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IF2B is a multisubunit protein that is
ecritical for protein synthesis initiation
and its control. It is a guanine nucleotide
exchange factor (GEF) for its GTP-bind-
ing protein partner elF2. eIF2 binds ini-
tiator tRNA to ribosomes and promotes
mRNA AUG codon recognition. eIF2B
is critical for regulation of protein syn-
thesis via a conserved mechanism of
phosphorylation of eIF2, which converts
elF2 from a substrate to an inhibitor of
elF2B GEF. In addition, inherited muta-
tions affecting eIF2B subunits cause the
fatal disorder leukoencephalopathy with
Vanishing White Matter (VWM), also
called Childhood Ataxia with Central
nervous system Hypomyelination
(CACH). Here we review findings which
reveal that elF2B is a decameric protein
and also define a new function for the
elF2B. Our results demonstrate that the
elF2Bvy subunit is required for eIF2B to
gain access to elF26GDP. Specifically it
displaces a third translation factor elIF5
(a dual function GAP and GDI) from
elF26GDP/elF5 complexes. Thus eIF2B
is a GDI displacement factor (or GDF)
in addition to its role as a GEF, prompt-
ing the redrawing of the elF2 cycling
pathway to incorporate the new steps. In
structural studies using mass spectrome-
try and cross-linking it is shown that
elF2B is a dimer of pentamers and so is
twice as large as previously thought. A
binding site for GTP on eIF2B was also
found, raising further questions concern-
ing the of nucleotide
exchange. The implications of these find-
ings for elF2B function and for VWM/
CACH disease are discussed.

mechanism
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Introduction

Roles of elF2, elF5 and elF2B in
protein synthesis

The GTP-binding protein (G-protein)
elF2 (eukaryotic initiation factor 2) func-
tions during protein translation initiation
by delivering initiator methionyl tRNA to
the ribosome. This is a fundamental pro-
cess that occurs in all eukaryotic cells and
ensures that protein synthesis originates at
the correct AUG start codon on each
mRNA. Translation initiation is a com-
plex multistep process. In addition to
elF2, there are at least 11 other translation
factors that interact with mRNAs and/or
ribosomal subunits to ensure appropriate
mRNA selection and translation initia-
tion. An overview of the entire pathway is
beyond the scope of this review and inter-
ested readers are directed to other recent
reviews.? Here we consider 2 factors that
directly control elF2 activities: elF5 and
elF2B.

Similar to other G-proteins, elF2 is
cycled between inactive (GDP-bound)
and active (GTP-bound) states and this
G-protein cycle drives successive rounds
of translation initiation. eIF5 and eIF2B
are key players in these processes. In its
active (GTP-bound) conformation, elF2
interacts with methionyl initiator tRNA
(Met-tRNA;) to form a ternary complex
(TC)? and delivers it to the small (40S)
ribosomal subunit. Other translation fac-
tors dictate mRNA selection and promote
scanning of the 5 leader sequence to
locate the start codon. During AUG selec-
tion by the ribosome, elF2 bound GTP is
hydrolysed by the GTPase accelerating
protein (GAP) activity of eIF5 and Pi is
released.” Pi release reduces elF2 affinity
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for Met-tRNA>* and triggers release of
both factors from the ribosome, allowing
formation of the full 80S ribosome and
translation elongation to begin. eIF2 is
therefore released from ribosomes in its
inactive (GDP-bound) state in complex
with eIF5.” In this e[F2eGDP/elF5 com-
plex elF5 acts as a GDP dissociation
inhibitor (GDI) maintaining eIF2 in its
inactive GDP-bound state.® To partici-
pate in a subsequent round of Met-tRNA;
recruitment to the ribosome, elF2 must
be reactivated to the GTP form. This pro-
cess is carried out by the guanine nucleo-
tide exchange factor (GEF) elF2B.” What
was not known is how eIF2B gained access
to elF2 to promote its reactivation, when
eIF2 is bound to eIF5. In a recent paper®
we have now demonstrated that eIF2B has
a second function and can itself promote
release of elF5 from elF2. In G protein
3-letcter acronyms, this function s
described as GDF (for GDI displacement
factor). Such factors have previously been
described for other G-proteins that have a
GDI component.” " There has been only
one other published study identi-

AUG codon selection and GTPase activa-
tion. Roles that required interactions with
active elF2 bound to GTP and Met-
tRNA; and not with with inactive elF2.
Similarly elF2B was known to interact
with elF26 GDP and to function as a GEF
(Pavitt 2005; Pavitt and Proud 2009).
Thus a simple model with GAP and GEF
activities described the control of the
elF2 G protein cycle. This model is
depicted in Figure 1A.
However observations from several
labs suggested that a more complex elF2
cycle may operate in cells. elF5 was
found to bind to e[F26GDP with equal
affinity as to elF2eGTPeMet-tRNA;
(~23 nM).*>13 In addition by compar-
ing the relative abundance of factors and
their interactions in complexes purified
from yeast cells, Asano and colleagues
uncovered that elF5 and elF2 form a
complex that is in greater abundance
than the fraction of eIlF2 bound to Met-
tRNA,.>'® These observations led to the
idea that eIF5 bound elF2eGDP in vivo

may therefore have additional functions.

We showed by a combination of bio-
chemistry and yeast genetics that elF5
does have a second function with
elF2e GDP where it functions to stabilize
GDP-binding to eIF2. This GDI activity
antagonises GDP release from elF2 and
was therefore expected antagonise elF2B
GEF.®

How does elF2B overcome antagonism
by eIF5? For continued translation elF2
must become reactivated by elF2B GEF.
Both elF2 and eIF5 are equally abundant,
whereas elF2B is roughly ten-fold less
abundant.'” The eIF5 carboxy terminal
domain (CTD) is critical for its interaction
with eIF2 and for its GDI function®'# and
is a close structural mimic of the elF2B
GEF domain, that resides at the CTD of
the largest eIF2B subunit (elF2Bg). >
Both eIF5 and eIF2Be CTDs are proposed
to interact with elF2 in a mutually exclu-
sive manner and so to compete with each
other for interaction with elF2. Taken
together this posed a conundrum of how
elF2B gained access to elF2 when elF2 is
bound to elF5.

fying a dual function GEF-GDF
protein. This is SidM/DrrA, a
protein encoded by the pathogen
Legionella pneumophila.

The study makes significant
progress toward explaining why
elF2B is such a complicated multi-
subunit protein and defines eIF2B
multifunctional  protein
required for reactivation of elF2,
being both a GDF and a GEF.

Here we review the major findings

as a

that led us to propose a new model
for translation initiation and its
control that accounts for the activi-
ties of elF5 and elF2B and which
speculates on the role of GDF
mutations in human disease. In
addition we review a second study
that reveals greater complexity to
this translation factor as it is shown

that eIF2B is a decamer rather
12
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than a pentamer factor.

elF2B displaces elF5 from
elF2eGDP

Prior to ~2005, models of the
role of eIF5 in translation initia-

. . . text.
tion were confined to its roles in

Figure 1. Models for elF2B functions in protein synthesis initiation. (A) Original model depicting elF2-GTP-
Met-tRNAi recruitment to the ribosome and its release following GTP hydrolysis to elF2-GDP upon mRNA
AUG start codon recognition. Here elF2B perfoms a single GEF step to reactivate elF2. (B) Revised model for
elF2 recycling accounting for elF5 GDI and elF2B GDF functions. (C) New model showing the impact of elF2a
phosphorylation on elF2B and elF5. For further explanations, including step numbering, refer to the main
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We tested the idea that eIF2B had a
separate function to displace eIF5 from
elF26GDP/elF5 complexes prior to its
known role as a GEF, as this seemed the
most logical solution to the problem.
elF2B is a particularly complicated factor,
assembled of subunits a-€, encoded by 5
distinct genes, of which only one is criti-
cally required for its GEF function. So it
seemed plausible that one of the others
was important for elF5 displacement. In
agreement with this prediction, we used a
steady state protein-protein interaction
assay to demonstrate that elF2B can effi-
ciently dissociate the elF2/elF5 complex,
but that the isolated elF2Be could not.
Further studies showed that elF2By and €
together were necessary for GDF activity.
A second assay that we used was a coupled
kinetic assay that measured rates of GDP
release from elF20 GDP/elF5. This agreed
that the elF2Bye
required for efficient GDP release when

sub-complex  was

elF5 was included in the assay. One key
element to our study was the identification
of single amino acids that are important
for GDF activity, but not the GEF func-
tion. We screened elF2By mutations orig-
inally isolated in yeast in the 1970s and
1980s, before the gene (yeast GCDI) was
cloned and sequenced. Phenotypically the
elF2By mutants were not distinguishable
from elF2Be mutations that impair GEF
activity: they impair general translation
and cause slow-growth and derepress the
translation of GCN4, a translationally
controlled transcription factor critical for
responses to amino acid starvation (see
below for discussion of eIF2B regulation).
Both eIF2By mutants analyzed biochemi-
cally (G11V and L480Q substitutions)
did not interfere significantly with eIF2
binding or GEF activity, however both
impaired elF5 displacement/GDF activ-
ity. Taken together the study shows that
GDF function is important for normal
cell growth and cell division at optimal
rates and that it is biochemically separate
to the previously described GEF activity: a
new function for eIF2B and a new step in
protein synthesis pathway.®

Roles of eIF5-GDI and elF2B-GDF
in e]lF2 responses to stress

A wide variety of stimuli and cellular
stresses cause elF2 to be targeted by
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various protein kinases (for example
Gen2p in Saccharomyces cerevisiae, and
GCN2, PERK, PKR and HRI in mam-
malian cells). All phosphorylate eIF2 at
the same position, serine 51 within o sub-
unit of e[F2."'® The resulting phosphory-
lated eIF2 (elF2aP) acts a competitive
inhibitor of eIF2B, restricting GEF activ-
ity and reactivation of eIF2.® This applies
a brake, lowering levels of active eIF2 lead-
ing to a decrease in general protein synthe-
sis initiation. At the same time certain
mRNAs are up-regulated, including spe-
cific mRNAs required for the cellular
stress response. One well studied class of
mRNAs that increase expression following
phosphorylation of elF2 are GCN4 in
yeast and ATF4 in mammalian cells. Both
possess short ORFs upstream of the main
coding region that normally limit the flow
of ribosomes to the main coding AUG.
elF2aP promotes ribosomes to bypass the
inhibitory upstream OREF(s). L1

Our studies identifying eIF5 GDI and
elF2B GDF functions revealed that muta-
tions that impair each function have
opposing impacts on translational control.
Our earlier work showed that the elF5
GDI mutant W391F is resistant to the
inhibitory elF2aP.® Thus eIF5-GDI is
required for e[F2aP to fully inhibit eIF2B
and permit translation of GCN4. In con-
trast the e[F2B-GDF mutants impair the
ability of eIF2B to access elF2 and this
defect leads to constitutive expression of
GCN4. By in vitro kinetic studies we were
also able to demonstrate that phosphoryla-
tion of elF2 does not prevent elF2B-
GDF, but does prevent elF2B-GEF. Tak-
ing all the findings together we can refine
the model for elF2 recycling that includes
GDI, GDF and GEF activities and shows
their individual importance for the regula-
tion of protein synthesis by elF2aP.

Refining the model of eIF2 recycling
and its control by elF2 phosphorylation

The identification of elF5 GDI activity
and elF2B GDI displacement activity
have altered our perception of how eIF2 is
recycled and regulated in yeast cells. This
has allowed us to refine the original model
(Fig. 1A) and propose a new, more com-
plex, model that is depicted in Figure 1B.
The elements that we have identified as
important for each activity are conserved
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in mammals including man, so we suspect
that the findings in yeast may also be
important in mammalian systems, but
this has not yet been demonstrated.

Our revised model for elF2 recactiva-
tion (Fig. 1B) is:

During translation initiation and fol-
lowing AUG codon recognition by Met-
tRNAi-bound elF2, eIF2e GDP is released
with eIF5 from the ribosome/ mRNA
(48S) complex so that that large subunit
can join and translation elongation can
commence.

1. elF5 stabilises the elF2 bound GDP
to maintain eIF2 inactivity.® As
elF2B is considerably less abundant
than elF2 or elF5 (~10 fold), this
elF26GDP/elF5 complex forms an
abundant cellular pool.5

2. elF2B GDF activity means it can
readily access elF2 from the inacti-
vated elF26 GDP/elF5 pool, displac-
ing elF5.5

3. elF2B can then reactivate elF2 by
guanine nucleotide exchange,8 per-
mitting Met-tRNAi binding and a
new round of protein synthesis.

If elF2B can readily displace
elF5, why the need for the additional
GDI and GDF steps? Our data
shows that eIlF5 GDI is primarily
important under conditions when
elF2 is phosphorylated.

Model for elF2aP regulation
(Fig. 10):

4. When eIF2 is phosphorylated eIF2B
binds with high affinity to elF2a via
contacts made to the «, B or & subu-
nits of e[F2B.%° This prevents elF2B

GEF activity.®
5. As increasing amounts of elF2B
become  trapped in  complex

with elF2aP, there is little or no free
elF2B to interact with el[F2eGDP/
elF5. So with limiting free elF2B,
eIF2B GDF activity diminishes.®

6. Continued protein synthesis initia-
tion causes a backlog of released
clF2eGDP/elF5 to form, increasing
the cellular pool elF2eGDP/eIF5®

7. elF5 GDI acts to prevent spontane-
ous elF2B-independent nucleotide
exchange, which would otherwise
bypass the effectiveness of the
elF2aP regulatory loop that has
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evolved to act as a brake on protein
synthesis initiation.

Implications of elF2B GDF in disease

Mutations in all elF2B subunits cause a
fatal inherited leukodystrophy. Called
Leukoencephalopathy ~ with  Vanishing
White Matter (VWM) or Childhood
Ataxia with Central Nervous System
Hypomyelination (CACH).”" The disease
is characterized by a progressive loss of
brain white matter. The affected cells are
glial cells (astrocytes and oligodendro-
cytes), which comprise the blood-brain
barrier and form myelin sheaths to insu-
late neuronal axons. Well over a hundred
different eIF2B missense mutations have
been associated with the disorder and vari-
ous causes of disease suggested by bio-
chemical analyses. Many mutations
impact on the stability of the elF2B com-
plex, others appear to alter elF2 interac-
tions.”>** However some mutations cause
severe disease, yet apparently do not affect
elF2  interactions or GEF a\ctivity.24
Drawing parallels with our findings in the
yeast system it seems plausible that some
VWM/CACH mutations will impact on
elF2B GDF. Indeed one of the elF2By
mutants identified (G12V) is analogous to
a human mutation (EIF2B3-G11V). The
yeast elF2By GDF mutations studied
impair elF5 displacement from elF2,
cause severe growth impairment and hin-
der translational control. However they
do not significantly impact on eIF2 inter-
action in vitro or elF2B GEF activity in
the standard assay used.® In the standard
GEF assay elF2 and labeled GDP and is
mixed with either purified eIF2B or a cell

extract. 22.25

Cell extract assays using
immortalized lymphocytes from patient
serum have been most commonly used to
assess clinical samples.”*?® Our study
would suggest that supplementing these
assays with a concentration of eIF5 equi-
molar to elF2 would be a useful modifica-
tion. Such an assay should report on both
GDF and GEF defects in patient cells in a

single assay.

elF2B is a dimer of pentamers

The finding that eIF2B has an addi-
tional function as a GDF, goes some way
to explaining why it is such a complicated
However, observations

protein. recent
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highlight that there much remains to be
understood. Two studies have shown that
elF2B purified from human® or yeast'?
cells is a dimer and so has 10 rather than 5
subunits. In the yeast study evidence was
presented primarily from nano-electro-
spray mass spectrometry (n-EMS) of
intact proteins and further refined using
lysine cross-linking approach and surface
accessibility measurements. n-EMS is a
technique that can preserve non-covalent
interactions between proteins in the gas
phase of the mass spectrometer and
informs on protein size and subunit stabil-
ity. Experiments showed that eIF2B has a
mass approaching 600 KDa and is a
dimer of a-¢ pentamers.'” The o subunit
could be readily lost from the complex
and complexes produced lacking o subu-
nits formed stable 3-€ dimers. Because the
o subunit is necessary for regulation of
elF2B by phosphorylation of elF2a (see
above), this result suggests that dimeriza-
tion and phospho-regulation by this con-
served pathway are not linked.'? In
contrast the study of human eIF2B sug-
gested dimer formation was weakened by
mutation or loss of the elF2Balpha sub-
unit and that it may contribute to dimer
formation, as suggested by the prior
elF2Ba crystal structure®® where an a-a
dimer interface was evident. While it is
elF2Ba
it remains less clear if this hap-

isolated can form a

29,31

clear
dimer,
pens within the intact elF2B complex,
and the data obtained with yeast proteins
suggests that other elements are required
for dimer formation.

The yeast structural study further
focused on the y and € subunits, which
are the key subunits for both GEF and the
new GDF function described in the sec-
tions above. These subunits share homol-
ogy sugar-
pyrophosphorylase Pyropho-
phosphorylases including potato ADP-
glucose pyrophosphorylase form a homo-

with  a family of

enzymes.

tetrameric structure.”>>” Extrapolating to
elF2B  suggests that a <€, subunit
arrangement may be possible. However
the ye purified complex was mainly a
dimer by n-EMS, not a tetramer, although
a tetramer could be stabilized by acetroni-
trile, suggesting that a y,&, could contrib-
ute to the dimer interface. Alternatively
the dimer interface could be mediated by
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the B and & subunits. Our functional anal-
yses of the isolated ye complexes show
they retain full GDF and full GEF activi-
ties,® yet without forming a stable
dimer."? So it appears unlikely that tetra-
mer formation is required for these known
activities of elF2B. This leaves open the
question of why eIF2B forms a dimer and
what contribution it makes to eIF2B activ-
ities. Further studies will hopefully shed
light on these aspects of elF2B function
and regulation.

elF2B is a GTP-binding protein

A final twist to the elF2B story is that
elF2B itself can bind GTP. GTP-binding
is not usual for GEFs and the standard
mechanism proposed for small GTPase
GEFs is that they bind and cause GDP
release, stabilizing a nucleotide free form,
prior to GTP binding from the free GTP
pool in the solvent.* However applying
enzyme kinetic methods to eIF2B sug-
gested a role for a second nucleotide bind-
ing prior to the release of the outgoing
GDP.*>>° What was less clear is where
the second nucleotide was bound. Nika
et al®® found that GTP could bind
directly to elF2B, but did not indicate
where. As pyrophosphorylase enzymes can
bind specific nucleotides, it seems plausi-
ble that the homologous y and/or € subu-
nits bind GTP. As elF2B¢ is the primary
GEF subunit, we previously performed
mutagenesis of key residues of eIF2Bg,
but this failed to provide strong evidence
for its involvement in G"l"P—binding.33
Now using n-EMS and MS with 6-Thio-
GTP and UV cross-linking, Gordiyenko
et al show that GTP or Thio-GTP binds
to e[F2By."?

What is the role of GTP-binding to
elF2By? Three possible options are:
firstly, GTP-binding to elF2By may play
a direct role in the GEF reaction. Sec-
ondly, GTP binding may have an alloste-
ric regulatory role. Or finally GTP-
binding may contribute to an unrelated,
currently unknown, function of elF2B.
Evidence in favor of the first of these
options comes from lysine-lysine cross-
linking studies. Specifically a crosslink
between eIF2By K249 (within the pyro-
phosphorylase-like domain) and elF2vy
K113 (within the G domain) was found

when a  bis(sulfosuccinimidyl)suberate
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cross-linker was mixed with elF2 and
elF2B."* The crosslink places the GTP-
binding domains of each protein in close
proximity. As elF2Be alone can mediate
GDP-release from elF2,>>3” GTP transfer
from elF2B to elF2y is not critical for this

step.
important

However it is possible that it is

for efficient nucleotide

exchange and GTP binding to elF2. Such
a function may help explain the stimula-

tory

GEF activity.

effect eIF2By has on elF2B-catalyzed
8,38

In conclusion, eIF2B is a multifunc-

tional protein required for protein synthe-

sis and its control. Recent advances have
shown that eIF2B is more than just a
GEF. In addition our improved under-

standing of elF2B complexity lays founda-

tions for future studies of this fascinating

protein.
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