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Structural basis for the inhibition of translation
through eIF2α phosphorylation
Yuliya Gordiyenko1,3, José Luis Llácer 1,2,3 & V. Ramakrishnan 1

One of the responses to stress by eukaryotic cells is the down-regulation of protein synthesis

by phosphorylation of translation initiation factor eIF2. Phosphorylation results in low avail-

ability of the eIF2 ternary complex (eIF2-GTP-tRNAi) by affecting the interaction of eIF2 with

its GTP-GDP exchange factor eIF2B. We have determined the cryo-EM structure of yeast

eIF2B in complex with phosphorylated eIF2 at an overall resolution of 4.2 Å. Two eIF2

molecules bind opposite sides of an eIF2B hetero-decamer through eIF2α-D1, which contains

the phosphorylated Ser51. eIF2α-D1 is mainly inserted between the N-terminal helix bundle

domains of δ and α subunits of eIF2B. Phosphorylation of Ser51 enhances binding to eIF2B

through direct interactions of phosphate groups with residues in eIF2Bα and indirectly by

inducing contacts of eIF2α helix 58–63 with eIF2Bδ leading to a competition with Met-tRNAi.
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In eukaryotes, initiation of protein synthesis is tightly regulated
by a number of translation initiation factors (eIFs) including
the GTPase eIF2. During initiation, the GTP-bound eIF2

forms a ternary complex (TC) with Met-tRNAi
Met, and together

with other initiation factors binds the 40S ribosomal subunit,
forming the 43S pre-initiation complex (PIC). Another initiation
factor is the GTPase activating protein (GAP) eIF5, which pro-
motes GTP hydrolysis by eIF21–4, and helps to locate the AUG
start codon at the P site during scanning along mRNA5. After the
PIC recognition of the initiation codon, inorganic phosphate is
released3, and the GDP-bound eIF2 dissociates from the 40S
along with most other initiation factors. The subsequent binding
of eIF5B promotes joining of the 60S and the start of the protein
synthesis. For multiple rounds of initiation to occur, the GDP on
eIF2 has to be exchanged for GTP. This reaction is catalysed by a
guanine nucleotide exchange factor (GEF) eIF2B.

eIF2 comprises three subunits, eIF2α, eIF2β and eIF2γ. Of
these, eIF2γ has the catalytic site for GTPase activity and recog-
nises and binds the acylated acceptor arm of the Met-tRNAi

Met6,7.
eIF2β forms part of the nucleotide-binding pocket in eukaryotes7,
whereas eIF2α is inserted in the E site of the 40S subunit during
translation initiation while being bound to Met-tRNAi

Met7–9, and
also has a regulatory function10,11. In response to various stress
conditions eukaryotic cells regulate protein synthesis by phos-
phorylation of serine 51 (52 sequence numbering) on the eIF2α,
thereby converting eIF2 from a substrate to an inhibitor of its
GEF, eIF2B12,13. This highly conserved mechanism, called inte-
grated stress response (ISR) in mammals or general amino acid
control (GAAC) in yeast, shuts down bulk protein synthesis10,14

due to the low availability of the TC, and redirects cell resources
to adaptive and survival pathways15–18. Deregulation of eIF2B
function in humans leads to hypomyelination and neurodegen-
erative disorders19,20.

The mechanism of nucleotide exchange by eIF2B and its
inhibition by eIF2α phosphorylation has been a matter of con-
siderable debate12,21–27. The regulatory subunits α, β, δ are
homologous with a similar fold and form the hexameric core of
eIF2B, while the catalytic subunits γ and ε assemble into het-
erodimers and bind peripherally on two opposite sides of the
regulatory hexamer as shown in the X-ray structure of S. pombe
eIF2B28 and cryoEM structures of human eIF2B26,27. eIF2B γ and
ε are homologous to each other and have two domains in com-
mon—a pyrophosphorylase-like domain (PLD) and a left-handed
β helix (LβH) domain29. eIF2Bε in addition has a C-terminal
HEAT domain extension30—ε-cat, which itself possesses catalytic
activity31. This structural complexity makes it more difficult to
understand the mechanism of action and regulation of eIF2B.

The interactions of eIF2 with eIF2B have been extensively
investigated biochemically and genetically by mutagenesis of both
factors32–37. In addition, the thermodynamics of eIF2-GDP
recycling to the TC has also been studied24. Nevertheless, in the
absence of a structure of the eIF2B–eIF2 complex, details of the
mechanism of nucleotide exchange and its inhibition by eIF2α
phosphorylation remain unclear.

Here we have determined a cryoEM structure of eIF2B in
complex with the GDP-bound form of eIF2 phosphorylated
at Ser51 on the α subunit, which sheds light on the molecular
interactions between the two molecules and provides a basis
for understanding the regulation of translation by eIF2α
phosphorylation.

Results
An overall structure of eIF2B–eIF2(αP) complex. Two datasets
of eIF2B–eIF2(αP) complex were acquired, one in linear mode
and another in counting mode (see Methods for details). The

structure of eIF2B–eIF2(αP) complex was determined to an
overall resolution of 4.2 Å at best using the counting mode dataset
only (map 1, Supplementary Fig. 1). This structure was obtained
by applying a twofold C2 symmetry during EM data processing,
resulting in maximum resolution for the most homogeneous
parts of the model but an averaged position for the eIF2 mole-
cules, which showed a high degree of conformational hetero-
geneity at the periphery of the complex. To improve resolution in
this region, we combined particles from both datasets and carried
out 3D EM data classification applying a twofold C2 symmetry
and using masks around eIF2 molecules in the complex. This
classification resulted in map 2 (Supplementary Fig. 1) with
slightly lower overall resolution 4.3 Å, however, the local resolu-
tion for eIF2γ and eIF2α-D3 was better compared to map 1. The
map obtained using a linear mode dataset only did not yield a
high overall resolution (5.7 Å, Supplementary Fig. 1). To further
account for the different conformations of eIF2 in the complex,
we also carried out focused EM data classifications using com-
bined dataset without applying any internal symmetry and we
obtained another four density maps (maps A to D in Supple-
mentary Fig. 1, see Methods for details), however, at lower overall
resolution.

The structure consists of two eIF2 molecules bound to opposite
sides of the eIF2B hetero-decamer (Fig. 1a, b). Each eIF2 molecule
has two spatially separated interactions with the eIF2B hetero-
decamer—one through eIF2α-D1 inserted in the pocket between
eIF2B α and δ subunits and another contact of eIF2γ with the
catalytic eIF2B subunits. As judged by the relatively high local
resolution (Supplementary Fig. 2), which reflects low local
flexibility and mobility, the strongest contact consists of eIF2α
domain D1 inserted between the N-terminal helix bundle
domains of α and δ regulatory subunits of eIF2B. In our complex
this interaction is possibly further stabilised by phosphorylation
of eIF2α, which was shown previously to enhance binding to
eIF2B regulatory subcomplex12,38. Another contact is formed by
eIF2γ and eIF2β interacting with the catalytic eIF2B subunits γ
and ε (Fig. 1b). This area of contact has lower local resolution,
suggesting that the region has conformational heterogeneity and
the interaction is very dynamic.

In a low-resolution filtered map 2 contoured at lower threshold,
we could see weak densities around eIF2γ, which cannot be
attributed to this subunit (Supplementary Fig. 1, blue and red
masks). Masked classification39 around these densities and eIF2γ
allowed us to separate different conformations that eIF2 γ and β
adopt in the four different maps obtained (Supplementary Fig. 1,
maps A–D). In two of these maps (B and D), we also observed in
proximity to eIF2γ additional unknown low-resolution densities
that could not be attributed to any region of eIF2 (see
Supplementary Fig. 1, extra density in map D).

Interaction of the phosphorylated Ser51 on eIF2 with eIF2B.
The phosphorylated Ser51 is part of the domain eIF2α-D1, and
the structure provides a rationale for why phosphorylation of this
residue should inhibit eIF2B function. The domain is inserted
between the N-terminal helix bundle domains of δ and α subunits
of one set of eIF2B subunits (Fig. 2a, b) rather than binding the
central cleft of eIF2B as proposed in a previous model28. Inter-
estingly, the crosslinks of eIF2α to eIF2B α and δ obtained for the
model28 are in perfect agreement with the binding of eIF2α-D1 in
our structure (Fig. 2b), whereas the crosslinks to eIF2β cannot be
explained in the context of our structure. Instead, in agreement
with previously identified mutations I118T and S119P in eIF2Bβ
that were shown to reduce the effect of eIF2α phosphorylation40,
the loop 113–120 of eIF2Bβ (coloured brown), from what could
be considered another set of eIF2B subunits, participate in the
contact with eIF2α-D1 (Fig. 2b).
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When compared to the crystal structure of S. pombe eIF2B
alone28 or cryoEM structures of human ISRIB bound eIF2B26,27

(Supplementary Fig. 3a), the binding of eIF2α-D1 in our complex
leads to a closure of eIF2B δ and α helix bundle NTD domains
around it (Supplementary Fig. 3b). Closure of the domains also
leads to a visible displacement of eIF2Bγ PLD about 5–6 Å
outwards (Supplementary Fig. 3c), making the eIF2B hetero-
decamer in the complex with eIF2(αP) elongated by ~10–12 Å
compared to an apo form28 or ISRIB bound human eIF2B26,27

(Supplementary Fig. 3a). The most extensive interaction surface
area (844 Å2) is between the eIF2α-D1 and eIF2Bα subunits,
which would explain why eIF2B mutants lacking an α subunit are
not sensitive to eIF2α phosphorylation, as the major part of the
binding surface with eIF2α-D1 would be lost.

The density in eIF2α-D1 leading to and including the
phosphorylated Ser51 is visible (Fig. 2b and Supplementary
Fig. 4), however, the arginine-rich loop following this serine
seems to be only partially ordered. At this resolution, we cannot
establish with complete confidence the interaction partners of
Ser51-P because the densities for the side chains around the
residue are not absolutely clear. However, the closest residues to

the phosphate on Ser51 appear to be eIF2Bα H82 and Y304 and
R75 slightly further away (Fig. 2b). Furthermore, in this position
the phosphate may affect the conformation of the short α-helix
58–63 after the Arg-rich loop that in turn makes contacts with the
eIF2Bδ NTD in our structure (Fig. 2b). eIF2Bδ residues E377 and
L381 are likely to be involved in this interaction as mutations
E377K and L381Q were shown to overcome the effect of Ser51
phosphorylation33, suggesting that described mutations would
disrupt or weaken this interaction. Indeed, mutation of the
residue analogous to E377 in S. pombe (D248K) abrogated strong
interaction of eIF2(α)P with eIF2B and alleviated inhibition of
nucleotide exchange28.

eIF2α phosphorylation is known to increase its binding affinity
to eIF2B38, and our structure suggests that this is due to a
combination of direct contact of Ser51-P with residues in eIF2Bα
(H82 and/or Y304 and/or a long electrostatic interaction with
R75) as well as tighter induced interaction of the 58–63 α-helix
with eIF2Bδ. Interestingly the same helix 58–63 contacts Met-
tRNAi

Met in the TC structure7,9,41, although in the TC, this helix
adopts a slightly different conformation (Fig. 2c). This suggests
that initiator tRNA and eIF2B compete for the same binding site
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Fig. 1 Overview of cCryoEM structure of eIF2B–eIF2(αP) complex. a Two views of the overall cryoEM map 2 of eIF2B–eIF2(αP) complex at 4.3 Å resolution
with different subunits of the complex colour-coded. b Two views of the cryoEM map A of eIF2B–eIF2(αP) complex at 4.6 Å containing clear density for
eIF2β subunit on one side of the complex at the top
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on eIF2α, and the altered conformation of the helix upon Ser51
phosphorylation may inhibit the binding of initiator tRNA and
displacement and dissociation of eIF2B.

eIF2 γ and β interactions with catalytic eIF2B subunits.
Although eIF2α-D1 containing the phosphorylated Ser51 is
relatively constrained through its interaction with eIF2B, the
domains eIF2 γ and β in the proximity of the catalytic portion of
eIF2B have relatively high conformational heterogeneity pre-
sumably arising from high mobility (Figs. 1b and 3c, d) and do
not adopt the same conformation in two eIF2 molecules bound
on either side of eIF2B (Fig. 3a). Because of this heterogeneity,

which resulted in lower resolution, we cannot be sure whether the
GDP that was present in our preparations has been displaced
from eIF2γ.

To separate the different conformations adopted by eIF2 γ and
β, we have applied two masked classifications (Supplementary
Fig. 1 and Methods). After the first masked classification, we
obtained three maps A-C (Supplementary Fig. 1) with conforma-
tions of eIF2γ tilted towards the PLD domains of eIF2Bγ subunit
and distinct extended conformations of eIF2β (Fig. 3a, b, f). The
tilted conformation of eIF2γ is stabilised by the contacts of eIF2β
with the PLD domains of eIF2B γ and ε subunits and the contact
of eIF2γ domain III (eIF2γ-D3) with the eIF2Bγ PLD domain
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Fig. 2 Contacts of eIF2α with the regulatory eIF2B subunits. aModel of eIF2B–eIF2(αP) complex fitted in maps 1 and 2. b Contacts of eIF2α-D1 with α, β and
δ regulatory subunits of eIF2B. Possible residues in contacts with eIF2α Ser51 phosphate (red sticks) are H82, Y304 and R75 in eIF2Bα (shown in yellow
sticks). eIF2Bδ E377 (green sticks) in contact with the 56–63 helix (magenta) of eIF2α affected by the phosphate is also shown. eIF2Bδ E377K overcomes
the effect of Ser51 phosphorylation and eIF2Bβ I118T and S119P (in brown loop) reduce the effect of phosphorylation. Also shown are residues in S.
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Met in a different conformation, suggesting direct competition
for eIF2α-D1
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(corresponding to residues 97–101 and 136–139 in eIF2Bγ PLD).
This conformation results in a slight rearrangement of the three
domains in eIF2γ, compared to the TC structure (Fig. 3e)7,9,41.
Also, the eIF2γ G-domain in this conformation is more
disordered than in the TC, possibly reflecting a higher mobility
of this domain in this particular conformation. Previously, a
rearrangement of the three γ domains which depended on the
nucleotide-binding state was reported in a crystallographic study
in archaeal aIF242.

In all three maps, the density for eIF2β allowed modelling of
the zinc-binding and central domains in the conformation similar
to the one in the TC, but with the zinc-binding domain only
partially covering the nucleotide-binding pocket and extended
central domain approaching the binding interface between the
eIF2B γ and ε PLD domains (Fig. 3f). One of these maps also
contained extra density contacting the top of eIF2γ G-domain
(Fig. 4a, b), large enough to accommodate eIF2B ε-cat HEAT
domain in proximity to the N terminus of eIF2β, previously
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Fig. 3 Contacts of eIF2 β and γ with the catalytic subunits of eIF2B. a eIF2B–eIF2(αP) complex model in spheres representation fitted in map A showing
tilted conformation of eIF2γ, which is stabilised by its contact with eIF2Bγ and extended conformation of eIF2β contacting the interface area of the two γ
and ε catalytic subunits of eIF2B. b Close-up view of the model fitting into the density of map A. c Modelled positions of eIF2 γ and β subunits after
classification, showing extensive movements of these subunits around eIF2B ε and γ PLD domains. For clarity, only two eIF2 models are shown
(corresponding to maps A—coloured and C—grey). d Modelled positions of eIF2γ subunit and eIF2α-D3 in all three maps (map 1—orange for eIF2γ and
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shown to interact with the ε-cat HEAT domain43. In this position,
the ε-cat domain would not have access to the nucleotide-binding
pocket on the eIF2γ-G-domain. However, we cannot exclude the
possibility that eIF2B ε-cat could act allosterically by inducing
rearrangement of the domains in eIF2γ, which we can see in the
maps with the tilted conformations of eIF2γ, leading to
nucleotide release. In this case the 73 residues linker (res.
472–544), connecting ε-cat with the rest of eIF2Bε, is just long
enough to cover the distance of around 85 Å that separates this
density from the C terminus of the modelled eIF2Bε (Fig. 4b).

A second masked classification yielded a map at only 10.4 Å
resolution (Fig. 4c, d and Supplementary Fig. 1) but with a
defined extra density, also of the size of eIF2B ε-cat domain, this
time, on the other side of the eIF2γ-G-domain close enough to
the nucleotide-binding region (Fig. 4d). Interestingly, this map
also contained the density for eIF2β, not included in the mask. In
this map eIF2β central domain now approaches the NF motif in
eIF2Bε subunit, which is important for catalysis34,36 (Fig. 4d),
while zinc-binding domain, although not very well-defined, does
not cover the nucleotide-binding pocket (red conformation of
eIF2β in Fig. 3f).

Discussion
The structure of eIF2B–eIF2(αP) complex, presented here,
directly shows that two eIF2 molecules bind opposite sides of an
eIF2B hetero-decamer. Although we do see particles of eIF2B
alone, we do not observe particles corresponding to only one
molecule of eIF2 bound to eIF2B in our datasets (Supplementary
Fig. 1). Furthermore, each eIF2 molecule has bipartite interac-
tions with eIF2B hetero-decamer—through eIF2α-D1 inserted in
the pocket between eIF2B α and δ subunits and eIF2γ contacting
catalytic eIF2B subunits. The interaction of eIF2α-D1 to the
regulatory moiety of eIF2B is relatively well-defined in our
structure, and likely makes the major contribution to the affinity
between these two factors. In our complex eIF2α was phos-
phorylated in vitro at Ser51, which is known to result in an even
more stable interaction with eIF2B12,38. The effect of Ser51
phosphorylation may be attributed to a combination of direct
interactions with the residues in eIF2Bα and induced contact with
eIF2Bδ. The large interaction area of eIF2α-D1 with eIF2B α and
δ (844 and 374 Å2, respectively), in between which eIF2α-D1 is
sandwiched, implies that most of the contacts would be very
similar even in the absence of phosphorylation. This conclusion is
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also supported by cross-linking experiments28 showing that the
binding mode of eIF2α to the regulatory moiety of eIF2B is hardly
affected by its phosphorylation status. However, the additional
crosslinks which occurred in the absence of phosphorylation to
Q91 and R84 of eIF2Bβ identified in the same study28 (corre-
sponding to E100 and A93 in our structure (Fig. 2b)) are far from
the contact interface, suggesting that the binding of non-
phosphorylated eIF2α may not be as stable.

Previously, eIF2(αP) has been shown to effectively sequester
eIF2B44,45, but also act as a competitive inhibitor of nucleotide
exchange and prevent catalysis by non-productive interactions of
eIF2(αP) with eIF2Bε-cat21. The local resolution in eIF2 γ, β and
eIF2B ε-cat does not allow us to elucidate the details of nucleotide
displacement. However, inhibition of the nucleotide exchange by
eIF2α phosphorylation in the same molecule would not account
on its own, for relatively small proportion of phosphorylated eIF2
(~30%) sufficient for inhibiting eIF2B activity45, as the majority
of non-phosphorylated eIF2 still would be available for produc-
tive nucleotide exchange even with limiting amounts of eIF2B in
the cell. In contrast, the idea of sequestration of the much less
abundant eIF2B when compared to eIF2 (ten times less46), seems
the most important reason for translation inhibition by eIF2
phosphorylation, especially since binding of eIF2(αP) to the
regulatory subunits of eIF2B is enhanced when compared to its
unphosphorylated form and necessary for the inhibition of
translation12.

Recently, Jennings et al.47 showed that nucleotides have a
minor impact on the overall affinity of eIF2 to eIF2B using affi-
nity pull-down, likely reflecting the fact that binding of eIF2 to
the regulatory core of eIF2B through α-D1 makes the major
contribution to the affinity and masked the interactions with the
catalytic eIF2B subunits. Our reconstructions of the eIF2B–eIF2
(αP) complex show high mobility and flexibility of eIF2 γ and β
around catalytic portion of eIF2B, while maintaining the stronger
contact through eIF2α-D1. The ratio of GTP to GDP (10:1) in the
cell would be preferable for initial binding of GTP to eIF2 after
GDP displacement by the catalytic portion of eIF2B as association
rates of the nucleotides are comparable48. However, release of
GTP by eIF2 is much faster than that of GDP48 and therefore the
equilibrium must be shifted by Met-tRNAi

Met binding to eIF2γ-
GTP. The acceptor stem of Met-tRNAi

Met mainly contributes to
the affinity of eIF2 binding in the TC49,50, suggesting that this
contact is driving formation of the TC and could occur while
eIF2α-D1 is still being attached to regulatory portion of eIF2B. In
fact a stable interaction of eIF2B in complex with GTP-eIF2 and
Met-tRNAi

Met has been shown previously44. Superposition of
eIF2 bound to eIF2B in our complex with the eIF2 structure in
the TC7 shows that this interaction is possible in the context of
eIF2B–eIF2(αP) complex (Fig. 5a).

For the completion of the TC formation, a large conforma-
tional change in eIF2α is needed (Fig. 5b, c), as eIF2α-D1 must be
extracted from eIF2B, as both Met-tRNAi

Met and eIF2Bδ share
the same binding interface with the helix 58–63 in eIF2α. This
shared binding interface creates direct competition between Met-
tRNAi

Met and eIF2B for eIF2 binding. The competition between
eIF2B and Met-tRNAi

Met for eIF2 binding has been recently
shown experimentally47. Our structure suggests that Ser51-P
directly interacts with residues in eIF2Bα, and that phosphor-
ylation of eIF2α Ser51 slightly alters the conformation of the helix
58–63 in eIF2α, which may tip the balance towards eIF2B binding
and prevent TC formation.

At the same time, the competition for eIF2 between eIF2B and
Met-tRNAi

Met is also influenced by the competition for eIF2
between eIF2B ε-cat and eIF5-CTD43,51,52, which share the same
fold. Both eIF2B ε-cat and eIF5-CTD bind the eIF2γ-G-domain
as well as the same region in eIF2β43,51,52, the former displacing

the nucleotide and the latter protecting it from
displacement47,53,54. While eIF2B was shown to disrupt TC47,
adding eIF5 or eIF5-CTD to the TC protected it from disruption,
but not when eIF2α is phosphorylated. These data suggest that
there is a fine balance between the catalytic and regulatory
interactions of eIF2 and eIF2B, which are affected by other
binding partners—eIF5 and Met-tRNAi

Met. We propose, that it is
not eIF2B that discriminates between the nucleotide states of
eIF2, but rather subsequent interactions with Met-tRNAi

Met allow
this discrimination in the cell. In fact the presence of Met-
tRNAi

Met has been shown to stimulate the rate of GDP to GTP
exchange by eIF2B44,55.

Sequestering of eIF2B by phosphorylated eIF2, which is present
in cell in ~10 times excess, has been suggested as a mechanism of
ISR based on a number of biochemical studies12,45 and generally
is in agreement with the structure of eIF2B–eIF2(αP) complex
that we have obtained. However, the sequestration does not
necessarily have to be irreversible. A slow dissociation rate of eIF2
(αP) would prevent high turnover of eIF2B recycling and sub-
sequent binding to non-phosphorylated eIF2. Therefore, the
picture emerges that GEF and ISR function of eIF2B are struc-
turally coupled and driven kinetically by the further formation of
the TC (and eIF5 binding)—proceeding to initiation.

At the time of submission of our manuscript another three
groups deposited manuscripts in bioRxiv with the structures of
the yeast56,57 and human57,58 eIF2B–eIF2 complexes. In yeast
both phosphorylated and non-phosphorylated eIF2α bound
between eIF2B α and δ subunits with minor differences in the
arginine-rich loop following Ser5156,57. Interestingly, the struc-
tures of human eIF2B–eIF2 complexes show different binding
modes of eIF2 to eIF2B depending on the state of phosphoryla-
tion of eIF2. While human eIF2(αP) also binds between eIF2B α
and δ subunits, non-phosphorylated human eIF2α binds to an
alternative binding site—between β and δ subunits57,58 with
nucleotide exchange taking place on the other side of eIF2B
hetero-decamer.

The sequences of eIF2α are very well conserved across species.
To see the nature and extent of any differences in human and
yeast eIF2B regulatory subunits, which constitute the binding
sites for eIF2α, we aligned S. cerevisiae, S. pombe and human
eIF2B sequences (Supplementary Fig. 6). The residues in eIF2B α
and δ which constitute eIF2(αP) binding interface and residues in
eIF2Bδ, which interact with eIF2α in either binding site, are well
conserved (Supplementary Fig. 6a and b). However, the eIF2Bβ
residues in a “tethering loop” (Y137-T148 in S. pombe and L117-
K129 in S. cerevisiae) which binds eIF2Bα in the vicinity of eIF2α
binding pocket between eIF2B α and δ subunits (Fig. 2b and
Supplementary Fig. 6c) are truncated in human eIF2Bβ (Sup-
plementary Fig. 6c). Mutations in the tether of eIF2Bβ I118T and
S119P were shown to reduce the effect of phosphorylation in
yeast40. Furthermore, residues in human eIF2Bβ (N132, E135)
making direct contacts with residues in eIF2α in the alternative
binding site58 are not conserved in yeast, although they are
strictly conserved at least in vertebrates (Supplementary Fig. 6c).
The corresponding residues in S. pombe V153, Q156 and residue
D160 in close proximity did not show any crosslink to eIF2α28.
The majority of the high intensity crosslinks to non-
phosphorylated eIF2α also mapped in the pocket between α
and δ subunits, apart from two low intensity crosslinks to eIF2Bβ
R84 and Q9128 in the helix adjacent to the alternative binding site
in human. In addition, in the same study28 many crosslinks were
found between eIF2γ and eIF2Bγ for both phosphorylated and
non-phosphorylated eIF2. These crosslinks obtained in yeast
factors are not consistent with the alternative eIF2 binding mode
described in human57,58. Instead they are more consistent with
both non-phosphorylated and phosphorylated eIF2 binding
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between eIF2B α and δ subunits. However, crosslinks to eIF2γ
identified in eIF2Bε28 could be consistent with either binding
mode. Therefore, we cannot entirely exclude the existence of the
two eIF2α binding sites with different affinities in yeast eIF2B,
although it is possible that the alternative binding site for eIF2 in
eIF2B between β and δ subunits evolved later (in vertebrates), for
example, allowing a more efficient nucleotide exchange on the
other side of eIF2B hetero-decamer at the expense of the stability
of the factor, which resulted in eIF2Bα being necessary to
maintain the decameric structure of the eIF2B complex in human.
The extra density we found in map B (Fig. 4b) would be in a
similar location with respect to eIF2γ as eIF2B ε-cat HEAT
domain in the structures obtained in57,58, suggesting the possi-
bility of nucleotide exchange on the opposite side of eIF2B
hetero-decamer in yeast.

The recently isolated ISR inhibitor (ISRIB)59 was used in one of
the human structures58 to stabilise the binding of non-
phosphorylated eIF2 to eIF2B. ISRIB was shown to bind human
eIF2B at the twofold symmetric interface “stapling” two βδ
dimers of the regulatory core26,27 and boost the “catalytic activ-
ity” of eIF2B in both phosphorylated and non-phosphorylated
eIF226,59–61. Its action was mostly attributed to the stabilisation of
the eIF2B hetero-decamer in human26,61, which is less stable than
in yeast62,63. Comparison of ISRIB bound eIF2B with our eIF2
(αP) bound eIF2B structure (Supplementary Fig. 3) shows that
ISRIB imposes a distinct symmetric eIF2B structure, which is
incompatible with stable binding of two eIF2(αP) molecules in
the pocket between α and δ subunits at the same time (Supple-
mentary Fig. 3d, e) by precluding complete closure of eIF2Bδ
helical bundle NTD around eIF2(αP)-D1. Therefore, ISRIB seems
not only stabilise eIF2B hetero-decamer, but also impose a par-
ticular conformation of eIF2B regulatory core leading to a slight
closure between β and δ NTDs comprising an alternative binding
site for non-phosphorylated eIF2α in human and thereby
selecting for binding of eIF2α over eIF2(αP).

Methods
Protein purification and complex assembly. Saccharomyces cerevisiae eIF2 was
purified from yeast strain GP3511 (MATα leu2-3 leu2-112 ura3-52::HIS4-lacZ ino1
gcn2Δ pep4::LEU2 sui2Δ pAV1089[SUI2 SUI3 GCD11-His6 2 μm URA3)38

as described previously64. Prior to assembly of the complex with eIF2B, purified
eIF2 was phosphorylated in vitro by human PKR (Invitrogen)65,66. Phosphoryla-
tion of eIF2α Ser51(52) was confirmed by western blotting using antibodies specific
against human eIF2α(P) (Invitrogen 44–728 G) (Supplementary Fig. 7b) and was
measured by mass spectrometry to be 89.4% (Supplementary Fig. 7c).

S. cerevisiae eIF2B was over-expressed in yeast strain GP4109 (MATα leu2-3
leu2-112 ura3-52 ino1 gcd6Δ gcn2Δ::hisG ura3-52::HIS4-lacZ pAV1428[GCD6
GCD1-FLAG2-His6 URA3 2 μm] pAV1494[GCN3 GCD2 GCD7 LEU2 2 μm])31.
After harvesting cells were suspended 1:1 (w:v) in PBS and cell suspension droplets
were frozen in liquid nitrogen. Usually 50 g of cell “popcorn” was used for each
purification of the eIF2B in complex with phosphorylated eIF2 (eIF2(αP)). After
cell lysis Flag-tagged eIF2B complexes were immobilised on 300 μl of Anti-Flag M2
affinity gel (Sigma) and washed with a high-salt buffer (500 mM KCl)67 followed by
phosphorylation buffer (20 mM Tris (pH 7.5), 100 mM KCl, 10 mM MgCl2, 5 mM
β-glycerophosphate, 2 mM dithiothreitol, 10% glycerine, 0.1% NP-40, 200 μM
ATP). The amount of eIF2B was estimated not to exceed 200 μg from 50 g of cell
“popcorn” based on repeated purifications of eIF2B on its own. Therefore, in our
phosphorylation reaction we used over ~2 times equimolar amount of eIF2
assuming two molecules of eIF2 can bind one eIF2B hetero-decamer.
Phosphorylation reaction containing 2 mM GDP was added to immobilised Flag-
tagged eIF2B and incubated at room temperature for 20 min. Beads were washed
twice with the buffer—20 mM Hepes (pH 7.5), 100 mM KCl, 5 mM MgCl2, 5 mM
β-ME. eIF2B–eIF2(αP) complexes were eluted in 250 μl of the same buffer
containing 100 μg/ml of 3XFlag-peptide (Sigma) and washed/concentrated in
Amicon Ultra 50 K MWCO concentrators 5 times in the buffer without 3XFlag-
peptide. Protein concentration was measured by nanodrop and Bradford reaction,
which gave concentration values within 10% difference, usually in the range of 1 to
2 μg/μl or 1.17 to 2.35 μM (assuming two molecules of eIF2 bind eIF2B hetero-
decamer) (Supplementary Fig. 7a).

Immediately before applying to cryo grids, the sample was diluted five to ten
times to ~200 nM with the same buffer containing glutaraldehyde to make the final
concentration of glutaraldehyde 0.1% (concentration of the glutaraldehyde in the
buffer added to the sample did not exceed 0.125%).

Electron microscopy. Three μl of the eIF2B–eIF2(αP) complex were applied to
glow-discharged gold UltrAuFoil R 1.2/1.3 or R 2/2 grids at 4 °C and 100% ambient
humidity. After 30 s incubation, the grids were blotted for 4–5 s and vitrified in
liquid ethane using a Vitrobot Mk3 (Thermo Fisher Scientific).

Automated data acquisition was done using the EPU software (Thermo Fisher
Scientific) on a Titan Krios microscope (Thermo Fisher Scientific) operated at 300
kV under low-dose conditions in linear (dataset I, 45 e−/Å2) or counting mode
(dataset II, 21 e−/Å2) using a defocus range of 1.5–4.5 μm. In linear mode, images
of 1.1 s/exposure and 34 movie frames were recorded (Supplementary Fig. 8a),
whereas in counting mode, we saved 75 fractions over a 60 s exposure, using in
both cases a Falcon III direct electron detector (Thermo Fisher Scientific) at a
calibrated magnification of 104,478 (yielding a pixel size of 1.34 Å). Micrographs
that showed noticeable signs of astigmatism or drift were discarded.

eIF2γ

eIF2β

Met-
tRNAi

Met

eIF2αD3

eIF2αD2
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Fig. 5 Superposition of the TC with eIF2B–eIF2(αP) complex based on eIF2γ. a Superposition of yeast TC (6GSM) in grey with the model of eIF2B–eIF2(αP)
complex in map C showing that Met-tRNAi

Met can bind without clash to eIF2γ and eIF2α- D3 while eIF2α-D1 is still attached to eIF2B. b Same superposition
as in a in a different orientation shows the large conformational changes that eIF2α–D1 and D2 undergo when bound to eIF2B or Met-tRNAi

Met both
competing for eIF2α. c Same as in b, but superimposed with S. solfataricus TC (3V11, light blue)
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Analysis and structure determination. The movie frames were aligned with
MotionCor268 for whole-image motion correction. Contrast transfer function
parameters for the micrographs were estimated using Gctf69. Particles were picked
using Relion70. References for template-based particle picking71 were obtained
from 2D class averages that were calculated from particles semi-automatically
picked with EMAN272 from a subset of the micrographs. For dataset 2, the
references for template-based particle picking were obtained from 2D class
averages of the eIF2B–eIF2 complex map at 5.7 Å (see below). 2D class averaging
(Supplementary Fig. 8c), 3D classification and refinements were done using
RELION-270. Both movie processing73 in RELION-2 and particle “polishing” were
performed for all selected particles for 3D refinement. Resolutions reported here
(Supplementary Fig. 8b) are based on the gold-standard FSC= 0.143 criterion74.
All maps were further processed for the modulation transfer function of the
detector, and sharpened75. Local resolution was estimated using ResMap76.

For the dataset I, 3282 images were recorded from two independent data
acquisition sessions, and 459,480 particles were selected after two-dimensional
classification. An initial 3D reconstruction was made from all selected particles
after 2D class averaging using the Schizosaccharomyces pombe eIF2B crystal
structure (PDB: 5B04) low-pass filtered to 60 Å as an initial model, and using
internal C2 symmetry. Next, two consecutive 3D classification into 15 and 6 classes,
respectively, this time without using the eIF2B internal symmetry, with a 7.5
degrees angular sampling interval and no local searches was performed to remove
bad particles or empty eIF2B particles from the data and to get an initial
understanding of the conformational heterogeneity of eIF2 in the complex. After
the second round of 3D classification, 239,695 particles were selected (52% of the
total) and refined to 5.7 Å resolution.

The map did not yield a high overall resolution, partly due to limited
distribution of orientation (Supplementary Fig. 8d); therefore, we collected an
additional dataset using a different grid from the same batch at the same
magnification and using the same detector but in counting instead of linear mode.
For this dataset (dataset II), 1241 images were recorded, and 173,740 particles were
selected after two-dimensional classification. After obtaining an initial three-
dimensional refined model, and two consecutive rounds of 3D classification the
classes containing the eIF2B–eIF2(αP) complex were selected (131,663 particles,
75% of the total) and after movie processing, refined using C2 internal symmetry to
much higher resolution than for the dataset I (map 1, 4.2 Å).

The particles from both datasets were then combined and a masked 3D
classification using masks around two eIF2γ molecules in the complex was carried
out to remove particles with low occupancy for these factors, as a result of which
183,468 particles were selected and refined to 4.3 Å (map 2). The overall resolution
of this map was slightly lower than that of map 1, but the occupancy and local
resolution for eIF2γ and eIF2α-D3 was better.

The preliminary 3D rounds of classification showed that eIF2γ, eIF2α-D3, and
densities possibly belonging to eIF2β and the HEAT domain of eIF2Bε adopt many
different conformations. So we carried out 3D classifications with subtraction of
the residual signal77 by creating two different masks—one around the density
attributed to eIF2α-D3, eIF2γ and eIF2β in all possible conformations observed in
the preliminary 3D classification rounds, and another around a density observed at
low threshold in close proximity to the eIF2γ G-domain. We applied these masks
for each of the two molecules of eIF2 in each eIF2B–eIF2(αP) complex. We isolated
four distinct and well-defined maps by ‘focused’ 3D classifications, as follows:

(a) Map A, showing higher occupancy for eIF2β and a tilted conformation of
eIF2γ [119,037 particles, 4.6 Å];

(b) Map B, similar to map A but with slightly different conformations of eIF2β
and eIF2γ. It also shows an extra density in contact with the G-domain and
domain III of eIF2γ [12,575 particles, 9.4 Å];

(c) Map C, showing the most extreme tilted conformation towards eIF2Bγ for
eIF2γ, and where eIF2β is also observed [23,909 particles, 10.1 Å];

(d) Map D, showing additional density in contact with eIF2γ, whose size and
shape suggested that it could correspond to eIF2B ε-cat HEAT domain
[23,909 particles, 10.4 Å].

Model building and refinement. In all six maps the conformations of all eIF2B
subunits and domains D1 and D2 of eIF2α are nearly identical. Thus, modelling of
all these elements was first done in the higher resolution maps (4.2 and 4.3 Å; maps
1 and 2), and then this model was used as a reference for model building in EM
maps with lower resolution (maps A to D). In this procedure, the crystal structure
model of eIF2B from S. pombe (PDB: 5B04) was placed into density by rigid-body
fitting using Chimera78. Then each subunit of eIF2B was independently fitted by
rigid-body refinement, first in Chimera and then in Coot79. Also in Coot, the
sequence was converted to that of S. cerevisiae proteins, followed by rigid-body
fitting of different subdomains within each eIF2B subunit. Further modelling was
also done in Coot, paying special attention to the region of eIF2B in contact
with eIF2.

eIF2 was taken from PDB: 6FYX. eIF2α-D1/eIF2α-D2 and eIF2α-D3/eIF2γ/
eIF2β N-terminal helix were fitted as separate rigid bodies into its corresponding
densities, using Chimera and Coot. Then, each of these domains but the eIF2β n-
terminal helix was independently fitted, and further modelling was also done
in Coot.

Model refinement in the highest resolution maps was carried out in Refmac v5.8
optimised for electron microscopy80, using external restraints generated by
ProSMART80. The average Fourier Shell Coefficient (FSC) was monitored during
refinement. The final model was validated using MolProbity81. Cross-validation
against overfitting (Supplementary Fig. 8e) was done as previously described80,82.
Refinement statistics for the last refinements, done in Map 1, are given in Table 1.

These refined models were used as initial models for maps A-D, and then each
subunit of the model was rigid-body fitted, without observing almost any
appreciable change, except for the eIF2α-D3/eIF2γ/eIF2β N-terminal helix sub-
module in one of the two eIF2 molecules. After the fitting of this eIF2α-D3/eIF2γ/
eIF2β N-terminal helix sub-module in each of these maps, an extra density
belonging to the whole eIF2β subunit was observed and we consequently docked
into it the subunit β from PDB: 6FYX. In map D, although there is density for most
of eIF2β, it was not possible to do an appropriate rigid-body docking without any
major clashes and we decided not to include eIF2β in the final model. We also did
not include eIF2B ε-cat HEAT domain in any of the models in maps B or D due to
the poor local resolution.

All figures were generated using PyMOL, Coot or Chimera. Analysis of particle
orientation distribution was done with CryoEF83.

Multiple sequence alignment. Multiple sequence alignment of eIF2B sequences
was done using Clustal Omega84.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding
author upon request. Six maps have been deposited in the EMDB with accession codes

Table 1 CryoEM data collection, refinement and validation
statistics

Map 1
(EMDB-4543)
(PDB 6QG0)

Map A
(EMDB-4545)
(PDB 6QG2)

Data collection and processing
Magnification 104,478 104,478
Voltage (kV) 300 300
Electron exposure (e−/Å2) 45 21
Defocus range (μm) 1.5–4.5 1.5–4.5
Pixel size (Å) 1.34 1.34
Symmetry imposed C2 C1
Initial particle images (no.) 173,740 633,220
Final particle images (no.) 131,663 119,037
Map resolution (Å) 4.2 4.6

FSC threshold 0.143 0.143
Map resolution range (Å) — —

Refinement
Initial model used (PDB code) 5B04 5B04
Model resolution (Å) 4.2 4.6

FSC 0.45 0.42
Model resolution range (Å) — —
Map sharpening B factor (Å2) −119 −100
Model composition

Non-hydrogen atoms 36,980 38,676
Protein residues 4,742 4,961
Ligands — —

B factors (Å2) 356 —
Protein 356 —
Ligand — —

R.m.s. deviations
Bond lengths (Å) 0.008 0.008
Bond angles (°) 1.24 1.258

Validation
MolProbity score 2.48 (99th) 2.50 (98th)
Clashscore 5.3 (100th) 3.68 (100th)
Poor rotamers (%) 5.9 21.2

Ramachandran plot
Favoured (%) 87.6 83.3
Allowed (%) 10 13.2
Disallowed (%) 2.4 3.5
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EMD-4543, EMD-4544, EMD-4545, EMD-4546, EMD-4547, EMD-4548, for Map 1,
Map 2, Map A, Map B, Map C and Map D, respectively. Six atomic coordinate models
have been deposited in the PDB with accession codes 6QG0, 6QG1, 6QG2, 6QG3, 6QG5
and 6QG6 for Maps 1, 2, Map A, Map B, Map C and Map D, respectively.

Received: 19 December 2018 Accepted: 10 May 2019

References
1. Das, S., Ghosh, R. & Maitra, U. Eukaryotic translation initiation factor 5

functions as a GTPase-activating protein. J. Biol. Chem. 276, 6720–6726
(2001).

2. Paulin, F. E., Campbell, L. E., O’Brien, K., Loughlin, J. & Proud, C. G.
Eukaryotic translation initiation factor 5 (eIF5) acts as a classical GTPase-
activator protein. Curr. Biol. 11, 55–59 (2001).

3. Algire, M. A., Maag, D. & Lorsch, J. R. Pi release from eIF2, not GTP
hydrolysis, is the step controlled by start-site selection during eukaryotic
translation initiation. Mol. Cell 20, 251–262 (2005).

4. Majumdar, R. & Maitra, U. Regulation of GTP hydrolysis prior to ribosomal
AUG selection during eukaryotic translation initiation. EMBO J. 24,
3737–3746 (2005).

5. Llácer, J. L. et al. Translational initiation factor eIF5 replaces eIF1 on the 40S
ribosomal subunit to promote start-codon recognition. Elife 7, e39273 (2018).

6. Schmitt, E. et al. Structure of the ternary initiation complex aIF2-GDPNP-
methionylated initiator tRNA. Nat. Struct. Mol. Biol. 19, 450–454 (2012).

7. Llácer, J. L. et al. Conformational differences between open and closed states of
the eukaryotic translation initiation complex. Mol. Cell 59, 399–412 (2015).

8. Hashem, Y. et al. Structure of the mammalian ribosomal 43S preinitiation
complex bound to the scanning factor DHX29. Cell 153, 1108–1119 (2013).

9. Hussain, T. et al. Structural changes enable start codon recognition by the
eukaryotic translation initiation complex. Cell 159, 597–607 (2014).

10. Dever, T. E. et al. Phosphorylation of initiation factor 2 alpha by protein
kinase GCN2 mediates gene-specific translational control of GCN4 in yeast.
Cell 68, 585–596 (1992).

11. Hinnebusch, A. G. eIF2alpha kinases provide a new solution to the puzzle of
substrate specificity. Nat. Struct. Mol. Biol. 12, 835–838 (2005).

12. Krishnamoorthy, T., Pavitt, G. D., Zhang, F., Dever, T. E. & Hinnebusch, A. G.
Tight binding of the phosphorylated alpha subunit of initiation factor 2
(eIF2alpha) to the regulatory subunits of guanine nucleotide exchange factor
eIF2B is required for inhibition of translation initiation. Mol. Cell Biol. 21,
5018–5030 (2001).

13. Sudhakar, A. et al. Phosphorylation of serine 51 in initiation factor 2 alpha
(eIF2 alpha) promotes complex formation between eIF2 alpha(P) and eIF2B
and causes inhibition in the guanine nucleotide exchange activity of eIF2B.
Biochemistry 39, 12929–12938 (2000).

14. Dever, T. E. Gene-specific regulation by general translation factors. Cell 108,
545–556 (2002).

15. Hinnebusch, A. G. Gene-specific translational control of the yeast GCN4 gene
by phosphorylation of eukaryotic initiation factor 2. Mol. Microbiol. 10,
215–223 (1993).

16. Hinnebusch, A. G. & Natarajan, K. Gcn4p, a master regulator of gene
expression, is controlled at multiple levels by diverse signals of starvation and
stress. Eukaryot. Cell 1, 22–32 (2002).

17. Harding, H. P. et al. An integrated stress response regulates amino acid
metabolism and resistance to oxidative stress. Mol. Cell 11, 619–633 (2003).

18. Young, S. K. & Wek, R. C. Upstream open reading frames differentially
regulate gene-specific translation in the integrated stress response. J. Biol.
Chem. 291, 16927–16935 (2016).

19. Leegwater, P. A. et al. Subunits of the translation initiation factor eIF2B are
mutant in leukoencephalopathy with vanishing white matter. Nat. Genet. 29,
383–388 (2001).

20. van der Knaap, M. S. et al. Alexander disease: diagnosis with MR imaging. Am.
J. Neuroradiol. 22, 541–552 (2001).

21. Rowlands, A. G., Panniers, R. & Henshaw, E. C. The catalytic mechanism of
guanine nucleotide exchange factor action and competitive inhibition by
phosphorylated eukaryotic initiation factor 2. J. Biol. Chem. 263, 5526–5533
(1988).

22. Dholakia, J. N. & Wahba, A. J. Phosphorylation of the guanine nucleotide
exchange factor from rabbit reticulocytes regulates its activity in polypeptide
chain initiation. Proc. Natl Acad. Sci. USA 85, 51–54 (1988).

23. Manchester, K. L. Catalysis of guanine nucleotide exchange on eIF2 by eIF2B:
can it be both a substituted enzyme and a sequential mechanism. Biochem
Biophys. Res Commun. 289, 643–646 (2001).

24. Bogorad, A. M., Lin, K. Y. & Marintchev, A. eIF2B mechanisms of action and
regulation: a thermodynamic view. Biochemistry 57, 1426–1435 (2018).

25. Pavitt, G. D. Regulation of translation initiation factor eIF2B at the hub of the
integrated stress response. Wiley Interdiscip. Rev. RNA 9, e39273 (2018).

26. Tsai, J. C. et al. Structure of the nucleotide exchange factor eIF2B reveals
mechanism of memory-enhancing molecule. Science 359, 1533 (2018).

27. Zyryanova, A. F. et al. Binding of ISRIB reveals a regulatory site in the
nucleotide exchange factor eIF2B. Science 359, 1533–1536 (2018).

28. Kashiwagi, K. et al. Crystal structure of eukaryotic translation initiation factor
2B. Nature 531, 122–125 (2016).

29. Reid, P. J., Mohammad-Qureshi, S. S. & Pavitt, G. D. Identification of
intersubunit domain interactions within eukaryotic initiation factor (eIF) 2B,
the nucleotide exchange factor for translation initiation. J. Biol. Chem. 287,
8275–8285 (2012).

30. Boesen, T., Mohammad, S. S., Pavitt, G. D. & Andersen, G. R. Structure of
the catalytic fragment of translation initiation factor 2B and identification
of a critically important catalytic residue. J. Biol. Chem. 279, 10584–10592
(2004).

31. Gomez, E., Mohammad, S. S. & Pavitt, G. D. Characterization of the minimal
catalytic domain within eIF2B: the guanine-nucleotide exchange factor for
translation initiation. EMBO J. 21, 5292–5301 (2002).

32. Vazquez de Aldana, C. R., Dever, T. E. & Hinnebusch, A. G. Mutations in the
alpha subunit of eukaryotic translation initiation factor 2 (eIF-2 alpha) that
overcome the inhibitory effect of eIF-2 alpha phosphorylation on translation
initiation. Proc. Natl Acad. Sci. USA 90, 7215–7219 (1993).

33. Pavitt, G. D., Yang, W. & Hinnebusch, A. G. Homologous segments in three
subunits of the guanine nucleotide exchange factor eIF2B mediate
translational regulation by phosphorylation of eIF2. Mol. Cell Biol. 17,
1298–1313 (1997).

34. Gomez, E. & Pavitt, G. D. Identification of domains and residues within the
epsilon subunit of eukaryotic translation initiation factor 2B (eIF2Bepsilon)
required for guanine nucleotide exchange reveals a novel activation function
promoted by eIF2B complex formation. Mol. Cell Biol. 20, 3965–3976 (2000).

35. Mohammad-Qureshi, S. S., Haddad, R., Hemingway, E. J., Richardson, J. P. &
Pavitt, G. D. Critical contacts between the eukaryotic initiation factor 2B
(eIF2B) catalytic domain and both eIF2beta and -2gamma mediate guanine
nucleotide exchange. Mol. Cell Biol. 27, 5225–5234 (2007).

36. Wang, X., Wortham, N. C., Liu, R. & Proud, C. G. Identification of residues
that underpin interactions within the eukaryotic initiation factor (eIF2) 2B
complex. J. Biol. Chem. 287, 8263–8274 (2012).

37. Wortham, N. C. & Proud, C. G. Biochemical effects of mutations in the gene
encoding the alpha subunit of eukaryotic initiation factor (eIF) 2B associated
with Vanishing White Matter disease. BMC Med. Genet. 16, 64 (2015).

38. Pavitt, G. D., Ramaiah, K. V., Kimball, S. R. & Hinnebusch, A. G. eIF2
independently binds two distinct eIF2B subcomplexes that catalyze and
regulate guanine-nucleotide exchange. Genes Dev. 12, 514–526 (1998).

39. Scheres, S. H. Processing of structurally heterogeneous cryo-EM data in
RELION. Methods Enzym. 579, 125–157 (2016).

40. Vazquez de Aldana, C. R. & Hinnebusch, A. G. Mutations in the
GCD7 subunit of yeast guanine nucleotide exchange factor eIF-2B overcome
the inhibitory effects of phosphorylated eIF-2 on translation initiation. Mol.
Cell Biol. 14, 3208–3222 (1994).

41. Hashem, Y. et al. High-resolution cryo-electron microscopy structure of the
Trypanosoma brucei ribosome. Nature 494, 385–389 (2013).

42. Nikonov, O. et al. Conformational transitions in the γ subunit of the archaeal
translation initiation factor 2. Acta Crystallogr. D Biol. Crystallogr. 70,
658–667 (2014).

43. Asano, K., Krishnamoorthy, T., Phan, L., Pavitt, G. D. & Hinnebusch, A. G.
Conserved bipartite motifs in yeast eIF5 and eIF2Bepsilon, GTPase-activating
and GDP-GTP exchange factors in translation initiation, mediate binding to
their common substrate eIF2. EMBO J. 18, 1673–1688 (1999).

44. Salimans, M., Goumans, H., Amesz, H., Benne, R. & Voorma, H. O.
Regulation of protein synthesis in eukaryotes. Mode of action of eRF, an eIF-
2-recycling factor from rabbit reticulocytes involved in GDP/GTP exchange.
Eur. J. Biochem. 145, 91–98 (1984).

45. Siekierka, J., Manne, V. & Ochoa, S. Mechanism of translational control by
partial phosphorylation of the alpha subunit of eukaryotic initiation factor 2.
Proc. Natl Acad. Sci. USA 81, 352–356 (1984).

46. von der Haar, T. & McCarthy, J. E. Intracellular translation initiation factor
levels in Saccharomyces cerevisiae and their role in cap-complex function. Mol.
Microbiol. 46, 531–544 (2002).

47. Jennings, M. D., Kershaw, C. J., Adomavicius, T. & Pavitt, G. D. Fail-safe
control of translation initiation by dissociation of eIF2α phosphorylated
ternary complexes. Elife 6, e24542 (2017).

48. Panniers, R., Rowlands, A. G. & Henshaw, E. C. The effect of Mg2+ and
guanine nucleotide exchange factor on the binding of guanine nucleotides to
eukaryotic initiation factor 2. J. Biol. Chem. 263, 5519–5525 (1988).

49. Kapp, L. D. & Lorsch, J. R. GTP-dependent recognition of the methionine
moiety on initiator tRNA by translation factor eIF2. J. Mol. Biol. 335, 923–936
(2004).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10606-1

10 NATURE COMMUNICATIONS |         (2019) 10:2640 | https://doi.org/10.1038/s41467-019-10606-1 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


50. Yatime, L., Mechulam, Y., Blanquet, S. & Schmitt, E. Structural switch of the
gamma subunit in an archaeal aIF2 alpha gamma heterodimer. Structure 14,
119–128 (2006).

51. Jennings, M. D., Zhou, Y., Mohammad-Qureshi, S. S., Bennett, D. & Pavitt, G.
D. eIF2B promotes eIF5 dissociation from eIF2*GDP to facilitate guanine
nucleotide exchange for translation initiation. Genes Dev. 27, 2696–2707
(2013).

52. Alone, P. V. & Dever, T. E. Direct binding of translation initiation factor
eIF2gamma-G domain to its GTPase-activating and GDP-GTP exchange
factors eIF5 and eIF2B epsilon. J. Biol. Chem. 281, 12636–12644 (2006).

53. Jennings, M. D. & Pavitt, G. D. eIF5 has GDI activity necessary for
translational control by eIF2 phosphorylation. Nature 465, 378–381
(2010).

54. Jennings, M. D. et al. eIF2β is critical for eIF5-mediated GDP-dissociation
inhibitor activity and translational control. Nucleic Acids Res. 44, 9698–9709
(2016).

55. Gross, M., Rubino, M. S. & Hessefort, S. M. The conversion of eIF-2.GDP to
eIF-2.GTP by eIF-2B requires Met-tRNA(fMet). Biochem. Biophys. Res.
Commun. 181, 1500–1507 (1991).

56. Adomavicius, T. et al. The structural basis of translational control by eIF2
phosphorylation. Nat. Commun. 10,2136 (2019).

57. Kashiwagi, K. et al. Structural basis for eIF2B inhibition in integrated stress
response. Science 364, 495–499 (2019).

58. Kenner, L. R. et al. eIF2B-catalyzed nucleotide exchange and
phosphoregulation by the integrated stress response. Science 364, 491–495
(2019).

59. Sidrauski, C. et al. Pharmacological brake-release of mRNA translation
enhances cognitive memory. Elife 2, e00498 (2013).

60. Sekine, Y. et al. Stress responses. Mutations in a translation initiation factor
identify the target of a memory-enhancing compound. Science 348, 1027–1030
(2015).

61. Sidrauski, C., McGeachy, A. M., Ingolia, N. T. & Walter, P. The small
molecule ISRIB reverses the effects of eIF2α phosphorylation on translation
and stress granule assembly. Elife 4, e05033 (2015).

62. Williams, D. D., Price, N. T., Loughlin, A. J. & Proud, C. G. Characterization
of the mammalian initiation factor eIF2B complex as a GDP dissociation
stimulator protein. J. Biol. Chem. 276, 24697–24703 (2001).

63. Wortham, N. C., Martinez, M., Gordiyenko, Y., Robinson, C. V. & Proud, C.
G. Analysis of the subunit organization of the eIF2B complex reveals new
insights into its structure and regulation. FASEB J. 28, 2225–2237 (2014).

64. Dhaliwal, S. & Hoffman, D. W. The crystal structure of the N-terminal region
of the alpha subunit of translation initiation factor 2 (eIF2alpha) from
Saccharomyces cerevisiae provides a view of the loop containing serine 51, the
target of the eIF2alpha-specific kinases. J. Mol. Biol. 334, 187–195 (2003).

65. Tahara, M., Ohsawa, A., Saito, S. & Kimura, M. In vitro phosphorylation of
initiation factor 2 alpha (aIF2 alpha) from hyperthermophilic archaeon
Pyrococcus horikoshii OT3. J. Biochem 135, 479–485 (2004).

66. Gordiyenko, Y. et al. eIF2B is a decameric guanine nucleotide exchange factor
with a γ2ε2 tetrameric core. Nat. Commun. 5, 3902 (2014).

67. Mohammad-Qureshi, S. S. et al. Purification of FLAG-tagged eukaryotic
initiation factor 2B complexes, subcomplexes, and fragments from
Saccharomyces cerevisiae. Methods Enzym. 431, 1–13 (2007).

68. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced
motion for improved cryo-electron microscopy. Nat. Methods 14, 331–332
(2017).

69. Zhang, K. Gctf: real-time CTF determination and correction. J. Struct. Biol.
193, 1–12 (2016).

70. Scheres, S. H. RELION: implementation of a Bayesian approach to cryo-EM
structure determination. J. Struct. Biol. 180, 519–530 (2012).

71. Scheres, S. H. Semi-automated selection of cryo-EM particles in RELION-1.3.
J. Struct. Biol. 189, 114–122 (2015).

72. Tang, G. et al. EMAN2: an extensible image processing suite for electron
microscopy. J. Struct. Biol. 157, 38–46 (2007).

73. Bai, X. C., Fernandez, I. S., McMullan, G. & Scheres, S. H. Ribosome structures
to near-atomic resolution from thirty thousand cryo-EM particles. Elife 2,
e00461 (2013).

74. Scheres, S. H. & Chen, S. Prevention of overfitting in cryo-EM structure
determination. Nat. Methods 9, 853–854 (2012).

75. Rosenthal, P. B. & Henderson, R. Optimal determination of particle
orientation, absolute hand, and contrast loss in single-particle electron
cryomicroscopy. J. Mol. Biol. 333, 721–745 (2003).

76. Kucukelbir, A., Sigworth, F. J. & Tagare, H. D. Quantifying the local resolution
of cryo-EM density maps. Nat. Methods 11, 63–65 (2014).

77. Bai, X. C., Rajendra, E., Yang, G., Shi, Y. & Scheres, S. H. Sampling the
conformational space of the catalytic subunit of human γ-secretase. Elife 4,
e11182 (2015).

78. Pettersen, E. F. et al. UCSF Chimera—a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605–1612 (2004).

79. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486–501 (2010).

80. Brown, A. et al. Tools for macromolecular model building and refinement into
electron cryo-microscopy reconstructions. Acta Crystallogr. D Biol.
Crystallogr. 71, 136–153 (2015).

81. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr. 66,
12–21 (2010).

82. Amunts, A. et al. Structure of the yeast mitochondrial large ribosomal subunit.
Science 343, 1485–1489 (2014).

83. Naydenova, K. & Russo, C. J. Measuring the effects of particle orientation to
improve the efficiency of electron cryomicroscopy. Nat. Commun. 8, 629
(2017).

84. Sievers, F. et al. Fast, scalable generation of high-quality protein multiple
sequence alignments using Clustal Omega. Mol. Syst. Biol. 7, 539 (2011).

Acknowledgements
We thank G. Pavitt for providing Saccharomyces cerevisiae strain GP4109 for over-
expressing yeast eIF2B. We thank Mark Skehel and Sarah Maslen for MS analysis. We are
grateful to G. Cannone and G. McMullan for technical support with cryoEM, T. Darling
and J. Grimmett for help with computing. This study was supported by the MRC-LMB
EM Facility. This work was supported by grants from the Medical Research Council
(MC_U105184332) and the Wellcome Trust (WT096570) to V.R. and by a grant
BFU2017-85814-P from the Spanish government to J.L.L.

Author contributions
Y.G. conceived the study, purified the protein complex and prepared the samples. J.L.L.
and Y.G. performed electron cryo-microscopy data collection. J.L.L. performed proces-
sing, model building and analysis. Y.G. and J.L.L. wrote the first draft of the manuscript.
V.R. helped edit and revise the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10606-1.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal Peer Review Information: Nature Communications thanks Madhusudan Dey,
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10606-1 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:2640 | https://doi.org/10.1038/s41467-019-10606-1 | www.nature.com/naturecommunications 11

https://doi.org/10.1038/s41467-019-10606-1
https://doi.org/10.1038/s41467-019-10606-1
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Structural basis for the inhibition of translation through eIF2α phosphorylation
	Results
	An overall structure of eIF2B–nobreakeIF2(αP) complex
	Interaction of the phosphorylated Ser51 on eIF2 with eIF2B
	eIF2 γ and β interactions with catalytic eIF2B subunits

	Discussion
	Methods
	Protein purification and complex assembly
	Electron microscopy
	Analysis and structure determination
	Model building and refinement
	Multiple sequence alignment
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




