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Phosphorylation of the translation initiation factor elF2 is one of the most widely
used and well-studied mechanisms cells use to respond to diverse cellular stresses.
Known as the integrated stress response (ISR), the control pathway uses modula-
tion of protein synthesis to reprogram gene expression and restore homeostasis.
Here the current knowledge of the molecular mechanisms of eIF2 activation and its
control by phosphorylation at a single-conserved phosphorylation site, serine
51 are discussed with a major focus on the regulatory roles of elF2B and elF5
where a current molecular view of ISR control of eIF2B activity is presented. How
genetic disorders affect eIF2 or elF2B is discussed, as are syndromes where excess
signaling through the ISR is a component. Finally, studies into the action of
recently identified compounds that modulate the ISR in experimental systems are
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discussed; these suggest that eIF2B is a potential therapeutic target for a wide range
of conditions.
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1 | INTRODUCTION

The integrated stress response (ISR) is the name attributed to a series of related stress sensing pathways that regulate gene
expression and converge to regulate protein synthesis via a common mechanism (Figure 1; Harding et al., 2003). The signal-
ing mechanisms allow a wide range of diverse signals to activate a common pathway that involves a widespread reprogram-
ming of protein synthesis including both a global repression of mRNA translation as well as the activation of translation on
specific mRNAs. Activated mRNAs encode proteins with specific roles in overcoming cell stress to restore homeostasis. They
typically contain one or more upstream open reading frame (WORF) that normally function in unstressed cells to limit the flow
of ribosomes to the main coding ORF. However, following stress signaling, translation of the main ORF is upregulated facili-
tating cellular stress responses (Hinnebusch, Ivanov, & Sonenberg, 2016; Young & Wek, 2016).

2 | OVERVIEW OF THE ISR

The signaling mechanism known as the ISR was first described for the activation of the yeast transcription factor Gen4 follow-
ing amino acid starvation in a series of elegant papers from the Hinnebusch laboratory, that established that translational con-
trol by phosphorylation of elF2a could confer a rapid cellular response to stress by reprogramming gene expression, a
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FIGURE1 Overview of translational control of eIF2 during the ISR. Left, main steps in activation of eIF2 for translation that typically repress uUORF
mediated translation. Right, ISR by reversible phosphorylation of eIF2a (red arrows) mediated by specific kinases (red text and arrows) to promote uORF
translation and that is reversed by the action of PP1 phosphatase complexes (green text and arrows)

response that is known as general amino acid control (Dever et al., 1992; Hinnebusch, 2005). It was subsequently shown that
similar response pathways act in mammalian cells, where multiple upstream activators were found to converge to downregu-
late global protein synthesis and at the same time upregulate expression of the transcriptional activator ATF4 via a similar
mechanism involving altered translation of upstream ORFs (uORFs), leading the idea of an integrated common response to
stress or ISR (Harding et al., 2003; Lu, Harding, & Ron, 2004; Vattem & Wek, 2004). We now know that ATF4 is one of sev-
eral mammalian mRNAs activated by this stress response mechanism (see below) (Hinnebusch et al., 2016; Young &
Wek, 2016).

Here an overview of the ISR and its importance in both mammals and yeast is described. As there are other excellent
recent reviews that focus on the upstream signaling and downstream outputs (Baird & Wek, 2012; Donnelly, Gorman,
Gupta, & Samali, 2013; Pakos-Zebrucka et al., 2016), instead here a greater emphasis is placed on describing the mechanism
of control of the activity of the translation initiation factor eI[F2B, which acts as a central point, or hub, of the regulatory mech-
anism because phosphorylation of its substrate eIF2 blocks eIF2B activity causing changes in the initiation of protein synthe-
sis. When unbalanced, inappropriate activation or a failure to activate the ISR response can contribute to a wide range of
conditions.

2.1 | Kinases respond to different stresses by phosphorylating elF2a

The ISR relies on a signaling relay, such that once stimulated, a protein kinase is activated that attenuates global protein syn-
thesis, but enables gene-specific translational activation. These ISR protein kinases each phosphorylate the same single serine
residue (known as ser’') on the alpha subunit of the global eukaryotic translation initiation factor 2 (eIF2). This initiates
the ISR.

In yeast Saccharomyces cerevisiae, a single kinase Gen2 (general amino acid control nonderepressible 2) responds to a
range of stresses including amino acid starvation, purine starvation, oxidative stress and salt stress to phosphorylate elF2a.
Phosphorylated elF2 [eIF2(aP)] attenuates e[F2B and causes both the reduction in translation initiation globally, but activation
of GCN4 mRNA translation. Gen4 stimulates a diverse transcription program that includes activation of genes that will enable
yeast cells to tackle the cellular stress imposed and resume normal growth (Hinnebusch, 2005). Once the stress is resolved,
ser’! is dephosphorylated by the action of protein phosphatase 1 (PP1), Glc7 (Dever, Kinzy, & Pavitt, 2016; Hinne-
busch, 2005).
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In metazoa, the ISR is expanded to include four protein kinases with diverse regulatory domains, but with related catalytic
domains (Donnelly et al., 2013; Pakos-Zebrucka et al., 2016; Taniuchi, Miyake, Tsugawa, Oyadomari, & Oyadomari, 2016).
In humans, the genes have systematic names EIF2AK1—4, but the proteins retain additional more common use names. GCN2
(EIF2AK4) is named as its yeast counterpart and senses the level of tRNA amino-acylation. PKR (double-stranded [ds] RNA-
activated protein kinase or EIF2AK?2) responds to dsRNA produced during viral infections. Heme-Regulated Inhibitor (HRI
or EIF2AK1) responds to heme deficiency and PKR-like endoplasmic reticulum (ER) kinase (PERK or EIF2AK3) is part of
the widely studied unfolded protein response that senses unfolded proteins in the ER (Baird & Wek, 2012; Walter & Ron,
2011). The kinases are expressed across different tissues in latent forms where altered interactions with ligands contribute to
kinase activation. For example, the binding of deacylated tRNA activates GCN2 (Dong, Qiu, Garcia-Barrio, Anderson, & Hin-
nebusch, 2000; Qiu, Dong, Hu, Francklyn, & Hinnebusch, 2001), while viral dSRNA binding activates PKR (Dar, Dever, &
Sicheri, 2005; Dey, Cao, et al., 2005). In contrast ligand binding inhibits HRI. HRI is expressed in erythroid cells where it
binds a regulatory heme that inhibits its kinase activation; hence heme limitation stress releases heme from the kinase to acti-
vate HRI (Chen, 2007). Finally, PERK resides across the ER membrane and is thought to bind either to ER-resident chaper-
ones that repress activation or conversely to unfolded proteins that stabilize active PERK multimers (Walter & Ron, 2011).
Each kinase is active as a homodimer and trans-autophosphorylation promotes their activation prior to eIF2a phosphorylation
(Dey, Cao, et al., 2005; Dey, Cao, Sicheri, & Dever, 2007). The elF2 kinases recognize sequences around ser’! as well as a
separate conserved motif 20 A away on the surface of elF2x to facilitate ser>' phosphorylation (Dey, Trieselmann, et al.,
2005). As phosphorylation of elF2 can lead to a global shut-down of cytoplasmic protein synthesis, the ISR is under tight
control.

Phosphorylation of elF2« at ser’' has been described as applying a brake to protein synthesis (Sidrauski et al., 2013). It
does this by reducing the levels of the active form of elF2 (eIF2-GTP). Active elF2 delivers initiator tRNA (tRNAM®Y to
ribosomes as an elF2-GTP—tRNA;" complex known as ternary complex (TC). In addition to ribosome binding, TC facili-
tates AUG start codon recognition. Hence elF2 is critical for global protein synthesis and its structure and functions are
described in more detail below. Following AUG recognition, elF2 is released from the ribosome in an inactive GDP-bound
form. eIF2 interaction with two regulatory initiation factors elF2B and eIF5 control eIF2 activity. It is the ability of eIF2B to
act as a guanine nucleotide exchange factor (GEF) which stimulates the release of GDP and reactivation of elF2 that promotes
protein synthesis (Figure 1). ISR signaling and ser’' phosphorylation inhibit eIF2B GEF effectively because eIF2B levels are
lower than eIF2 and thereby limits TC levels. These events are discussed in more detail in separate sections below, where a
model for the combined actions of eIF5 and eIF2B in elF2 activation and the ISR are described.

2.2 | uORF-regulated mRNAs in the ISR

2.2.1 | Global attenuation of protein synthesis

elF2(aP) accumulation and eIF2B inhibition are critical for two opposing translational control elements of the ISR. First, the
global reduction in protein synthesis and, second, gene-specific activation of translation. Global inhibition of translation initia-
tion can be observed by fractionating extracts of growing cells on sucrose gradients-termed polysome profiles. Actively grow-
ing cells maintain a large population of mRNAs engaged with multiple ribosomes called polysomes. Inhibition of translation
initiation causes fewer ribosomes to engage productively with mRNAs and consequently as elongating ribosomes reach stop
codons and disengage the total population of actively translating ribosomes falls causing a reduction in polysome abundance
and instead a peak corresponding to inactive 80S monosomes is typically enhanced (Figure 2a). This indicates that globally
across a cell population translation activity of most mRNAs is reduced (Figure 2b). Increased elF2(aP) is one prominent cause
of global changes in translation initiation in response to stress (Simpson & Ashe, 2012; Spriggs, Bushell, & Willis, 2010).
Codon resolution measures of ribosome engagement with individual mRNAs =+ stress can be measured by ribosome footprint-
ing (Ingolia, Ghaemmaghami, Newman, & Weissman, 2009; Sidrauski, McGeachy, Ingolia, & Walter, 2015). During periods
of acute stress translationally stalled mRNAs can accumulate into stress granules within the cytoplasm that also include a
range of RNA-binding proteins and some translation factors (Buchan, Yoon, & Parker, 2011; Kedersha, Ivanov, & Anderson,
2013). These are thought to be sites in which mRNAs are stored awaiting signals for resumed growth or possibly for engage-
ment with RNA-decay factors. Prolonged co-occurrence of stress granules and elF2(aP) have been associated with neurode-
generation (Kim et al., 2014).

2.2.2 | ISR-activated mRNAs
In addition to the widespread translational repression, some mRNAs are translationally maintained or induced. Some can be
translated in an elF2-independent manner, when eIF2 is inactivated. Translation mechanisms include Internal Ribosome Entry

Sites (IRESes), sequences within mRNA 5’ leaders that facilitate a cap-independent mode of translation initiation (Kim, Park,
Park, Keum, & Jang, 2011; Spriggs et al., 2010; Thakor & Holcik, 2012). Non-AUG codon initiation has also been observed
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FIGURE 2  Effects of ISR on mRNA-ribosome interactions. (a) Typical polysome profiles (A4 profile) from cell extracts sedimented on 15-50% sucrose
gradients from active and stressed cells. Cartoon of ribosome engagement with single ORF mRNA (b) or uORF bearing mRNA (c) under variable levels of
elF2 phosphorylation during the ISR. Table summarizes translation state for different mRNA classes

to increase following stress (Ingolia et al., 2009). For some mRNAs, this may be via an alternative initiation factor, elF2A,
which was found necessary for hepatitis C virus translation in infected cells (Kim et al., 2011) as well as some cellular tran-
scripts (Starck et al., 2012, 2016). However, one major class of ISR-activated mRNAs require elF2. These contain one or
more uORFs, that is coding regions within the 5" leader of an mRNA, upstream and often out of frame with the main coding
ORF (Figure 2c¢). It is now recognized that as many as 50% of mouse and human genes have uORF coding potential (Calvo,
Pagliarini, & Mootha, 2009) uORFs lower expression of the main ORF because the normal scanning mechanism of translation
initiation favors initiation at the 5" AUG codon (Dever et al., 2016; Hinnebusch, 2017). Ribosome footprinting confirmed that
many uORFs are occupied by ribosomes and revealed that non-AUG codons can also be used to initiate uORF translation
(Ingolia et al., 2009; Lee et al., 2012; Starck et al., 2016).

2.2.3 | Ribosome reinitiation control

GCN4 in yeast was the first mRNA shown to possess uORFs that regulate its translation in response to ISR signaling (Dever
et al., 2016; Hinnebusch, 2005). GCN4 mRNA contains four short uORFs with different functions in control. Analyses show
that GCN4 has both reinitiation promoting uORFs (1 and 2) that retain 40S ribosomes following stop codon recognition and
inhibitory reinitiation-preventing uORFs (3 and 4) that terminate translation and release ribosomes. Reinitiation promoting
uORFs enable 40S ribosomes to resume scanning downstream to facilitate further initiation events on the same mRNA. In
contrast reinitiation-preventing uORFs terminate translation and release ribosomes in the normal way. These elements com-
bine to repress GCN4 translation during conditions of low elF2 phosphorylation and high TC availability (by translating
uORF1 (or 2) and uORF3 (or 4). Following stress and reduction of TC levels a higher proportion of reinitiating ribosomes
(after translating uORFs 1 or 2) lack TC and bypass the inhibitory uORFs 3 and 4, but if they acquire TC before reaching the
GCN4 AUG they can initiate there and increase dramatically the expression of Gen4 to reprogram transcription (Dever et al.,
2016; Hinnebusch, 2005).

Minimally one reinitiation promoting followed by one reinitiation preventing uORF are required for the regulated reinitia-
tion mechanism to operate. Regulated reinitiation mechanisms that are operationally equivalent to GCN4 have been demon-
strated for uORF-containing transcripts in mammalian cells (Hinnebusch et al., 2016; Young & Wek, 2016) including ATF4
(Vattem & Wek, 2004), the o isoform of ATF5 (Zhou et al., 2008), that each contain two uORFs one of each type in the same
order as found in GCN4. ATF4 is the most intensely studied mammalian ISR gene, as recently reviewed (Pakos-Zebrucka
etal., 2016).

2.2.4 | Regulated ribosome stalling

Different mechanisms by which uORFs can effect ISR activation have also been characterized. C/EBP-homologous protein
(CHOP, also called GADD153) mRNA possesses a single inhibitory uORF, that contains peptide sequences that stall elongat-
ing ribosomes to prevent reinitiation at the CHOP ORF. The uOREF is bypassed during the ISR to promote CHOP expression
(Palam, Baird, & Wek, 2011; Young, Palam, Wu, Sachs, & Wek, 2016). GADD34 mRNA contains uORFs and is also trans-
lated via regulated ribosome bypass (Young, Willy, Wu, Sachs, & Wek, 2015). A weak initiation codon context was proposed
to contribute to CHOP uOREF bypass and this may contribute to other uORF control.
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It should be emphasized that while uORFs are generally inhibitory to translation of the main ORF, not all uORFs enable
ISR-regulated translational control. CReP encodes the constitutive PP1 regulatory subunit (also called PPP1R15B) and its
mRNA has two uORFs that do not impart ISR control, instead both impair CReP expression under both stressed and
unstressed conditions (Young et al., 2015).

2.2.5 | Other elements contribute to uORF control

As the presence of uORFs alone is not predictive of control, then other 5’ leader elements must contribute. For GCN4, the best
studied system, reinitiation-promoting sequence motifs have been identified upstream and downstream of uORFs 1 and 2 that
help retain 40S ribosomes and elF3 to facilitate control (Gunisova & Valasek, 2014; Mohammad, Munzarova Pondelickova,
Zeman, Gunisova, & Valasek, 2017; Munzarova et al., 2011; Szamecz et al., 2008). ATF4 uORF1 also retains eIlF3 and ribo-
somes to promote reinitiation (Hronova et al., 2017). Hence elF3 retention signals are likely to be generally important for con-
trolled reinitiation events following the translation of a short uORF. In addition, it was recently suggested that variable mRNA
5" leader methylation, specifically N®-methyladenosine (m6A), contributes to ATF4-regulated reinitiation. m6A at a site in
uORF2 enhances ribosome stalling and uORF2 recognition in unstressed cells and this modification is diminished in amino
acid-starved cells to facilitate ribosome skipping of uORF2 and enhanced ATF4 translation (Zhou et al., 2018). Hence there
remain questions concerning the precise mechanisms of uORF control by either ribosome bypass or regulated reinitiation and
new examples of uORF-regulated genes are being characterized, some of which likely respond in tissue-specific ways
(Onofre, Tome, Barbosa, Silva, & Romao, 2015).

2.2.6 | uORF mutations and polymorphisms

It should be noted that an increasing number of uORF mutations have been associated with disorders and with human poly-
morphisms (Calvo et al., 2009). In general, adding an extra uORF reduces translation of the main ORF, while loss of a uORF
may enhance translation. Both loss and gain of uORFs have been associated with altered main ORF translation rates that con-
tribute to human genetic conditions as recently reviewed (Barbosa, Peixeiro, & Romao, 2013). In addition to rare mutations,
common polymorphisms also create or remove uORFs. In one recent example, a uORF-creating polymorphism widespread in
world populations was shown to confer ISR sensitivity to ERCCS5 expression levels. Because chemotherapy treatment induced
the ISR, and as ERCCS5 promotes DNA-repair pathways, the polymorphism variant with two uORFs was associated with a
poorer cancer chemotherapy treatment survival rate in ependymoma, a form of glioma (Somers et al., 2015).

2.2.7 | ISR-activated RNAs restore homeostasis

mRNAs that are preferentially translated by the ISR typically act to facilitate cellular recovery to restore homeostasis. In the
yeast ISR, Gen4 activates transcription of over 500 genes in response to amino acid limitation, including biosynthetic enzymes
for 19/20 common amino acids (Natarajan et al., 2001). Similarly in metazoa ATF4 and ATF5 activate transcriptional pro-
grams that differ by cell type (Baird & Wek, 2012; Fusakio et al., 2016; Harding et al., 2003). Several transcriptionally
induced mRNAs bear uORFs facilitating temporal activation of different mRNAs in the ISR. For example, one mRNA acti-
vated transcriptionally by ATF4 is GADD34 that is then ISR activated translationally by its 5’ leader (Young et al., 2015).
GADD34 (also called PPP1R15A) encodes a PP1 elF2a phosphatase regulatory subunit that acts to reset ISR control as stress
is overcome. However, if stress cannot be managed and normal homeostasis is not restored, cells may enter a chronic stress
state (Guan et al., 2017) or induce cell death pathways including apoptosis, as recently reviewed (Pakos-Zebrucka et al.,
2016). A failure to induce the ISR or a failure to restore homeostasis and downregulate the ISR can cause serious conse-
quences as described in a separate section below.

2.3 | eIF2 phosphoprotein phosphatases reset the ISR

Once a stress has been resolved elF2 must be dephosphorylated so that normal protein synthesis and cellular activity can
resume. Protein phosphatases are typically composed of generic catalytic subunits and specific regulatory subunits that pro-
vide substrate specificity to the dephosphorylation reaction. In the mammalian ISR, a PP1 catalytic subunit interacts with two
separate regulatory subunits GADD34 (ISR-induced) and CReP (constitutively expressed) to downregulate elF2(aP) (Connor,
Weiser, Li, Hallenbeck, & Shenolikar, 2001; Jousse et al., 2003; Novoa, Zeng, Harding, & Ron, 2001) (Figure 1). The critical
role of these proteins in controlling elF2a phosphorylation and mammalian development was elegantly demonstrated by
mouse knockout studies. Cells deleted for CReP increased both basal and ISR activated eIlF2(aP) levels higher than controls.
The mice had severe growth retardation and impaired erythropoiesis (Harding et al., 2009). GADD34 knockout cells only
affect ISR activated elF2(aP) levels (Brush, Weiser, & Shenolikar, 2003; Kojima et al., 2003) and knockout mice have mildly
impaired erythropoiesis among other defects. Combining both GADD34/CReP knock outs conferred early embryonic lethality
(Harding et al., 2009). Hence regulated phosphorylation of elF2a is a major function of CReP and GADD34, and both
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hyperphosphorylation of eIF2a or its hypophosphorylation are lethal, as eIlF2a S51A homozygous mice die from hypoglycae-
mia soon after birth (Scheuner et al., 2001). As indicated above, GADD34 is both transcriptionally and translationally regu-
lated by the ISR, such that its expression timing coincides with the cellular requirement to downregulate the ISR.

In the yeast ISR, the PP1 catalytic subunit homolog Glc7 has been implicated as a el[F2a phosphatase for a long time
(Wek, Cannon, Dever, & Hinnebusch, 1992), but it was only recently that its e[F2-targeting mechanism was uncovered. Yeast
cells lack clear homologs of CReP and GADD34 and instead Glc7 binds to PP1 via a unique amino terminal domain (NTD)
extension found in the yeast eI[F2 gamma subunit that shares motifs with other PP1 regulatory subunit interaction motifs
(Rojas, Gingras, & Dever, 2014). Thus, the yeast targeting/regulatory protein is actually a domain of the PP1 substrate elF2.
The elF2y domain was proposed to function as a constitutive targeting domain analogous to CReP function in mammalian
cells rather than the stress inducible GADD34 (Rojas et al., 2014).

In summary, the ISR provides a regulatory loop to modulate translation and transcription events in response to diverse cell
stresses to control cellular activity and restore homeostasis. When stress is prolonged, or cannot be resolved it results in a
range of different diseases. At the hub of this regulatory mechanism is the phosphorylation of elF2 that controls translation ini-
tiation, reducing the rate of global 5’ cap-dependent events and activating translation of ISR-responsive genes (Figure 1). This
regulation requires a series of interactions between elF2, elF5, and elF2B that are modulated by the change in phosphorylation
status of elF2. In the next sections of this review, the current understanding of the roles and interactions of these factors is
described along with a speculative step-by-step model for eIF2 activation and its control in the ISR.

3 | THE ROLE OF eIF2 IN THE INITIATION OF PROTEIN SYNTHESIS

Accurate initiation of protein synthesis is critical for cells to express the correct proteins. elF2 is central to this process as it
binds to initiator tRNA (tRNA;M®) in the cytoplasm of all eukaryotic cells and delivers it to ribosomes, where it helps locate
the AUG codon on a bound mRNA. Cells specify separate initiator and elongator methionyl tRNAs that can base-pair with
AUG codons. eIF2 binds specifically to tRNA;™®. This tRNA specificity is determined by a combination of differences
between the elongator and initiator tRNA sequences and RNA base modifications that ensure eIF2 binds to tRNA;M" and
elongation factor eEF1A does not (Kolitz & Lorsch, 2010). elF2 is a guanine-nucleotide binding protein and its GDP/GTP-
bound status dramatically alters its affinity for tRNA;™®, such that the GTP-bound form has high affinity for tRNA;M"
(1 nM), while the eIF2-GDP complex has 50- to 100-fold lower affinity (Algire, Maag, & Lorsch, 2005; Jennings, Kershaw,
Adomavicius, & Pavitt, 2017). The eIF2-GTP-tRNA;M' complex, typically called the TC, is a key intermediate in the transla-
tion initiation pathway (Figures 1 and 3). eIF2 itself is a heterotrimer of o, 8, and y subunits. elF2y is the core subunit that
binds GDP/GTP and tRNA;™®, while elF2a assists with tRNA;""*-binding and AUG codon recognition. eIF2p makes multi-
ple interactions with eIF2 ligands as well as other translation factors important for eIF2 function in translation and its control
(Figure 3; Dever et al., 2016; Hinnebusch, 2017; Hussain et al., 2014; Llacer et al., 2015).

In the cap-dependent initiation pathway, elF2 binds to the small ribosomal subunit (40S) to form a preinitiation complex
(PIC) with eIF1, eIF1A, elF3, and eIF5. This PIC binds an eIF4F-bound mRNA near to the 5’ methylguanosine cap structure.

a b
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FIGURE 3 The structure of eIF2 TC. (a) eIF2 bound to tRNA;M* and the GTP analog GDPCP, drawn with Chimera software using the PDB file 3JAP. A
transparent surface and secondary structure elements (SSE) are shown. Ser’" is highlighted in space-fill (red). eIF2 shown is taken from a larger partial yeast
PIC structure (PDB file 3JAP) (Llacer et al., 2015). (b) Cartoon image indicating major protein interaction partners important in the ISR
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elFs 4A and 4B help eliminate mRNA secondary structure to promote PIC-mRNA interactions (Hinnebusch, 2014; Merrick
& Pavitt, 2018). Recent evidence from in vitro reactions suggests that the PIC is threaded on to the mRNA so that tRNA;M®!
can recognize AUG codons close to the 5" cap (Kumar, Hellen, & Pestova, 2016). From here, elFs 1, 1A, 3, 4A, and 4B pro-
mote “scanning” of the PIC along the mRNA 5’ leader seeking an AUG codon in an appropriate context for base-pairing and
initiation. Typically the first encountered AUG in a good context is used to initiate protein synthesis. Optimal AUG codons
include a purine nucleotide at the —3 position. eIF2a makes contacts here that help in AUG recognition (Hussain et al., 2014;
Llacer et al., 2015; Pisarev et al., 2006). elFs 1, 2, 3, and 5 as well as the 40S ribosome all contribute to accurate AUG recog-
nition. This has been demonstrated in yeast by the isolation of mutations in each of these factors (termed Sui~ mutations) that
enable enhanced initiation at UUG and reduced AUG recognition (Dever et al., 2016). Importantly, structural analyses have
demonstrated the residues mutated in each factor typically mediate important interprotein or protein—RNA contacts critical for
accurate recognition of AUG codons, highlighting the critical contribution of each factor to this process (Hinnebusch, 2017).

On start codon recognition there is a major rearrangement of factors, 40S and tRNA;" that accompany relocation and
subsequent release of elF1 (Cheung et al., 2007). These distinct conformations are called “open” (scanning) and “closed”
(AUG recognition) states. Recent structural analysis of partial yeast initiation complexes has revealed many of the conforma-
tional changes in molecular detail (Hussain et al., 2014; Llacer et al., 2015). In either state, the GTP bound to elF2 is hydro-
lysed to GDP + phosphate (Pi) and upon AUG recognition the complex reorganization likely acts as a signal to permit Pi
release. The resulting elF2-GDP has significantly reduced affinity for tRNA;M®, prompting e[F2-GDP release from tRNA;M*
and the PIC. These events likely commit the ribosome to initiating at the bound AUG by prompting 60S joining so that the
translation elongation phase can proceed (Hinnebusch, 2014; Hinnebusch, 2017; Merrick & Pavitt, 2018). Released factors
participate in new rounds of initiation on the same or other mRNAs.

4 | TRANSLATIONAL CONTROL BY THE COMBINED ACTIONS OF EIF2B AND EIF5

Key to both continued translation initiation and its regulation by the ISR is the regulation of the activity of elF2. eIF2 is a
member of the conserved G protein superfamily and its nucleotide status is modulated by the translation factors elF5 and
elF2B that function analogously to regulators of other G proteins.

4.1 | eIF5

elF5 acts as a GTPase-activating protein (GAP) to promote hydrolysis of eI[F2-GTP to e[F2-GDP. elF5 GAP only acts within
the context of a 40S-bound TC during scanning or at AUG codons. It does not hydrolyse GTP within free TC/eIF5 complexes
(Algire et al., 2005; Majumdar & Maitra, 2005; Paulin, Campbell, O'Brien, Loughlin, & Proud, 2001), suggesting that other
factors and/or the 40S ribosome contribute to GAP action. GAP activity requires the NTD of eIF5 (eIF5™'P) (Algire et al.,
2005; Majumdar & Maitra, 2005; Paulin et al., 2001). The position of elF5 within the 48S PIC was not well resolved in avail-
able structures (Hussain et al., 2014; Llacer et al., 2015; Simonetti et al., 2016). Indeed eIF5 may change position within the
complex between scanning and AUG recognition steps prior to its release from initiating ribosomes with elF2-GDP
(Obayashi et al., 2017).

elF5 binds to both elF2f and y subunits (Alone & Dever, 2006; Asano, Krishnamoorthy, Phan, Pavitt, & Hinnebusch,
1999; Das, Maiti, Das, & Maitra, 1997; Jennings & Pavitt, 2010a) and with equal affinity for both e[F2-GDP and TC forms
(Algire et al., 2005) (Figure 3b). Hence eIF2-GDP is released from the PIC in complex with eIlF5 (Singh et al., 2006)
Although eIF2 binds GDP more tightly than GTP (Erickson & Hannig, 1996; Jennings et al., 2016), eIF5 further enhances the
affinity of yeast elF2 for GDP and therefore prevents premature elF2B-independent release of GDP from elF2y (Jennings
et al., 2016; Jennings & Pavitt, 2010b). This GDP dissociation inhibitor (GDI) activity requires both the elF5 carboxy-terminal
HEAT domain (CTD) and conserved residues within the linker region (termed the DWEAR motif') that joins the indepen-
dently folded eIF5N™ and eIF5°™ (Jennings & Pavitt, 2010b). eIF2f also contributes to the GDI activity, as a missense
mutation in elF2 beta mimics GDI mutations that inactivate eI[F5 GDI (Jennings et al., 2016). In yeast, GDI mutants bypass
the normally tight control of translation initiation and impair the activation of GCN4 translation during stress. Thus, the GDI
function is important for tight phosphoregulation of elF2 during the ISR because it likely limits unregulated elF2B-
independent release of GDP from elF2. It is not yet clear if elF2—GDP/elF5 interactions are important in the mammalian ISR.
GDP is more tightly bound to human elIF2 than the yeast complex and was not further stabilized by eIF5 in vitro (Sokabe, Fra-
ser, & Hershey, 2012), but the DWEAR motif is conserved (Jennings & Pavitt, 2010b), and overexpression of elF5 in human
cells activates ATF4 reporter plasmids, in a manner similar to prior findings overexpressing elF5 in yeast cells (Asano et al.,
1999; Kozel et al., 2016; Singh et al., 2006). These data and recent modeling approaches suggest that e[F2—GDP/elF5
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interactions are critical for the yeast ISR and may be relevant to mammalian translation and the ISR (Bogorad, Lin, & Mar-
intchev, 2018; Khan, Spurgeon, & von der Haar, 2018).

4.2 | eIF2B

To activate eIlF2 and promote translation, eIF2—-GDP/elF5 complexes are actively dissociated by free eIF2B, enabling nucleo-
tide exchange to form e[F2-GTP (Jennings, Zhou, Mohammad-Qureshi, Bennett, & Pavitt, 2013). Thus, eIF2B is both a GDI-
displacement factor (or GDF) and a guanine-nucleotide exchange factor (GEF) for eIF2 (Jennings & Pavitt, 2014). In yeast,
both activities are necessary to activate elF2 to promote TC formation for each round of protein synthesis initiation as muta-
tions that primarily affect GDF (Jennings et al., 2013) or GEF (Gomez & Pavitt, 2000; Mohammad-Qureshi, Haddad, Hem-
ingway, Richardson, & Pavitt, 2007) activities are known. Only the GEF function has been studied for human eIF2B, where
mutations reducing e[F2B GEF cause the fatal leukoencephalopathy childhood ataxia with central nervous system hypomyeli-
nation/ vanishing white matter disease (CACH/VWM; OMIM 603896) (Fogli & Boespflug-Tanguy, 2006; Li, Wang, Van
Der Knaap, & Proud, 2004; Scheper, Proud, & van der Knaap, 2006), although not all CACH/VWM mutations appear to
impair GEF activity in vitro (Liu et al., 2011). CACH/VWM is discussed further in a separate section.

elF2B is a large protein complex with subunits designated a-e encoded by five genes (EIF2BI-5 in humans) that was
recently shown to be a decamer complex (a dimer of pentamers) approaching 600 KDa (Gordiyenko et al., 2014; Kashiwagi
et al., 2016; Wortham, Martinez, Gordiyenko, Robinson, & Proud, 2014). The crystal structure of Schizosaccharomyces
pombe elF2B shows that it has a “regulatory” hexameric core in which an eIF2B o tetramer is bound to an o dimer that sits
on the “back”, forming two symmetrical heterotrimers, each capable of binding elF2a (Kashiwagi et al., 2016; Figure 4a and
b), in agreement with prior structural studies of the e[F2Bf0 interactions (Bogorad et al., 2014; Kuhle, Eulig, & Ficner, 2015).
A wealth of genetic and biochemical studies implicate the e[F2Bafd core subunits in direct binding of elF2a (Figure 4c; Dev
et al., 2010; Dey, Trieselmann, et al., 2005; Kashiwagi et al., 2016; Kimball, Fabian, Pavitt, Hinnebusch, & Jefferson, 1998;
Krishnamoorthy, Pavitt, Zhang, Dever, & Hinnebusch, 2001; Pavitt, Ramaiah, Kimball, & Hinnebusch, 1998; Pavitt, Yang, &
Hinnebusch, 1997; Vazquez de Aldana, Dever, & Hinnebusch, 1993). Binding to eIF2« is enhanced by ser' phosphorylation
(Kashiwagi et al., 2016; Krishnamoorthy et al., 2001; Pavitt et al., 1998) and this is likely critical for the ISR, as e[F2Baf3d
mutants weakening binding of eIF2 impair the ISR in yeast and mammalian models (Elsby et al., 2011; Kimball et al., 1998;
Krishnamoorthy et al., 2001).

Linked to the regulatory hexameric core of elF2B are two “arms” each composed of single € and y subunits (Figure 4a,c).
It is these “arms” that are responsible for elF2B GEF and GDF activities via interactions with elF2fBy (Alone & Dever, 2006;
Jennings et al., 2013). For both yeast and mammalian eIF2B, it is the largest subunit, eIF2Be, that is both necessary and suffi-
cient for GEF action (Fabian, Kimball, & Jefferson, 1998; Pavitt et al., 1998). The e[F2Be CTD forms HEAT repeats (Boesen
et al., 2004) and is minimally sufficient to promote GDP release from elF2 (de Almeida et al., 2013; Gomez, Mohammad, &
Pavitt, 2002), so is here called the GEF domain (2Be“EF). GEF activity is stimulated by interaction of e[F2Be with the other
elF2B subunits (Fabian et al., 1998; Pavitt et al., 1998). Remarkably, the decameric structure shows that each e[F2Be subunits
makes extensive direct contacts with one of each of the two elF2B (3, y, and & subunits within the decamer (Figure 4c, top).
Additionally, there is contact between each 2Be subunit and both 2Ba subunits via the 2Be beta-helical domain. Hence the
extensive network of protein—protein interactions that link the eI[F2B complex together (Figure 4c) are likely important for
promotion and inhibition of eIF2 recycling in the ISR.

Minimally, the yeast el[F2Bye sub-complex that forms a single “catalytic arm” of the structure is fully active in both GEF
and GDF assays (Jennings et al., 2013; Pavitt et al., 1998) as is a larger eI[F2Bpyde complex. This latter complex lacks the
alpha subunit and is defective for ISR control of elF2B, but is a stable octamer (dimer of tetramers) with full GEF and GDF
activities (Gordiyenko et al., 2014; Jennings et al., 2013). In contrast data for mammalian eIF2B subunit requirements for
GEF action is more varied. Although rat e[F2Bfyde complexes (lacking 2Ba) purified from insect cells behaved similarly to
the yeast protein (Fabian et al., 1998), human eIF2Byde isolated from HeLa cells was found to have lower activity than the
full eIF2B complex (Williams, Price, Loughlin, & Proud, 2001). Human elF2Bfyde can dimerise, like the yeast complex, but
its octamer form appears less stable during purification and the tetramer complex binds less well to eIF2 than the full decamer,
which likely contributes to its lower GEF activity (Wortham et al., 2014). The compound ISRIB acts to promote eIF2B activ-
ity in part through stabilizing the decamer form (Sidrauski, Tsai, et al., 2015; see next section).

Evolutionarily conserved elF2Be residues critical for GEF activity include a glutamate in 2Be~" (yeast E569 or human
E577) (Boesen et al., 2004; de Almeida et al., 2013; Wang & Proud, 2008). The 2B°EF domain was not resolved in the deca-
mer crystal structure and so how it interacts with the decamer and elF2 complexes remain unclear. One clue comes from an
“NFD” motif of adjacent conserved residues in the eIF2Be NTD. Although GEF activity is normally boosted by eIF2B com-
plex formation, mutations at the NFD motif impair or prevent enhanced activity (Gomez & Pavitt, 2000). The S. pombe crystal
structure (Figure 4a) shows that the NFD residues are solvent exposed on the arms. It is possible that they either contact the

GEF
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FIGURE 4 The structure of eIF2B. (a) “Top view” of the e[F2B decamer from Schizosaccharomyces pombe (PDB file 5B04) (Kashiwagi et al., 2016)
showing one half of the regulatory core and catalytic arm 1 as both transparent surface and SSE and catalytic arm 2 as SSE only. One copy of the independent
2Be“EF domain from Saccharomyces cerevisiae (PDB file 1PAQ) (Boesen, Mohammad, Pavitt, & Andersen, 2004) is also shown with SSE and transparent
surface. Residues discussed in the text are highlighted. (b) Rotated views of eIF2B decamer as in panel (a), with one half in SSE only view. “Front” view
(left) showing the (2Bfd), core and “back” view (right) showing the 2Ba dimer. (c) Cartoons showing intersubunit interactions as lines connecting circles
representing each subunit within the decamer (top) and elIF2 interaction regions (bottom)

GEF domain or elF2 to enhance GEF activity of the complex. Together these observations indicate that eIF2B is a large deca-
mer complex with a central e[F2a-binding core and two lateral arms that enable elF2 activation for protein synthesis initiation
(Figure 4).

5 | AMODEL FORISR CONTROL OF TC FORMATION

It remains unclear precisely how eIF2B stimulates TC formation or how eIF2a ser’’ phosphorylation prevents this. In the cur-
rent scheme (Figures 1 and 5), eIF2-GDP/elF5 complexes bind elF2B ejecting elF5. GDP release from elF2y and its replace-
ment by GTP is the major regulated reaction, enabling eIF2—-GTP to bind tRNA;™ to form TC. TC is stabilized by binding to
elF5 in a step that prevents elF2B reversing these reactions (Jennings et al., 2017). The precise order and molecular events are
beginning to be resolved. A model to explain these events is presented here.

5.1 | Initial binding of eIF2

Key to the inhibition of eIF2B by elF2(aP) is how elF2B interprets the phosphorylation status of e[F2. Multiple studies show
that the eIF2B core regulatory subunits bind to both phosphorylated and unphosphorylated eIF2, hence an early phosphosen-
sing 2a/2BafBd interaction should occur (Krishnamoorthy et al., 2001; Pavitt et al., 1997, 1998). Recent cross-linking experi-
ments also indicate that the 2a/2Bapd interactions are not dependent on ser’' phosphorylation (Kashiwagi et al., 2016).
Precisely how elF2a binds eIF2B is not yet resolved, although various possibilities are suggested based upon the structural
and cross-linking data available (Bogorad, Lin, & Marintchev, 2017; Kashiwagi et al., 2016; Kuhle et al., 2015). In addition
recent NMR analyses show that phosphorylation stabilizes an extended open conformation of elF2a that could contribute to
control (Bogorad et al., 2017). Importantly the affinity of eIF2B for eIF2(aP) is enhanced over its affinity for unphosphory-
lated eIF2 by approximately 10- to 100-fold depending on assay conditions (Jennings et al., 2017; Rowlands, Panniers, &
Henshaw, 1988). elF2(aP) stabilizes elF2a binding to the 2Bafd regulatory complex (Krishnamoorthy et al., 2001; Pavitt
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et al., 1998) and is a competitive inhibitor of nucleotide exchange (Rowlands et al., 1988). Hence phosphorylation both pre-
vents the bound elF2(«P) engaging productively with the GEF domain in elF2Be as well as interferes with exchange of non-
phosphorylated eI[F2-GDP.

There may be little difference in the initial binding of both forms of elF2 to eIF2B. If e[F2(aP) has a slower off-rate than
elF2 from elF2B, this could contribute to control. It is not clear if eIF2a also directly contacts the eIF2Bye catalytic arm, or if
elF2 binding to the regulatory core causes a conformational change in either elF2 or e[F2B that is important for GEF function
or ISR control, mediated in part perhaps via altered contacts between elF2Be and the other eIF2B subunits. Finally, as there
are two regulatory binding sites for e[F2a in the el[F2B decamer it is likely that two molecules of eIF2 bind simultaneously. In
an attempt to depict one possible scheme for elF2 activation and its control by the ISR a sequence of cartoons is shown in
Figure 5 outlining steps in the interaction between one elF2 and one elF2B decamer. Once freed from the constraints of
tRNA;M interactions within the TC (Figure 3), eIF2 may enjoy conformational flexibility enabling an opening out of elF2 to
facilitate its interaction with the regulatory core of elF2B (Figure 5; steps 1 and 7).

5.2 | elIF5 release and guanine nucleotide exchange

Active release of elF5 from a transient eIF2-GDP/elF5/eIF2B complex (GDF action) requires eIF23Bye and occurs both for
phosphorylated and unphosphorylated eIF2 (Jennings et al., 2013). This could occur before, concurrently with elF2«a binding
to e[F2B, or immediately following it (Figure 5, steps 2 and 8). As 2Be®FF and eIF5°™ share similar structures (Bieniossek
et al., 2006; Boesen et al., 2004; Wei, Xue, Xu, & Gong, 2006) and eIF2fy binding sites (Alone & Dever, 2006; Asano et al.,
1999; Das et al., 1997; Jennings & Pavitt, 2010a), hence eIF5 likely occupies a position on elF2 that would prevent productive
2Be“EF interaction. While eIF5-binding to eIF2 can stabilize GDP binding (GDI activity), 2Be“FF has the opposite impact
and facilitates rapid GDP release (Jennings et al., 2013) (step 3). In simpler GTP-binding proteins, diverse GEFs bind directly
to their cognate G-protein enabling deformation of the conserved “switch I and “switch II” regions that contribute to both
nucleotide and magnesium ion binding. This promotes GDP release and enables GTP binding (Bos, Rehmann, & Wittingho-
fer, 2007; Sprang & Coleman, 1998; Thomas, Fricke, Scrima, Berken, & Wittinghofer, 2007). However, as both elF2 and
elF2B have additional subunits, normal rules may not fully apply. In the partial 48S TC structure elF2p abuts the elF2y bound
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FIGURE 5 Model for eIF2/eIF2B interactions during eIF2 activation and in the ISR. Cartoon model of eIF2 activation (black arrows, steps 1-6) and the ISR
(red arrows, steps 7-10) based on the structures shown in Figures 3 and 4 and the interactions described in detail in the text. Subunit-colored curved arrows
are used to indicate movement or conformational flexibility

85UB01 7 SUOLLLOD 9AIIE1D) 3{cedl|dde aupy A peusenob afe Saoie YO 8sN JO SajnJ 10} Aeiq18ul|UO A1 UO (SUONIPUOD-pUE-SWS)/LIO™AB| 1M Afe.d1|Bul [Uo//ScIY) SUOIPUOD pue SIS 1 814} 38S *[£202/TO/TE] U0 AReiqiauliuo A8|IM ‘Jersayoue i JO AISIBAIUN 8Y L AQ T6KTBUIM/ZOOT OT/I0p/LI0O" A 1M Ale.d | [Bul U0 IM/STIY WOl papeojumod ‘9 '8TOZ ‘ZTOLLSLT



PAVITT Wl LEY N mmgs 11 of 22

GTP analog (Figure 3), but adopts different positions in the “open” (scanning) and “closed” (AUG recognition) conformations
(Llacer et al., 2015). In addition, a mutation in a yeast elF2p residue (S264Y) adjacent to the bound nucleotide, promotes
enhanced elF5-independent GTP hydrolysis (Huang, Yoon, Hannig, & Donahue, 1997), indicating that eIF2p—-2y interactions
modulate nucleotide affinity. Other observations show that eIF2p is critical for both eIF5 and eIF2B functions (Asano et al.,
1999). Together various findings suggest that altering eIF2p—2y interactions contributes to e[F2B GEF action. This is shown
in Figure 5 (steps 3 and 4) as 2Be°"" promoted movement of eIF2f away from eIF2y to expose the bound GDP and promote
its release.

5.3 | How does phosphorylation inhibit eIF2B GEF?

We know that it is the guanine nucleotide exchange that is inhibited by the ISR, just not precisely how. Phosphorylation
enhances elF2 binding to eIF2B and missense mutations that weaken this interaction, either within the eIF2B regulatory core
or within elF2u itself can impair ISR regulation without significantly reducing the rate of GDP release (Dey, Trieselmann,
et al., 2005; Kimball et al., 1998; Krishnamoorthy et al., 2001). Hence tight binding to phosphorylated elF2« is a major factor
preventing GEF action with eIF2(aP). As even a conservative ES69D mutation in yeast el[F2Be eliminates GEF activity with
elF2 (Mohammad-Qureshi et al., 2007), this suggests that only a small conformational change between the binding of elF2
and elF2B induced by phosphorylation may be sufficient to prevent GEF activity. This may involve one of two options. Phos-
phorylation may cause eIF2 to adopt a bound conformation where eIF2y is held away from 2Be“EF, or perhaps the opposite is
true and eIF2(oP) is held too close to the main eIF2B decamer structure such that there is not enough space for 2Be“F to
engage productively with eIF2fy. This latter idea is shown in Figure 5, step 9.

5.4 | TC/eIF5 formation, the final steps in nucleotide exchange?

Following nucleotide exchange, elF2—-GTP has a high affinity for tRNA;* to form TC (Algire et al., 2005). However, eIF2B
can also remain bound to eIF2-GTP and eIF2B can compete with tRNA;M*' for binding to eIF2, thereby effectively reducing
the rate of TC formation (Jennings et al., 2017). Hence elF2B can undo the elF2 activation step it promotes! This could poten-
tially act as a regulatory point in the ISR, particularly if there are low levels of tRNA;M®" or other initiation factors that engage
with TC available locally. Earlier studies suggested that efficient GTP binding to eIF2/eIF2B complexes required tRNA;M",
implying that tRNA;™*' binding may precede eIF2B release (Gross, Rubino, & Hessefort, 1991). However, recent experiments
suggest that nucleotides have only minor impact on overall elF2/eIF2B affinity (Jennings et al., 2017). Hence the precise order
of tRNAM binding and eIF2B release to form TC requires further investigation (Figure 35, step 5). The binding of eIF5 to TC
to form TC/eIF5 complexes occurs with high affinity and effectively prevented elF2B from disrupting TC (Jennings et al.,
2017). Together these results suggest that TC/elF5 complexes likely represent the true final product of e[F2B promoted nucle-
otide exchange and eIF2 activation for protein synthesis (Figure 5, step 6). There is therefore a distinction between elF2—
GDP/elF5 complexes and TC/eIF5 complexes, as the former can be rapidly dissociated by eIF2B and the latter are resistant to
elF2B (Jennings et al., 2013, 2017). As elF2 and elF5 are typically equimolar in cells, with eIF2B present in lower amounts,
the data suggest that there is little if any free eIF2 or free TC and that it is always bound to either eIF5 or eIF2B.

5.5 | Fail-safe control of the ISR

In the ISR inhibition of eI[F2B GEF action is the major regulatory event. However, observations that eI[F2B can bind to both
elF2-GTP and TC, prompted an investigation of its potential to regulate additional complexes as part of the ISR. It was found
that eIF2B could disrupt both TC and TC/eIF5 complexes when eIF2 was prephosphorylated at ser’'. The observations sug-
gest that any free eIF2B not fully bound by elF2(aP)-GDP is able to disrupt TC and TC/elF5 complexes containing phosphor-
ylated eIF2. This was termed “fail-safe control” and represents a route for eI[F2B to capture additional forms of eIF2. For
example, any elF2 that is phosphorylated while already part of TC or TC-containing complexes may be a substrate for fail-
safe control. This adds a new layer to the ISR (Figure 5, step 10).

As this model shows, considerable progress has been made in uncovering the molecular basis of ISR control of eIF2B in
recent years, but that important questions remain to be resolved. An understanding of precisely how elF2 and eIF2B interact
at different steps would help place the existing genetics and biochemistry in a better context.

6 | DISORDERS WITH AN ELEVATED ISR

Mutations in both elF2 and eIF2B have been found to cause distinct inherited human disorders that affect brain functions
elF2y mutations cause MEHMO syndrome (OMIM 300148) after its broad range of symptoms: mental retardation, epileptic
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seizures, hypogonadism and hypogenitalism, microcephaly, and obesity. In contrast, mutations in any eIF2B subunit cause
CACH/VWM (Leegwater et al., 2001; van der Knaap et al., 2002). Both of these disorders affect the brain, but primarily dif-
ferent cell types. Each disorder has the potential to cause a chronic or heightened ISR response. In contrast, mutations in the
Perk kinase gene EIF2AK3 cause Wolcott—Rallison syndrome (WRS; OMIM 226980), a severe form of insulin-dependent dia-
betes (Julier & Nicolino, 2010). Mutations in the Gen2 gene EIF2AK4 cause pulmonary venoocclusive disease-2 (PVOD2;
OMIM 234810), a form of pulmonary hypertension (Best et al., 2014; Eyries et al., 2014). The eIF2 kinase mutations reduce
or eliminate elF2 kinase activity and so limit the ability of affected cells to respond to specific ISR stresses and hence cause a
chronic reduction in the ISR in response to specific signals. These genetic disorders highlight that distinct pathologies result
when the ISR is not appropriately controlled and that ISR defects can affect a wide range of tissues. Here MEHMO, CACH/
VWM and conditions where elevated elF2(aP) and ISR activity contribute to pathology are discussed.

6.1 | MEHMO

Mutations in elF2y gene (EIF253) cause MEHMO syndrome. It was also termed severe X-linked intellectual disability syn-
drome (Borck et al., 2012; Moortgat et al., 2016; Skopkova et al., 2017). MEHMO is very rare and only described in males
who have inherited a defective allele from their symptomless mothers. The symptoms are consistent with neurons being the
primary affected cells. The mutations have been shown to impair eIlF2 complex formation and interactions with eIF2B, that
lead to inappropriate activation of the ISR in a yeast cell model, and in patient fibroblasts (Borck et al., 2012; Skopkova et al.,
2017). Hence the cell phenotypes and biochemistry are consistent with the idea that MEHMO mutations cause constitutively
reduced elF2 activity, albeit to various degrees, which cause an elevated basal level of the ISR and may also cause other
defects such as reducing the fidelity of AUG start codon recognition, as found in yeast. As elF2y alleles are only recently
described, there are limited studies of this human disorder to date.

6.2 | CACH/VWM

Mutations in any of the five eIF2B genes (e/F2BI1-5) cause CACH/VWM (Leegwater et al., 2001; van der Knaap et al.,
2002). MRI imaging of CACH/VWM patients typically reveals widespread loss of white matter, a likely cause of ataxia
(Leegwater et al., 2001). White matter glial cells include oligodendrocytes, which form myelin sheaths that wrap axons of neu-
rons and astrocytes. Both these glial cell types are affected. In some patients CACH/VWM is linked to premature ovarian fail-
ure (Fogli et al., 2003), while multiorgan defects have been observed in severe cases that have antenatal- or early-infantile
onset (van der Knaap et al., 2003). CACH/VWM has autosomal recessive inheritance and appears more common than
MEHMO, with approaching 200 different mutations described in the Human Gene Mutation Database (www.hgmd.cf.ac.uk).
Biochemical analyses have revealed that mutations can affect eIlF2B complex integrity, e[F2 interaction, and/or GEF activity
(de Almeida et al., 2013; Fogli & Boespflug-Tanguy, 2006; Li et al., 2004; Richardson, Mohammad, & Pavitt, 2004; Scheper
et al., 2006; Wortham & Proud, 2015). However, some mutations cause severe disease without apparently affecting these
roles, as assayed in vitro (Liu et al., 2011; Wortham & Proud, 2015). It remains possible that e[F2B activity is compromised
in vivo in ways not accounted for in assays performed with purified factors. For example, whether CACH/VWM mutations
that do not affect GEF activity have defects in the displacement of elF5 from elF2—GDP/elF5 complexes, as shown for some
yeast elF2By mutants (Jennings et al., 2013), has not yet been tested.

In affected patient glial cells, both astrocytes and oligodendrocytes, there are elevated ISR and UPR responses that likely
cause aberrant cell morphology and apoptosis (van der Voorn et al., 2005; van Kollenburg et al., 2006). Other primary cells
from patients are also particularly sensitive to stress and elicit a heightened ISR response (Kantor et al., 2005). Intriguingly,
recent studies suggest that each cell type is critical for CACH/VWM. Mutant myelin sheaths wrapping axons are thin (hypo-
myelination) and the cells have abnormal appearance. An excess of abnormal oligodendrocytes with foamy cytoplasm was
observed in patient cerebral tissue (Wong et al., 2000). Similar observations were made when elF2B activity was reduced in
an experimental mouse model where PERK expression was specifically and highly induced only in oligodendrocytes. The
brains of these animals reproduced features of CACH/VWM including hypomyelination, foamy cytoplasm, and myelin loss.
The disease-like effects were only observed when PERK expression was induced in young mice. In adult animals impaired
elF2B activity had minimal effects on glial cell morphology or function (Lin et al., 2014). These results point to CACH/
VWM being a developmental disorder. Presumably higher eIF2B activity is required in oligodendrocytes within the develop-
ing brain when both neurons and glial cells are growing and forming important connections, than in later life when these net-
works have been established. Hence hyperactivation of the ISR caused by excess PERK, or by elF2B mutations leads to
similar oligodendrocyte pathology.

In tandem with the effects on oligodendrocytes, astrocytes are also affected and important in CACH/VWM (Rodriguez,
2013). Where analyzed, preserved white matter has a paucity of astrocytes. Few primary astrocytes could be cultured from
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CACH/VWM patient-derived neural progenitor cultures, and those cells obtained had abnormal morphology, and reducing
elF2Be expression by RNAi of EIF2B5 in glial progenitor cells similarly affected astrocyte development (Dietrich et al.,
2005). In mouse models of CACH/VWM where severe human mutations were mimicked in eIF2B3 and elF2Be, mice devel-
oped symptoms similar to human CACH/VWM (Dooves et al., 2016). Here white matter astrocytes were abnormal and
appeared immature. It was shown that CACH/VWM astrocytes could inhibit the maturation of oligodendrocyte progenitor
cells in culture. Hyaluronan, one of many factors secreted by astrocytes inhibits oligodendrocyte maturation. The main hyalur-
onan synthesizing enzyme, HAS2, levels were elevated in CACH/VWM mutant astrocytes. This study therefore suggests that
CACH/VWM may be initiated by defective astrocyte gene expression leading to a secondary oligodendrocyte maturation
defect (Dooves et al., 2016).

6.3 | Why do eIF2 and eIF2B mutations cause distinct pathologies?

A recent study examining primary fibroblasts and astrocytes from a milder el[F2Be mutant mouse (R132H) found that eIF2B
mutations can cause defects in mitochondrial function and abundance altering cell respiration (Raini et al., 2017). As elF2B
and cytoplasmic translation is required to synthesize mitochondrial-localized proteins, it was proposed that impaired mito-
chondrial function caused by reduced elF2B activity contributes to CACH/VWM pathology (Raini et al., 2017). This study
points to the broad role of elF2B (and eIF2) across all cytoplasmic translation, not just ISR targets and shows that a wide
range of mRNAs and have differential sensitivity to reduced elF2B activity.

Because both eIF2 and elF2B function together in the same pathway and both MEHMO and CACH/VWM likely cause a
constitutive reduction in active elF2 levels, it is surprising that these diseases primarily impact different cell types and have
distinct pathologies. However, they do share some overlapping symptoms, as reported in at least some patients (Skopkova
et al., 2017). There are some parallels between the tissue-specific effects of both MEHMO and CACH/VWM and the ribo-
someopathies, diseases such as Diamond-Blackfan anemia (DBA), where nine different ribosomal proteins are mutated
(Boria et al., 2010). Explanations proposed to account for tissue-specific DBA defects include the idea that individual mRNAs
are differentially dependent on ribosome numbers for their appropriate expression in different tissues (Mills & Green, 2017).
Similar ideas may explain all these conditions. It seems plausible that different cell transcriptomes have variable sensitivity to
defects in each component of the core translation machinery. For example, in one study eI[F2B GEF activity was shown to be
variably, but significantly reduced in immortalized lymphocytic cells from CACH/VWM patients, but the same cells had nor-
mal ISR/UPR responses, indicating these cells were relatively resistant to the lower elF2B GEF activity (Horzinski et al.,
2010). The data suggest that in these immortalized cells elF2B expression levels were not limiting, hence although elF2B
GEF activity was reduced the ISR was not aberrantly activated. Such observations likely underlie the tissue-specific defects
observed in these disorders.

6.4 | Pathologies associated with elevated eIF2 phosphorylation

Altered elF2 phosphorylation and ISR activation contribute to a wider range of pathological conditions than those described
above. These include a range of disorders where memory is altered or are neurodegenerative, such as schizophrenia (Trinh
et al., 2012), Alzheimer's (Ma et al., 2013), prion disease (Moreno et al., 2012), amyotrophic lateral sclerosis (Kim et al.,
2014), and head or other nerve trauma (Chou et al., 2017; Larhammar et al., 2017). Typically defects in the normal regulation
of elF2 phosphorylation or the expression of ISR-responsive mRNAs such as ATF4 have been described. Many long-term
memory defects have also been studied in mouse models of different diseases exhibiting ISR defects including Alzheimer's
and prion diseases (Moreno et al., 2012). These mouse models further demonstrate the importance of a balanced ISR for mem-
ory in the brain (Batista, Johnson, Dominguez, Costa-Mattioli, & Pena, 2016; Buffington, Huang, & Costa-Mattioli, 2014;
Costa-Mattioli et al., 2007; Costa-Mattioli, Sossin, Klann, & Sonenberg, 2009) and have been useful to assess the therapeutic
potential of ISR modifying compounds in whole animal models, as discussed below.

The ISR also plays roles in other diseases such as forms of cancer and during infections. Some findings appear contradic-
tory, for example reduced levels of elF2(aP) were found in osteosarcoma tumors, which was attributed to lower interferon sig-
naling (Wimbauer et al., 2012). In contrast, increased Perk and eIF2(aP) levels were associated with acute myeloid leukemia
(Kusio-Kobialka et al., 2012). Wide variations such as highlighted by these examples likely result from the distinct patterns of
gene expression required in each tissue and tumor type.

In many studies, it is not clear whether the global lowering of protein synthesis brought about by eIF2B inhibition or the
associated activation of ISR activated mRNAs is the more critical response. In the case of RNA virus infection, many viruses
have evolved diverse mechanisms to interfere with PKR activation or its ability to phosphorylate eIF2. Multiple studies point
to the requirement of viruses to utilize the host translation machinery to produce new viral particles and the cells response to
limit this via inhibiting translation in infected cells (Walsh, Mathews, & Mohr, 2013). However, for enveloped viruses, Perk
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activation and the UPR are also important for cells to cope with high viral protein folding load. Similarly, any virus that can
use an elF2-independent mode of translation will also benefit from high levels of elF2(aP) which will downregulate host
mRNA translation (Walsh et al., 2013).

In a recent study, the issue of the relative contribution of global translational repression versus ISR mRNA activation was
addressed experimentally. In malignant melanoma glutamine limitation was investigated as a nutrient that becomes limiting in
solid tumors. Glutamine limitation promoted tumor invasion and activated the ISR and ATF4 expression. Following a wide
range of experiments, it was found that when ATF4 induction was uncoupled from eIF2B inhibition it was not sufficient to
drive tumor invasion, and that translational repression was also needed to promote cancer invasion (Falletta et al., 2017).
These studies show that translational repression can be as important to the cellular stress response as activation of ATF4 and
other downstream mRNA targets.

7 | COMPOUNDS THAT MODIFY THE ISR

Compounds have been identified that can modulate the activity of elements of the ISR. These include eIF2 kinase and phos-
phatase inhibitors as well as recently identified activators of eIF2B.

7.1 | eIF2 Kkinase inhibitors

Inhibitors of specific ISR kinases impair the ISR activation in response to specific stress signals. Among the compounds
developed are Inhibitors of PERK and PKR activity. GSK2606414 (Axten et al., 2012) and GSK2656157 (Atkins et al.,
2013) are inhibitors of PERK kinase activity. They are ATP site inhibitors that prevent activation the PERK arm of the
ISR in response to UPR stress. These kinase inhibitors have been widely used in cell and disease model studies and have
prevented disease symptoms developing in experimental models including in prion and Parkinson's disease models
(Mercado et al., 2018; Moreno et al., 2013). However, they can cause pancreatic toxicity as seen when Perk is inactivated
in WRS. It was recently shown that both compounds independently target and inhibit another kinase, RIPK1, blocking cell
death and proinflammatory responses (Rojas-Rivera et al., 2017). These recent findings complicate conclusions drawn
from the use of the molecules. A PKR inhibitor (C16) is also available. Similar to the PERK inhibitors it is an ATP-
binding site directed inhibitor that has been used to attenuate PKR function in rodents (Xiao, Tan, Li, & Luo, 2016; Zhu
et al., 2011).

7.2 | elF2 phosphatase inhibitors

In contrast to kinase inhibitors, compounds that target eIF2 or eIF2B should moderate ISR activation in response to multiple
signals. Salubrinal (Boyce et al., 2005), Guanabenz, and Sephinl (Das et al., 2015; Tsaytler, Harding, Ron, & Bertolotti,
2011) are three PP1 inhibitors. As indicated previously, the CReP/PP1 complex acts as a constitutive phosphatase, while
GADD?34/PP1 is ISR induced. Salubrinal treatment elevates elF2(aP) levels in both stressed and unstressed cells (Boyce
et al., 2005) and has been widely used in experimental studies, although it also targets the antiapoptotic protein Bcl-2 (Kessel,
2006). In contrast, Guanabenz and Sephinl are related compounds that were found to inhibit the stress-induced eIF2a PP1 by
targeting its regulatory subunit GADD34 (Das et al., 2015; Tsaytler et al., 2011). By targeting only the ISR-induced PP1 subu-
nit, these inhibitors prolong the time that e[F2(aP) is elevated, without affecting unstressed cells. As they do not target the
activity of the constitutive CReP/PP1 complex, they can be used in vivo. ISR gene expression is altered by either PP1 inhibitor
treatment. For example, early ISR responsive genes such as ATF4 are maintained, but later activated proteins including BiP
and GADD34 itself were repressed by the reduced levels of protein synthesis (Das et al., 2015). Sephinl was found to sup-
press neurodegeneration in a mouse model of disease, while guanabenz has been used to treat hypertension (Holmes, Brogden,
Heel, Speight, & Avery, 1983). However, recent results examining PP1 activities in vitro question whether either of these two
compounds directly inhibit GADD34/PP1 complexes (Crespillo-Casado, Chambers, Fischer, Marciniak, & Ron, 2017) and
leave open the question of how these compounds act in vivo.

7.3 | ISRIB, an elF2B activator

In contrast to the PP1 inhibitors, the ISR inhibitor ISRIB was isolated in a screen for compounds that reduced rather than
activated the ISR (Sidrauski et al., 2013). In mice, ISRIB was shown to improve spatial and fear-associated learning
(Sidrauski et al., 2013). In addition, ISRIB administration to mice can protect against neurodegeneration caused by prion
disease (Halliday et al., 2015), or perhaps most surprisingly, cognitive impairment due to traumatic brain injury, even when
a single dose was administered after injury (Chou et al., 2017). It was initially proposed that ISRIB may lower the
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FIGURE 6 ISRIB binds at the eIF2Bf3 dimer interface. Top view (a) and front zoom view (b) of ISRIB (red) binding to human eIF2B decamer, from
cryo-EM analyses (PDB file 6CAJ) (Tsai et al., 2018)

sensitivity of e[F2B to elF2(aP), rather than alter activity with nonphosphorylated elF2 (Sidrauski et al., 2013), but more
recent studies indicate ISRIB can boost elF2B activity with nonphosphorylated eIF2 (Sekine et al., 2015; Sidrauski, Tsai,
et al., 2015; Tsai et al., 2018). ISRIB-resistant mutants in e[F2Bd were isolated (Sekine et al., 2015) and recent cryo-
electron microscopy shows that ISRIB binds into a pocket on the surface of eIF2B at the interface between the elF2Bf30
subunits that form a tetramer at the regulatory eIF2B core (Figure 6; Tsai et al., 2018; Zyryanova et al., 2018). The binding

site is both distinct and distant from the proposed binding interfaces for eIF2a and 2Be°EF

(Figures 4 and 5), indicating that
ISRIB is an allosteric activator. ISRIB appears to act, at least in part, by promoting or stabilizing eI[F2B decamer formation
(Sidrauski, Tsai, et al., 2015; Tsai et al., 2018). Human eIF2B may exist in cells in different complexes with the full deca-
mer complex being the most active and pentamer complexes or complexes lacking elF2Ba having reduced activity
(Williams et al., 2001; Wortham et al., 2014). ISRIB stabilizes the most active form and also enhanced GEF activity of a
form lacking eIF2Ba (Tsai et al., 2018). ISRIB can also rescue defects in eIF2B activity caused by a range of CACH/VWM
mutations, where it also blocks an aberrant ISR response (Wong et al., 2018). How these effects of ISRIB combine to alter
the sensitivity of e[F2B to enhanced elF2(aP) in vivo during the ISR is not yet fully clear. In cells with modest levels of
elF2(aP), ISRIB may simply boost the activity of noninhibited eI[F2B and thereby reduce the ISR; however, more compli-

cated explanations are possible.

7.4 | Trazodone and dibenzoylmethane

Two further compounds have been identified that may also activate e[F2B. Trazodone and dibenzoylmethane (DBM) were
both identified in a cellular UPR reporter screen similar to that which isolated ISRIB (Halliday et al., 2017). These compounds
also, like ISRIB, cross the blood—brain barrier and were shown to reverse or prevent the onset of symptoms of neurodegenera-
tion in mouse models of Alzheimer's and prion diseases (Halliday et al., 2017). In these disease models, persistent elevated
elF2(aP) is observed and this is not altered by compound treatment; however, protein synthesis levels rise. These point to a
mechanism of action downstream of eIF2(aP) and hence modulation of eIF2B activity. Both trazodone and DBM are licensed
for human use, with trazodone being an antidepressant (Halliday et al., 2017). It is not clear if or how either compound acti-
vates elF2B, but they are likely via a different mode to stabilizing an elF2B decamer (Halliday et al., 2017). Trazodone
inhibits the kinase GSK3p and this may be relevant to its mode of action here. It was shown that GSK3f phosphorylates
human elF2Be at ser540, adjacent to the 2BeCEF domain, to reduce elF2B activity (Welsh, Miller, Loughlin, Price, & Proud,
1998). Hence trazadone may lead to lower eIF2Be ser’*® phosphorylation and indirectly boost eIF2B activity. This idea should
be tested experimentally. DBM also impacts kinase signaling and may act via glucose uptake, and AMP-activated protein
kinase (Kim et al., 2015). If or how this links to eIF2B activity independently of the ISR is not clear.

In summary, recent studies have cast doubt on whether GSK2606414 and GSK2656157 are selective inhibitors of PERK
kinase activity (Rojas-Rivera et al., 2017), or whether guanabenz and sephinl directly inhibit GADD34/PP1 complexes
(Crespillo-Casado et al., 2017). In addition, guanabenz can independently target other pathways, again questioning its selectiv-
ity for GADD34/PP1 (Perego et al., 2018). In contrast, new compounds that directly or indirectly target eIF2B activity have
shown activity in a range of animal models of disease, suggesting eIF2B is a good target for intervening to ameliorate an aber-
rantly active ISR. Given that eIF2B is active throughout the body, translating compounds into the clinic may present the usual
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challenges of “side effects.” However, as trazadone and DBM are licensed for human use, it will be interesting to assess them
for conditions where aberrant ISR activity contributes to disease.

8 | CONCLUSION

Great progress has been made in recent years in our molecular understanding of the roles of eIF2 and eIF2B in translation and
its control in the ISR. Yet as the speculative nature of the model outlined in Figure 5 and accompanying text indicates, there
are many steps that require deeper understanding. These include how the elF2B decamer and its linked 2BeGEF domains are
arranged and communicate the fact that e[F2(aP) has bound rather than elF2. Perhaps structural biology will provide future
insights in to this important control mechanism.

The studies of the yeast ISR imply that eIF5 plays important roles (Asano et al., 1999; Jennings & Pavitt, 2010a; Singh
et al., 2006) which should be further explored in mammalian ISR contexts. Human eIF5 levels are autoregulated via uORFs
with poor AUG codon contexts such that the uORFs act to autoregulate elF5 synthesis (Loughran, Sachs, Atkins, & Ivanov,
2012). Mammalian cells also express homologs of elF5 termed elF5-mimic proteins (SMP1 and SMP2, also known as BZW2
and BZW1 respectively) that can compete with elF5 for interaction with elF2, but because they lack an eIF5 GAP domain,
they downregulate the standard translation initiation pathway (Singh et al., 2011), as well as enhancing ATF4 expression
(Kozel et al., 2016). Hence the precise role variations in eIF5 levels and the SMP1 and SMP2 proteins play in the ISR in dif-
ferent cells is not yet clear.

More broadly, an increase in our understanding of the wide range of conditions where an elevated ISR is found shows that this
control mechanism has been widely adopted. It remains important to assess the relative importance of global translation repression
versus the activation of ISR mRNA translation for each situation. The characterization of chemical modifiers of elF2B is an impor-
tant development as they offer new prospects for identifying those conditions where ISR modulation may be therapeutic. These or
as yet undiscovered compounds may prove to be useful in treating the rare genetic conditions directly affecting elF2 and elF2B, as
a recent study suggests (Wong et al., 2018), as well as some more widespread conditions where there is an elevated elF2(aP) and
ISR response. Hopefully, the next few years will continue to bring insight into this central and fascinating pathway.
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