1
and 9) leading to a heterotrimer even more efficient in
tRNA binding than Ch-eIF2. These results strongly sug-
gested that the apparent weak effect of yeast elF2a on
tRNA-binding results from a positive effect of the core
part of the subunit, compensated by a negative effect of
the acidic residues in its appended C-terminal tail.

To confirm the effect of the C-terminal tail of yeast
elF2a, we examined it using another elF2y subunit. We
therefore produced Ch-elF2 using the central eukaryotic
elF2y subunit from E. cuniculi (Encc-eIF2). Two chimeric
proteins were produced and purified (Figure 2, lanes 8 and
9). ChEncc-elF2ay corresponds to the o subunit of S.
cerevisiae bound to the 7y subunit of E. cuniculi and
ChEncc-elF20A274Cy corresponds to the o subunit of
S. cerevisiae truncated of its C-terminal tail bound to
the vy subunit of E. cumiculi. Dissociation constants of
Met-tRNAM from these proteins were determined
using the same procedure as that used for yeast
Ch-elF2. Encc-elF2y bound Met-tRNA with a Ky value
of 1700 £+ 300nM (19). Association of yeast elF2a to
Encc-elF2y only increased the affinity of Met-tRNA by
a factor of 5.6 (Table 2, rows 1 and 2) whereas the increase
of affinity was by a factor of 105 when elF2aAC was used
in place of elF2a (Table 2, rows 1 and 3).

Domains 1 and 2 of elF2a contribute to
tRNA-binding affinity

In the archaeal system, the D3 domain is sufficient to
confer on alF2y its full tRNA-binding affinity (6,7).
Nevertheless, the 3D structure of alF2 bound to the initi-
ator tRNA revealed contacts of the aD12 domains with
the tRNA molecule (15). To explain the apparent discrep-
ancy between biochemical data and the observed contacts
of aD12 with the tRNA in the structure, it was proposed
that the gain in enthalpy resulting from the contacts of the
aD12 domains with the tRNA just compensates for the
entropic cost of the immobilization of aD12. We
anticipated that these contributions may quantitatively
vary depending on the o subunit studied.

We produced the aD3 domain of yeast elF2a. Then,
tRNA-binding affinity of Ch-elF2(aD3)y heterodimer
was measured. Interestingly, the tRNA-binding affinity
for Ch-elF2(aD3)y heterodimer was markedly lowered

compared with that measured with the entire yeast o
subunit bound to archaeal y. Only slight protection of
Met-tRNA was observed at a concentration of
Ch-elF2(aD3)y heterodimer of 30 uM (compare rows 7
and 13 in Table 1). This result strongly suggested that
domains 1 and 2 of yeast elF2a contribute to tRNA-
binding affinity. Consistently, although deletion of the
C-terminal acidic tail from aD3 increased the binding
affinity of the tRNA for the chimeric heterodimer by a
factor of at least 10 (compare rows 13 and 14 in
Table 1), the affinity remained much lower than that
measured in the presence of the D12 domains, with the
Ch-eIF2aAC2747y heterodimer (compare rows 14 and 8 in
Table 1).

Structural studies in solution using SAXS

The region of contact between e/alF2a and e/alF2y
mainly involves two loops of the C-terminal domain of
o («D3) as well as an elongated loop and a B-strand of y
[Figure 1A (6)]. Moreover, the structure of the human
elF2a C-terminal domain is highly similar to the structure
of archaeal alF2a (6,31,32). Therefore, besides the
C-terminal extension, the structure of o3 is conserved
between eukaryotes and archaea.

In a first step, we checked the structural similarity
between the Ch-elF2(a3AC)y protein and the archaeal
Ss-alF2aD3y protein. This was achieved by measuring
the X-ray scattering curve of Ch-elF2(a3AC)y. This
experimental curve was then compared with the theoret-
ical X-ray scattering curve computed from the crystallo-
graphic structure of the archaeal aD3y protein (from PDB
ID 2AHO). The two curves showed a very good agree-
ment (Supplementary Figure S3A, x = 1.9). This result
strongly argued in favor of a binding mode of yeast
elF203AC protein onto Ss-alF2y similar to that
observed for the archaeal alF2aD3 domain (6).

Finally, in order to evaluate the binding mode of the
tRNA molecule by the yeast elF2aAC subunit, the
scattering curve of Ch-eIF20ACy bound to Met-
tRNAM®  was measured after purification of the
complex (see ‘Materials and Methods’ section). The
SAXS diffusion curve obtained with the Ch-elF2aACy—
GDPNP-Met-tRNAM®' complex agreed well with the
theoretical curve computed from the crystallographic
structure of Ss-alF20y bound to Met-tRNAM (from
PDB ID 3VI11, Supplementary Figure S3B, x = 2.8).
This strongly argued in favor of a binding mode of the
tRNA by yeast elF2o similar to the binding mode
observed for the archaeal Ss-alF2a subunit.

DISCUSSION

In this study, we have constructed Ch-elF2 formed by
assembling yeast elF2a and [ subunits to archaeal
Ss-alF2y core subunit. In such chimeric factors, the per-
ipheral o and B subunits are likely to adopt a binding
mode to the central y subunit identical to that observed
for archaeal alF2 [Figure 1A (6,10-12)]. Indeed, the
binding of the B subunit to the y one involves an a-helix
of e/alF2[ wedged between two a-helices of the G-domain
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S.mansoni/1-328 TPKAVK IRADFEVSCFTYDG | DAVKSALRSGL

C elegans/1-342 TPQAVK IRADIEVSCFDYDG | DAVKAAL | AGK- - ~NCSNGTF P
P.falciparum/1-329 TPQALKLRGR I DVWCFGYEG | DAVKEALKKGKE - - I SNDKVS
B.bovis/1-332 TPQALKLRCMIDVWCF GP DG | EAVKSALMLAKA- - NEEHN:
T.amulata/1-334 VPQALKLKCS | DVWCFGPEG | NAVKMS LGKAKL --LDP Q-

P. chabaudif1-325 TPQALKLRGR I DVWCFGYEG | DAVKEALKKGKE - - | SNNEVT
C.hominis/1-335 SPQQLKLRAR I HVCCCGYDG | DAVRHA | | AGQE - TVTKDDVE
D.melanogaster/1-341  VSPTVKIRADIECSCYGYEGIDAVKASLTKGL--~ELSTEELP

B.mori/1-332 TSQAVK IRADIECACYGYEG | DAVRAALKAGL
A aeqypti/1-364 TSQAVK IRADIECACYGYEG | DAVKTALRAGL

C quinquefasciatus/1-341 TS QAVK IRADIECACYGYEG I DAVKTALRAGL
8. malayi/1-339 TPQAVK IRADIEVSCFSYDG | DAVKDAL | EGQ:
O.lucimarinus/1-322  TPQPLK IRADVELTCFQYDGVLHIKSAMRAAE
0.sativa/1-339 TPQPLK IRADVEMKCF QF DGVLH | KQAMRKAE
A thaliana/1-344 TPQPMK IRADIELKCFQF DGVLHIKEAMKKAE
P. patens/1-333 TPQPLKIRADIELKCFQF DGVLH|KDAMRKAE

8. fuckeliana/1-310 TPQPTKVRADVEVTCFGYEG I DAVKTALRTAE
A, clavatus/1-308 TPAPTKVRADIEVTCFGYEG | DAVKTALRTAE
C. albicans/1-300 TPQAINIRADVDVSCFSYEG | DA | KEALKAAE
C.neoformans/1-300  TPKPVKVRADIEVKCFSYAG| DA IKRALTAGE
S.sclerotiorum/1:313 TP QPTKVRADVEVTCFGYEG | DAVKTALRTAE

S.pombe/1-306 TPQP I KIRADVEVTCFGYEG I NAIKAALKAAE
A, gossypil/1-302 TPQAIKIRADVEVSCFSYEGIEAIKEALKAAE
V. lipolytica/1-313 TPNPVKVRADIDITCFAYEGIEAIKKALAAGE
D. hansenii/1-300 TPQAIKIRADVEVSCFSYEG | DA IKKALTAAE
P.nodorum/1-312 TPQPTKVRSDIEVTCFGYEGI DAVKEALRTAE
E.niculans/1-308 TPHPTKVRADIEVTCFGYDG | DAVKNALRTAE
Lelongisporus/1-299  TPQAINIRADVEVSCFGYEGI DA IKSALKAAE
N.vectensis/1-313 TPQAVK IRADIEVACYCYEG | DAVKKALREGL
0. myleiss/1-315 TPQAVK IRADIEVACYGYEG | DAVKDALRAGL
S.frugiperda/1-331 TSQAVK IRADIECACYGYEG | DAVRAALKAGL
H. sapiens/1-315 TPQAVK IRADIEVACYGYEG | DAVKEALRAGL
D.rerio/1-315 TPQAVK IRADIEVACYGYEG | DAVKEALRAGL
E. cuniculi/1-283 QASTYKVRADIDVVCSSRGGIVS IKKVFSDAL

T.thermophila/1-320  NTQPMR | KADFELRCHEYEG | DATKAALLAGE

C.symblosum/1-259 RLPSVEIRGIME I TNSRPDGVEV IRDTLSAAAEGN--—-
M_jannashii/1-266 ELTNVEVEGY | EMKSYAPDG | KQIKKALTTALKANPYED-
M. voltae/1-263 ELSNVKVDGILTLSTTEPDG I KV IKKVIKKAIKANPYED:
P.abyssif1-275 EVPTVTIDAEFEITVPKPNGVE | IKEAL | RARDRANKEKD-
M. marisnigri/1-259 KVSRVTITGHL | LTSARADGVNY |RRALRSA- QPKVEN-
A fulgidus/1-267 KPKRVKVRGYFELKSSASDG | ER IKKALLEAKKALVNG-

M.thermophila/1-257 K 1PMVEISGYVDLRSFAPDG | E | | KKALKQAKR I RDKD-
M.stadtmanae/1-260  STPEVQITGYVDLTSYKSNGVE I 1 |EALQS IESDN

M.bonei/1-263 KIPRVEVTGQLVLTSAESDGVMY I RNALKKAS DAKTAG- -
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~ELNSDSLP-- IRINLIAPPLYVLTTQTMDRAAGLEQLNEVLDV IKKS | ESQ-GGSFK | QQAARVVS DTDDADL QRQMDE L EKANREVS GDE DDE DE DDGDE EDDDEAS NDCDONGLK - -
K INL I AAPHFVVTTQTLDREGG | EAVNS I LDT IKNAIEGF-KGKFT IKEEAR | VTD I DDEKKKGDGDEDEEES EEDE DEE EDE DDDGL MAP K GL DQQVDAEEAS RDNRKKAGDDEDS DEEDD-
INIKLIAPPQYV | VTSCHDKDLGMAK | QEAMKY I SDK I KEYKGGDFKQQGE | LV | GGDEEKRLEELLDKHDG |55 DDDDYNTS DEDDENSSEEDENTSEDEEEED- - - -
1QVKL IAPPQYE | MTTCHDKDKGMD | I TTALEE I SNKIRSYAGCEFKQRGD| | | VGDEDERHLYSLLEGQESSEEEEDSSSSDESEEEDEGMGRVDESMLPP DAVEP DADS D-
IS IRLIAPPQYE | LTSCFDKEAGLALMNQTLEV IEKNIKSF I GGDFKQKCDVVY I GD-DEKHL EDL LELHET TDEEDEGDE - EEEEEEDEGMGRVDESMLPPNLS NEMEEEEES DE -
INIKL IAPPQYVIVTSCHDKEL GMQK | QEAMKY IS DK | KEYKGCDF KQQGE | LV | GGDDEKRLEELLDKHDGLS S DDEYSS DGDDDDS S DEDDNS S DEDDD-
1QVKF IAPPQYLVTAVS YGKAAGVEA | EKAMET I KNV I TQYKGGDF KRQGE | EVVGGDDE KNDLNS ASESENESDYS DS EDEEEDETMGRVEDMD | PF DENDNVE DDDEEGK
IRINLIAPPLYVMITSTTKKTDGLKALEVA | EHIRAKTSEY-DGEFKY IMAPKLVTAIDEADL ARRLERAEAENAQVAGDDDEE DGADQE GMQF DP EKE FNHKGS GAGRANEEDEEEEED.
~ALSTVDMP -~ [KINL IAPPLYVMTTSTPEKTDGLKALQDA I DK | QENITEA-GCVFNIQMAPKVVTATDEAEL ARQMERAEAENAEVAGDS AEE DEDQGMCDANMDGE P QONGAS DEE DDN
~DLSTEELP-- [KINLIAPPLYVMTTSTPEKADGLKALEVAIEK IKETIENL-GGVFKVQMAPKVVTATDEADL ARKMERAEAENAE | DGDDDEEEDEEG I TYNPEGEDGEDADDKGES GDEAEEKKEE -

~ELSTEELP-- IKINLIAPPLYVMTTSTPEKADGLKALETAIEK IQES IEKL-GGVFKVQMAPKVVTATDEADL ARKMERAEQENAE | DCDDEEDEDEEG IS YKLEGEEEEGGADGES GEEGEDKENDKKEE -
~KCSTPEMP -~ I KINL IAAPLEVVTTQTLERSEGLEAINKALYT IKKTIENC-QGSFK | IMAPKVVTDLDEEE | RKRMEMMETF VEELSGEEGS DDDGL VAPKGL DQQADAEEATRRDRS DNDS DEL DE -
~LVSTEDCK-~VKMSLVASPLYVLSTQTSEREFGISLVDKAISVLQEY ITSK-GCKLL IKESARVVSERDDKLLAEQITNLNKVEERGS DTDDDTMGEVEL == = == = = mwmmmm  = -
~AAGNDNCP -~ VK IKLVAPPLYVLTTQTLDKDQG I SYLTDA | KACTAE | EKH- KGKL I VKEAPRAVS EREDKLF NEH | ETLNEQNAEVDGDADS - EEEEDTGMGD | DL TNS GVNAD- -
~AVGTDDBCP - - VK IKLVAPPLYVLTTHTHYKEKG I VTLNKA | EACITAIEEH- KCKLVVKEGARAVS ERDDKL L AEHMAKL RMDNE EMS GDEGS EDEEEDTGMGEVD1DGG-SGI I E
~AAGTEECP--VKIKLVAPPLYVITTQTLDKDLGI TVLENA | KACTKE | EKH- KGKLLVKEP PRAVSEREERF LAET | KNL HDANE EVDGDE DS - - DQEDQGMGS VDVERGGLSE - o
~ARNTADNQ--VKVKLVSPPLYVLTSTCLEKSVGISTLEAA | VDIRKNIEAA-GGGL I VKMEPKAVTENDDAEL QAL MEKRERENAEVS GDESMS ES DEN-QVE VM -
IKVKLVAPPLYVLTSQCLDKTMG I KLLEEAIEK1QVNIKEA-GGGCIVKMAPKAVTEHDDAAL QEL MDKRERENMEVS GDESMSESDEG- VPE-
VKAKLVAAPLYF I TVQALDKNEGVKLLEKAIEKITES | EAS-GGNCKVSMPPKAVS ANEDAELERMLQRREAEDKDS SDEE - - DDA-
IKVRLVAPPLYVMS TTS TDKNAA | ELMEKAVEV I GETVRKD-KGDIT I KMKPKVVSETEDAEL KAL MEQF EAANMDQAGDDES S EE DE -
~ARNTADNQ- - VKVKLVSPPLYVLTSTCLEKSVGISTLEAAIVDIRKN I EAA-GGCL | VKMEPKAVTENDDAEL QAL MEKRERENAEVS GDESMS ES DEN- QVEVM:
~DVHTEEVP-- IKVKLVAPPLYVLLTNALDKSLGLKKLEEAIGAIEKS ITAS-NGTCTVKMKPKAVS ETDELELADL MKKF EKENAE | SGDEEDDQS GS E
~ATSTEQMQ- - VKVKLVAAPLYVITTQALDKNQG | EALNHAISKIEEY IAKY - QGVCNVTMPPKAVTATEDAEL QALLESKELENRSDSEEEDS DYE -
STLNSELVP--VKVKLVAAPLFVLTSTCLDKQKA IDTLGEAIEKIRES | EAS-GGSLTVKMEPKAVTETDDAELAKLMEKTEQONKLVDGDDDDADE EAGDF E -
~EISTEQMA- - VKAKLVAAPLYVISVQALDKNQG | ALLEKAIEKVSES 1ENS -GG | CKVTMSPKAVTATEDAEL QALLERKEAEDKES SDEE - - EED- - - - - -
~AKNTPENQ--VKVKLVSPPLYVLTSQCLDKTVGIACLEQS | KDIKES I TKA-GGDCQVKMAPKAVTENDDAE L AAL MEKRERENQEVS GDEDES TS DEGGVVEADS - -
~AENTPENQ-- I KVKLVAPPLYVLTSQCLDKTHG I KMLEEA | ER IETTIKAS - GGGCTVKMAPKAVTEHDDAAL QEL MEKRERENMEVS GDES QS ESDEG- VPE -
~AVSTEHMQ- - VKAKLVAAPLYFLSVQSLDKNQGIALLETA | EK I TES | ESN-GCVCKVNMAPKAVTASEDAELERMLYSKEADDKEDS DED--DE--- -~ - -
~ECSTEE 1A=~ IKVNL IAAPLYVITTTTLDHEEGLNAL I KAVDV IRTS IKKS-GGEFNEKAAPK I VTETDE | ELAKQMERL EKENAEVDGDDDNP DEEEVTED | -
~SCSTEAMP-- IKINL IAPPRYVMTTTTLERTEGLSVLNQAMAA I KERIEEK-RCVFNIQMEAKVVTDTDETELARQLERL ERENAEVDGDDEDGEMEAKAED- -
SALSTVDLP-- [KINL IAPPLYVMTTSTPEKADGLKALQDA | DK I KET I DAA-GGVFNVQMAPKVVTATDEAEL ARQMERAEAENAEVAGDS AEE DEDQGMGDVRMDDE P QQNGAS DEDDD-
~NCSTENMP -~ [ K INL IAPPRYVMTTTTLERTEGLSVLS QAMAV I KEK | EEK-RGVFNVQMEPKVVTDTDETEL ARQMERL ERENAEVDGDDDAE EMEAKAED
1K INLIAPPRYVMTTTTLERTEGLS VL NQAMAA | KER | EEK-RGVFNVQMEPKVVTDTDETEL QRQLERL ERENAEVDGDDDAE EMEAKT ED-
LEFCLIKTPTYSVTRVSS NKDKAYEVVREACNVL I SNIQKE-GGTATV IS QPKLYGEKSRYNLLNFEENEESSSE -~ oo oommee oo -
-AKSRNKCD--VKFE | 1GSPVYAGC I VTQDKNLGIEVLNEALKAVEEV 1 15K-KGSYKLRTEPK | YGDKAQDNL EML EKAEEEDEDDE DS EVEGMGDDDEE DEE ND! =
5. cerevisiae/1-304 TPQAVK | RADVEVSCFSYEG | DATKDALKS AE- - - DMS TEQMQ-- VKVKLVAAPLYVLTTQALDKQKG | EQLESAIEK I TEVITKY-GGVCN I TMP PKAVTATEDAEL QAL LES KEL DNRS DS EDDE DE S DDE

——-VKITYLGAPTYRIS | TAPDFKTAEKELKPLVEGIQRSAEKN-RGTFKFTREESKKTREE
~VEVKITY | GAPKYRVVVIAPDYKSGEEVFKKVCEKAVAT IKKL - GGEGTYYRESKK-
-VQVEVSYVGAPKYRIEVIAPDYKSGEEVLRSVANEAITDIGTYLNGTGDF VRLEE-- -
~VEVKFTYLGAPRYRIDITAPDYYKAEEVLES | AEEILRVIKEA-GGEATLLRKEKR I KKVKKRKK- -
~VDIDLIYVGAPKYRIKVTAPDYKEAEKA | EKAAS AAVGYVERA-GGS GKF | RKQKAG-
-VEMKLEYVGAPKYRIVVEADDYKTAENVLKKATENVLKAIKKL-GGEGNF IREAA -
~ATLE IKYVGAPRYR IKVIAPDYKHAEAALKKSAQAA | KYMEQH- GGEGAF VREA-
--VEVQCVGSPTYRIMVTTEDYPTAEK I LSEAANKCIGIVEEN-DGEGS FHRELED-
M. smithii/1-265. TPPEVHISGYVDIETFVPDCVDY | | EALKAAEDNGD-EEEE -~ - - IKVQCVGAPRYRITVKSTDY | LAEKALKAAADRC IE | VEAS -EGNGSFLRELDS - -
-ADIELLYLGAP I YRIKVTAADYKKAEKALEKAANAA I AVVEKS - GGEGKLVKKPKS GKS Q: -
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elF2cAC274 elF2¢AC283 elF2aAC292 elF2aAC298

M. kandleri/1-267 EPGRVKIEAYVDLTCPAPNGVE | IREALEK | EEF QQ-GDVK----MEVQYVGAPRYRITVDAPDYRTAEKMVRKAAQAA | DHVEEH- GGEGEF HRE | EEG- =

T.acidophilum/1-254  T1PEVSVSGYFEVYSLASDGVER IKEVLT IPEDTGK -~~~

M.thermoauto /1262  TPPEVQITGYVDIKSYAPNGVE | | RKALKSAQDEG- -
M. burtonii/1-265 KLPFVDIAGYVDLTSNLPDG I EL IKKALKAAAKVK - 1 DI
P. tomidus/1-251 VIPKVEISGYLELYSLSSNGIENIKKVLENEESED-

~-VELEYVGAPRYR I VVKDKDYKKAEE | LKKVVQIVNEKAKKL - QVEVEF NKQ- - - -
M. acetivorans/1-271 KLPFVDIAGYVDLTCNHPNG | EV I KQALNAANS | SDVDGKD- - VRLEVSYTGAPRYR IKV I APDYKKAESVLKKSAQTAIDT ISKL-GGHGTFKRH I ESAKA-
-~ ITVQAVGAPRYRL I VKS TDYLKAEKQLKEAAQKC I E | VEKE - GGEGEFLRELT -~
-VRIDVTYTGAPRYRIKVIAPEYKTAEAALKKASEKAIETIEKK-GGKGIFHRHIETAK.
~-VTISYAGAPKYRIVVTESNYKVAEEVLKNKLNE I SEKSKKN-NVSYDFEREE-

. pharaonis/1-266 SVPYVTVTGYVDLEAPGGDGVEDVREAL QAAEGNGEVPEE- -~ VDLDVTYVGAPEYR IRVQAPNYKTAESELEASAERASDA I EAV-GGTAEF HRERRTDEE -

H.walsbyif1-266 SVPYVTVTGYVDLECPVGDGYDKVQSALQAVEGDS QT 1 GDE- - IDLDVTYVGAPEYRIRVEAPDYKTAEGALEAAADRAKTAVTD--GGTVEYHRERRS DEE - =
C maquilingensis/1-277  EKPKVTIVGVLRMINLRPNGVEY I RK | LDNAVEEAKKLGVE----AK|YVIGPPRYRIEVTGSNPKHVEEAFEKLSNLLVNEAKAN-GGEASVSRSQ- - - -
A pemix/1-277 RVKTVKITFYLTLRSMAGDGVERVRKVLEAAKS QIESFKDSKV-VAR I YTVGAPKYRVELQGYNYKTLEKALEKMVEAARKTASKL - -~ GVEF SFERED- -
5. marinus/1-267 KVKMVK I RGLMFLRSYESDGVER IKK | LLSAKE I LDKVGDNV--KGRIYLLGSPRYVIE | IAPDYKEAEKVLKE | LTTTEKLAKEL - -
S tokadaii/1-263 EEKRVKKSE IVTLRSSDPAG | EK IRKVLGAAVE | AENADV----DIKIYTIGAPRYRIDI IGTDPKLLSKVMTE | LDNIRE I SKEE- =
5. acidocaldaricus/1-263  EEKKVKASDV ISLRTIDPGGVEK IKKVIDTAVEK IDDLDV----EVKIYT IGAPRYRIDVIGTDQKLVSNALQEL INL IKE IS QHE-

M. sedula/1-256 EEKKVKESKVVLVKSLDPDGVDK IRKVFDLED-EG-

~DIRIFTIGAPRYRVEVSGTDPKAVAQRLEEVVQR I LERAKEE -
5. solfataricus/1-266. EERKVKMSGL | TVRTNEPLGVEK IKEVISKALENIEQDYESLL-NIKIYTIGAPRYRVDVVGTNPKEASEALNQI ISNL IKIGKEE---NVDISVVKK

rp  — 200000000000 ——> —— 0200000000000000000 —_—

[ al 2 3 il @

Figure 4. Alignment of e/alF2o domain 3 sequences. Representative eukaryotic (upper block) and archaeal (lower block) sequences are shown.
Aspartate and glutamate residues are boxed in gray. Secondary structures are drawn below the Ss-alF2a sequence. The positions of the last residue in

C-terminal truncated versions of elF2a are indicated.

Table 2. Effects of the C-terminal acidic tail of yeast o subunit on tRNA binding in the context of Encephalitozoon cuniculi y subunit

Y-o Encc-y

K4 (nM) K4 (nM)
Met-tRNAM (GDPNP)? Met-tRNAM (GDP)*

—_—

Encc-elF2y° - wt
2 ChEncc-elF2ay Wt wt
3 ChEncc-elF2(aAC)y aAC wt

1700 + 300 >24000
300 + 50 >16000
16 +£ 1 3380 + 550

Dissociation constants were determined from protection experiments as described in ‘Materials and Methods’ section.

"Measured with E. coli Met-tRNAM® as a ligand.
*Data from (19).

of v (10-12). The rest of the B subunit is mobile with
respect to v (10-12). Since the residues of the anchoring
helix contacting the y subunit are well conserved in all e/
alF2p species, it is most likely that yeast eIF2p is caught
by Ss-alF2y in a similar manner. This idea is consistent
with site-directed mutagenesis studies in the yeast system
(33). The binding of yeast elF2a to the archaeal y subunit
was probed by SAXS (Supplementary Figure S3A). The
results clearly argued in favor of a binding mode of the
yeast elF2a subunit to the archaeal y identical to that
observed for the archaeal o subunit.

Consistently, the chimeric protein, Ch-elF2, is indeed
able to bind yeast initiator methionyl-tRNA with a Ky
value (27nM) similar to those measured with authentic
versions of elF2 (4,6,7,19). Moreover, we verified that

the chimeric factor remained specific for the methionine
moiety of its aminoacyl-tRNA ligand. These results
validated the use of such chimeric proteins to study the
influence of the o and  peripheral subunits on the tRNA-
binding affinity. The role of each peripheral subunit in
tRNA binding was studied in the context of heterodimers
(Ch-elF2ay and Ch-elF2By). We observe that yeast eIF2[3
is essential to retrieve full tRNA-binding affinity, whereas
yeast elF2a only weakly contributes to tRNA-binding
affinity. These results are in keeping with the observations
made using the yeast system (17,18) and shows that
binding of yeast o and B subunits to archaecal y subunit
confers on Ch-elF2 a eukaryotic behavior. The same
effects of the yeast o and B subunits on tRNA binding
were observed when E. coli Met-tRNAM® was used as
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the ligand instead of authentic S. cerevisize Met-
tRNA;"®". The authentic tRNA was preferred by a
factor of 2-3, whatever the combination of subunits
(Table 1). This preference was also observed with the
alF2y subunit alone, consistent with the idea that the
stimulatory role of the A1-U72 pair of the eukaryotic
initiator tRNA is mainly exerted through binding by the
v subunit (4,15,30,34). The E. coli initiator tRNA there-
fore appeared as a good substitute to further dissect the
structure—function relationships of the yeast elF2a and
elF2pB subunits. Hence, the bacterial tRNA was used in
the rest of the study since it can be obtained with a higher
purity.

The two eukaryotic-specific extensions of eIF2B posi-
tively contribute to tRNA affinity. Removal of the two
extensions makes a truncated elF2p structurally homolo-
gous to its archaecal counterpart. However, in contrast to
archaeal alF2pB, the core-restricted version of elF2f
retains a significant ability to increase tRNA-binding
affinity (by a factor of at least 28). Therefore, the eIF2f3
core domain contains specific features involved in tRNA-
binding affinity. Overall, each of the three parts of the f
subunit contributes by one order of magnitude to tRNA-
binding affinity. Furthermore, these contributions are
additive, thereby suggesting that the two extensions inde-
pendently cooperate to enhance tRNA affinity. Whether
these contributions result from direct contacts of the
subunit with tRNA or from indirect effects, for instance
on the conformation of the y subunit, remains to be
elucidated.

Interestingly, the near absence of effect of yeast elF2a
on tRNA affinity is only apparent. Indeed, a positive
effect of the o subunit is compensated by a negative
effect due to the appended eukaryotic acidic tail. The
extent of the negative effect of the C-terminal tail increases
with the size of the acidic peptide. The a AC274 version of
yeast elF2a contributes by at least three orders of magni-
tude to tRNA-binding affinity. Within this subunit,
domain 3 has apparently a minor role whereas domains
1 and 2 of elF2a bring the major contribution to tRNA
affinity. Nevertheless, SAXS experiments argue in favor of
a binding mode for the tRNA molecule by Ch-elF2aACy
identical to that observed within the authentic archaeal
complex. The precise interactions of the domains of
e/alF2a with the tRNA molecule may explain the differ-
ences observed in the Ky measurements. In addition, at
this stage, we cannot exclude that a part of the effects of
the o subunit on tRNA binding may be indirect, through
modulating the conformation of the 7y subunit, for
example at the level of the switch regions.

Finally, the present study, together with those of elF2
from E. cuniculi (19) and archaeal alF2 (6,7,14,35), shows
that the roles of the peripheral subunits of e/alF2 in tRNA
binding vary from one organism to another. Despite this,
the overall structure of the ternary initiation complex in
solution is likely to remain similar in all organisms. The
observed differences in the contributions of the peripheral
subunits to tRNA binding might reflect species-specific
adjustments in the mechanisms of handling of the initiator
tRNA by e/alF2 within the ribosomal initiation complex.
For example, one may propose that the negative effect of

the C-terminal tail of yeast elF2a is cancelled on the small
ribosomal subunit, thanks to an interaction with another
partner of the ribosomal initiation complex. In agreement
with this idea, the C-terminal tail of human elF2a was
shown to be mobile in solution (31). More generally,
contacts of the o and the B subunits with other compo-
nents of the initiation complex may contribute to
modulate the affinity of e/alF2 for the initiator tRNA
along the translation initiation process (16). Such modu-
lations would, in turn, contribute to start codon recogni-
tion, in agreement with the known importance of elF2a
and elF2p for translation start specificity (36,37).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1-3.
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