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Abstract

The eukaryotic translation initiation factor elF2 is a GTPase, which brings the initiator Met-tRNA;
to the ribosome as the elF2-GTP<Met-tRNA; ternary complex (TC). TC regeneration is catalyzed
by the guanine nucleotide exchange factor (GEF) elF2B. elF2 phosphorylation by several stress-
induced kinases converts it into a competitive inhibitor of elF2B. Inhibition of elF2B activity
lowers cellular TC concentrations, which in turn triggers the Integrated Stress Response (ISR).
Depending on its degree of activation and duration, ISR protects the cell from the stress or can
itself induce apoptosis. ISR dysregulation is a causative factor in the pathology of multiple
neurodegenerative disorders, while ISR inhibitors are neuroprotective. The realization that elF2B
is a promising therapeutic target has triggered significant interest in its structure and the
mechanisms of its action and regulation. Recently, four groups published the Cryo-EM structures
of elF2B with its substrate elF2 and/or its inhibitor, phosphorylated elF2 (elF2(a-P)). While all
three structures of the nonproductive elF2BeelF2(a-P) complex are similar to each other, there is a
sharp disagreement between the published structures of the productive elF2BeelF2 complex: one
group reports a structure similar to that of the nonproductive complex, whereas two others observe
a vastly different elF2BeelF2 complex. Here, we discuss the recent reports on the structure,
function, and regulation of elF2B; the pre-clinical data on the use of ISR inhibitors for treatment
of neurodegenerative disorders; and how the new structural and biochemical information can
inform and influence the use of elF2B as a therapeutic target.
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Protein expression is a central process in the cell, responsible for a significant portion of its
energy needs. Eukaryotic translation initiation factor 2B (elF2B) is a focal point of
regulation of protein synthesis. It is the guanine nucleotide exchange factor (GEF) specific
for elF2, the GTPase that brings Met-tRNA; to the 43S translation pre-initiation complex
(PIC) as part of the elF2-GTP+Met-tRNA,; ternary complex (TC). Upon start codon
selection, elF2 hydrolyzes GTP and the resulting elF2-GDP dissociates from the PIC in
complex with its GTPase-activating protein (GAP), elF5.3-5 eIF2B converts elF2-GDP back
to elF2-GTP, which binds Met-tRNA;, forming a new TC (Figure 1).3. 6. 7 eIF2 consists of
a, B, and -y subunits, with elF2y being the actual GTPase. elF2B has five subunits, a-e.
elF2B-y and e form the catalytic subcomplex (elF2Bc4t), and elF2Ba., B, and & form the
regulatory subcomplex (elF2Beg).8

Historically, elF2B had been considered a “simple” GEF that converts the substrate elF2-
GDP into the product elF2-GTP. However, this notion has been challenged in recent years.
elF2-GDP is released from the ribosome in complex with elF5, and elF2B has to displace
elF5 before it can promote GDP dissociation from elF2. Therefore, elF5 acts as GDP
dissociation inhibitor (GDI), and elF2B acts as GDI dissociating factor (GDF).911 Thus, at
present, it is established that elF2 is channeled from the PIC, through elF5, to elF2B. Work
in the 1980s and 1990s indicated that elF2-GTP is a tightly bound reaction intermediate,
whereas the real product is the TC. It was also suggested that the TC itself may be
transferred from elF2B to the P1C.14 15 Together with a recent report that elF5 and elF2B
compete for the TC,17 there is now a significant body of evidence that elF2 is channeled in a
full cycle from the PIC to elF5, to elF2B, and then back to elF5 and the PIC (for a detailed
discussion of the thermodynamics of elF2B catalysis and channeling see ref.18).

The elF2B catalytic activity is regulated by phosphorylation of its substrate elF2;
phosphorylation of elF2B itself, as well as by small molecules, such as nucleotides and
cofactors, binding to elF2B. Phosphorylation of elF2a at S51 by any one of four kinases,
PKR, PERK, GCN2, and HRI, in response to various stress factors, converts elF2 into
elF2(a.-P), which functions as a competitive inhibitor of elF2B (Figure 1). Inhibition of
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elF2B activity not only slows down protein synthesis, but also turns on translation of a set of
mRNAs encoding transcription factors and other proteins, which in turn triggers the
Integrated Stress Response (ISR). ISR involves both pro-survival pathways, aimed at
restoring homeostasis (e.g. PERK activation in response to ER stress) and pro-apoptotic
pathways, leading to apoptosis (e.g. PKR activation by viral infection).19-23 The fate of the
cell depends on the magnitude and duration of the stress response, as well as on the interplay
between the ISR and other factors (Figure 1).

Yeast have only one of the four elF2a kinases, GCN2. Genetic studies in Saccharomyces
cerevisiae (S. cerevisiae) have identified mutations in a number of proteins, including elF2B
and elF2, that disrupt the cell response to amino acid starvation (reviewed in refs.20 21y,
Mutations that inhibit the induction of ISR in response to amino acid depletion are called
General amino acid control nonderepressible (Gen™). Gen™ mutations have been found in all
three elF2Byeg subunits (eIF2Ba, B, and &), as well as elF2a, and more recently elF2p.24
Mutations that cause ISR induction in the absence of amino acid starvation are called
General amino acid control derepressed (Ged™). Ged™ mutations have been found in all five
elF2B subunits and all three elF2 subunits (reviewed in refs.20: 21y,

Dysregulation of ISR plays a causative role in a number of neurodegenerative disorders.19-23
PERK activation mediates neuronal cell death in prion disease, Alzheimer’s disease, and
other disorders. Accordingly, PERK inhibitors are neuroprotective in animal models of these
diseases, but cause pancreatic and liver toxicity. The small molecule ISR inhibitor (ISRIB)
promotes memory formation in mice and is neuroprotective, without serious toxicity.25-30
Mutations in elF2B subunits cause the neurodegenerative disorder leukoencephalopathy
with vanishing white matter (VWM), also known as Childhood Ataxia with CNS
hypomyelination (CACH),22: 31 32 \whose mechanisms are not well understood, but appear
to affect elF2B stability and/or activity.l: 33-36 The realization that elF2B is a promising
therapeutic target has triggered significant interest in its structure and mechanisms of action
and regulation, and it is the subject to active research by a number of groups.

elF2B structure and function

Stoichiometry and architecture of elF2B

Since it was first characterized, elF2B had been considered to be an a/p/y/6/e
heteropentamer of approximately 300 kDa, which appeared to be supported by Size
Exclusion Chromatography and Analytical Ultracentrifugation, 14 37-39 although some
authors observed a much larger complex.%0 The first structures of elF2B subunits were the
crystal structures of human elF2Ba*! and of the catalytic C-terminal domain (CTD) of
yeast*2 and human?3 elF2Be. The folds of all individual subunits were known, because the
elF2B a, B, and & subunits are homologous to each other and to the ribose-1,5-bisphosphate
isomerase (RBPI) and related enzymes, while the -y and e subunits are homologous to each
other and to sugar-nucleotidyl transferases (reviewed in3). However, the overall elF2B
architecture remained unknown, and all available data was being viewed through the prism
of a pentameric elF2B.
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In 2014, multiple groups reported evidence that elF2B is in fact a 600 kDa heterodecamer,
composed of two copies each of the a, B, y, 6, and e subunits.33: 36. 44 However, the
structure of the elF2B decamer remained elusive. A number of elF2Bye homologs are
tetramers (reviewed in ref.3) and it was thus logical to suggest that if eF2B is a decamer,
then elF2B-y and e are likely to form a tetramer. This idea appeared to be supported by MS
and MS/MS data, in which the subcomplexes observed upon partial disruption of the elF2B
decamer indicated the existence of an eIF2B,ze; core.*4 However, in retrospect, these
results turned out to be an artefact of the MS experiments. The Proud group was the first to
report that in mammalian elF2B, elF2Ba promotes decamer formation by bringing two
elF2BBySe tetramers together.3® Our work indicated that the elF2B regulatory subcomplex
is a hexamer composed of an a., homodimer and two B8 heterodimers;33 however, the
proposed overall architecture of the elF2Ba.»(86), hexamer turned out to be incorrect (see
below). In 2015, Kuhle and co-authors reported the crystal structure of the elF2Bp/8&
subcomplex from a thermophilic yeast, which forms an elF2B(8), tetramer, and provided
experimental evidence confirming that the elF2B regulatory a/B/6 subcomplex (elF2Byeg)
forms an elF2Ba,(B5), hexamer, as had been proposed previously. Using the structure of
the hexameric Thermococcus kodakarensis RBPI (tkRBPI) as a template, the authors
proposed the first correct atomic model for the structure of eIFZBreg.34

The structure of elF2B

The first crystal structure of the complete elF2B decamer, from Schizosaccharomyces
pombe (S. pombe), was published in 2016 (Figure 2). The only portion of elF2B missing
from the structure was the catalytic elF2Be-CTD, which is connected to the rest of the
protein through a flexible linker. eIF2Byeq forms an elF2Ba,(B8), hexamer, with one
elF2B-ye catalytic subcomplex bound to each elF2BB& dimer. Directed crosslinking showed
that elF2a binds in the pocket formed by the NTDs of elF2Ba, B, and &, whereas elF2y
binds to elF2B-y and e. Some of the elF2Be residues crosslinked to elF2y were in the
vicinity of the functionally important NF motif.#> Phosphorylation of elF2a caused
reduction in crosslinking of elF2vy to elF2Be, but not to elF2By. There was also complete
loss of two of the cross-links between elF2a and elF2Bg, while crosslinking of elF2a to
elF2Ba and & was not affected.

The elF2B structure and the crosslinking results were consistent with, and helped explain
the phenotypes of a number of Ged™ and Gen™ mutations in yeast. However, they also posed
new important questions about the mode(s) of elF2 binding to elF2B.

- First, there are two elF2a-binding pockets on opposite sides of eIF2Byeg, and two
elF2y-binding surfaces, one on each of the two elF2Bye dimers. Due to the
symmetry in elF2B, this creates two alternative possibilities: (1) elF2a could
approach the elF2Ba/p/6 pocket between elF2Bp and &, with elF2-y oriented toward
one of the two elF2B-ye dimers (Binding mode 1, Figure 2, bottom); or (2) elF2a
could approach the elF2Ba/B/8 pocket between elF2Ba and &, with elF2+y oriented
toward the other elF2B-ye dimer, on the opposite side of elF2B (Binding mode 2,
Figure 2, top).
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- Second, the overall size of elF2 does not allow it to reach simultaneously all elF2B
surfaces it cross-links to. If elF2a is bound to elF2B and & (Binding mode 1,
Figure 2, bottom), elF2y can contact elF2Be, including the NF motif, but not the
elF2B-y surface, where crosslinks were also observed. Conversely, if elF2a is bound
to elF2Ba and & (Binding mode 2, Figure 2, top), elF2-y can contact elF2B-y, but not
elF2Be. Again, two possible scenarios could be envisioned. elF2a and elF2y binding
to elF2B could be mutually exclusive;! however, that would be at odds with some of
the available genetic data. Alternatively, elF2~y would need to adopt an extended
conformation;*6 however, such conformation has not been observed in any available
elF2 structure.

Furthermore, the changes in cross-linking patterns indicated that phosphorylation affects the
binding mode and/or the overall conformation of elF2. The loss of two crosslinks between
elF2a and elF2Bp could be due to local changes around P-S51; whereas the lower
crosslinking efficiency between elF2y and elF2Be could be explained by changes in the
conformation of elF2 and/or its mode of binding to the eIF2B+ye platform.1: 46 As we
describe below, the reality turned out to be far more complex and unexpected. The first
structures of human elF2B were solved by Cryo-EM, in complex with ISRIB.47: 48 The
structures were very similar to the crystal structure of S. pombe elF2B, with ISRIB
stabilizing the decameric complex by “stapling” the two eIlF2BB& dimers together.47: 48

Structures of the elF2B+elF2 complexes and the mechanism of elF2B action

The Cryo-EM structures of the elF2B complexes with the substrate, elF2, and the inhibitor,
elF2(a-P)-GDP, were recently published almost simultaneously by several groups.2: 121316
The structure of the enzyme - inhibitor complex, elF2BeelF2(a-P)? 13. 16 (Figure 3B)
resembles the elF2 Binding mode 2, shown in Figure 2, top. An important feature of the
complex is the remodeling of the protein surface around S51 in elF2a upon
phosphorylation. While phospho-S51 (P-S51) is buried, it forms a network of electrostatic
intramolecular interactions with R63, K86, and D68, which likely promotes the deep
insertion of the P-S51-adjacent Arginine-rich loop into the elF2Ba-§ cavity. This finding
was unexpected because it had been assumed that P-S51 directly contacts elF2B. Previous
NMR Chemical Shift Perturbation (CSP) analysis of the S51D mutation data at high salt
concentration showed modest chemical shift changes that did not indicate major
conformational rearrangement.4® A more recent CSP analysis at physiological salt showed
large chemical shift changes as a result of the S51D mutation, and even larger changes as a
result of S51 phosphorylation, indicative of significant conformational changes;*6 however,
the nature of these changes had remained unknown until now because the CSP assay does
not provide structural information.

Surprisingly, the structures of the enzyme - substrate complex, elF2BeelF2, differ vastly.
2,12,13 In two of the elF2BeelF2 structures, elF2y binds primarily to elF2Be, including the
surface surrounding the NF motif, and elF2a contacts primarily elF2Bp and & in the pocket
of the regulatory elF2Ba,(8), subcomplex (eIFZBreg)Z' 12 (Figure 3A), resembling the
elF2 Binding mode 1, shown in Figure 2, bottom. The G domain and Domain Il of elF2y
are sandwiched between elF2Be-NTD and -CTD. The catalytic domain, elF2Be-CTD, binds
to elF2y via its functionally important N-terminal surface*® and is well resolved in the
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structure (Figure 3A). The Switch 1 region in elF2y adopts an open conformation, which is
likely to induce GDP release.2 12 In contrast, the elF2BeelF2 complex structure reported by
the Pavitt group®? is similar to that of the nonproductive elF2BeelF2(a-P) complex? 13. 16
(Figure 3B), where elF2 is rotated ~180°, with elF2+y contacting primarily to elF2B+y, and
elF2a binding primarily to elF2Ba and & in the pocket on the opposite side of eIF2Bygg.
elF2Be-CTD is not resolved in this complex.13 In the crystal structure of a complex of S.
cerevisiae elF2a and S. pombe elF2B, the elF2a binding is also similar to that in the
nonproductive complex.2 Thus, while phosphorylated elF2a has only been observed in
Binding mode 2 (Figure 2, top), unphosphorylated elF2a appears able to bind to the
elF2Ba/p/6 pocket in either of the two alternative binding modes shown in Figure 2.

It is highly unlikely for the discrepancy between the reported elF2BeelF2 structures to be
due to the source of the proteins (S. cerevisiae for the Pavitt group and human for the Ito and
Walter/Frost groups), or one of the two alternative structures to be an experimental artefact.
Comparing the elF2BeelF2 structures (Figure 3) to the cross-links between S. pombe elF2
and elF2B! (Figure 2) shows that while the contact interfaces in both structures are
consistent with a subset of the cross-links between elF2B and elF2, neither structure alone
can explain the cross-linking data in full (note that the two alternative binding modes shown
with dashed arrows in Figure 2 correspond to the two structures in Figure 3). Instead, only a
combination of the two alternative complexes can account for all the cross-links. Therefore,
we favor the explanation that the elF2BeelF2 complex exists in two drastically different
alternative states, one productive (Figure 3A) and the other nonproductive (Figure 3B), with
elF2a phosphorylation shifting the equilibrium toward the nonproductive state.? It is thus
possible that differences in the methods used for sample preparation and experimental
conditions have favored either one of the two alternative conformations of the elF2BeelF2
complex, or the other.

The productive complex structure shown in Figure 3A is supported by the observation that
mutations in the elF2a-contacting surfaces of elF2B and & affected the catalytic activity of
elF2B.12 It also helps explain the phenotypes of Ged™ and Gen™ mutations in S. cerevisiae.
50-55 £143 and L144 in elF2B (corresponding to the site of the E164A/1165A Ged™
mutation in S. cerevisiae elF2Bp) are at the interface with elF2a in the productive complex
(Figure 4, right). The E1L64A/1165A Ged™ mutation in S. cerevisiae elF2Bp is synthetic
lethal with the Y81S and R88T Gcn™ mutations in elF2a.. The corresponding residues in
human elF2a contact elF2Ba in the nonproductive complex (Figure 4, left), but also contact
elF2Bp and 6 in the productive complex (Figure 4, right), which helps explain their
synthetic lethality with the Ged™ mutation in elF2B. Furthermore, Q130 in human elF2Bp
(corresponding to the site of the lethal R151A mutation in S. cerevisiae elF2Bp) is also at
the interface with elF2a interface in the productive complex, which explains how the
R151A mutation destabilizes elF2 binding to elF2B.55 As expected, surface-exposed Gen™
mutations in elF2Ba. and 6 map to the interface with elF2a in the nonproductive complex
(Figure 4, left). The only Ged™ mutation in S. cerevisiae elF2Ba at the interface with elF2a
in the nonproductive complex is D71N, corresponding to E70 in human elF2Ba (Figure 4,
left), which suggests that D71N could act by increasing the elF2B affinity for elF2a in the
nonproductive complex.
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It should also be noted that a large number of both Gen™ and Ged™ mutations in elF2Ba, B,
and 6 are buried at the interfaces between elF2B subunits. The phenotypes of such Ged™
mutations could be explained with affecting elF2B stability and/or activity. The phenotypes
of Gen™ mutations at the interface between elF2Ba and the rest of elF2B could be explained
by loss of elF2Ba., because a-less elF2B is resistant to inhibition by elF2(a-P).58: 57
However, the presence of Gen™ mutations at other intersubunit interfaces indicates that
subtle changes in intersubunit orientations could affect the equilibrium between the
productive and nonproductive states. The questions surrounding the structure(s) of the
elF2BeelF2 complex can be resolved, e.g. by introducing mutations at interfaces between
elF2B and elF2 that are unique to one of the structures (Figure 3) and testing their effects on
elF2B binding to elF2 and elF2(a-P).

Regulation of elF2B activity

New structural insights

The new insights obtained from the structures of the elF2BeelF2 complexes point to new,
previously unanticipated regulatory mechanisms. In principle, the elF2B activity can be
regulated in two non-mutually exclusive ways: i) by modulating the catalytic activity of
elF2B in the productive complex; and/or ii) by shifting the equilibrium between the
productive and nonproductive states, changing the fraction of elF2B available to perform
catalysis. It is not possible for two elF2 molecules to bind simultaneously to the same
elF2Bye platform in the two different orientations, shown in Figure 3, because there is steric
overlap between elF2y in the two alternative binding modes.2 The equilibrium between the
productive and nonproductive elF2BeelF2 complexes would be a function of the relative
affinities of elF2 in the two binding modes. The notion that there is equilibrium between two
alternative elF2BeelF2 complexes, one productive and one nonproductive, opens up the very
intriguing possibility that phosphorylation of elF2a. may not be the only regulatory
mechanism that acts by changing this equilibrium (discussed in more detail below). Any
ligand or modification that differentially affects the affinity of elF2B for elF2 in the two
alternative complexes would change the equilibrium between them. The interaction between
elF2B and elF2 involves several distinct interfaces, most of which are drastically different
between the two alternative states, and likely have different affinities:

1. elF2a binding in the pocket on elF2Ba/B/6: contacting either elF2Bp and &
(Figure 3A), or elF2Ba. and & (Figure 3B). When part of elF2, unphosphorylated
elF2a can bind to elF2Ba/p/6 in both orientations (Figure 3A and B); however,
free elF2a., even when not phosphorylated, seems to favor binding to the pocket
on elF2Ba/p/8 in the orientation seen in Figure 3B.2 Therefore, it appears that
the elF2a binding affinity is stronger in the nonproductive complex, even when
not phosphorylated.

2. elF2y binding to the elF2B-ye platform: contacting either elF2Be (Figure 3A),
or elF2B+y (Figure 3B). It is presently not known whether elF2y has higher
affinity for elF2By or for elF2Be, but it is likely that only the interaction with
elF2Be allows productive binding to the catalytic elF2Be-CTD (see 3, below).
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3. elF2y binding to the catalytic elF2Be-CTD. Since this interaction is only
observed in the productive complex (Figure 3A), and since it is required for
catalysis,>8 it is likely stronger in the productive complex, and could even be
absent in the nonproductive complex.

4. Binding of the elF2p N-terminal tail (NTT) to elF2Be-CTD.%9 elF2B-NTT and
elF2Be-CTD are likely to interact with each other in both the productive and the
nonproductive complexes because both elF2B-NTT and the linker between
elF2Be-CTD and the rest of elF2Be are long and flexible (neither of them is
visible in either the productive or the nonproductive complex) and place little
restrictions on the ability of elF2B-NTT and elF2Be-CTD to reach each other.
While it is difficult to know whether the elF2B-NTT - elF2Be-CTD interaction is
stronger in the productive or in the nonproductive complex, the position of
elF2Be-CTD in the productive complex, right next to the site where elF2f3
attaches to elF2+y (Figure 3A), indicates likely synergy between the interactions
of elF2Be-CTD with elF2B-NTT and with elF2y.

How does elF2 phosphorylation change the equilibrium between the productive and
nonproductive states?

The new structures of the elF2BeelF2 complexes show that phosphorylated elF2a appears
incompatible with the orientation shown in Figure 3A.2 12 Phosphorylation destabilizes the
intramolecular contacts between elF2a-NTD and -CTD,*®¢: 54 which would also promote
elF2a binding to elF2Ba/p/6 in the preferred orientation, where elF2a contacts elF2Ba
and & (Figure 3B), directing elF2-y toward elF2By, and thus also favor the nonproductive
state. Therefore, it appears that elF2a phosphorylation shifts the equilibrium toward the
nonproductive complex by both stabilizing the nonproductive complex and destabilizing the
productive complex. Steric clashes would prevent simultaneous binding to the same
elF2Bye platform of elF2(a.-P) in the nonproductive orientation (Figure 3B), and elF2 in
the productive orientation (Figure 3A).2 As can be seen in Figure 4, there is no obvious
steric clash between elF2a and elF2a.-P bound in the elF2Ba/p/6 pocket. If binding of
elF2a and elF2a-P to the pocket is strongly anti-cooperative, then one elF2(a-P) molecule
could be sufficient to inhibit an entire elF2B decamer. Therefore, it is of great interest
whether unphosphorylated elF2a can bind to the same pocket where phosphorylated elF2
binds to.

Do other regulators of elF2B act by modulating the equilibrium between the productive
and nonproductive states?

In addition to elF2a phosphorylation, elF2B activity is regulated by phosphorylation of
elF2B itself and by a number of small molecules in the cell, such as ATP, AMP, and NADPH
(reviewed in ref. 3). The mechanism of action of elF2Be phosphorylation by GSK-3, or of
the other regulators is not known. As described above, the elF2BeelF2 complex appears to
be in equilibrium between a productive and nonproductive states, with elF2(a-P) shifting the
equilibrium toward the nonproductive state. It is, therefore, likely that other regulators of
elF2B activity also act by influencing this equilibrium. If this is indeed the case, such
regulators must also affect the degree of inhibition by elF2(a-P). If a regulator has lower
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affinity for elF2BeelF2(a-P)-GDP than for elF2B<elF2, then based on thermodynamic
coupling, the regulatoreelF2B complex has lower affinity for elF2(a.-P)-GDP, which would
reduce inhibition by elF2(a-P)-GDP (by raising its K;). Likewise, if a regulator shifts the
equilibrium of the elF2B<elF2 complex toward the nonproductive state, it would also
increase the elF2B affinity for elF2(a-P)-GDP and thus increase inhibition by elF2(a-P)-
GDP (by lowering its K|). There are at present no reports for such an interplay between a
regulator and elF2(a.-P)-GDP. However, a recent study offers some indirect evidence that
elF2B phosphorylation by GSK-3 could increase the inhibitory effect of elF2(a-P)-GDP,
because inactivation of GSK-3p and elF2Be dephosphorylation correlated with increased
elF2B activity, even in the presence of high levels of elF2(a-P).50

ISRIB mechanisms of action

ISRIB is one of the best-known regulators of elF2B activity.2% 61 It binds directly to elF2B
and was found to stimulate its activity at least in part by promoting formation of the elF2B
holoenzyme, the elF2B(afy8e), decamer.4”: 48 Whether this is indeed the main ISRIB
mechanism of action /7 vivo depends on whether elF2B decamerization is rate-limiting
(whether there are enough elF2B subcomplexes in the cell that ISRIB can act on). In
mammals, elF2B cellular concentrations vary depending on cell type but most estimates are
> 100 nM (reviewed in ref.18). At such concentrations the equilibrium should be shifted
heavily toward formation of elF2B decamers.4’: 2 The decamer is less stable at 5-20 nM
concentrations, typically used /in vitro; which could result in lower elF2B enzymatic activity,
and exaggerate the observed defects in decamerization, as well as the stimulating effect of
ISRIB. However, such conditions could also be more representative of elF2B concentration
and activity in terminally differentiated cells with lower translation rates, or in cells, where a
large fraction of elF2B is bound to the inhibitor elF2(a.-P)-GDP, and the concentration of
free active elF2B is low.

ISRIB also promoted formation of elF2B(By&e), octamers in the absence of elF2Ba.47: 48
a-less elF2B has been reported to be enzymatically active,56: 57 although the mammalian
elF2B(By6e), octamer appears to be less active than the elF2B holoenzyme.53 In contrast,
no such drop in activity was observed in yeast,?8 possibly because the yeast a-less elF2B
seems to form a stable octamer.** More importantly, a-less elF2B is not inhibited by elF2a
phosphorylation.58: 57 The new structures of the elF2B complexes with elF2 (substrate) and
elF2(a-P) (inhibitor) offer the structural basis for these findings. In the inhibited
elF2BeelF2(a-P) complex, elF2Ba mediates important contacts with elF2a.. In contrast, in
the productive elF2BeelF2 complex, elF2a only contacts elF2Bf and & from two different
elF2BR6 dimers, but not elF2Ba.. Therefore, an elF2B(By6e), octamer is sufficient for the
interaction with elF2, and elF2Ba. is not required for elF2B activity. However, the
mammalian elF2B octamer is less stable than the decamer, and elF2Ba should stimulate
elF2B activity indirectly by stabilizing the complex between the two elF2Bpy&e tetramers.

The idea that ISRIB stimulates the formation of elF2B(By5e), octamers that are both active
and resistant to elF2(a-P) inhibition is very intriguing, if elF2B sub-complexes are indeed
present /n vivo. Support for the existence of such sub-complexes in human cells comes from
a recent study of elF2B bodies (large cytoplasmic multiprotein assemblies observed by
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fluorescence), which reported evidence that such elF2B sub-complexes may indeed exist /n
vivo, and that ISRIB appears to promote their formation.®4 The authors observed larger
elF2B bodies with high degree of co-localization of all subunits, as well as small bodies,
most of which had only detectable elF2B-y and e (co-localization of all subunits did not
reach 100% even for the large elF2B bodies, which could be due to epitope accessibility,
sensitivity, or other issues). They also found that ISRIB caused increased elF2B&
localization to the small elF2B bodies, which coincided with increased cycling of elF2
through these bodies that was not inhibited by elF2(a-P). The ISRIB effect on elF2B&
localization was abrogated by a mutation in elF2B& that prevents ISRIB binding. elF2Bf
was not observed in the small bodies, which is surprising for several reasons: elF2Bf and &
form a stable heterodimer, required for elF2B$ stability;5% 65 ISRIB “staples” two elF2BB6
dimers together through contacts with both eIlF2Bf and &;47- 48 and last but not least,
elF2Bp and 6 together form the elF2a-binding site in the productive eFI2B:elF2 complex.
2,121t is not clear at this time whether the inability to observe elF2Bg in small bodies was
due to its actual absence, or to technical difficulties, such as the relevant epitopes being
sterically blocked.54 This uncertainty notwithstanding, the report indicates that elF2B sub-
complexes lacking elF2Ba do exist /n vivo and that ISRIB is able to promote their
formation and activity. The same is likely to be true also for the majority of elF2B
molecules, which are free and not part of these bodies.

It is currently not known with certainty whether ISRIB affects the equilibrium between the
productive and nonproductive elF2BeelF2 complexes, or the elF2B catalytic activity in the
productive complex. However, there is some experimental evidence suggesting that ISRIB
could act by destabilizing elF2(a.-P)-GDP binding,28: 62 in addition to its effect on
decamerization.

elF2B as a therapeutic target

elF2B and the Integrated Stress Response

As described above, regulation of elF2B activity is at the center of the Integrated Stress
Response (ISR) (Figure 1). The degree of ISR activation determines its effects on translation
of individual mMRNAs. For example, induction of full-blown ISR lowers the elF2-GTPsMet-
tRNA, ternary complex (TC) concentration to levels that cause reduced overall protein
synthesis, while turning on translation of a set of mMRNAs through a process called
translation reinitiation. Individual mMRNAs vary vastly in their sensitivity to reduced TC
concentrations and a number of mMRNAs coding for house-keeping proteins or proteins
required to mediate the stress response continue being translated during ISR, some of them
possibly also via TC-independent translation (reviewed in refs.” 20. 66.67) ' A more modest
ISR induction may have little effect on bulk translation, while still lowering TC
concentration enough to turn on translation of a subset of all the mMRNAs whose translation
is stimulated by full-blown ISR. An interesting example can be found in ref.60, where ISR is
part of a chain of events involved in axon directional migration during neural wiring.
Localized translation in the axon tip was reported to induce ISR, which in turn promotes
expression of a specific set of proteins. In this system, the ISR was found to be transient,
thanks at least in part to activation of elF2B by inhibition of the GSK-3p kinase and elF2Be
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dephosphorylation. Despite significant elF2a phosphorylation, there was no inhibition of
global protein synthesis or increase in translation of other ISR-inducible proteins, such as
the activating transcription factor 4 (ATF4).60

While ISR is triggered by a wide range of stress factors and signals that converge on elF2B,
it is hardly ever the only response to a given stress factor. Instead, ISR operates in
conjunction with other cell responses specific to the particular stress. To fully understand
each process, one needs to look at the interplay between the stressor itself, the ISR, and the
other cellular responses to the stress. For instance, accumulation of unfolded proteins in the
ER (ER stress), in the absence of adequate response, causes cell dysfunction and ultimately
leads to apoptosis. The ER stress triggers the unfolded protein response (UPR), which has
three branches, mediated by the inositol-requiring protein-1 (IRE1), the activating
transcription factor 6 (ATF6), and PERK. Of these, PERK activates the ISR, while IRE-1
and ATF6 activate other signaling pathways in the cell. The cumulative effect of all three
branches of the UPR, together with other processes in the cell, is reducing the load of
unfolded proteins in the ER and restoring proper cell function. While the stress responses
include activation of certain pro-apoptotic pathways, the interplay among pro-survival and
pro-apoptosis signals and the negative feedback built into the system ensure cell survival and
return to homeostasis in the majority of the cases (reviewed in ref.4). However, uncontrolled
stress response that is too strong and/or too prolonged can itself lead to cell death. This is the
case in a number of neurodegenerative disorders, where PERK-mediated ISR causes
apoptosis and accordingly, PERK inhibitors are neuroprotective.25: 27 Thus, in the case of
ER stress, the stress response needs to be strong enough to protect the cell from the stress,
but not too strong, which would itself cause apoptosis (see Figure 1, above). The opposite is
true in the case of viral infection, where the desired outcome is apoptosis, mediated at least
in part by PKR activation. For successful infection, the virus must avoid eliciting a full-
blown stress response and apoptosis, while moderate ISR can even be beneficial for the
virus, because it helps the cell coping with the stress caused by the mass production of viral
components. The same scenarios are observed in cancer. ISR is often needed for cancer cell
survival and growth, and its inhibition has been reported to cause cancer cell death.58 At the
same time, the cytotoxic effects of some anticancer drugs are mediated by induction of a
strong ISR, leading to apoptosis, and ISR suppression in this case confers resistance to the
anticancer treatment.59

Use of ISR inhibitors in neurodegenerative disorders

The reports that ISR is chronically activated in prion disease, and that PERK inhibitors are
neuroprotective, identified ISR as a promising therapeutic target in this and other
neurodegenerative disorders. However, PERK inhibitors are associated with pancreatic
toxicity. Then came the breakthrough discovery of ISRIB,2° which inhibits ISR to a lesser
degree than PERK inhibitors, but is nevertheless neuroprotective, without serious side
effects.25 As discussed above, ISRIB does not inhibit elF2a. phosphorylation. Instead, it
stimulates elF2B activity and reduces the inhibitory effect of elF2a.-P at intermediate levels
of elF2a phosphorylation, but is ineffective when a large fraction of elF2a is
phosphorylated. The list of animal models of neurodegenerative disorders, for which ISRIB
and other ISR inhibitors have been found to be neuroprotective, has been continuously

Biochemistry. Author manuscript; available in PMC 2021 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marintchev and Ito

Page 12

growing and, besides Prion Disease, now includes Alzheimer’s Disease,’? Frontotemporal
Dementia,’! Parkinson’s Disease,’? Traumatic Brain Injury,”> VWM,52: 74 and Down
Syndrome.” Recently, the Mental deficiency, Epilepsy, Hypogenitalism, Microcephaly, and
Obesity (MEHMO) syndrome, a rare X-linked intellectual disability, caused by mutations in
elF2y, was added to the list of diseases for which ISR inhibitors appear promising. It was
reported that ISR is constitutively activated in MEHMO patient-derived induced pluripotent
stem cells (iPSCs), and that ISRIB rescued the cell growth, translational, and neuronal
differentiation defects associated with a MEHMO mutation in elF2+.76

Due to its low solubility, ISRIB is not being considered as a potential drug in humans, but
rather as a proof of principle in animal models. Most of the activity currently is focused on
developing suitable ISRIB derivatives and on finding new drugs that inhibit ISR. An ISRIB
analog with better solubility was recently shown to be neuroprotective in an animal model of
VWM; however, unlike ISRIB, it had serious side effects.”’ It is not clear whether the
toxicity is a unique feature of this particular ISRIB analog, or is more generally due to its
higher solubility, which could increase its bioavailability in certain organs to undesired
levels. A screen of a library of FDA-approved drugs for ISR inhibitors yielded two
promising candidates: trazodone, an antidepressant, and dibenzoylmethane, an anti-cancer
drug candidate. Both of these drugs were neuroprotective in mouse models of Prion Disease
and Frontotemporal Dementia. Like ISRIB, these drugs inhibited ISR downstream from
elF2a phosphorylation, although their targets remain unknown.”8 While these results are
promising, other authors have cautioned that animal studies may not translate into success in
humans. In particular, clinical studies with trazodone have not shown clear indication of
improvement of cognitive function in Alzheimer’s disease patients,’® although this could
have been due to the dosage and duration used.80

In conclusion, the new structures of the elF2BeelF2 complexes now allow the rational design
of drugs that specifically inhibit or stimulate ISR. Depending on the disease being targeted,
the goal of therapeutic ISR manipulation would be either stimulation or suppression. ISR is
vital for every cell in the body; therefore, powerful ISR inhibition is likely to have undesired
side effects. For example, PERK inhibitors are neuroprotective in animal models of a
number of neurodegenerative disorders, but cause pancreatic and liver toxicity, whereas
ISRIB, which only moderately suppresses ISR, is neuroprotective without serious side
effects.25-30 Another potential issue is that, even if an ISR inhibitor can be neuroprotective
at doses that do not cause serious side effects, in the long term the stress itself could cause
cell dysfunction or death. Therefore, it appears that the most promising approach, at least
with respect to neurodegenerative disorders, is to explore combination therapies with drugs
that target the cause of the stress and ISR inhibitors that reduce the excessive stress response.
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Figure 1. Regulation of elF2B and the Integrated Stress Response (ISR)
elF2 brings the Met-tRNA, to the ribosomal translation initiation complex, in the form of the

elF2-GTP+<Met-tRNA; ternary complex (TC). Upon start codon recognition, elF2 hydrolyzes
GTP, and elF2-GDP is released. elF2B catalyzes nucleotide exchange and Met-tRNA;
binding to form a new TC. Phosphorylation of the a-subunit of elF2 by several stress-
activated kinases turns elF2-GDP from substrate into an inhibitor of elF2B. Inhibition of
elF2B activity triggers the ISR, which involves both pro-apoptotic and pro-survival
pathways. The ultimate fate of the cell depends on the interplay between the stress, the pro-
survival and pro-apoptotic branches of the ISR, and other stress responses in the cell. The
stress response is usually proportional to the stress and self-contained through negative
feedback. In the absence of adequate stress response, the stress factors can cause cell
damage and death. At the opposite end of the spectrum, stress response that is too strong
and/or prolonged can itself cause apoptosis.
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elF2 “10

Figure 2. Crystal structure of S. pombeel F2B.!
The structure of elF2B is shown in surface representation. The individual elF2B subunits are

labeled. Sites of cross-linking to elF2-y (left and right) and elF2a (center) and are colored
red and circled. The second elF2a-binding pocket (not visible) is on the opposite face of the
complex. The two alternative binding modes of elF2 (shown in gold ribbon), involving the
visible elF2a.-binding pocket on the front, are illustrated with dashed arrows above and
below the elF2B structure, and numbered as in the text. Note that the same two alternative
elF2 binding modes are possible on the opposite face of elF2B, but not shown for clarity.
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Figure 3. Structure of the elF2B complexes with elF2 and elF2(a.-P)
A. Structure of the productive elF2BeelF2 complex.2 elF2B is in approximately the same

orientation as in Figure 2. elF2a and -y are colored gold; the visible portion of elF2p is
orange. The structure is similar to the structure of the elF2BeelF2 complex in
reference!2. The alternative elF2a- and elF2y-binding surfaces observed in the structure of
the elF2BeelF2 complex from referencel are circled and labeled. Note that the elF2BeelF2
structure in referencel3 is similar to the structure of the nonproductive elF2BeelF2(a.-P)
complex?: 1316 (panel B).

B. Structure of the nonproductive elF2BeelF2(a.-P) complex.2 The orientation and coloring
are the same as in panel A. The structure is similar to the structures of the elF2BeelF2(a.-P)
complex in references!3 16, and to the structure of the elF2BeelF2 complex in referencel3.
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Figure 4. elF2a binding in the productive and nonproductive elF2BselF2 complexes
elF2B is in a similar orientation to that in Figure 2. The coloring is as in Figure 2, but with

more aggressive shading, to zoom in on the elF2a interface. More distant portions of the
complex are invisible due to shading or are cut out. elF2a-NTD from the nonproductive
elF2BeelF2(a-P) complex (left) and from the productive elF2B+elF2 complex (right)? are
shown as gold ribbon. The rest of elF2 is not shown. Residues in elF2B subunits
corresponding to sites of Ged™ mutations in S. cerevisiae are colored black; residues
corresponding to sites of Gen™ mutations in S. cerevisiae are colored red; Q130 in human
elF2Bp, corresponding to the site of a lethal mutation in S. cerevisiae is colored magenta.
Residues discussed in the text are labeled. The residues in human elF2a., corresponding to
the sites of the Y81S and R88T Gen™ mutations in S. cerevisiae elF2a., are shown as orange
sticks (not labeled).
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