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Abstract

Eukaryotic initiation factor 2 (elF2) is a G protein comprised of 3 subunds ( v v
that is critical for translation. It is tightly regulated in theagtated stress response

(ISR) viath %0 Z}*% Z}ECo 3]}v }( 18+ r g puv]s (}oo}AJvP 3Z v
In its phosphorylated form elR2nhibits the guanine nucleotide exchange factor (GEF)
eukaryotic initiation factor 2B (elF2B), resultingtle attenuation of global protein
synthesis. elF2B is a multisubunit protein comprised of regulatory and catalytic
subunits. The catalytic subunits are responsible for the GEF activity whereas the
regulatory subunits mediate inhibition by phosphorylate&21. Through studying the
localisation of elF2B subunits, cytoplasmic elF2B bodies were identified in mammalian
cells. A relationship between body size and the elF2B subunits localising to them exists;
larger bodies contain all subunits and smaller bodiestain predominantly catalytic
subunits. elF2 localises to elF2B bodies and moves through these bodies in a manner
that correlates with elF2B GEF activity. Upon the induction of cellular stress
phosphorylated elF2 localises predominately to larger elF®Bdies which contain
regulatory subunits and a decrease in the movement of elF2 through these bodies is
observed. Interestingly, drugs that inhibit the ISR can rescue the movement of elF2
through these elF2B bodies, in a manngrat correlates to cellular levels of
%0Z}*% Z}ECO § /& TrX /v }VEE «3U eu 00 E /&1 } ] .U A
catalytic subunits, show increased movement of elF2 during cellular stregs. Th
]Jv @ « v ulA u vs Je Ju%o V] C vV]vE « JviZ o}
these bodies, suggesting the formation of a novel elF2B subcomplex. This response is
mimicked by ISkhhibiting drugs, providing insight into their potential mechanisms of
action. This study providethe first evidence that the composition and functicof

mammalian elF2B bodiésregulated by the ISR and the drugs that control it.
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1. Introduction

1.1 General Introduction
Different cell types exhibit disict gene expression profiles which are rapidly
modulated in response to internal and external stimuli. Geasstranscribed into
MRNA molecules in the nucleus ahén transported to the cytoplasm where they are
translatedinto proteins The initiation step of translationis rate limitingand therefore
modulation of this stepprovides a control point in gene expressionhe protein
eukaryotic initiation factor 2gIF2 in its activeguanosine triphosphateGTH bound
form is essential for translation imation. Following subsequent rounds of translation
elF2Bacts as a guanine nucleotide exchange fa¢®EFpand isrequired toreplenish
elF2GTPwithin the cell(Panniers and Henshaw, 198Becognition of adverse stimuli
by a number of cellular pathways can lead to the inhibition of elF2B via a common
pathway termed the integrated stress respon$8R) Tight control of elF2B by the ISR
is particularly important in allowing the cell to respomal adverse conditionghat

induce cellular stress

In yeast elF2B has been found to localise to cytoplasmic foci termed, elF2B bodies
(Campbelkt al., 2005; Moon and Parker, 2018; Noreteal., 2010; Tayloet al., 2010)

These foci appear to be sites GEFactivity that can be regulated bgonditions of
cellularstress(Campbelkt al.,, 2005; Tayloet al., 2010) The localisation of elF2B has

not previously been investigated in mammalian celisitations in mammalian elF2B

are causative of the neurodegenerative disease, leukoenalgpathy with vanishing
white matter (VWM). The pathophysiology of VWM is unclear and therefore
investigating the cellular localisation of elF2B may provide a platform to better
understand disease mechanisms. This thesis aimshsracterisemammalian elEB

localisationand explore the role of this localisation with respect to the ISR.
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1.2 Translation
Eukaryotic genomes encode thousands of proteins and through the process of
translation; the cell can rapidly control gene expressidviessenger RNAMRNA
molecules are transcribed from geneand provide a template to synthise a
polypeptide chain complementary to the DNA sequence of the géhe.structure oha
MRNA molecule is shown Fgurel.l. Sructurally the 5 end of a mMRNA molecule
encodes an untranslated region 8TR) The UTRerves as a ribosome binding site
and can also contain upstream open reading frames (UORFs) foicammmical
methods of translation(Young and Wek, 2016Jhe far 5' nucleotide of the mRN#
bound to the mRNA by a triphosphat®nd and methylated at position {Shatkin,
1976). This nucleotide iseferred to as the cap structure and is required fap
dependenttranslation (Section1.2.1.2.). The coding sequence of the mRbiZntains
a number of codons that encode the amiaoid sequence for the proteiand a start
codon for the initiation of translation and a stop codon for termination. Following the
coding region the mRNA has alBI'R which often contains binding sites fegulatory
proteins (Barrettet al., 2012) A poly(A) tail (strieh of adenine bases) is aditléo the
far 3'end of mature mRNA moleculegtoviding protection against degradation and

alsoenhancingcap-dependenttranslation(Dreyfus and Régnier, 2002)

Through the process of translation mMRNAs are selelst translated into poteins.
Tight regulation of the translation pathway controls the cellular abundance of specific
proteinsto promote cellular homeostasi€entral to the process of translation is the
ribosome. Ribosomes from all species consist of two subunits both ofchvlare
formed from numerous ribosomal proteinsand ribosomal RNA molecules
(Ramakrishnan, 2011yhe complete 80S eukaryotic ribosome is formed from a smaller
40 S subunit, responsible for dedimg the mRNA sequence and a larger&6ubunit,
which catalyses peptide bond formatigidoudna and Rath, 2002The translation
pathway @n be divided into three stagesnitiation, elongation and termination.
During the initiation phasethe 80 S ribosome is assembled at the start codon of a
target mMRNAmolecule mediated by a number of eukaryotic initiation factqeslFs)
(Hinnebusch and dtsch, 2012) During the elongation phase the ribosome
translocateseach codon of the target mMRNA molecule in tidoudna and Rath,

2002) Transfer ribonucleic acid (tRNA) molecules carrying amino acids selectively

16



interact with the ribosome through compinentary bindirg of the tRNA anticodon and
MRNA codospositioned within the ribosoméDever and Green, 2012)he ribosome
catalyses the formation of peptide bonds between the amino acids carnedhé
tRNA9Doudna and Rath, 2002)s the ribosome translocates the mRNA a polypeptide
chain isselectivelysynthesigd. In the final step of translatiorthe termination step,
the polypeptide chain is releasdtom the ribosane and the translational machinery

disassembles, ready to facilitate subsequent rounds of translation.
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Figurel.1 Thestructure of a mRNA molecule.

The sequence of a mMRNA transcript can be divided into five sectiores.5' to 3'
direction these areThe cap structure, the Sintranslated region (UTR), the coding
sequence, the UTR and the poly(A) tafhe coding sequence encodes a template for
the amino acid sequence afprotein. The 5' and 3UTR do not encode the protein
sequence but are important for the regulation of the protein translation. The cap
structure and the poly(A) tail protect the mRNA from degradation and facilitate its
translation.
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1.2.1 Translation initiation
The complex process by which ribosomes are recruitedthie mRNA andthe
appropriate start codons selectedis defined as translation initiatiorin eukaryotes,
the highly conserved heterotrimeric-@otein elF2is essential for this procesh its
active GTPbound form, elF2 binds to a matmnyl initiator transfer RNANlet-tRNA)
molecule to form a ternary complex. The ternary complex is loaded onto the small
(40S) ribosomal subunit facilitated by the bindinfyather elFs, to form a 43S pre
initiation complex (PIQHinnebusch and Lorsch, 201Zhe PIC is recruited to theé-5
end of a target mMRNA molecule, and scans the mMRNA sequena fappropriate
start codon(Hinnebusch and Lorsch, 201P)uringthe scanningprocess,elF2GTPis
hydrolysed mediated by the GTPasxetivating protein elFfHuanget al.,, 1997) Upon
start codon recognition elF&DP is released in combination with elBbd the 60S
ribosomal subunitinteracts with the 40S ribosomal subunit. This initiation process
generates a full 80S ribosome with an appropriately positioned-tRNA at the start
codon of a mRNA ready to enter the translation elongation phianebusch and
Lorsch, 2012)

1.2.1.1 Formation of the 43 S Preinitiation complex

In the first step of translation initiatigra ternary complex comprised of eH&Zl'Pand

a Met-tRNA s loaded onto the 40 S ribosomal subunit to form a 43 S(Rikhebusch
and Lorsch, 2012)n its GThound form, elFzhas high affinity forMet-tRNA and
interacts to form theternary complex(Erickson and Hannig, 1996; Kapp and Lorsch,
2004; Leviret al., 1973; Safeet al., 1975) elF2 is comprised of three nadentical

U MV]SeU rU WZv vvXu pv]s }( /& MelitRNA&Ad ther v t
subunitsappear to stabilise this interactiofNaveauet al, 2010; Nikaet al., 2001;

Yatimeet al., 2004)

The loading of the ternary complex onto the 40 S ribosomal subunit is facilitated by
elFs 1, 1A, 3 and BIF1 and 1A induce a conformational change in the 40 S ribosomal
subunit which promotes the association of the ternary comp{assmoreet al.,
2007) Binding of elFio the 40S ribosomal subunit requires the preserafeslF3,and
additionally binding of elF1A to the 40 S ribosomal subunit requires the presence of
both elF1 and elF@ajumdaret al, 2003) elF5 has a role bridging the interaction

between elF2 and elH&sanoet al, 2000) Interestingly elF1, 2, 3 and 5 have been
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shown to form a stablenultifactorial complex (MFQG)omplex in yeas{Asanoet al.,
2000)and more recentlyin mammalian cls (Sokabeet al., 2012) The rate in which

the Met-tRNA s delivered tathe 40 S ribosomal subunit is independentvdiether it

is complexed with elF&TP alonesa ternary compleXwhich interacts with elF1, 3
and 5 already bound to the 40 S subuwityn combination with elF1, 3 and 5 ad#C
(Sokabeet al., 2012) The role of theMFCin the initiation of translationtherefore
appearsto be oflittle significance for the formation of the 43 S PIC. Recent data has
suggested theMFCmay have a more apparent role in theessembly of the 80 S
ribosomecomplexthrough promoting elF2 release from tiet-tRNA (Sokabeet al.,

2012)
1.2.1.2 mRNA recruitment and scanning

1.2.1.2.1 Cap-dependent initiation

The 43 S PIC is loaded onto the 5' end of a target mMRNA molecule facilitateddayp the
complex, elF4F, formed of elF4E, elF4A and e(F#@Grel.2). The attachment of the
ribosome is impeded by secondary structures in the mRNATRIn orderto facilitate

the 43 S PIGindingto mMRNA with structured 5' UTRelF4Aexertshelicaseactivity to
produce a single stranded binding site near the 5' cap of the mf@@dferset al.,
1999) elF4A lacks RN#Anding domains and only weakly interacts with single stranded
MRNA(Lorsch ad Herschlag, 1998eIF4E however can recognise and interact with
the mRNA cap structure, and is responsible for recruiting elF4A to the 5' UTR of the
target mMRNA(Rogerset al., 2001) This interaction of elF4E with the mRNA cap is
enhanced by elF4(&rosset al., 2003) which also acts as a scaffold protein orientating
elF4A in the correct position to unwind the mRNA structirilbert et al, 2011,
Obereret al.,, 2005; Schutet al., 2008) elF4G also stabilises the binding of the 43 S PIC
on to the mRNA molecule througlnteractions with elF3(Villa et al, 2013)
Additionally, elF4G cantaract with the poly(A}binding protein(PABPpresent at the

3' end ofamRNA molecul¢Tarun and Sachs, 1996)produce a closed loop structure
that is thought to enhance translation efficiency and ribosomenigation (Michel et

al., 2000; Well®t al., 1998)

Once bound the 43 S PIC complex scans the mRNA in a 5' to 3' direction until a start

codon is detected through complementarity to the anticodon of Met-tRNA (Figure
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1.2). elFl and elF1A promote a scannaognpetent conformation of the 40 S
ribosomal subunit(Passmoreet al, 2007)and ATRlependent helicase activity of
elF4A melts secondary structures of the mRNA allowing the 43 S PIC to translocate
along it. The requirement of elF4Apsoportional to the degree of secondary structure
(Jackson, 1991; Svitket al., 2001) and for moderately structured mRNA molecules
elF4B is required as a-tactor of elF4A to stimulate its helicase actiiBmitriev et

alXU 1iiiV ePhl’ 2011; Rozovskgt al., 2008) In the case of highly stable
secondary structures the helicase activity @fF4A isnot sufficient and the helicase
DHX29 is require(Pisarevaet al., 2008)

1.2.1.2.2 Cap-independent initiation

Although 95 % of mRNAse translated viacap-dependent initiation(Merrick, 2004)
capindependent initiationalso occurs in eukaryotic cells. Gadependent initiation
bypasses the requirement for cafependent ribosome scanning It relies on the
presence of internal ribosome entry sites (IRBShe mMRNA sequence that allow for

the direct recruitment of the 40 S ribosome subunit to the vicinity of the start codon
(Van Ederet al., 2004) The involvement of elFs in camlependent initiation varies
between mRNA transcripts and it is believed that the secondary structures of IRES can
facilitate interactions between the mRNA and the translational apparéRisarevet

al., 2005)

1.2.1.3 Start codon selection and 80 S ribosome assembly

The 43 FIC scans the mRNA urdilstart codon, most commonly AUG, is detected
through compkmentary binding of the Met-tRNA anticodon (Hgure 1.2) The r
subunit of elF2and the 18 Sibosomal RNArRNA component of the small 40 S
ribosomal subunit, interact withspecific nucleotidesurrounding the start codgn
increasing the efficiency for selection of start codongmtimal context(Kozak, 1986;
Pisarevet al., 2006) Duringribosomescanning elF&TP is hydrolysed, promoted by
the GTPasactivator protein elF5Huanget al, 1997) The subsequent GDP and
inorganic phosphatéPi molecules are not released from elF2 keeping it in a scanning
competent conformation. Upon start codon selection, the 43 S PIC undergoes a large
conformational changeelF5 promotes thalisplacementof elF1(Algireet al., 2005;

Maaget al., 2005; Nandaet al.,, 2009)and subsequery the Pimolecule from elF2s
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releasged (Algireet al., 2005)(Figure 1.2) The conformation adopted by the 43 S PIC
triggers scanning arrest. In its Gb&und form elF2 has reduced affinity for tivet-
tRNA (Erickson and Hamg, 1996; Kashiwagit al., 2019)and this affinityis further
reduced by the association of the PIC components elF5 and ®@tkabeet al., 2012)
elF2GDP is released from the 43 S PIC in complex with(Al&Beet al., 2005; Singh
et al, 2006) allowing for elF5&TP to bind[Figure 1.2). elF5BGTP interacts with
elF1A(Marintchevet al, 2003)recruiting it to the 40 Sibosomal subunit where it
accelerates the joinigp of the 60Sribosomal subunit, stimulating the relea of elF1
and elF3(Unbehaunet al., 2004)and forming the complete 80 S ribosomal complex
(Ackeret al., 2006)(Figure 1.2). elF5B hydrolyses GTP to induce a conformational
change which is accompanied by the release etF5B andelF1A (Figure 1.2),
positioning the 80 S ribosomal subunit ready for translation elonggftaimgeret al.,
2007)

1.2.1.4 Recycling of elF2-GTP

In order for subsequent rounds of translation initiation to oceuthin the cell elF2
GTP must be replenishedlF2has a higher affinity for GDfErickson and Hannig,
1996) and thus theGEF eukaryotic initiation factor 2B (elF2B), is required for the
recycling of elF&DP to its GTP bound forflRigurel.2). In yeast elF2B acts as a dual
functioning proten (Jenningset al., 2013) elF2GDP is released from th&8 SPIC in
complex with elF5, whicfunctions as a GDP dissociation inhibitor (GD#hnings and
Pavitt, 2010)elF2B acts as a GDI displacement factor (GDF) to releas&BfF2rom
elF5(Jenning®t al., 2013) prior to performing itsGERactivity. In mammalian cells the
role of elF2B as a GDF has not currently been evaluated however unlike in yeast,
mammalian elF5 does not appear to have GRivdy (Sokabeet al., 2012) The GEF
activity of elF2B is tightly reguéad within the cell. The structure and role of elF2B will

be further reviewed inSectionl.4.
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Figurel.2 Translation initiation pathway.

A ternary complex formed of elF2TP and a methionylated initiator tRN# recruited
to the 40S ribosomal subunit byariouselFsto form a 43S PIC Facilitated byother
elFs the 43 S PIC is loaded onto a target mRNwlecule andscansthe mRNA
sequencdor a start codon. Upon recognition of a start codon, eGP is hydrolysed
and released in complex with elFBIF5Baccommodatesthe binding of the60S
ribosomal subunitto the 40Ssubunit forming the elongation readyd8 ribosomeelF2
GDPelF5 is recycled to elF2TPoy elF2B.
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1.2.2 Translation elongation
During the elongation phase of translation, a nascent polypeptide chain
complementary to the mRNA coding sequence is synthesised. This reaction is catalysed
by the 80 S ribosome Through a series of conformational changesediated by
eukaryotic elongation factors (eEFshe 80 S ribosomdacilitates the sequential
joining of each amino acid in the chaifhe process of translation elongation is highly
conserved between wkaryotes and bacteria and mechanistic insights to this process

have been largely generated in bacterial systéRadnina and Wintermeyer, 2009)

The 80S ribosome has three tRNiAding sites, the Aite, the Psite and the Esite
(BenShemet al., 2011) Following translation initiation the 80S ribosome is positioned
with the Met-tRNA located inthe Rsite, stabilised through compmentary binding of
its anticodon to the start codorfFigure1.3). In the first $ep of elongation, termed
decoding, the ribosome selects a tRNA with an anticodon thairngplementaryto the
second codon in the open reading frame whrelsidesin the A siteof the ribosome
The eukaryotic elongation factor 1A (eEE1#) its GThound form, delivers the
aminoacytRNA to the ribosomal -Aite. Upon complementary base pairing of an
aminoacytRNA anticodon and the mRNA codon, eEisLAydrolysedreleasing the
factor anddepositingthe aminoacytRNAIn the Asite (Figurel.3) (Dever and Green,
2012) The peptidyl transferase centre of the large ribosomal subunit catalyses the
rapid formation of a peptide bond between this aminoatigNAand the aminoacw
tRNA located in the -Bite of the ribosome(Beringer and Rodnina, 20QT)ansferring
the growing peptidyl chain onto the -gite of the ribosomeand leaving the
deamincacylatedtRNA in the Rsite (Figure 1.3). The ribosome then undergoes a
conformational rearrangement, rotating both subuni{§rank and Agrawal, 2000;
Zhanget al.,, 2009) positioning the acceptor ends of the tRNA molecueasrently
located in the Fsite and the Asite of the ribosometo the Esite and Psite respectively
(Moazed and Noller, 1989; Munret al., 2007) eEF2 in its GHfsound form is
responsible for stabilising this rotated conformati¢hgirrezabaleaet al., 2009 (Figure
1.3). Through its hydrolysis, eEF2 promotes the translocation of the migbdEitioning
the third codon of the open reading frame in theshAe and the first and second
codons accompanied by the bound tRNAs to th&t& and Psite respectivelyFigure

1.3) (Ratjeet al, 201Q. The ribosome subunits then rotate back to their original
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conformation (Gao et al., 2009 ready for the next cycle of elongatiolhrough
repetition of this process a polypeptide chagomplementary to the mRNA coding

sequence is synthesised.
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Figurel.3 Translation elongation pthway.

Following translation initiation the MefRNA is positioned in the ribosomal P site.
eEF1AGTP delivers a tRNA carrying a specific amino acid to the ribosomal A site where
it binds through complementary binding of the tRIdAticodon to the mRNA codon.

The 6@ ribosomal subunit catalyses the formation of a peptide bond between the
amino acid held inhte P site andhe A site. eERETP stimulates the translocation of

the ribosome along the mRNgositioningthe next codon ofhle mMRNA sequence into

the ribosomal A site. The tRNA is released from the E site and the process repeats until

a stop codon is reached.
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1.2.3 Translation termination and ribosome recycling
The ribosome continues to translocate along the mRNA catalysing thafion of the
polypeptide chain until a stop codoAA, UGA, or UA@Gnters the A sit§Caponeet
al., 1986) Recognition of a stop codon triggers the release of the polypeptide chain
and recyling of the ribosome forsubsequent round of translation in aprocess
mediated by the eukaryotic release factors (eRFFleBnd eEF&houravieveet al.,
1995)

eRF1 binds to eRKE3TP and acts as a GTP dissociation inhiffftizarewet al., 2006)

eRF3 directs eRF1 to the ribosorfigertram et al., 2000) and interaction with the
ribosome promotes the hydrolysis of eR6IP(Frolovaet al, 1996) Hydrolysis of
eRF3 induces oformational changes in eRF1, positioning eRF1 in the peptidyl
transferase centre of the ribosomeoupling stop codon recognition and peptide
release (Alkalaevaet al, 2006; FafMinogue et al, 2008) Once the completed
polypeptide chain has been released, the 80S ribosome must dissociate from eRF1
(Pisarevet al, 2007) the mRNA and the dacylated tRNA in order to initiate
translation of other mMRNA molecules. In socases the ribosom may only partially
dissociate allowing for reinitiation of translation on the same mRNA transcript. This
process relies upon the binding of elF4F and PABP during initiation to bring the 5' and
3' ends of a mRNA into close proxim{fifarun and Sachs, 1996nd occurs most
commonly for transcripts that contain short open reading frames upstream of the

main coding sequence ' pv]*“ pAal, 2018)

eRF1 and eRF3 have been shown to promote ribosomal subunit dissociation, however
this occurs at a slow rate and is not sufficient to account for the rate atiwdn cell can
reinitiate translation (Shoemakeret al, 2010) Translation initiation factors can
mediate the recycling of the ribosome at specific concentrations of [fRjsare\et al.,

2007) Binding of elF3 to the 40S ribosomal subunit promotes disassembly into the 60S
subunit and the 40S subunit bod to the mMRNA andedacylated tRNASiridechadilok

et al., 2005) elF1 then induces release of the-deylated tRNA, followed by elF3
mediated dissociation of the mRNRisarevet al., 2010) More recenly the protein
ABCEL1 was identified to promote ribosome recycling and is important for facilitating
the process in a wider range of KigoncentrationgBarthelmeet al., 2011; Pisareet

al., 2010)
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Figurel.4 Translation termination and ribosome recycling pathway.

The presence of a stop codon in théosomal A site triggers termination of
translation. eRF&TP directs eRF1 to the ribosomal A site. eBH3 hydrolysis
stimulates binding of eRF1 to the stop codon and subsequent release of the
polypeptide chain. elF3 binds the 40S ribosomal subunit and mediates the release of
the 60S ribosomal subunit. elF1 then mediates the release of the mRNA and tRNA

molecule freeing the 40S ribosomal subunit.
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1.3 Regulation of translation initiation  during cellular stress
The process of translation involves a significant amount of cellular gnargl
therefore tight regulation is crucial in response to adverse cellular conditions. The cell
must establish an impeccable balance between energy conservation and the synthesis
of stress responsive proteins order to restore cellular homeostasisher are a
number of pathways through which the cell can regulate translation initiation during
cellular stress includingglF4EBP dephosphorylatiorfPatel et al., 2002)and elF4G
cleavaggGradiet al., 1998; Svitkiret al., 1999) However, one othe best studiedand
most diversemechanisms ofranslatioral control in response to cellular stress the
ISR aseriesof stress sensing pathways thagulate translation througlthe common

mechanism of elF2 phosphorylation

1.3.1 The integrated stress response
elF2 plays a pivotal role in the initiation of translation and therefore serves as an
important target for regulation. The core event of the ISR is the phosphorylation of
/& Tt serine residue 5by stressE *%o}ve]A /&Tr IJv « U AZ] Z o
inhibition of elF2BOnce inhibited elF2B cannot replenish e&EPP within the cell and
global translation is attenuated. Paradoxically, the translation of a humber of stress
responsive proteins is upregulated, conserving energy and favouring homeostatic

reprogramming.

1.3.1.1 Activation of the ISR and attenuation of global protein

synthesis

Through control of the guanine nucleotide status of elF2, global translation levels can
be manipulated as part dhe ISRUnder normal cellular conditions, in its Ghéund

form, elF2 forms a ternary complex withMet-tRNA. The ternary complex facilitates

the delivery of theMet-tRNA to the ribosome, and assists ribosomal translocation to
an appropriate start codarwhere compkementary binding of théviet-tRNA anticodon
initiates translation. elF2 is released in its inactive ®&béhd form, in combination

with another initiator factor, elF5ln order for subsequent rounds of translation to
occur elF2 must beeleased from &5 andreplenished in its active GI#®dund form

This reaction is catalysed by elFaBd therefore elF2B provides a critical controlled
point in the translation initiation pathwayA more detailed description of translation

initiation can be foundn Secion 1.2.1 In response tosariouscellular stress stimuli,
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stresssensing pathways become activated and promote the induction of the ISR
through the common downeSE u u Z v]eu }( /&1Tr %o Z(BréstioptE Co $]
and Brostrom, 1998; Devat al., 1992) In its phosphorylated form elF2 becomes a
competitive inhibitor of elF2B activityDeveret al, 1995; Rowland®t al., 1988)
subsequentlylevels of elFRRGTP are depleted within the cell, leading to a global
attenuation of protein synthesis(Figure 1.5). The precise mechanisnof elF2B

inhibition C %o Z}* %0 Z} & C o discusskd iigedtton1.4.3.1

Iv C 38 <]vFmnase, &ON2 (general amino acid control nonderepressible 2), is
E *%}tve] 0 (}E %0Z}*%Z}ECO S]vP id&Bponge thvaminpweids Z /"
deprivationin order to reduce the cellular demand for amino aqidazquez de Aldana

et al., 1994)(Figurel.5). GCN2 is highly conserved from yeast to mammalian cells
(Castilhoet al., 2014) however in mammalian cells threzdditional elF2r []v o e
which phosphorylate the same single serine residug / &&xist (Donnellyet al.,
2013) The® kinases are termed®KR (protein kinase R), PERK (protein kinasdilkNA
endoplasmic reticulum kinaseand HRI (hemeegulated inhibitor) (Castilhoet al.,
2014) (Figurel5). Th u uu o] v [&ir I]Jv « « «Z (& S ve]A Z}ulo
catalytic domainswhich contain adimerization interfacecrucial for kinase activation

and catalytic functionEach kinase however harbours a unique regulatory domain that
allows foractivationof the ISR by a range of cellular stres@@srlangaet al., 1998;

Chen et al, 1991; Hardinget al, 1999; Meurset al., 1990; Shet al., 1998) PKR is
activated mainly by doublstranded RNA (dsRNA) during viral infectoml promotes
survival by reducing the translation of viral mMRN&kmens and Elia, 1997; Lemaite

al., 2008) PERKs principally activated in response t@ndoplasmicreticulum ER
stress commonlycaused bythe accumulation ofunfolded proteins in the ERPERK
activationalleviates this stress by decreasing the level of proteins localising to the ER
(Hardinget al., 2000; Patil and Walter, 20Q1)nlike the other kinase moleculeghich

are globaly expressed, HRI is predominataypressed in erythroid cells anpotects

the cell against toxic globin ggegates When hene is unavailable to form
hemoglobin, HRI mediates thdownregulation of protein synthesigjecreasg the
translation of globinand preventing the formation of toxiglobin aggregates(Han

2001, Lu 200) HRI has also been shown to beigated in norerythroid cells in
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response to arsenite induced oxidative stremsd is required to promote cellular

recovery through ISR signalliflgcEwenet al., 2005)

In addition to natural stimuli, the ISR can be induced chemically. Two chemicals
commonly used to induce the ISR for experimental studies are Thapsigagyiant

sodium arsenite (SAFigure 1.5) Tgis a potent inducer of ER stress, it inhibits the
sarcoplasmic/ER €A TPase (SERCA) causing a decrease in ER calcium levels. Depleted
calcium levels within the ER leads to the inactivation of caldependent chaperones
required for protein folding(Hebert and Molinari, 2007; Oslowski and Urano, 2011)

The accumulation} ( u]e<(}o % E}S Jve Jv SZ Z E epoSe ]Jv SZ ¢
kinase, PERK. SA is a potent inducer of oxidative stress. Treatment of cells with SA
increases intracellular levels of reactive oxygen species (RG@het al, 1998)
Increased levels of intracellular RAE eposS Jv SZ $1A 81}v }( 8z &
(Hanet al., 2001; McEweet al., 2005)

31



Thapsigargin
Inhibition of the Sodium arsenite
sarcoplasmic/ER
calcium ATPase Chemical
l induction
Induction of
Decreased ER reactive oxygen species
calcium levels
-/
| ~
Cellular
Amino acid deprivation Viral infection ER stress Heme deprivation stress
stimuli
| | J )
GCN2 PKR PERK HRI
f;#'\\.{&‘) L;?:;?\rgzdtRNA d.s-Rl.\lA ER lumenal
e gfemain binding Domain Haem elF2a
‘,:,_)x_,«{ Domain binding site Kinases
l; ) } g::::n }Ki“ase ! }Kinase
Dir[rj\(e’:)s;tri‘on (T i/«i:j:} Domain } I')(:)r:::?n Domain
— Phosphorylated
elF2
elF2
Translation
initiation
elF2-GDP O sIF2-@LP
elF2B
Figurel.5 Activation of the ISBbathway.
In response to various cellular stress stimuli&ir I]v ¢« u}o po « &E

SZEIUPZ Ju E]I 8]}vX [&Tr IJv e u}o HO * %Z}*e%Z}EC
its phosphorylatedform, elF2 is a competitive inhibitor of elF2B activity preventing
replenishment of elF&TP within the cell and inhibitinganslation initiation
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1.3.1.1.1 Formation of stress granules

Decreased levels of cellular el&d P leads to the formation efF2GTRdeficient, and
therefore nonproductive preinitiation complexes In the absence of productive
preinitiation complexes, fewer ribosomes are loaded onto mMRNA transcripts and as
elongating ribosomes reach stop codons, global translation is eegulated.Stalled
complexes of mMRNA molecules bound by 4poaductive preinitiation complexes can
be recruited to large cytoplasmic granules, termed stress granules (Eggs)e1.6)
(Kedershaet al, 1999; Kimballet al., 2003) In mammalian cells, SG assembly is
mediated by RNA binding proteins includingéll intracellular antigen {TIAJ, and
GTPase activating protein binding protein 1 (G3@®dersheet al., 1999; Kimbalét

al., 2003) Throughseltaggregation(Gilkset al., 2004; Tourriereet al., 2003) these
RNA binding proteins promote the formation of a stable core structure containing
MRNAs and noeproductive preinitiation complexes, in addition to other protei@ain

et al, 2016). Recent evidence suggests that RRIA interactions also promote the
assembly of these core structures and contribute to their stallitgecket al., 2018)
These core structures become rapidly surrounded by a more dynamic &heaied
through interactions of intrinsically disordered regiosfSRNA binding protein§lainet

al.,, 2016) Studies have shown th&G componentsan rapidly shuttle througisGs
and it is suggested that the shell provides a scaffoldticg dynamic exchangewith

the transition of components between the core and shell modulatednbynerous
protein and RNAemodellingcomplexesBuchan, 2014; Jaet al., 2016; Kedershat

al., 2000) It is currently believed that SGs provide a halwhich mRNAs can be sorted
and then stored for translational fmitiation upon restoration of cellular homeostasis
or instead be directed for decganderson and Kedersha, 2006; Jetial., 2016)
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Figurel.6 Stress granule formatiopathway.

Under normal cellular conditions elF2B recycles &@BEPinto its GTFbound form.
elF2GTP along with a number of other elFs form-priéation complexes with target
MRNA molecules and the 40S ribosomal subunit. Translation of thesmifa&on
complexes is initiated through hydrolysis of el&E2ZPwhich pranotes binding of the

large ribosomal subunitIn response to conditionof cellular stress elF2 is
phosphorylated and becomes a competitive inhibitor of elF2B actipigventing elR2

GTP recyclindg’re-initiation complexes form in the absence of el62P. Joining of the

large ribosome subunit is thus less favourable and translation becomes stalled. RNA
binding proteinsincluding G3BP and TIAfediate the aggregation of stalled pre

initiation complexes to form SGs.
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1.3.1.2 Cellular recovery signalling

The lengthand severity of ISR inductioregrmine the fate of acell. During episodes

of acute or short lived cellular stress, the ISR promotes cellular recovery signalling.
However, in cases of severe or long lived cellular stress, where ISR signalling is unable
to restore cellular homeostasis, the ISR can inducedeelth signallindRutkowskiet

al., 2006) In addition to the dowrregulation of global protein synthesis, the ISR
induces translational upegulation of specific mMRNAs which mediate these signalling
pathways. The translation of these mMRNAs is most commonly regulated by the
presence ofupstream omn reading frames (UORF8) their 5° UTR uORFs are
generally inhibitory for the translation of a mRNA transcript under normal cellular
conditions, however during episodes of cellular stress, they can promote the
translation of a mRNAUnNder normal celllar conditionsthe circularisation of a mRNA
through interactions between elF4F and PABP promotésitiation of the scanning
ribosome Upon stop codon recognition, the 60S ribosome dissociates whereas the 40S
ribosome remains associatednding of a tenary complex to the scanning0S
ribosome allowdor consecutive rounds of translation ¢tie mRNAtranscript. When
ternary complexes are present in abundance, translation is initiated at uUORFs, however
when ternary complex levels are depleted, the scagniibosome is unlikely to bind a
ternary complex by the time it reaches a UORF. As the ribosome will continue to scan
the transcript until a ternary complex joins, it is more likétg ribosome willbypass

any UORFs anthitiate translation at the coding ORF, in a process termed leaky
scanning as shown irFigure 1.7. GCN4in yeast was the first mMRNA shown to be
regulated by the ISR through the presence of uOQRkeller and Hinnebusch, 1986)
Although there is nd3CN4ortholog in mammalian cells, the best characterised mRNA
regulated via this mechanism tise transcription factorActivating transcription factor

4 (ATF4. ATFAmRNA is ubiquitously expressed; however under normal cellular
conditions protein levels are logHardinget al., 2000; Vallej@t al., 1993) The human
ATF4AmRNA contains three u®R(Hardinget al., 2000)(Figure 17). Under normal
cellular conditions, the first two uORFs which encode short polypeptides (3 amino
acids and 12 amino acids in length respectively) are transléederi and Harris,
2008) The upstream uORFs in mammali&T F4act as renitiation uUORFs; upon stop

codon recognition, the 60S ribosome dissociates mghe the 40S ribosome remains
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associated Whenternary complers arereadily availablethe scanning 40 S ribosome
acquiresa new ternary complex in sufficient time to reinitiate translation at the next
UORFE The final uUORF sequence overlaps with the a@pdiguence of ATF4 in avut-
of-frame manner and thereforghe translation of uUORF#hibits the translation of

ATFAFigurel.7) (Luet al., 2004b; Vattenand Wek, 2004)

ATF4 can activate psurvival mechanisms within the cell through number of
different pathwaysBoth W Z< v ' ET ]Jv [ %0Z}e%Z}ECO S]}v }( /&
shown to induce ATF4 mediated autophagy [ 2% @, 2013) Autophagy is a highly
conserved cellular process that serves to recycle cytoplasmic materials in order to
maintain cellular energy levels, metabolism and levels of amino @eldsishima and
Komatsu, 2011)Additionally, PERKnduced ATF4ignallingcanalleviate ER stregbat
has beennduced by the accumulation of unfolded proteimsthe ER. ATF4 siglling
activatestwo distinct signalling pathwaysediated by ATF&nd IRE1ATF6 increases
the ER protein folding capacity where#&E1 induces mRNA decay factors, reducing
the protein folding load(Ron and Walter, 2011)if ISR signalling leads to the
restoration of cellular homeostasis, AT#dediated activation of the transcription
factor C/EBP homologous fein (CHOI, can contribute to the restoration of global
translation. CHOP induces the transcription Gfowth arrest and DNA damage
inducible protein (GADD33U v /&ir % Z}*%Z S » & Ppo S}EC -
}vSE] pus « 8} 8z %0 Z } * %o Z (BEUSIHEEt 3] } 2003) In/ dabes of severe
cellular stress Wwere the pro-survival mecharsims induced by the ISR are unsuccessful
in restoring homeostasis, the ISR promotes cell desiinalling One of the best
studied mechanisms of |9Rduced cell deathalsoinvolves ATFnediated activation
of CHOP. CHOP has been shown to induce apoptiasia mumber of mechanisms
including, repression of anépoptotic proteins (McCulloughet al, 2001) and
upregulation of death receptoréyamaguchi and Wang, 200#ence ATF4 and CHOP
have extensive roles in the ISR and function as common mediators to produce tailored

responses, both praand antisurvival dependent on the cellular stress stimuli.
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Figurel.7 Regulation of ATF4 expression by Leaky Scanning.

ATF4 expression is regulated by the presence of three uORFs. Under normal cellular
conditionslevels of ternary complex are abundant within the cell. Scanning ribosomes
readily associate witl ternary complexinitiating translation at the uORFs of ATF4. In
response to conditionsf cellular stresslevels ofternary complex are reduced within

the cell and scanning ribosomes more commonly reach the coding region of ATF4
before associating with a ternary complex.
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1.3.2 Small molecule modulation of the ISR
The ISR provides a central network for maintaining cellular homeostasis and therefore
the dysregudtion of ISR signalling has numerous pathological consequences and has
been linkel to conditions such ascancer diabetes, cardiovascular disease and
neurodegenerationBi et al., 2005; Eizirilet al., 2008; Prahlad and Morimoto, 2009;
SantosRibeiroet al., 2018) The ISR can induce both cell survival signalling and cell
death signalling and maintaining a balance between these two signalling pathways is
crucial. The phospholgtion of elF2 is the core event through which all signalling
pathways that stimulate the ISR converge, and therefore is an appealing therapeutic

target.

1.3.2.1 GSK2606414

In neurodegenerative diseases, both ISR signalling enhancers and inhibitors can be

neuropraective, dependent on the underlying molecular mechanisms of the disease.

N % Z]v iU AZ] Z v ]E 30C %E A vSe /&Ir %Z}*%Z}ECO

GADD34, delays the onset of clinical symptoms in multiple sclerosis mouse models

(Chenet al., 2019) Similarly the upregulation of PERK has &ksen shown to prevent

clinical symptoms(Lin et al, 2007) In multiple sclerosis, the translation of ISR

responsiveproteins reduces the cytotoxic impaoct inflammation on oligodendrocytes

reducing disease associated oligodendrocyte I(Ghenet al, 2019) Somewhat

paradoxically, PERK inhibition can also reduce clinical symptoms of neurodegenerative
Jo ¢ X /vE  o0Ao0e }(WZ< V %Z}*%Z}ECO0 § [&1r Z

Parkinson'diseasepatients (Hoozemanst al., 2007) Thisis hardly surprisingsthe

key pathological hallmark of Parkinson's is the aggregation ] (} o0 -synuclein

proteins into abnormal cellular deposits, termed Lewy bodiesweret al., 2017)

Although ISEnduced PERK signalling can be protective in reducing the load of

misfolded proeins, chronic PERK activatidas in Parkinson'sprevents global

translation and stimulates cell death. Treatment of Parkinson's disease mice with the

PERK inhibitor GSK2606414 promotes survival of dopaminergic neurons and improves

motor function, likelythrough restoring levels of synaptic proteii§lercadoet al.,

2018)

Over the last decade, unfolded proteins in the brains of patients suffering from

neurodegenerative or memorycompromising diseases has been increasingly
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documented(Scheper and Hoozemans, 201A3% a resultpharmaceutical modulation
of PERK has gained significant interest over the last few years. In addition to
Parkinson's disease, GSK2606414 also appears $ngmiin preventing
neurodegeneration in priowlisease, frontotemporal dementia andarinesceSjogren
syndrome(Grandeet al., 2018; Morencet al., 2013; Radforeét al., 2015) GSK2606414
however has poor pharmacokinetic propertieshe specificity of GSK2606414 is
limited with recent studies demonstrating it also inhbiReceptorinteracting
serine/threonineprotein kinase IRIPK1)a knase involved in inflammatory signalling
(RojasRiveraet al, 2017) Furthermore, m mouse models GSK2606414 induces
pancreatic toxicity Moreno et al., 2013, likely due to pancreatic cell®quiring some
level of ISRinduction to regulate high levels of protein synthesis for their endocrine
function. These resuft highlight the requirement ofailored ISRargetingin different

cell types.

1.3.2.2 ISRIB

Recently the small molecule ISRIB (I8fBitor) was identified in a celbased screen
for inhibitors of PERK activi{gidrauskiet al., 2013) ISRIB reverses phosphorylated
[&Tr v N SE veo S]ipn (Halli#ayét @&l., «2015; Sidrausket al, 2013;
Sidrauskiet al, 2015a) through restoration of elF2B activifsekineet al, 2015;
Sidrausket al., 2015b) The mechanisms through which ISRIB enhances elF2B activity
will be discussed further iBection1.4.3.2 Like GSK260641¥5RIB is neuroprotective
(Sidrausket al., 2013) however itpresentsas a more promising therapeutic as dtoes
not induce pancreatic toxicitfHallidayet al., 2015) This is likely due to the fact ISRIB
only has adefined window of activation and } A ES Jv SZE& <Z}o }(
phosphorylation ISRIB no longer inhibits the (BRRbouwet al., 2019; Sidrauslet al.,
2015a) This mechanism allows ISRIB to prevent low levels of ISR ordwttich may
contribute to neurodegeneration, while retaining the cgllability to promote the

cytoprotective effects of ISR activation in responsaitgher levels of cellular stress

1.3.2.3 DBM and Trazodone

Similarly to ISRIBh¢ FDAapproved drug dibenzoylmethae (DBM)and trazodone
are also able to partially reverse strasgluced translational repressidiiallidayet al.,

2017) The mechanism though which these drugs reverse the effects of the ISR is
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currently unknown Future studies into the mechanisms of these drugs could improve

their therapeutic potentiafor neurological disease.
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1.4 eukaryotic Initiation Factor 2B
elF2B is the guanine nucleotide exchange factor for elF2 and therefore plays a
fundamental role in the initiation of translation (describedSaction 1.2.1). Although
functionally similar to other guanine nucleotide exchange factors, elF2B exhibits a
greater level of complexity within its quaternary structure. It is composed of five non
identical subunits,s E u r SZE}UPZ s} xU v } ]lv Zpu v -o0o0 C
5 respectivelyln its native form elF2B exists as a heterodecamer composed of two
copies of each of its five subuni(&ordiyenkoet al., 2014; Worthamet al., 2014)
however within mammalian cells, elF2B has also been documented to form sub
complexes which contain varying degrees of the individual elF2B sulfunitst al.,
2011; Worthamet al, 2014) dZ w subunits catalyse the guanine nucleotide
exchange etivity of elF2B, whereas theU tv wubunits are required to regulate
this activity in response to various cellular sign@snballet al., 1998; Pavittet al.,
1997; Pavitet al.,, 1998; Williamet al.,, 2001) Through ts regulaion, elF2B provides a
critical controlled point in the translation initiation pathway such that in response to
adverse conditions the cell can dowegulateglobaltranslation to preserve energy. In
yeast elF2B localises to cytoplasmic bodiesne&al elF2B bodies. These foci represent
sites where elF2B catalytic activity occurs and is also regul@&chpbelkt al.,2005)
The cytoplasmic organisation of mammalian elF2B complexes has not previously been

investigated
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1.4.1 elF2B subunit function
The elF2B catalytic subunjtelF2BL v = /&1 avddesponsible for th&EFactivity of
elF2B. The @rminal domain of elF2Bacilitates binding of elF2 and through its HEAT
domain can catalyse elF2 nucleotide exchange; however the rate of this exclsange i
greatly enhanced through joining of the other elF2B subuf@®mez and Pavitt,
2000)X /&1 v vZ v « /&1 $]1A]8C §Z EwiRi@nsétval 20015} 'dW
Gordiyenkeet al. 2014), but alsoby facilitating thedisplacement of elF5 from elf&zDP
to allow for guanine nucleotide exchang®llowing the initiation of translation
(Jennings and Ridt, 2014) The elF2B regulatory subunits are responsible for
mediating levels of elF2B activity, dependent on the cellular environmerglFFhas
a higher affinity for GDRErickson and Hannig, 1996)e level of guanine nucleotide
exchange etivity of elF2B within the cell can determine global translation rabes.
response to conditionsf cellular stresglF2 becomes phosphorylatechnverting elF2
from a substrateto a competitive inhibitor of elF2BEF activity, stimulating the ISR
(Dever et al, 1995; Rowlandst al, 1988) (Section 1.3.1). This phosphorylation
induced inhibition is conferred by thelF2B regulatory subunits /&1 r Jv % &S] po d
E <u]E 8} v( & §Z]e ]1vZ] 181}v Z}A A E ups §]}vo v ol
suggests thse subunits also contrilbel (Devet al., 2010; Deveet al., 1993; Elsbgt
al., 2011; Fabiaet al., 1997; Hannigt al.,, 1990; Kimbalkt al., 1998; Krishnamoorthy
et al, 2001; Pavitet al., 1997; Siekierkat al., 1982)

1.4.2 elF2B structural arrangement
Prior to 2014, elF2B was believed to be a pentameric complex comprised of one copy
of each of its subunits, however mass spectrometry has revealed that elF2B is actually
a decameric complex comprised of two copies of each of its sub(®dsdiyenkoet
al., 2014; Worthanet al,, 2014) The crystal structwe of decameric elF2Bolved for
Schizosaccharomyces pom{& pombe (Kashiwaget al., 2016)and latersolvedfor
mammaliancells (Tsaiet al., 2018; Zyryanovat al., 2018) revealed a central core
composed of ahexameric arrangement of two copies of each of the regulatory
subunits, flanked at opposite sides by a heterodimer of the catalytic sub(Fidsre
1.8). Expression @ /&1 v ] & <u]E S} ¢S Jo]e SZIwitARhE <]}V
cell and the formation of a heterodimeric complex of these two subusitelieved to

be the first step in decameric formatigfrigurel.9) (Wanget al., 2012; Wortham and
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Proud, 2015X /&7 v v 1 d¢@éntain homologous domains with sequence
similarity to nucleotidyl transferases (NT) and acyl transferases (Adire 1.10)
(Koonin, 1995)Genetic manipulation of these domaims mammalian systembas
revealed a requirement for the Nike domain of both proteins to facilitate their
binding and alsothe bindingof the regulatory subunits. The Aike domain of elF2R
alsofacilitatesassociation with the regulatorsubunits;however the ATlike domain of
/&1 v npt required (Wanget al, 2012) The regulatory subunits of elF2B reside
within the centre of the decame(Figure 1.8). It has been proposed that first a
Z S &} Ju & }( /&1t v [&T w v §Z | tBrooghSiterdct®nsE} Ju C
A v /&Tt v 1WU&WV /&1 w v told&m a tetramericsubcomplex
(Figure 1.9). The decamer is completed through the joining of two tetrameric
complexes § ]o]- C Z}u} Ju &E(FdureAs®) (Wortham and Proud,
2015; Worthamet al., 2016) Studies in yeast first revealed thdtetelF2B regulatory
subunits share high squence homology, particularly in their ©rminal domains
(Figure1.10) (Bushmaret al., 1993; Paddort al., 1989)which are highly conserved
from yeast to mammaan cells(Priceet al, 1996) The hydrophobicity of the C
terminal domains facilitatethe dimerization}( /&7 r epg pv]sSe S} (}&EyY Z}u} |
andthe dimerization of /&7 and /&7 w §} (}Eu Z $(Begprdet @ 2014,
Kuhleet al, 2015) v /&1 homodimer and$A} /&1 -heterodimersform a
hexameric structure within the decamer, facilitated by therangement of theC
terminal domaingnto the decameric cor¢Kuhleet al.,, 2015) In this arrangement the
N terminal domainsare accessibldor interactions with / & i(Figurel.8) (Kashiwaget
al., 2016; Tsagt a., 2018; Zyryanovat al., 2018)
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Figurel.8 The crystal structure omammalianelF2B.

The structure was solved by Kenredral. (2019)PDB code 6084nd was drawrhere

using PYMOL (DeLano, 200R).its native conformation elF2B exists as a decamer
comprised of two copies of each of its 5 subunits. Two copies of each of the regulatory

U MV]Se ~rU tU v we E °] v §Z |, fertnikg a}exaderic u &
regulatory core The cores flanked on either side by a heterodimer of the catalytic

U HV]Se ~v v XxeX
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elF2B catalytic
heterodimer

elF2B(Bdyse)
tetrameric
subcomplex

elF2B(apdye),
decamer

Figurel.9 Schematic of elF2B decamassembly

A model for the assembly of decameric elF2B was proposed by Wosehain 2015.

elF2BL v [&T v epg pv]Se (JE+S ]Jv S8} (}CEu § oCS] Z § ¢
/&1 W en pv]Se $Z v Jv S§Z /&1 S 0oCS] ZS§S &} Ju & 8§} (

subcomplex. Two elF2B tetrameric subcomplexes then }uv C v /&

homodmer to complete the decameric conformation.

45



Catalytic subunits

. NT AT Catalytic domain .
elF2Be

i NT AT i
elF2BY

Regions of sequence homology

Regulatory subunits

N e

«rcs [N W

N ; = = >
er2ss [

Nl CI

elF2Ba -

Regions of sequence homology

Figure 1.10 Schematic representation ofegions of sequence homology within the
elF2B subunits The catalytic subunits of elF2B share domains of high sequenc
homology with each otherbut alsowith nucleotidyl transferases (NT) and acyl
transferases (AT). The regulatory subunits of elsi2&e domains of high equence
homology within their Germinal domains.
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1.4.2.1 elF2B subcomplexes

/v u uu o] v oo WVRsT $tSE u E] *p }u%o0 /FE o Z A v
(Figurel.11) andin vitro GEF assays suggest tHapction at approximately 50 %he
aaivity of the decameric compleftiuet al,, 2011; Worthanet al., 2014) Additionally,
functional elF2Bv X catalytic subcomplexes have been identified in yeast and
mammalian cells(Figure 1.11) and in vitro GEF assaysuggest theyharbour
approximately 20 %f the activity of the decameric compldkiuet al., 2011; Pavitet

al., 1998) Whether these subcomplexes are present as intermediates in decamer
formation or are themselves functionally important complexes in cellular leggun is
unknown. Due to the requirement of the elF2B regulatory subunits to mediate the
JvZ] 18}YEC (( S }( %Z}*%Z}ECO § 1&TrU SZ %o E Vv
different arrangements of subunits could facilitate different responses to cellula
stress. This could perhaps providénighly controlledlevel of elF2B regulation within

the cell
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elF2B elF2B elF2B
decamer tetramer heterodimer

Figurel.11lelF2B complexes identified in mammalian cells.

elF2B forms a decameric complex in its native form composed of two copies of each of
its five subunits. elF2Basalsobeen shown tdorm tetrameric complexes that contain

one copy of each subunit except for the « u p\ahd heterodimers of one copy of
ea Z }( §Z § 0CS] eplpv]SeV v v
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1.4.3 elF2B mediated regulation of translation initiation
1.4.3.1 Regulation by phosphorylated elF2 r

The initiation step of the translation pathway is rate limitinghd therefore the

JvZ] 1S]1}v }( /&1 C %oZ}e %BrE (@sidge 51)/@Eadvides an important
mechanism through which translation can be controlled. Levels of elF2B within the cell

are lower than elF2 and thus even partial phosphorylation is sufficient for the down
regulation of protein synthesis. AlthoughZp}+%.Z}E&E Co $§ [&Tr Z o v v}
inhibit elF2B since 198&iekierkaet al., 1982) the exact mechanism through which
phosphorylated elF2 induces this inhibition has remained largely unknown. Recent
structural studies have solved sttures of elF2B bound to both phosphorylated and
non-%oZ}*% Z}ECo0 $ /& TrU % E}A] JvP 3Z (]E+S Jve]PZ3 ]
(Adomaviciuset al.,, 2019; Bogoraet al,, 2017; Gordiyenket al., 2018; Kashiwagit

al., 2019; Kenneet al, 2019) Although the structure of elF2B is highly conserved
(Kashiwaget al., 2016; Tsaét al., 2018; Zyryanovat al., 2018)U %0 Z}*% Z}ECo $§ ;

appears to inhibit elF2ta distinct mechanisms within yeast and mammalian cells.

In yeast, both phosphorylated and no#o Z} % Z} ECo0 § [&1r «Z & v
(Figure 1.12X /&1r v » S} SZ S CEGulv o }u Jve }( /&T T Vv
UlJvi®E 1Ivsd e Al3Z /&P d&]e]8]}ve /&1t v [&Iv ]Jv 0}
to the catalytic domain of elF2B, facilitating nucleotide exchange. Upon
%oZ}e%Z}ECO S]}v }( [/&TrU }v(}&uU S]}vo Z VP e ]Jv 8§,
surrounding the phosphorylation site are believed toZnv  §Z Jv JvP }( [/&ir
/&1 r v [&T1T wX dZ]e (E *poSe |v }V(}E&uU S]}v o Z vP ]v
S 0CS§] }u v (E}lu ]S }E]P]Jv o o0} % E}A]Ju]SC §}
nucleotide exchangéAdomaviciuset al., 2019; Gordiyenket al., 2018) Similarly to
yeast two molecules of elF2 are able to bind mammalian elF2B, however the binding
*18 }( /&7 ]e v}8 }ve EA (E}u C +3 3} uuuo]v /&1 X D
to decamericelr C &] P]vP E}ee 37 )Irhmeriiarrangements,
Jv JvP 8} /&1t E ] v3 AJSZIWSBEE/&TEtWVSZ uE v
E ] v8 A]S3Z]v 3Z } %o %o} tdttamer Eigure viM2) This arrangement
% }]S]}ve [/&Onentatiorv appropriate for catalytic exchange by elA2Benner
etal, 2019)X /v C 3 /&1r AYS$ZE - /&) tettamer independently,
v 8Z u]v }vd & SA v /&Ir v [&1 ] (Addmaviciugt /&1 r
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al., 2019; Kenneet al., 2019) Furthermore, unlike in yeast, in mammalian cells there

]* v} }A o % SA v §Z Jv ]JvP ]88 ¢ }( [&r Jv ]38 pu
ph}e% Z}ECO0 § (JEuUeX WZ}e%Z}ECo S]}v }( [/&ir Qv p
E%}e]vP ZC E}%Z} ] €& ] pe $Z 5 ( ]Jo]s8 8§ ]Jvs & S]}v
(figure 1.12)X Jv JVvP }( %0Z}*% Z}ECO0 S [&1r S} -p&ductiver /&1
for elF2B GERctivity and blocks the binding site for ngmosphorylated elF2,
inhibiting elF2B GEF activ(tgenneret al., 2019)
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Figurel.12 Crystal structures of mammalian an8. cerevisiaelF2B bound to elF2
v [ &TrdWesmammalian structure was solved by Kereteal. (2019)PDB code
6081 ad the S.cerevisiaestructure was solved by Adomavicietsal. (2019)PDB code
613M. The structurefierewere drawn using PYMOL (DeLano, 208/E2B is
Ju% E]e  }( 3A} 483 S$EVUXE+ 3 ]Jo]e C v /&1 r Z}u} Ju ¢
binding pocket for mammalian elF2 is formed by residues/&i w v & ] p * }(
/&T t %o E ¢ VS JV }%0%o}*]S [&T ~twvxe § SCE u E*X /v ]S %o
binding pocket for elF2 is comprised ofere 4 ¢ % & * vS Jv /&T w v [&T rX
binding pocket of5.cerevisiae /&7 ]* (}EuUu u JvoC (E}u E ] u « }( /&1
/&1 WX /v ]88 %Z}*%Z}EC0 § (}EuU /&1 o0} Jv « 8} /&7 3
pocket.
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1.4.3.2 Regulation of elF2B through binding of IS RIB

The small molecule ISRIB was recently identified to reversendBBed translational
repression through restoration of elF2B activity and appears to be a promising
therapeutic, as discussed Bection 1.3.2.2ISRIB is a small molecule that restores
e/&1 §]A]18C SZE}uPz &] P)udrarsékg to/grdometavdecamer
formation (Sidrauskiet al., 2015b; Tsaet al, 2018; Zyryanovat al., 2018)(Figure

1.10). ISRB binds between the N termin}( /&T w v /&1 t A]§Z]v §Z & §
structure, as ISRIB is a symmetrical molecule it can bind two tetramers in this way
% EIU}SIVP 8§Z % Jo]e 8]}v }( 3A} § SE (, GBtame} (cp@u v /¢
al., 2018; Zyryanovat al, 2018) The interface formed between the two elF2B

8§ SE u E+ ( A}uEs 8Z v ]vP }( /&1 r Z}u} Ju E« AZ v
tetramers. Through stabilising this tetrameric interface, ISRIB promotes decameric
formation (Tsaiet al, 2018. The presence of ISRIB does not disrupt binding of
phosphorylated elF2 and consequentphosphorylated elF2 is still capable of
inhibiting elF2B in the presence of ISRTBe ability of ISRIB to restore translation
within a cell is dependent othe levels of phosphorylated elF2. In the absence of
phosphorylated elF2 ISRIB does not enhance elF2B activity, however during episodes
of mild cellular stress, associated with moderate phosphorylation of elF2, ISRIB is able
to enhance elF2B activiRabouwet al., 2019; Sidrauslat al., 2015a) This is likely
through stabilising the deaneric conformation of elF2B to increase the overall level of
elF2B activity within the cell. Decameric elF2B harbours two elF2 binding sights and is
approximately twice as efficient at performing GEF activity when compared to
tetrameric elF2B which harbosionly one elF2 binding si{f&enneret al., 2019; Liet

al., 2011) During episodes of extreme cellular stress, associated with high levels of
phosphorylated elF2, ISRIB is no longer capable of rescuingadids (Rabouwet

al., 2019; Sidrausket al, 2015a) This is likely a conseguee of the stabilised
decameric complexes of elF2B becoming saturated by the high level of phosphorylated

elF2 present within the cell when compared to Raimosphorylated elF2.

52



elF2Ba
ISRIB homodimer

elF2B elF2B octomer elF2B
tetramers stabilised by ISRIB decamer

Figurel.131SRIB promotes elF2B decameric assembly.
InZ] Jv « 8} /&1t v withip twe Jdistinct elF2B- t wpvtetramers,
stabilisingthe binding of thetwo tetramers and forming an elF2B{ {, octamer. The

octameric conformation of elF2B favours the bjivP }( v /&1 r Z}u} Ju &E

promoting the assembly of the elF2B decamer.
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1.4.4 Cellular localisation of elF2B
In yeast elF2B has been shown to localise to cytoplasmigvfoch have been termed
elF2B bodiegCampbelkt al., 2005; Moon and Parker, 2018; Noreteal., 2010; Taylor
et al, 2010) elF2B bodies are cytoplasmic granules formed of accumulations of elF2B
and elF2. Morpologically elF2B bodies commonly exist as a filameHrlikasstructure
(Campbelkt al.,, 2005; Noreeet al., 2010) This morphology appears common in yeast
with a number of other enzymes alstocumented to localise to filamentsncluding
glutamine synthetas€GS) andCytidine triphosphatesynthetase (CTP@)oreeet al.,
2010) Studies investigating the filamentous nature ®5and CTB synthase have
linked thislocalisation to enzyme inactivation and adverse cellular conditibluseeet
al., 2014; Petrovskat al., 2014) elF2B bodies however appear somewhat different
these filamentous structures Campbellet al, (2005) demonstrated that elF2
dynamically interactd with the elF2B body at a rate that correlated with elFR2BF

activity, siggesting that elF2B bodies are sites of enzyme activity.
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1.5 Vanishing White Matter disease
The importance of elF2B function within the cell is highlighted by the fact that
mutations inany of the five subunits ofIF2B lead to the fatal neurological disorder,
leukoencephalopathy with vanishing white matter (VWNWM is also known as
childhood ataxia with central nervous system hypomyelination (CA«@id)although it
is a rare disease isiregarded as the most pralent childhood leukodystrophgnd is
associated with a very poor prognogBugianiet al., 2010) Clinically the disease is
characterised bya mutation in any of the five subunits of elF2B accompanied by
chronic degradation of theerebralwhite matter. The dfected white matter appears
thinned and porous de to dispersal by vacuoles and MRI imaging reveals
cerebrospinal fluid filled areas where white matter has bégelydegraded(van der
Knaap et al, 1998) Phenotypically, symptoms and disease progression vary
dramatically. This is likely due to the genetiengdexity of VWM with curretly around
200 mutations, across the5 elF2B subunits, characterised as causative of VWM
according to the Human Gene Mutati Database There is no cure for VWM and
elucidating common pathophysiological mechanisms across the broad spectrum of

causative mutations remains difficult.

1.5.1 Patient symptoms and clinical progression

VWM disease has a wide clinical spectrum and the severity of disease appears to
inversely correlate with age of ons@damiltonet al., 2018) In classical caseof VWM,
disease onset occurs in childhood and is symptomatically characterised by cerebellar
ataxia, spasticitymild mental declineand less commonly loss of visiand epilepsy
(Hanefeldet al., 1993; Schiffmanet al,, 1994; van der Knaagt al., 1997) In addition

to neurological symptoms some patients also present witraroleukodystrophy
(Boltshauseet al.,, 2002; Hamiltoret al., 2018; van der Knaagt al., 2006) Exposure

to stressful episodes including, fever, head trauma and acute fright can cause disease
onsetand canalso contribute to episodes of rapid neurological deterioratiaich
influence disease progressiorDuring these episodes patient motor function rapidly
declines and recovery is usually incomplete. Patient prognosis is \pitlorsevere
episodes ommonly resuling in coma whichare often fatal(Maletkovicet al., 2008;

van der Knaapt al., 198).
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Milder cases of VWM appear to be associated with onset in adolescence or adulthood,
where episodes of rapid deterioration are less prominent but cognitive problems are
more apparent(Hamiltonet al., 2018; Labauget al, 2009; Van Der Knaagt al.,
2004) Early infantileand antenatal cases of VWM are associated with severe disability
and higher mortality(Francalancet al., 2001; Hamiltoret al,, 2018) In these early
onset cases of VWM inlwvement oforgans other than the brain and ovariesve been
documented and matients often suffersymptoms includinggataracts, pancreatitis and

kidney hypoplasigvan der Knaapt al., 2003)

1.5.2 Pathophysiology and genotype -phenotype link
VWM isa genetically complex disease. It is causedunypsomal recessive mutations
most commonly missense mutatioBat may exist in homozygous or heterozygous
states (Pavitt and Proud, 2009)Frameshift and nonsense mutations occur less
frequently (Li et al, 2004)and have never been observed in the homozygous state
likely due to their association with severe VWM phenotyfreavitt and Proud, 2009)
Figure 1.14, adapted fromShimadaet al., (2015, demonstrates the distribution of
over 100characterised VWMnutations across the genes ecoding the elF2B subunits.
Mutations arise most frequently ifEIF2B5encoding elF2B, dispeised across the
gene but largely sparing the 3' enghich encodes the catalytic domain of elF2B
mutations in this rgion would likely be fatalGomez and Pavitt, 2000; Gometzal.,
2002) /&T v *Z (E « Z]PZ « <p v  Z}u}iahB QuiAfénd octlring in
EIF2B3~ v } JvP /&1 veU P v E 00C ou*S E E}pv E - }(
EIF2B5Addtionally, mutations affecting the rgulatory subunits also appear tuster
in regions of homology. The regulatory subunits of&1 ~rUt v we «Z E Z
sequence homology in their C terminal domains. VWM mutations identifi€lR@B1,
EIF2B2 an&lIF2B4encoding elF2B Ut v w E < %in géhéralol@ster towards

the 3' portion of the genes.

Biochemical analyses have investigated the functional effects of VWM mutations on
elF2B. Some mutations destabilise interactions between elF2B subaiffésting
complex formation, whereas other mutations affect ti&EFactivity of elF2Beither
directly or indirectly through impairing elF2 bindiide Almeidaet al., 2013; Fogli and
BoespflugTanguy, 2006; lat al., 2004; Richardsoat al., 2004; Schepeegt al., 2006;

Wortham and Proud, 2015 he recent discovery of ISRIB appeapsomisingavenue
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in the treatment of VWMmutations that detabilise the decameric conformation of
elF2B(Liang Wonget al., 2018; Tsaet al., 2018; Zyryanovat al., 2018) The small
molecule 2BAct has recently been derived from ISRIBhas similar effects to ISRIB
on elF2B activity but improved pharmacodynamic properties. 2PPatents disease
phenotypes ina VWM mouse models harbouring mutation which effects elF2B
complex formation €IF2BxR191H mutation R195H in humangWonget al., 2019)
demonstrating therapeutic potential for 2BAct in the treatment of elF2B complex
destabilising VMM mutants Mutations have also been identified thataffect neither
complex formatiomor elF2B activityn vitro but cause some of the most severe forms
of VWMin vivo(Liuet al., 2011; Wortham and Proud, 2019he mechanisms of these
mutations remain elusiveand therefore the development of treatmentfr these

particular mutationsis difficult

Although elF2B is a global regulator of protein synthegisl cells appear to be
selectively vulnerabléo elF2B mutationsand VWM diseasepresents with populations

of immature astrocytes and an increased number of oligodengte progenitor cells
(Dooveset al., 2016) Patient glial cells commonly exhibit an elevated (8Bbinket

al., 2018; van der Voorst al, 2005; van Kollenburgt al., 2006)and PERKnduced
induction of the ISRn mouse modelshas been found torecreate this glial cell
phenotype (Lin et al, 2014) Primary fibroblast cells isolated from VWM disease
patients have been shown to have a heightened stress response, characterised by a
hyperinduction of the downstream ISR transcription factor ATF4, whereas patient
lymphoblast cellsappear to maintain normal levels of ATF4 induction following
exposure to stess(Horzinskiet al., 2010; Kantoet al., 2005) Although the exact role

of the ISR is unclear in VWM pathophysiology these data suggest it may be linked to

the tissuespecificity of VWM and is a key area for future research.
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1.6 Project overview
The functional localisation of elF2B has not previously been investigatednmmalian
cells. This thesis aims to elucidate localisation patterns of elF2B in mammalian cells
and determine the functionasignificance of this localisation under normal cellular
conditions andduring conditions of cellular stresCurrently the pathopfisiology of
VWM remains elusivewith the functional impact that mutations have on elF2B,
correlating poorly with diseasgeverity andprogressionlt could be hypothesised that
the localisation of elF2B within a cell may contribute to VWM patholdgpys study
aims tocharacterise elF2B localisation in cells affect by VWM pathology and explore

the function of elF2B localisation during conditions of cellular stress

The cellular localisation of elF2B will be investigated under normal cellular conditions
in cell types linked to VWM pathologyn yeast elF2B localises to cytoplasmiciésd
termed elF2B bodieddere we aim to determine if elF2B bodies exist in mammalian
cells.It canbe hypothesised that elF2BilMocalise to elF2B bodies in mammalian cells.
In order to observenammalianelF2B localisatigra plasmid encoding fluorescently
tagged elF2B subunivill be transiently expressed in mammalian celand the
phenotypic localisation of the elFZBibunit will bevisualised by confocal microscopy.
ICQwill be used to study the localisation of the other 4 subunits of elF2B in relation to

the fluorescently tagged subunit.

If elF2B is found to localise to cytoplasmic bodies in mammalian cells the relationship
of elF2 and the elF2B body will be investigatén yeast elF2 exists as a mobile
component of the elF2B body and this mobility is manipulated by the modulation of
elF2B GEF activity.ithypothesisedhat elF2 willform a mobile component of elF2B
bodies andwe aim to determine if themobility will correlate to the activity of elF2B
within the cell.Fluorescent recovery after photobleachirfgRAPanalysis will be used

as a tool to analyse the movement of elF2 within elF2B bodies and treatments with Tg
and SA will be used to induce cellular stressaamethod to decrease elF2B activity

within the cell.

In recent years several small molecules have been found to retellalar stress
induced translational repressio(Bidrauskiet al. 2015a; Hallidayet al. 2017) If the

dynamics between elF2 and mammalian elF2B bodies are found to be altered during

59



conditions of cellular stresshe impact ofthese moleculeson elF2B body dynamics
will be assessedTo determine if this event occurSRAP analysis will be used to
investigate the movement of elF2 within the elF2B bodies. Transient expression of a
fluorescently tagged elF2B subunit coupled with ICC will be used to study elF2B

subunit distribution patterns.

60



2. Materials and Methods
2.1 Cell culture

2.1.1Cell culture conditions
U373 astrocytoma cells were cultured in Minimum Essential Medium (MEM)
supplemented with 10 % (v/vieERl Bovine Serum (FBS), 1 % (w/\gmessential amino
acids, 1 % (w/v) sodium pyruvate, 1 % (w/v) glutamine and 1 % (w/v)
penicillin/streptomycin, all ptchased from Life Technologies Co. (New York, USA).
Primary human astrocytes were cultured in Astrocyte Medium (AM) supplemented
with 10 % (v/iv) FBS, 1 % (v/v) astrocyte growth supplement and 1 % (w/v)
penicillin/streptomycin, all purchased from ScienCdResearch Laboratories
(Buckingham, UK). M&3 cells were cultured in Roswell Park Memorial Institute
medium (RPMI) supplemented with 10 % (v/iv) FBS and 1 % (w/)
penicillin/streptomycin. HEK293 and HepG2 cells were cultured in Dulbecco's Modified
Eagle’'s Mdium (DMEM) supplemented with 10 % FBS (v/iv) and 1 % (w/v)
penicillin/streptomycin. CH@30 cells and CHCB0 cells harbouring the L180F
mutation within the elF2B4 gene (Sekiekal., 2015) were a kind gift from Prof D Ron
(Cambridge Institute for MeditaResearch). Cells were cultured in Nutrient Mixture
F12 Hammedium (Sigma,Dorset, UK supplemented with 10 % Fetal calf serum
(FetalClone II, Thermo) and 1 % (w/v) penicillin/streptomycin, (Life Technologies Co.
(New York, USA)). All cells were maintdir¢ 37°C under 5 % g@ndwere routinely
tested for contamination with MycoAleit DC } %00 eu § S]}v <]8 %ouUE& Z

Lonza (Slough, UK).

2.1.2Transient transfections
One day prior to transfection, primaryumanastrocytes or CHO cells were seeded at a
density of 1x 10 cells, and all other cells were seeded at a density of 8'xdls in a
6-well plate or fluorodish. Transfections were performed by chemical transfection with
1 mg mC* polyethylenimine (PEI) (Sigma, Dorset, UK3. ig of plasmid DNAvas
diluted in 100 pL of serum and antibiotic free cell culture medium. Diluted DNA was
mixed with PEI and incubated ebom temperaturefor 10 minutes. The volume of PEI
used was based on a 3:1 ratio of PHI):flasmid DNA (ug). 600 pL of antibioticere

cell culture media was added to the transfection mix, and the total volume added to
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the cells. Cells were incubated at 3€ for 23 hours, with an additional L of
antibiotic free media added at the 2.5 hotime point. Cell culture media was changed
to complete mediaand cells were incubated at 3T °for 24 to 48 hours prior to

imaging.

2.1.3Cell treatments
To induce cellular stress, cells were treated withRD dP (} & i Z}puEU }E& iTi |
T ulvps « }E& Al RD M (}E i Z}pE ~ oloveah kX &} EE J& WA
SE SuWwdos AE SE § A3z 1iDvDD/AH.D HE 1} }v (JE
i ZYWE ~ 00 %P E Z WorseEJ X 1P u

2.2 Plasmids
PpCMVBACGGFP plasmid vectors encodinglF2B5or EIF2SIwere purchased from
Origene(Rockville, Maryland, USA). The coding ORHF#EB3rom the pCMVEAGGFP
vector was cloned into a pPCMMGGRFP vector (Origene). The construct was verified
by sequencing. The coding ORF of EIE2SICMVBAGGFP plasmid was mutated
using site directednutagenesis to generate an S51A mutation. The construct was
A E](] C e <p VvV ]JVPX %,DT x A« 1]v P](3 (E}u & E t}&E

Southampton.

2.2.1Site directed mutagenesis
Site directed mutagenesis was performed using a QuikChange HDi&itted
Mutagenesis Kit (Agilent, Stockport, UK) in accordance with manufacturer's
instructions. In order to increase the efficiency of bacterial transformations with
mutagenic plasmid DNA, an extra step was performed. Followindofine digestion
step, reations were concentrated to 1/3" of their original volume by ethanol
precipitation.3 M sodium acetate was diluted 1 in 20 in a@d 100 % (v/v) ethanot (
20 °Crandadded to thereactions. The reaction mixtures were incubated2 °C for 1
hour andthe DNA washen pelleted by centrifugation at 17000gfor 15 minutes. The
supernatant wagemoved,and the DNA was washed once in cold 70 % (v/v) ethanol
before being centrifuged again farfurther5 minutes. The supernatamtasremoved,
and the pelkkt allowed to air dry at room temperature for 10 minutes. The DNA was

then resuspended in sterile dB to 1/5" the total volume of the original reaction
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volume. DNA was stored at 4 °C until transformatfolowing the manufacturer's

instructions

2.2.2 Generatin g chemically competent E.coli
XL 16Gold ultracompetent cell§Fisher Scientific, Loughborough, Were inoculated
in Lysogenyroth (LB)(Sigma, Dorset, Ukand incubated in a shaking incubator at 37
°C overnight. The following morning the overnight culture was diluted 1 tidQB.
Cells were grown to an optical density at 600 @y Of between 0.5 and 0.7 and
then incubated for 15 minutes on ice. Bewere pelleted at 4000 rpm for 5 minutes at
4 °C and then resuspended in TBF | buffer (0.03 M potassium acetate, 0.05 M
manganese chloride tetrahydrate, 0.01 M potassium chloride, 0.008 M calcium
chloride tetrahydrate, 15 % (v/v) glycerol) and incubated1 hour on ice. Cells were
then pelleted at 4000 rpm for 5 minutes at 4 °C and then resuspended in TBF Il buffer
(0.001 M 3-(N-morpholino)propanesulfonic acid.001 M potassium chloride, 0.06 M
calcium chloride tetrahydrate, 15 % (v/v) glycerol). Ce#tre aliquoted, flash frozen in

liquid nitrogen and stored at80 °C.

2.2.3 Bacterial Transformation
Plasmid constructs were amplified by bacterial transformation. Compédisoherichia
coli (E.col) (-80 °C) were defrosted on ice for 30 minutes prior to sfammation.

}u% S vS | fir (gepaevated in Section 2.2.2yere used to transformEIF2S1
pCMV6BACGGFPfor site directed mutagenesis, and competent JM109 cells (Promega,
AMUSZ U%SIvU h<e A E pe (JE 00 }5Z E %0 *u] SE vef
DN A - §} Al ..> JEiiagd\ricubated on ice for 1 hour. Following
incubation cells were heat shocked at 42 °C for 90 seconds. Transformations were then
incubated on ice for 2 minutes prior to plating on LB Agar plates containinggSL*

carbenicillin, which wer¢henincubated at 37 °C overnight.

2.2.4 Extracting plasmid DNA from transformed E.coli
Transformed bacteria &re inoculated in LB containin§0 mg mL* carbenicillin and
incubated in a shaking incubator at 37 °C overnight. Plasmid DNA was extracted from
cultures using a GeneJET plasmid Miniprep kit (Fisher Scientific, Loughborough, UK)
according to the manufacturs instructions. The concentration of thpurified

plasmids was determined using a NanoDrop 1000 Spectrophotometer.
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2.3 Protein analysis

2.3.1 Extraction of protein from cultured cells
Culture media wasemoved,and ®lls were washed with phosphate buffered saline
(PBS) (Sigm®orset UK Cells werdysed in Cell Lytic M containin % (v/v)protease
inhibitor cocktail (SigmaDorset, UK for 15 mins shaking at room temperature. Cell
extracts were harvested by scraping flasks with a cell scraper. Cellular debris was
pelleted by centrifugation at 12,0009 for 12 minutes at 4 °C. Protein extracts were
either subject to dot blot analysis pfor western blot analysjghe concentration of

the extractswere quantified.

2.3.2 Dot blot analysis
&}YE }5 0}3 v oCe]le i ...> }( % E}S ]v rocelsase rAembréfeso o ]
and allowed to air dry. Membranes were blocked in-bu$fered saline supplemented
with 0.1 % (v/v) Tween 20 (TBST) and 5 % (w/v) nonfat milk (Premier Foods, London,
UK) for 1 hour. Primary antibodies were diluted in block solution andbeted with
membranes overnightat 4 °C The following antibodies were use@lF2B1(1:500
dilution, ARP61329 P050; Aviva Systems Biology, San Diego, URA) {1:500
dilution, se¢137248; Santa CruZLalifornia, USAJ /& 11:M00~dilution, s¢271332;
Santa Cruz BiotechnologyCalifornia, USA) and-actin (1:1000dilution, ab8224,
Abcam Cambridge, UKMembranes were then washed iRBSTand incubated for 1
hour with appropriate LiCor secondary antibodies diluted 1:10,000 in 5 % (w/v) nonfat
milk in TBST. Dot blots were visualisgda LiCor Odyss&canner with Image Studio

Lite software.

2.3.3 Quantification of protein extracts
Protein extractavere subject to a Bicinchoninic Acid (BCA) protein assay to determine
the protein concentrationfor western blot analysis Bovine Serum Albumin (BSA)
(Sigma Dorset, UKwas diluted in Cell Lytic M @enerate a set of proteistandards
ranging from 0.Ing m[* to 4 mg mL*. Proteinsamples andstandards wereincubated
in a 96well plate withBCA reagent)(4 % (w/v) coper sulphate in BCA) at 1:20 ratio
for 30 minutes. The absorbance was determined usinyicto 1420 multilabel

counter (Wallac) at a wavelength of 570 nm.
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2.3.4 Concentrating protein samples
For western blot analysis protesamples wee con@ntrated usingl0 kDa MWCQ'iva
spin 2 columns (Fischer Scientificoughborough, UK in accordance with the

manufacturer's instructions.

2.3.5 Western blot analysis

Goncentrated protein extractsvere dilutedin 4 x SD®AGE sample bufferxjgedeon,
Swavesey,UK) and incubated at 95 ° (}E& O u]vps X oi ...P }( 8} o %
resolved on a 10 % polyacrylamide gel, aeléctroblotted onto nitrocellulose
membrane. Membranes were blocked TBST supplemented with eithér % (w/v)
nonfat milk or5 % (w/v)BSAfor 1 hour. Rimary antibodieswere diluted in block
solution and incubated with membranes overnighithe following antibodies were
used: elF2B(1:500dilution, ARP61329 P050; Aviva Systems Biology, San Diego, USA),

/&1r ~iWilution, sc11386; Santa Cruz Biotechnolog@alifornia, USA and
phosphe /&1r ~e EAfie dilutibhi i44728G]nvitrogen, Fisher Scientific). In order
to quantify levels of proteins detected by western blot teactin antibody (1:1000
dilution, ab8224, AbcamCambridge, UKwas used as a loading contrdétollowing
primary antibody incubations, embranes were then washed with TB&hd then
incubated for 1 hour with appropriateiCor secondary antibodieiluted 1:10,000 in
block solution (goatanti-rabbit IRDye680RDP/N 92568071 and goatanti-mouse
IRDye 800CWP/N 92532210 (LiCor, Cambridge, UKjollowing secondary antibody
incubations, membranes were washed with TBSil then visualised on a LiCor

Odyssey Scanner with Image Studio Lite software.

2.3.6 Puromycin incorporation assays
For puromycin incorporation assays, cells were seeded at a density af 10 cellsin
T75 flasks. One day later, culture media weplaced withfresh media Cells were
then either untreated ottreated as outlined in &ction 2.1.3 For puromycin labelling,
cells were incubated witl®1 R Dpuromycin Fisher Scientific, Loughborough, )uitd
208 RD u S$[SigmaDorset, UKfor 5 minutes.Cells werghen washed twice in ice
cold PBS containing 35BRD C 0}Z AJWHu U }E= YU W<E}S |lv ASE
A E %E % E « }udo]v Jestern B JanalyXis Xvaxpertformed on
protein extractsas outlined in Section 2.3.5. For detection of puromycinpranary
puromycinylated proteirantibody (1:500dilution, clone 12D10, MBE343, Millipore,
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Watford, UK was used. In order to quantify levels of puromycipremary antibody for
t-actin (1:2000dilution, ab8227, AbcamCambridge, UKwas used as a loading

control.

2.4 Immunocytochemistry
Cells were grown on coverslips in 6 well plates and transfected as desariBedtion
2.1.2 Cells were fixed in ice cold methanol (Fischer Scientifiaghborough, UKat -
20 °C for 15 minutes. Following fixation, cells were washed with PBS supplenente
with 0.5 % (v/v) Tween 20 (PBSAnd then blocked in PBS supplemented with 1 %
(w/v) BSA. ClH were then washed with PBSAnd probed with primary antibodies
diluted in PBS supplemented with 1 % (w/v) BSA, overnight &.4The following
antibodies weE& pe W /&7 diluidnNVi80101-AP; Proteintech, Manchester,
h<eU /&7 t dilutidhi iiL10341-AP; Proteintech Manchester, UKU /&1 w ~iWiili
dilution, se271332; Santa Cruz Biotechnolo@alifornia, USAU /&1 v didtiti i
s¢137248; SantaCruz California, USA /&1 v ~iWilution, 112962-AP,
Proteintech Manchester, UK elF2B1(1:500dilution, ARP61329 P050; Aviva Systems
Biology, San Diego, USA),/&1r ~iVllution, FL315 sell386; Santa Cruz
Biotechnology, California, USA phosphe /&ir ~e¢ Efie diutidhjiab32157;
Abcam, Cambridge, UK), myc (1:Hil€uion, ab18185, AbcapCambridge, UKG3BP
(1:100 dilution, ab56574, AbcamCambridge, UK elF3b (1:10ilution, ab40799,
Abcam Cambridge, UK polyubiquitinylated onjugates; FK1 (1:10@ilution, BML-
PW8805, Enzbife Sciences, Exeter, JJRollowing primary antibody incubain, cells
were washed with PBSand then probed with an appropriate AlexaFLuor conjugated
secondary antibodyHisher Scientific, LoughboroughUdiluted in PBS supplemented
with 1 % (w/v) BSA, for 1 hour at room temperatufgells were then washed with
PBST®&Nd mounted using VECTASHIERRISet AntifadeMounting Mediumwith DAPI
(Vector Laboratories, California, US&Ells were viewed on a &giLSM 510 or Zeiss

LSM 800 confocal microscope.
2.5 Confocal Microscopy

2.5.1 Zeiss LSM 510
The LSM 510 confocal waised with Zeiss 2009 software. All samples were imaged

usinga 40 X plarapochromat oil objectiveln order to image fluorophores excited at
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488 nm and 568 nmgn argon laser with a maximum output of 25 mW at 55 % laser
transmissionwas used Fluorophores excited at 633 nm were imagasinga HeNe

laser with a maximum output at 5mW at 100 % laser transmission.

2.5.2 Zeiss LSM 800
The LSM 800 confocavas used with Zen Blue softwarll samples were imaged using
a 40 X plarapochromat oil objectiveexcept in the case of Airyscan super resolution
imaging where a 63 X plaapochromat oil objective was use@o image DAPI staining
a 405 nm diode lasewith a maximum output of 5 mW was used. For imaging of
fluorophores excited at 488 nm, a 488 nm diode laser with a maximum output of 10
mW was used. In order to image fluorophores excited at 633 nm, a 640 nm diode laser
with a maximum output of 5 mW was ed. All lasers were usedt 0.2 % laser

transmission.
2.5.3 FRAP analysis
2.5.3.1 Imaging

FRARexperiments performed for Chapte3, Chapter 4 and Section 5.206Chapter 5
were carried out on tB LSM 510 confocal microscog@eaching was carried outith

23 iteraions at 100 % laser power (488m argon laser). An image was captured
before bleaching and then after bleachiri® image were captured for 589.82 msec.
For Chapter 3 FRAP experimem$00 msec intervdletween images was carried out
These timings were ophised to better represent the recovery periotor the FRAP
experiments performed for Chapte4 and Chapter 5, Section 5.2iages were
captured without an interval. FRAP experiments performed for all other sections of
Chapter 5 were carried out on theSM 800. Bleaching was carried omith 23
iterations at100 % laser power (488m diode laser). An image was captured before
bleaching and then after bleaching8 images were captured for 118 msec, with no

interval between images.
2.5.3.2 Analysis

Pre-bleach, béach and recovery images from each experiment were analysed in
accordance to the methodology iyampbell and Ash@007) FRAP curves were fitted

usingGraphPad Prism softwar&he data was entered o a XYtable and plotted. The
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data was fitted to aone phase associatiomodel (below) where ; is the Uvalue

when Tis zero, 'Plateau’ is thdJvalue at infinite values ofTand '-' is the rate

constant. The data was fitted using nonlinear regression.

The percentage of elF2 recovery was determined as the mobile phase of the=ngc

curverepresented as thelateau of the FRAP recovery curves
2.6 Analysing populations of elF2B bodies

2.6.1 Calculating percentages of different sized bodies

Using confocal microscopy, different size populations of elF2B bodies were observed.
In order tocategorise these bodies by size, Image J software was used to measure the

E }(8Z } ] X" o E+s AE pe 8} 38 3Z vpu E }(
freehand line tool was used to draw around the elF2B bodies in order to calculate the
area. Threecategories were determined, large bodie0 pnf, medium bodies;H3
um> G S X®D v eu oo } ] ¢ G2ia@itig Ratermined the size categories for
the different populations of elF2B bodies, counts were performed by eye using the
images of each sized body that had been measured on image J as a reference. In order
to minimise human error, for all counts atalet 50 cells were analysed and counts
were performed blind. For each experiment, the number of bodies that had been
counted were converted into percentages and graphs were plotted using GraphPad

Prism software.

2.6.2 Determining co -localisation of antibody stai ning with elF2B
bodies
elF2B bodies were counted as described in Section 2.6.1. elF2B bodies were classed as
positive for celocalisation when the elF2B body signal and antibody signal overlapped

completely.

2.7 Satistical analysis
In order to determine stasticaly significant differences within thgroups of data
presented in this thesjsall data was first subject to a shapiro wilk test for normality.
Data was considered parametric wherk 0.05. Allgroups of data werdound to be

non-parametric. For thecomparison of three or more groups of data a Kruskalllis
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test was performed followed by a Conover Inman post test using StatsDirect
Statistical Analysis softwar®ifferences in data were considered significant wipen

0.05.
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3. Cellular localisat ion of mammalian elF2B subunits

3.1 Introduction
The cytoplasm of a cell is highly organised and contains numerous intracellular
structures. The process of translating protein is highly energy consuming and thus
requires tight regulation within the cell. Thecaumulation and concentration of
specific cellular components at precise foci allows for compartmentalisation of the
various biochemical reactions that take place in the cytosol, allowing cells to function
in an energy efficient manner. A number of trarigla associated factors have been
well documented to accumulate into cytoplasmic granules, and these granules can

function as sites of translational control.

Under normal cellular conditions the translation of mRNA transcripts is initiated
following the recruitment of the 80 S ribosome to an appropriate start codon, in a
process facilitated by a number of elRShépter 1, Sectiori.2.1). In response to
conditions of cellular stress, global translation is downregulated to preserve energy
and the translation of specific stress responsive mMRNAs is upregulatpdomote
homeostasis in a process known as the ISkapter 1, Sectiof.3.1). One of the best
characterised classes of transtati factor contaimig granules areSGs and the
assembly of SGs is driven by the ISR. The ISR is activated by the phosphorylation of
/&ir & « E]v AU C (uloC }( /&Ir 1]v s « 3Z & « EA =« .
stress(Donnellyet al., 2013) This phosphorylation of elF2 results in the inhibition of
elF2B activity. elF2B acts as a GEF for elF2 and is required wélgglitio restore
levels of elFGTP following successive rounds of translatiShapter 1, Sectiod.4).
elF2GTP is required for efficient recruitment of the 80 S ribosome to an appropriate
start codon and thus the reduced availability of elGEP stalls translation initiation
within the cell. Preinitiation complexes and their associated mRNA transcripts are
assembled into SG&Kedersheet al., 2002)by specific RNAinding proteins including
G3BHRTourriereet al., 2003)(Chapter 1, Sectioh.3.1.1.). SGs function as a reservoir
of partly translated mRNA molecules that can return to the translating pool upon
restoration of cellular homeostasi&Kedersha and Anderson, 2002y cases where
high levels of cellular stress remain, mMRNA transcripts are degraded by the-cell. P
bodies are another class of cytoplasmic gregnthat contain translation associated

factors. Like SGsP-bodies form during conditions of cellular stress (although
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phosphorylation of elF2 ]« v}$ v )eandEd®ntain translationally repressed
MRNAs. Bodies however also contain mRNA decay maatyirend were initially
hypothesised to be cellular sites of mMRNA deflégdershaet al., 2005; Sheth rad
Parker, 2003) More recent studies have challenged this hypothesis through
demonstrating that mMRNA molecules present #delies can return to the translating
pool (Brenguest al.,, 2005)and that mMRNA decay can occur in the absencelmddtes
(Deckeret al., 2007; Eulali@t al., 2007) The exact role of-Bodies is still unclear, but

it is currently hypothesised they function as storage gran(lleset al., 2018)

elF2B bodies are another class of translation associated cytoplasmic granules that have
been shown to exist in yeagCampbell, Hoyle and Ashe, 2005; Noeteal., 2010;
Tayloret al, 2010; Moon and Parker, 2018IF2B bodies are less well characterised
when compared to SGs and currently elF2B and elF2 are the only known components
(Campbelkt al., 2005; Noreeet al., 2010; Tayloet al., 2010) The Ashe lab group first
identified elF2B bodies iBacclaromyces cerevisiaés cerevisiag¢ and demonstrated

that elF2B is a stable component of the body whereas the association of elF2 is
dynamic(Campbelkt al., 2005) Furthermore, elF2 moves through the bodies at a rate
that correlates to elF2B GEF activity suggesting thet bodies are sites of elF2
guanine nucleotide exchang&ampbellet al, 2005) It was predicted that if these
bodies were sites of elF2B GEF activity they may have an important role in translation
initiation. Seemingly it was demonstrated that elF2B bodies exist in readily translating
cells, and that inhibition of translation resulted in the dispersal of the elf@Bes
(Campbellet al., 2005) A more recent study from the Parker group demonstrated
elF2B body assembly to onlyccur in response to cellular stress conditions in
Scerevisiag(Moon and Parker, 2018)These results are very much contradictory and
further research into the role of elF2B bodies during conditions of cellular stress may

provide a clearer insight into their role.

Mutations in elF2B lead to the neurological disorder V\{igegwateret al., 2001; van

der Knaapet al., 2002) The functional impact of elF2B mutations correlate poorly with
the severity of the patient phenotypg.iuet al., 2011)(Chapter 1, Sectioh.5.2). elF2B
bodies are yet to be characterised in higher eukaryotésaracterising the cellular
localisation of elF2B could offer further insight into the possible disease mechanisms of

VWM. This chapter aims to explore elF2B localisation pagteér mammalian cells. The
71



pathological effects of VWM are predominately observed within patient glial cells and
therefore these cell types are of particular interest for exploring elF2B localisation. The
1subunit of elF2B has previously been documentedotalise to SG&Kimballet al.,
2003) and therefore elF2B localisation in relation to SGs atmbdres will also be

explored.

It can behypothesised that as in yeast, elF2B will localise to discrete cytoplasmic
bodies in mammalian cells. In ordev determine if elF2B localises to cytoplasmic
bodies in mammalian cells, @asmid encoding elF2BGterminaly tagged with GFP

will be expressd in the glial cell line U373 (astrocytoma cells). The cellular localisation
of the elF2B«GFP construct will be analysed by confocal microscopy. To determine the
localisation of the other elF2B subunits in relation to elk@BP,cells expressing
elF2BxGFP will be fixed anlkCC will be performedsingprimary antibodiesdirected
against the other elF2B subunitsPrimary atibody signals will be detected by
fluorescently tagged secondary antibodies and the localisattbnthese signals
andysed by confodamicroscopyln order to investigate elF2B localisation in relation
to SGs and -Bodies, cells expressing elF24&FP will be fixed and ICC will be
performed usingprimary antibodiesdirected against key components of SGs and P
bodies. Primary atibody signals will be detected by fluorescently tagged secondary
antibodies and the localisatiorof these antibody signalanalysed by confocal

microscopy.
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3.2 Results

3.2.1 Transiently expressed elF2B B localises to a heterogeneous
population of different sized cytoplasmic bodies in mammalian
cells
In order to study the cellular localisation of mammalian elF2B in live cells, £IF2B
bearing a @erminal GFP tag was transiently transfected into the astrocytoma cell line,
U373. This cell line was chosen as glial cells are the cell type predominatelga@ifin
VWM (Bugianiet al., 2018; Doove®t al., 2016) Western blot analysis was used to
confirm the expression of the elFABFP constructH{gure3.1A). Expression of elF2B
Z e v «Z}Av 8} «§ Jo]e /E%E <]}v 0 A dWdrthamé&tialy A]3Z]\
2016) To provide an indication as to whether the overexpression of elcHP
(( 8 % E *+]}v 0 A o+ }( /&7 v Fornoeon wraosfected A « %o
Vv MVSE ve( S 00X E}®Eu o] S]}v }( 8z }S 0}S ¢]Pv
expression was not increased in transfected cdligyre3.1B). Confocal analysis of
cells expressing elF2B&W E A o S Z-GFP E&herxadopted a dispersed
cytoplasmic localisation (11 % of cells) or localised to cytoplasmic bodies which were
termed elF2B bodies (89 % of cellkigure3.2). The size and abundance of the elF2B
} 1+ Al§Z]v ]Jv]Al p o o0+ A E] X d} 88 E uvGRER+3 v

(N<¢

localisation, the elF2B bodies were classified by size: ldi@eur?), medium (H3 um?
G dXunbe }E <u 00 ~GeXXBDORU A£Z] ]8]VP 8 %Z VGBRC %o * (
o} o]e 8]}v A E } « G&RP Mtalig&ditax only larg€igure 3.2B i), only
medium Eigure3.2B ii) or only smallRigure3.2B iii) or a mixture of large medium or
small elF2B bodied=igure3.2B iv). To determine the abundance of these different
localisation % Z V}3C% * }uvse A E & E] JAVES E}eoe -ili 00
GFPFigure3.2 ]¢X o00°¢ ]e* % o-GFPJétalis&d toca mixture of large, medium
or small elEB bodies were the predominant phenotype (60 %), and contained on
average 1 large, 2 medium and >15 small elF2B bo#igsire3.2C ii). The second
most frequent phenotyp A e 00°* ]*% 0 GHFPRocdli&dd xo only small elF2B

} 1 ~TA 9¢X 00 ]e*%0-PQdoaksed & ionty medium elF2B bodies were
0 ¢ (E <pvsS P ]Jv ~0 9U v 0 0 «G$R I8calipethoto ogly largé& 1 x
elF2B bodies werdt least frequent (1 %).
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(A) Western blot analysi®f elF2Bx expression in U373 cells, untransfected or

transfected with elF2BGFP.t-actin has been includeds a loading control. (B) U373

cells transfected with elF2B5FPwere sorted into transfected and notransfected

populations byfluorescenceactivated cellsorting FAC) Expression levels alF2Bx

andelF2Bwere examined by dot blot analysis.
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elF2Be-GFP elF2Be-GFP 10 pm

Mixture

elF2Be-GFP elF2Be-GFP 10 pm

Figure3.2 elF2BXGFPexpressed in U373 cellscalises to cytoplasmic bodies.

(A) Live cell confocal images( hidéi o0o0e* /A % E-GFPJdRalei&d (§ only

0o EP ~BfU Ry]* }voC u Fu® &Xo6D BRur]]]* }voC *u dor~G 7X8
(iv) a mixture of large, medium or small elF2B bodBs(if The median percentage of

cells, in a populatin of 100 cells, gxessing /& 1-&FPdispersed throughout the
cytoplasm orlocalised to onlylarge, only medium, only small @ mixture d large,

medium or small elF2B bodies (n=3), (ii) within the population of cells containing a
mixture of large, medim or small elF2B bodies, the mean number of large, medium

and small elF2B bodies.
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3.2.2 The GFP tag is not responsible for the observed localisation of
¥ t BGFP to cytoplasmic bodies

Iv JE € 38} veu®E 8Z 3 §Z } « EA -GBR wadnctgmed}y /&1 x

PPE P §]}v }( §Z '&W § PU o} o]e* 8]}v }( SCE ve] vSo0C
alternative Gterminal tag (myeag) was also observed in U373 cells. U373 cells were

SE ve] v30C SE ve( &mycAikd@in mthanol and immunocytochemistry
(ICC) was performed with an amtiyctag antibody. Confocal microscopy revealed that
similarly to elF2BGFP Figure 3.2), elF2Btmyc was either dispersed within the
cytoplasm of cells or localised to cytoplasmic bodiEgyre 3.3). The cytoplasmic

} ]« AE] Jv -]l v vpu E SA v 00° V %}%p0 $]}ve
myc loalised to only large K10 unt ) (Figure3.3A i), only medium H3 pm* G 6 X 86
pum®) (Figure3.3 ]]+U }voC <u o0o0?) (FiguréX3Asii)Rou a mixture of large,
medium or smallKigure3.3A iv) elF2B bodies were observed. Countsengrried out
across a population of 50 transfected cells to determine the percentage of each of the
observed localisation phenotypesFigure 3.3 ]+«X  /[-&aycxwas dispesed
SZE}uPZ}pus sz CS}%o0 *u Jv 10 9 }( 00X /v SZmy€E u ]|v]
localised to elF2B bodiesd showed a similar localisation pattern to that observed for
elF2BIGFP. 34% of cells contained a mixture of large, medium or small letfiaEs,
and on average these cells contained O large, 2 medium and 13 small elF2B bodies
(Figure3.3B ii). 22 % of cells contained only small elF2B bodies, 8 % of cells contained

only medium elF2B bodies and 2 % of cells contained only large elF2B bodies.
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a-myc tag a-myc tag

MNumber of bodies

Size of elF2B body
Population of elF2B bodies

Figure 3.3 elF2Btmyc expressed in U373 cell®calises to cytoplasmic bodieand
shows a similatocalisationpatt Ev §} /@HP expressed in U373 cells.

hioi ooe A E SE ve( 3SmycAfled in/methanol and subjecteéd ICC
with a primary antimyctag antibody. Antibody staining was visualised using an
appropriate secondary antibody conjaigd to Alexa Fluor 488. (A) Confocal images of
hiéi ooe /& % E -myy B) shéviing localisation to only largel@ pnf), (ii)
only medium H3 pnm? G 8 X838 R u-]1]]* }voC su 9Yoor{i@ ai istéireRot
large, medium or small elF2B bodies. (B) (i) The median percentage of cells, in a
%0} %oppo STV }( il 00 U -mircdisgesdedPthrduginont the cytoplas or
localised tg only large, only medium, only small, armixture of different sized elF2B
bodies (=3), (ii) within the population of cells containing a mixture of different sized
elF2B bodies, the mean number of large, medium and small elF2B bosheswvis.
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3.2.3 Endogenous elF2B subunits localise to cytoplasmic bodies in
mammalian cells
In order to confirm the observed localisation of elF2B to cytoplasmic bodies was not a
E +pod }( 32 /&1 x }A E E%E <]}vU §Z oopo E o0} o
subunits was investigated. U373 cells were fixed in methanol and ICC was carried out
individually for each of the five subunits of elF2B. All subunits of elF2B were found to

localise to cytoplasmic bodies, of varying size and nunfiigu(e3.4).
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a-elF2Ba a-elF2Bf

a-elF2Bd a-elF2By

a-elF2B¢

Figure3.4 Confocal images of endogenous elF2B subunits localising to cytoplasmic
bodies in U373 cells.

U373 cells werdixed in methanol and subject to ICC with (A) aii&2Br YB) antr
elF2Bt YC) antielF2Bw (D) antielF2Bvor (E) antielF2Bx Rimary antibodieswere
visualised using appropriate secondary antibedemnjugated to Alexa Fluor 488 and
imaged using confat microscopy.
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3.2.4 elF2B xGFP bodies do not colocalise with polyubiquitin

Overexpression of proteins can become toxic to the cell. If protein levels reach a toxic
level the cell may direct these proteins into cytoplasmic aggregates which are targeted
for degradation by the proteasom@olognesi and Lehner, 2018)ue to thelargesize

of the observedelF2BxGFPbodies ~+}u §]u + H 3iit waBimportantto ensure

that these bodies were noaiggregates of protein targeted for degradatiohe cell
targets proteins for degradation by tagging the proteins with ubiquitivhile
ubiquitination can targeproteinsfor a number of functions, only thaddition of poly
ubiquitin directs proteins for degradation by the mteasome (Kleiger and Mayor
2014).In order to provide an insight as to whether the elRZH-P bodies observed in
this study were polyubiquitinatednmunofluorescencenalysis was performed. U373
cells expressing elF2&BFP were fixeih methanol and IC@as performed using
poly-ubiquitin FK1 antibodyDanielson and Hope, 20131F2B bodies dichot co-
localise withthe poly-ubiquitin antibody signakuggesing that they are notprotein

aggregates targeted for degradatigRigure3.5).
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Figure3.5 elF2B bodies do not ctocalise with polyubiquitin.

Confocal images of U373 cels@E ve( § A1 $-BFR/i&édxn methanol and

subject to ICC with a primamnti-poly-ubiquitin antibody. Primary antibody sigsal
were visualised using an appropreafllexa Fluor 633 conjugated secondary antibody.

81



3.2.5 elF2B t-GFP bodies are distinct from stress granules and P -
bodies

Previously elF2khas been shown to localise to SGs in mammalian @éiisballet al.,
2003)X /8 A+ 83Z €& (}JE Ju%}ES vs 8§} § EGFP bddkssZ E
identified in this study were spatially discrete from SGs. Additionatlyodres are
another class of cytoplasmic granule that contain translation associated fgdtioogt
al., 2018) Although elF2B has not previously been associated witiodres, the
localisation of Fbodies was also analysed to determine if anylaxalisation existed
betweenR } ] ¢ v §Z -f&Wx } ] ¢ ] VvS](] X hidéi o0 -A % E
GFP were exposed to either ER stress, through treatment with Tg, or to oxidative
stress, through treatment with SA, in order to induce SG dmo&y assembly. Cells
were then fixed in methanol and subject to ICC with primary antibodies to SG-and P
body specific markers. Confocal microscopy confirmed that elF2B bodies are spatially
distinct from G3BP containing SGsdure3.6), elF3B containing SAsidure3.7) and
GW182 cataining RPbodies Figure3.8).
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Figure3.6 elF2BxGFPbodies do not cdocalise with G3BP containing stress granules
U373 cells were transfected with elF2B8FP aneither (A) untreated, or treated with

(B)1 .M Tg,(C)125 .M SAor (D)500 .M SA. Cells were fixed in methanol, and subject
to ICC with a primary an3BP antibody. The ar@3BP antibody was visualisedngs

an appropriate Alexa Fluor 633 conjugated secondary antibody and imaged using
confocal microscopy
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Figure3.7 elF2BxGFPbodies do not celocalise withelF3bcontaining SGs.

U373 cells werd¢ransfected with elF2BRGFP aneither (A) untreated, or treated with

(B)1 .M Tg,(C)125 .M SAor (D)500 .M SA. Cells were fixed in methanol, and subject
to ICC with a primary ané@lF3b antibody. The aréilF3bantibody was visualised using

an appropriate Alexa Fluor 633 conjugated secondary antibody and imaged using
confocal microscopy
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Figure3.8 elF2BxGFPbodies do not celocalise withGW182containing Rbodies.

U373 cells werd¢ransfected with elF2BGFPand either (A) untreated, or treated with

(B)1 .M Tg,(C)125 .M SAor (D)500 .M SA Cells were fixed in methanol, and subject
to ICC with a primary anW182antibody. The antGW182antibody was visualised
using appropriateAlexa Fluor 633 conjugated secondary antibody and imaged using
confocal microscopy
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3.2.6 elF2B xGFPlocalises to cytoplasmic bodies in primary human
astrocytes
Studying the cellular localisation of elF2B may provide a tool to assess the functional
impact that VWM mutations have on elF2B function. Astrocytes are one of the main
cell types affected by VWMBugianiet al, 2018; Doovest al, 2016) Having
S CEGu]l]v SZ S SE ve] vS0C A% E < /&1 x 0} o0]e S} |

*SE} CS}u oo o]Jv U hioiu s§Z oopo E o} o]e S]}tv }(

*SE} C3 + A« JVA 3] was tf&nsiently transfected into primary
ZUu v ¢SE} CS e v 3Z o0} o0]* 8]}v A <} « EA C- }v(} «
GFP was found to either localise to a number of different sized elF2B bodies (75 % of
cells) or remain dispersed throughout the cell cytoplasm (15 % of (feidg)re3.9). To
better characterise the localisation of elF2BFP to elF2B bodies, counts were carried
out to determine the percentage of cells that displayed elk@BP localised tonly
large (MO unt), only medium H3 pm?> G &Xub*U }voC su oo H@r axXo6d R
mixture of large, medium or small elF2B bodiegy(re3.9B i). Cells displaying elF2B
GFP localised to only small elF2B bodies were found to be the predominant phenotype
(41 % of cells). Cells displaying elE@BP localised to a mixture of different sized
elF2B bodies were the second most frequent phenotype (35 % of cells), with cells on
average containing contained 1 large, 1 medium and 25 small elF2B b&djese(
39 ]]X 00°* ]°* %0 6GERVdealig&litaxonly medium elF2B bodies were the
third most frequent phenotype (8 % of cells) and cells that displayed €¢/{GEB

localised to only large elF2B bodies were the least frequent phenotype (5 % of cells).
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Figure3.9 elF2BXGFP localises toytoplasmic bodies in primary human astrocytes
~ « >]A 00 }v(} 0 JuP e }( %E]Ju EC +3E} CS - 00+ 5(
'&WU ~]e «Z}A]JvP 0o} o]+ 8]}v $}Uvol¢s dvBR u HUGR&MGD R u
um?eU ~]]]¢ }voC <u 90and@v)iXmdititurewf large, medium or small elF2B
bodies. (B) (i) The median percentage of cells, in a population of 100 cells, exhibiting

/ &1 -GFPdispersed throughput the cytoplasm ofpcalised to onlylarge, only
medium, only small oa mixtureof different sized elF2B bodies=3), (ii) within the
population of cells containing a mixture of different sized elF2B bodies, the mean
number of large, medium and small elF2B bodies.
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3.2.7 elF2B xGFP localises to cytoplasmic bodies in various
mammalian cell lines

Mutations in elF2B have been shown to have different effects on the function of elF2B
dependent upon the cell type they are expressedHhiorzinskiet al., 2010; Kantoet
al., 2005) In orcer to determine if elF2B bodies weeespecific feature oastrocytic
cells or a general feature of mammalian ceBsZ oopo & o} o]-GHRWN }( /&
various human cell lines was investigated.& 7 -@FP was transiently expressed in
liver hepatoellular carcinoma celliHepG2, human osteosarcoma cel{MG-63), and
human embryonic kidney cells (HEK293) and the cellular localisation was observed
using confocal microscopgimilarly to the localisation patterns observed in astrocytic
cells, for eaclof the cell lines analysed, elF28FP was either dispersed throughout
the cytoplasm (40 % of cells for Hep@8, % of cells for M&3 and 46 % of cells for
HEK293) or localised to a number of different sized elF2B bodies (60 % of cells for
HepG2.64 % ofcells for MG63 and 54 % of cells for HEK293g(re3.10). To better
characterise the localisation of elF28FP to different sized elF2B bodies within these
cell lines counts were performed. Within a population of 100 cells, the percentage of

00¢ ]*% 0 CIJGHP ldclised tonly large (0 pnf), only medium €3 pm? G
9.99um?«U }voC <u oo %-ddaiixidre Rfuarge, medium or small elF2B bodies
was determined. For all cell lines similar trends were observed. Cells displaying a
mixture of large, medium or small elF2B bodies was found to be the most frequently
observed phenotype for each cehd (30 % for HepG2, 28 % for N6G and 28% for
HEK293). In the case of HepG2 cells, cells displaying only small elF2B bodies were
equally as frequent (30 % of cells). For B&and HEK293 cells, cells displaying only
small elF2B bodies presented as a l@eguent phenotype (26 % and 22 % of cells
E % 3]A 0CeX &}E , <187 o00+U 0 9GFP localsed tp thaly C
u Juu /&1 }1 ¢« v 1T 9 ]e+% oGEP locdl&édxto only large elF2B

} ] X 00 ]*%o 0 -GFR Rocaliged xonly large, or only medium, elF2B

bodies were not observed for HepG2 and M&cells.
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Figure3.10 /&1 -@&FHocalises to cytoplasmic bodies in mammalian cell lines.

(A)HepG2, M@3 and HEK29&ells expressinglF2BxGFRwvere observed viaanfocal
microscopy and representative images are displayed in the paf®)sThe median
percentage of cells, in a population of 100 cetlssplaying /& 1-&FPdispersed
throughout the cytoplasm, olocalised toonlylarge ~Hii ®¢voC u Jpu ~*H i Ru
G 6X89, RoC +u oo ~ @) drxdriixtRra of large, medium or small elF2B
bodies (n=3).
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321 1 t =@ e—,—e<—s t<o'Zf> —ec"—1% Z' . fZcof—<'e
T« "1"Fe— ecoe14GHP bbdis in mammalian cells
HaA]JvP «Z}Av §Z § SE ve] vS3o-GFPAbalEedto cytapfabmic bodies in
mammalian cells, it was important to determine if the other subunits of elF2B also
o} o] 8} §8Z « (} ]1X hidil o0o0+GFFE %e(E fixed wrPmetl&anok and
subj & &8}/ A]8Z v38]} ] P Jved /&I rUtUw Vv Vv e pv]s

Jv(} o u] B} }%C E A o 3Z § /&1 rU tU -lacalisedwitvs] } C
%0 E } %0 } E S ]} VGER bddigisHgure3.11). To better characterise the degree of

cooo} o] S]}v SA v /&1 rU tU w }E v V3}GFEbediPsy o v
counts were performed. Firstly, within a population of 50 cells, the percentage of cells
that showed antibody signal eo} o] S} S o0 <35 -BGFP boéyi was
determined for each elF2B subunit independenthiig(re 3.12A). These cells were
classified aslisplaying a degree of docalisation between antibody signal and elR2B
'&W } ] X &}E /&1 rU i1 9 }( o000 Jo¥%oo0o[p SIIVIE}IE}(/&
66 % of cells displayed a degree ofe§ o] S]}vX &}E /&7 wU 66 9 }( o
degree of ceo} o] S]}v v (}E& /&1 v 066 9 }( 00 J*%0 C
localisation. The degree of docalisation varied between subunits. This raised the
question, could the size of the elF2BFP bodies correlate with the elF2B subunits
present.To investigate this, counts were performed within the population of cells that
had been found to display a degree of-logalisation between antibody signal and
elF2BxGFP bodies. The percentage of each sized elF2B body (large, medium and
small) that hadan antibody signal ctocalised was determined for each elF2B subunit
(r, t, wy (Figure3.12 «X &}E o ERW/&i]x*U [&dcalised with 87 %,

/&1 t -3} o]e Al3Z 606 9} /&lw A]S5Z 68 9 \localigelv }
with 100 %.&}E u ]upu -GBR bodies, efFr }o} o]e A]J8Z i0 9U /&7 t
o} o] A]3Z fAi 9WUo}/&ilw RA]S5Z 66 9 vlocaligel with}89 %.

&}E su 00-'&Wi ¥ ] *U /& }r o]e A]S8Z i 9 Ulocaksedtwith 1
9U /&1-w} }o]e A]3Z id 9 locdli&édd with}65 %.
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Figure3.11 /&1 =we pu pv }Hoealide with elF2B«GFP bodies

}v(} o Ju P ¢ }( hidi 00+ SE v« (GRP, fixdd3rZ metBahak and
subject to ICC with primargA) antt /&7 rU ~ = /&BIU ~ » /& BSIv v ~ o
anti- /& T v v3] } ] X 00 Vv3]}]e+e A E Alep o]e pe]VP %
antibodies conjugated to Alexa Fluor 568.
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% cells with co-localisation

SN
§

S

elF2B subunit

elF2Ba
elF2Bp
elF2B&
elF 2By

% Co-localisation

e Q& 3
J ® &&o &

Size of elF 2Be-GFP body

Figure3.12 dZ PE 3} A&\ Are sp pv]docalije with elF2B«GFP
bodiesvaries between different sized bodies.

U373 cellsvere SE ve( § A]3GFP/&®dkin methanohd subject to ICC with
primary antt /&1 rU - v&J tU - v&F w ane /&T v vS3] } ] prknarpo
antibodies were visualised using appropriate secondary antibodies conjugated to Alexa
Fluor 568.(A) &} & /&1 rU /[/&T tU /&T w }E /&1 v g pv]SeU 8Z
with antibody signal cdocalising to at least @ | & tG¥P body; these cells were
classified as displaying a degree ofl@calisation(n = 3 counts of 50 cell{B)For each
elF2B subunit -y, within the population of cellsthat showed a degree of ce
localisation,the median percentage of elocdisation between antibody signal and
large, mediunor eu oo /-&FPxbodies, (3=ounts of 50 cells).
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3.3 Discussion
Previous work in the yeast cerevisiaeand Candida albicangC. albicanshas shown
that elF2B localises to cytoplasmic fitat have beertermed elF2B bodie€Campbell
et al, 2005; Egbet al., 2015) The cellular localisation of mammalian elF2B has not
previously been investigated. Understanding the fimt of mammalian elF2B
localisation could be a potential tool to provide further insights into the mechanisms of
VWM disease. In the present study the cellular localisation of elF2B has been analysed
in U373 cells, a cell type linked to the phenotypieef§ of VWM diseas@Bugianiet
al., 2018; Doovest al., 2016) The xsubunit of elF2B bearing at€minal GFP tag was
transiently expressed in U373 cditsanalyse elF2B localisatian live cells. To confirm
that this localisation was not a result of the elB@Berexpression or seliggregation
of the GFP tag, ICC was used to analyse the localisation of endogenous elF2B subunits.
Thedatapresented here demonstrates that as in yeéSampbelkt al., 2005; Noreest
al.,, 2010)all 5 subunits of mammalian elF2B localise to cytoplasmic Fogure3.4),
however this localisation appears to be more complex in mammalian cells. In yeast
elF2B has been shown to localise to a single cytoplasmic body, whereas the data
presented here shows mammalian elF2B localising to a number of different sized
cytoplasmic bodiesKigure3.4). These mammalian elF2B bodies were present under
normal cellular conditions. The cellular conditions under which elF2B localises to
cytoplasmic bodies within yeast has been debated. elF2B ebodiave been
documented under normal growth condition€ampbellet al., 2005; Noreeet al.,
2010) however other studies have documented that elF2B bodies only form in
response to conditions of celln stresgMoon and Parker, 2018Yhe data presented
here suggestshiat cellular stress is not required to stimulate mammalian elF2B body

assemblyFigure3.4).

To better characterise the localisation of mammalian elF2B bodies, the bogies
classified by size and counts performed to determine the average number of bodies
present within cells for each size category. elF2B bodi€sunf were classified as

large, bodiesH3 pm*> G 8 XWBA E 0 <+](] eu Jpu v }Fe G iX
were classified as small. On average el¥@BP localised to 1 large, 2 medium arid

15 small elF2B bodies in U373 celgre3.2« X /&3FR was also expressed in
primary human astrocyted={gure3.9). The distribution of different sed elF2B bodies
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was found to differ betweerJ373astrocytoma cells and primafyuman astrocytes,

with the primary astrocytes harbouring higher numbers of small elF2B bodies. The
functional relevance of these different sized bodies is further explorechapter 4 In

JE E 8§} 8§ Eulv ]( 8Z]* o} o]* 8]}v A e % ]J(BFR 3SuE
was expressed in HepG2, M&U v, <107 0 0GKRP lo&alised to different

sized cytoplasmic foci in diree cell lines Figure3.10) demonstrating that elF2B

bodies are not a specific feature of astrocytes.

Having shown that elF2B localises to cytoplasmic bodies in mammalian cells it was
important to determine wilether these foci were distinct from other wethown
translationassociated granules. SGs are one of the best characterised translation
associated granules. They consist primarily of stalled 48S preinitiation complexes.
elF2Blwas shown to cdocalise withSGs in embryonic mouse ceflsimballet al,

2003) however more recent studies in yeast suggest elF2B localises to foci distinct
from SGs (Moon and Parker, 2018)n keeping with this, the data presented here
demonstrakes thatmammalianelF2B bodies are spatially discrete from S&gufe3.6,
Figure3.7). Rbodies are another class of cytoplasmic granule to which translational
machinery has been documented to localise. The data presented here shows elF2B
bodies are also spatially discrete frabodies Figure3.8), supporting elF2B bodies

are a unique cytoplasmic assembly.

In its native formelF2Bexists asa heterodecame(Gordiyenkoet al., 2014; Kashiwagi
et al., 2016; Kashiwagit al., 2017; Worthanet al., 2014) howeversubcomplexe®f
elF2B have also been found to exist in mamamatellsU v u oC /&1 ~twvxe § SE
v [&1 ~vxe Z 5§ @prihantEteal, 2014) The data presented in this study
highlight an increased complexity of the localisation of elF2B within mammalian cells
when compared to yeast. In yeast all five elF2B subunits have been shown to localise
to a single cytoplasmic bodfCampbellet al., 2005; Noreeet al., 2010) It was
hypothesised that the increased number of elF2B bodies within mammalian cells
observed in this study may be linked to the presence of elF2B subcomplexes. Indeed, a
relationship between elF2B body size and the elF2B subunits present was observed in
U373 cells. All subunits of elF2B were found to localise to large and medium sized
elF2B bodies to some degree, supporting that elF2B decameric or tetrameric

complexes may resedwithin these foci. However, for small elF2B bodies only the
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catalytic elF2B subunits predominately localised indicating that elF2B heterodimers
may makeup small elF2B bodi€sgure3.12). The GEF activity of elF2B heterodimers

is not regulated by cellular stress, due to the absence of elF2B regulatory subunits
which are required to confer stress sensitivii§isbyet al., 2011; Fabiamt al., 1997;
Krishnamoorthyet al., 2001; Pavittet al, 1998) Additionallyin vitro biochemical
assays have shown subcomplexes of elF2B hedeced activity when compared to

the full complex containing all five subunitsiu et al., 2011) It could therefore be
hypothesised that the different sized populations of elF2B bodies identified here may
function differently within the cell, and this may be important to the regulation of

elF2B activity.
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4. Functionality of mammalian elF2B bodies

4.1 Introd uction
The most well studied mechanism of elF2B regulation is the integrated stress response
(ISR); an adaptive pathway highly conserved amongst eukar{Gtespter 1, Section
1.3.1)X dz }E A vs v §Z INZ Je 8Z %eZ}n¢@®Go 3]}V
stimulated by stresSE *% }ve]A /&T({Weket al.s 2006) In mammalian cells
§Z & E (JUE /&Ir IJv e o v 0SZ}UPZ SZ o |]Jv o o ¢Z (E
Ju Jve (JE& SZ %0Z}*% Z} EC y eafchvhave uhigjie tegsldtory domains
stimulated by distinct environmental or physiological stresses. Phosphorylation of
/[&ir }VA ESe 13 (E}u epu eSE 3§ S} }u%Dé&es gthal,JvZ] |8
1995; Rowlandst al., 1988)preventing 5' caglependent translation, and thus leading
to the downregulation of global protein synthesBaradoxicallythe translation of a
subset of ISResponsive mMRNAs that contain short upstream open reading frames
(UORF) or internal ribosome entry sites (IRES) are upregu(@iedpter 1, Section
1.3.1.2)(Palamet al., 2011; Vattem and Wek, 2004ncreased translation of these
MRNAs promotes preurvival mechanisms to alleviate the cellular stress and restore
homeostasis. However, in cases of ldagn exposure or induction of chronic stress
the ISR promotes translation of mRNAs involved in cell death signéfiakpos
Zebruckeet al., 2016)

elF2B exists as a decamer with hexameric regulatory core, comprised of two copies of

Z }( $Z & Ppo S}EC cp&ivisew [&F miX dZ § 0CS] S
/&1 ]+ EE&] }us C 3A} Z 8§ E} Ju E+ }( /& Vv VvV X ep u
opposite sides of the hexameric cof&ashiwagiet al, 2016; Tsaet al., 2018;
Zyryanoveet al., 2018) The stress|v Ivz] 181}v }( 1&1T C %0Z}*e%Z}E
is mediated by the elF2B regulatory subur{ibeveret al., 1993; Fabiaet al., 1997;
Hanniget al., 1990; Kimbakt al., 1998; Pavitet al., 1997)(Chapter 1, Section 1.4.3.1)
hv €& v}Eu o oopo E }v ]8]}veU /&1 x Jvd E &« A]J3Z /&
of GDP. The & 3]}v ]* (WESZ E & oC- C Jvd E 3§]}ve SA
w ep pv]Se }(Kagiwaget al, 2019; Kenneet al, 2019) In mammalian cells
stress v U %oZ}e%Z}ECO S]}v }( /&Tr Jv pu o }IV(}EuU S]}v ¢
alters the elF2 binding sit¢Kashiwagiet al., 2019; Kenneret al, 2019) In its

%0Z}*%Z}ECO § (JE&u /&1Tr Jv « 8} §Z r(Kashiwmagepalv]se }(
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2019; Kenneret al, 2019)X dZ]e }Vv(}Eu S]}v E epoSe ]Jv [&iv } I]
et pv]8 }( /&1 U % E A v3]vP /&1 x (E}u 38 oCe]JvP ' W E ¢

In yeast elF2 shuttles through elF2B bodies at a rate that correlates to the GEF activity
of elF2B. Stimulation of the ISR throudmopphorylation of elF2 decreases the rate

elF2 shuttles through the bodies suggestitgit they are sites where elF2B GEF
activity can be regulatedCampbellet al., 2005; Egbest al, 215) The function of
mammalian elF2B bodies has not yet been investigated. In recent years
%oZ}e%Z}ECO S]}v }( [/&ir v CeE® Ppo S]}v }( 8z [IrZ Z
pathways in several neurodegenerative diseases inclydiigheimer's(Ma et al.,

2013) schizophrenidTrinhet al.,, 2012) amyotrophic lateral sclesis(Kimet al., 2014)

and VWM(Abbinket al., 2018; van der Vooret al, 2005) Understanding how the
activity of mammalian elF2B bodies is regulated could provide a platform to better

understand the pathological mechanisms of neurodegenerative disease.

This chapter aimed to determine the functional relationship between elF2 dhd
mammalian elF2B bodiedentified in Chapter 3oth under normal cellular conditions

and during the IR.It was hypothesised that elF2 would localise to the elF2B bodies
andthat as in yeast, these bodies would be sites of elF2B regulation. The localisation of
elF2will be investigated using ICC techniques on cells expressing BB bodies.

To determine the dynamics between elF2B and any elF2 that localises to elF28 bodie
FRAP analysis will be performéd.yeast the movement of elF2 through elF2B bodies
correlated to elF2B regulation, it was therefore hypothesised elF2 would be mobile
within mammalian elF2B bodies and this movement wouldalfected by cellular
stress.The movement of elF2B within elF2B bodies will be analysed in cells expressing
elF2BxGFP. For the assessment of elF2 movement within elF2B bodies, cells
expressing the alpha subunit of e|k2FP taggedwill be used elF2Bctagged with RFP

will also beco-expressed in these cells to mark elF2B bodigthis subunitis known
localise to SGFRAP analyswgill be performed on GFP tagged proteinsly. This is

due to high levels of background generated when using RFP fluoropfard¢RAP
experiments In order to analyse the relationship between elF2 and elF2B bodies
during cellular stresstwo different inducers of the ISRIll be used;Tg an inducer of

ER stress and SA, an inducer of oxidative stress.
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4.2 Results

4.2.1 elF2 localises to elF2B bodies
In yeastelF2 has been shown to docalise to elF2B bodig€ampbellet al., 2005;
Noree et al, 2010) In order to determine if elF2 localises to elF2B bodies in
mammalian cells, U373 cells transiently exped v P /- &FPxwere fixed in methanol
v | A<« EE] }us 8} Alep o] 3§z oopo & o} o]e §]}v

}v(} o u] E}e }%C u}lveSE Slocaiigesiwitli &li marhmalian elF2B
GFP bodies, independent of sizégure4.1A). Superresolution microscopy of these

} 1 Z]PZo]PZS Jv PE § & 3§ ]AGSR clocdlsed. The clogel
proximity of these two protein complexes suggests that theoteins may be

interacting(Sekar and Periasamy, 2003)
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Overlay

elF2Be-GFP Overlay

Figured.1 /&ir -Idcalises with elF2B bodies
U373 cellsvere SE ve( § A]3GFP/&d®dkin methanol and subject to IC® wit
a primary anti /&ir v§] Priindry antibody signal wasisualised using an
appropriate Alexa Fluor 568 conjugated secondary antib@dy.Confocal images of

/[&1ir o} o] SIGFP&Des. (B) Airyscan Suer e}ous]tv Ju P « }( /&
localised to an elF2BGFP body capturedioa Zeiss LSM 800 Confocal.
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4.2.2 elF2 can rapidly shuttle into elF2B bodies
In yeast, the movement of elF2 through elF2B bodies correlates with elF2B GEF
activity, with many conditions or scenarios that reduce GEF activity leading to reduced
elF2 mobility(Campbellet al., 2005; Singlet al., 2011; Tayloet al., 2010) To assess
the dynamics between elF2 and elF2B bodies in mammalian cells, fluorescent recovery
after photobleaching (FRAP) was carried out. FRAP analysis can be used to measure
the movement of fluorescently tagged proteins into a region of interest withencell.
This technique utilises the fact that photobleaching of fluorophores is irreversible and
has no impact upon protein functioms outlined inFigure4.2, aregion of interest
containing fluorescently tagged protein is selected and bleadirethis case an elF2B
body) Thebleached regionis then analysed ovetime to measureany recovery of
fluorescenceand this is plotted as a FRAP recoveryveurAs bleaching of a
fluorophore is irreversible the only way recoveof fluorescence can occus if
fluorescently tagged protein froranother region of the celnoves into the region of

interest.
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Figure4.2 Fluorescence recovery after photobleaching technique.

A region of interest (ROI) containing a fluorescently tagged protein is selected. Using
confocalmicroscopy the fluorophores present within the ROI can be bleached. Over
time images are taken of the ROI and the intensity of fluorescence signal within the
ROI of interest is measured. The intensity of fluorescence signal can be normalised
against the intensity ofthe prebleach fluorescence signal. This percentage of
fluorescence recovery is plotted against the time the image was taken to generate a
FRAP recovery curve. The total percentage of protein recovery is calculated as the
plateau of the FRAP recovery cerv
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U373 cells were transfected with elF2B& W } (E -GFRPTand elFZERFP (to mark

the elF2B body) and FRAP analysis was carried out on large, medium and small elF2B
} ] *X &}00}AJvP % Z}3} eGFPZjo Rot re&dvex to any size elF2B body,

demanstrating that elF2B is a resident component of elF2B bodiggie4.3). elF2

however was found to recover to all sized elF2B bodies following photobleaching

indicatingthat elF2 is a mobile component of the elF2B bodiegure4.3).
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Figured4.3 /& +6GFHs mobile within elF2B bodies.

(A) FRAP analysis was carried out on the GFP fluorophore in U373 cells transiently
FE %o E o]V P-GFPeor (i T&7T-%X&W ]v 18]1}v SRFP/t& inark the elF2B

body. Panels show representative prebleach, bleacid aecovery images. (B)

E}EuU o] &Z W upEA&WI®E /BSFPxrecovery to (i) Large, (i)

Medium and (iii) Small elF2B bodies. FRAP analysis was performed on 10 bodies (n=3).

The percentage recovery is presented as mean + s.e.m.
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4.2.3 Phosphoryl f—Ft f (tocalises to elF2B bodies during
conditions of cellular stress

IV E *%}ve 3} A E]J}ue *SE o« }v ]8]IveU % E}S Jv I]v * ¢ %
51, converting it from a substrate into a competitive inhibitor of elF2B GEF activity
(Deveret al, 1995; Rowlandst al., 1988) In yeast the movement of elF2 through
elF2B bodies is decreasedresponse to cellular stressuggesting the bodies are sites
of elF2B GEF activifCampbellet al., 2005) Having showrthat elF2 is mobile within
mammalian elF2B bodiedhe impact of cellular stresson this movement was
investigated to determine if, as in yeast, the movement of elF2 through mammali

elF2B bodies correlates with levels of elF2B GEF activity.

WZ}e% Z}ECO S [&ir S]PZSoC ]Jv « S} /&1 vV Jv i e
which is unfavourable for performing GEF activii{enner et al, 2019) If
%0Z}*%Z}ECO § /&1r 1vZ] 18+ $Z bodigs,it wddld HE egecttd i

§Z 8§ %Z}*%Z}ECO § /&1Tr A}po dies.dhe logalisafion of &ttess}
induced phosphorylated elR2in relation to dF2B bodies was investigatedwo

](( E v8 O0O0OpO E *3E ++ ¢3Jupo] A E pe 3} ]Jv /&1 %
an ER stress, and SA, an oxidative stress at a lowezditlZ E }v VvSE S]}v ~ili
v Al ..DeX dZ o0 A 0o° }( %Z}*%Z}ECo0 3 [&Tr v
treatment with SA, at the two different concentrations, were analysed by western blot
(Figure4.4 «X hv & Vv}Eu o }v §]}ve 00+ Z 0}A 0 A 0o+ }( %
present. All stress treatments induced a significant increase in levels of phosphorylated
/[&TrU Al8Z dP $E 3u v Jv pu JvP §Z oghpASAZoncehtrationv $Z
~fii ...De Jv p JvP 8Z Z]PZ «3 0 A 0*X % PE}IUC Jv ]Jv }E"
U *uE o A o }( Po} 0 %@E}S Jv *CVSZ *]e Jv E % }ve 3§}
stress treatments Kigure4.4B). Global protein synthesis was found to decrease in a
uvv E JVA E+ 0oC }EE o0 3]vP 8} 0 A 0 }( %Z}*%Z}ECoO
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Figure 4.4 Thapsigargin and sodium arsenite treatment induce /&1ir
phosphorylation(serine 51) and decrease protein synthesis

~ ot «§ EVv 0}3 V 0Ce]*EYESZ20]Avo Y5 o/&F v [&ITr
phosphorylated at serine 5(p[S51) ]v hi6i oo« $E § Al¥ZDO R® dP
il ..’D38} Jv OOUO (E *SE ¢ %EAMN @} JEU/&F} 0o A o« }(
§}1S 0 r/&1 % & + VS * u Vv FP-Yaluesarkidexived from a Kruskal
Wallis test(p = 0.0156) followed by a Conoveinman analysis Z % G FX#f X
Puromycin incorporation assays were carried out on U373 aatlser untreated or

SE 3§ Als8z i ..D dP }-@etifiwas.udedas@ loading contfoF1)
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Having determined that Tg and $&atments induced phosphorylation of elF2the
cellular localisation of phosphorylated elF2was investigated following these
treatments.elF2B complexes containing the regulatory subunits are known to display a
higher affinity for elF2 when present itsiphosphorylated formKashiwagiet al.,
2017; Pavittet al, 1998) As the regulatory subunits of elF2B were found to
predominately localise to théarge and medium elF2B bodi¢sigure 3.12) it was
ZC%}SZ o] SZ S %Z}*%Z}ECO § /&1r Alpo % E }ulv 3
Iv E €& 8} A %0}E SZ]* ZC%}SZ *]*U hidil -GHPwWBI&E ve] Vv
subje 8 8} SE 3u v3 A]8Z dP ~i ..De v "~ & 8A} 1(( & vs§
v fAil ..D+X dZ oo AE (]J£ JvuszZvlo v | A. E
oopo E o} o]e S]}v }( %o Z} Canfocdt @hacrdscopy/ &eved that
phosphoryl § /&1r o} o]e §} % E}%}ES]IV I( /&1 } 1 ¢ (}
with Tg and SA at both concentrationBiqure 4.5). Supefresolution microscopy
ZIPZo]PZS %Z}*%Z}ECO § /&ir o} o] 8§} v /[&T } C
higher concentraj}v }( ~ ~fiFiguréls)~
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conjugated secondary antibody

+

107



-GFP

elF2Be

+ SA 500 uM

=
=
o
o
0
<
"
+

+ SA 500 uM

Figure4.6 Superresolution microscopy of Z } * % Z} & C 0 Zo-locadised to elF2B
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d} SS E Z E S El]* SZ %E}%R}IES]IIvV }( /&1 } ] e 8Z
localised to following§ & 3u v$ A]$Z dP ~i ..DeU ~ ~iiA ..De }E ~
were carried outltigure4.7). As hypothesised a significantly higher proportion of large

and medium elF2B p] » Z %oZ}e%Z}ECO § /&ir o} o]e s}
compared to small elF2B bodies. This is consistent with elF2B comptaxasning

the regulatory subunitdiaving a higher affinity for elF2 in its phosphorylated form
(Kashiwaget al., 2017; Pavitet al,, 1998)X /v pvsE& S 00°U %oZ}e*% Z}E
localised to 2 % of small elF2B bodies, and 20 % of large and medium bodies. Induction
H( OOHO (E *3E e+ SZE}uPZ SE 3Su vs A]SZ edin thei ...D-
% E vS P }(o EGP v u Juu } ] SZ S %Z}*%Z}ECO S
however no significant difference in the percentage of small bodies to which
phosphorylated elF2 localised was observed. Induction of higher levels of elF2
phoghorylation through treatment with SA induced a greater increase in the
percentage of large and medium elF2B bodies to which phosphorylatedr elF2
localised. In cells treated with 138V SA, phosphorylated elfF2ocalised to 71 % of

large and medium bodieand in cells treated with 50QM SA, phosphorylated elF2
localised to 68 % of large and medium bodies. A significant increase in localisation of
phoshorylated elF2to small bodies was also observed under these SA treatments. In
cells treated with 125uM SA phoshorylated elF2r localised to 13 % of small bodies

and in cells treated with 50Q0M SA, phoshorylated elF2docalised to 27 % of small

bodies.
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Figure 4.7 WZ}*e% Z}ECoO0O S /&1r el-PB dopelies ®}a sizdependent

manner.

hioi

0 8% (E <&V I&FPwere fixed in methanol and subject to ICC with an

anti- /&1r %o €ahfidody. The median percentage of anti/ & Tr %o € dfoicalised
to large and medium or small/ & T -@FP bodiewas determined in a population of 50
cells (n=3)P-valuesare derived from a Kruskalvallis test(P = 0.0011)followed by a
Conovetlnman analysisZ % G iXifX
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4.2.4 The movement of elF2 into large and medium elF2B bodies is

impaired during cellular stress

Binding } ( %0 Z}* %0 Z} (E C oseXjuestdr& i@lF2B GEF actiiBavitt et al., 1998;

Ramaiahet al, 1994) It was therefore hypothesised that the increased presence of

%oZ}e%Z}ECO S [&1Tr o} o] S} o EP V. u Juu } ] -

would reduce the GEF activity of elF2B within these bodies. In,thashovement of

elF2 through é12B bodies correlates to elF2B actiyi@ampbelket al., 2005; Tglor et

al., 2010) FRAP analysis was used to measure the movement of elF2 through large and

medium elF2B bodies during cellular stress as an indirect measure of elF2B activity.

FRAP analysis was carried out oh& tGFPlocalised to large and medium B

bodies in U373 cells (marked by the expression of eBRIB), either untreated as a
JVEE}oU }E SE § A]8Z dP ~i ..De }E ~ ~iii ...D v #ii

A significant decrease the recovery of elF20 large and medium elF2B bodiess

observed following all stress treatmeni§igure 4.8). The greatest decrease in

recovery was observed for the higher concentration of SAii ... De -~Figu@4.8)

followed by the lower concentration of SAiifi ...De ~id 9 andBhem Pgl

...De ~06 9 . I@erestingly the observed decrease in elF2 movement following

§Z « SZE SE 3u vse JVA E+ 0C }EE o0 3 8§} 8Z o A c

induced by these treatments-(gure4.4A).
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Figure4.8 Conditions of cellular stress decreagbe movement of elF2 through large
and medium elF2B bodies

&Z W v 0Ce]e A E E ] -GFPulécalised t& farge and medium elF2B

}] ¢ v hidi 00 SE ve( -SFP &KL Z&V-RFP to mark the elF2B
bodies (A) Normalised FRAP reewoy curves were plotted foratls treated with(i) i
RD dBWin D. N~ HEP ..'D 8§} ]Jv H oopo E(B)ILRE meah +s.e.m
% E vS P }GFP &tovery was determined frahe normalised FRAP recovery
curvesXRAP analysis wasrformed on 10 bodies (n=3p-valuesare derived from a
KruskalWallis test(P = 0.021)followed by a Conovdnman analysisZ %0 G iXifiX
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Iv }E & 38} }V(]EuU 8Z 8§ 8Z % Z}*%Z}ECoO 3]1}v }( /&Iir A
reduction in the movemehof elF2 through the large and medium elF2B bodies, FRAP
analysis was performed with an/ & Tmutant whereserine 51 is replaced by Alanine

~ [&Tr "Ai «X dZ]e upus vs vv}s %oZ}te%Z}ECO § U <
(Figure4.9A). FRAP analysis following stress treatment with the higher concentration

of SA (50QuM) revealed that the /& T851A mutant could move through large and
medium elF2B bodies (marked by the expression of elREP), while the movement

of wild type(wt) el & T was severely reducedrigure4.9B). These data suggest that the
movementof elF2through large and mediuralF2B bodies ispecificallyinfluenced by

/&T1 %0Z}*% Z}YECo §]}vX
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Figure4.9 /&1ir ~fAi w}Arough large and medium elF2B bodies during SA
induced cellular stress.
hioi ooe A E SE ve( & A]lS3Z&WSZIEEUAS VBER/((&5TA).

oo AE ]8Z & puv3@E & }( epi § 3} 9@ inducewdllAqsz ~
stress. (A) Western blot analysis was performed to determine the phosphorylation

*3 Sy }( AS&M&Trv upsd vEFP&SH1A). (BRARnalysis was carried out
(JE AS v ups vs ~GHP lecaligiriarge and medium e#B bodies irthe
presence and absence @fii .../DXFRAP analysisas performed on 10 bodies (n=2)
and (i) plotted as normalised FRAP recovery curfi@d’ he mean is.e.m percentage
}( 1 &GFP recovery was determined frahe normalised FRAP recovemyrvesX
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4.2.5 The movement of elF2 into small elF2B bodies is increased
during cellular stress but is dependent on levels of e t=
phosphorylation

The movement of elF2 through large and medium elF2B bodies decreased in the
%o E * v }( %oZ}e% Z} EIQued8). TH& fegutatory subunits of elF2B are

E «<u]E §} u ] S %oZ}e%Z}ECO § [&ir Jv pu vz
(Krishnamoorthyet al., 2001; Pavitet al., 1997)and it was hypothesised thatsthe
regulatory subunits localised to the large and medium elF2B boBigare3.12) these
were responsible for this decreased movement of elF2. The small elF2B bodies

] vs](] Jv SZ]e eSp C % EJu E]JoC % E VS A13Z }voC |/

v /&1 xe 0} o]e 8} 8Z uU A]S3Z 0 ¢+ $Z v ifi 9 % @E + VS]VF
also co-localised Figure3.12). It was therefore hypothesised that the movement of
elF2 through these bodies would not be downregulated by cellular stressntents.
FRAP analysis was carried out oh& tG&FPlocalised to small elF2B bodies in U373
cells (marked by the expression of elRH¥-P), either untreated as a control, or

SE S Al§z dP ~i ..De }E& ~ ~iii ..D v #ii ..De §}
Surpisingly,treatment with both Tg ~i ...dhd the lower concentration of SA (125
UM) significantly increased thenovement of elF2r-GFPinto these bodies (Figure
4.10A i and ii) and B)nlcontrast a decrease in the percentage recovery of elF2 was
observed for the higher concentration of SA (500 uMy@re4.10A iii and B.
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Figure4.10 Cellular stress modulates the movement of elF2 through snelfF2B

bodies.

FRAP analysis was carried out oh& tGFP localised to small elF2B bodies in U373
oo SCE ve( & -BFBZA /&&AREP to mark the elF2B bodies. Cells were

treated with(i) i RD dHWA.D N} & ]]i*i D.KXKRAP analysisas performed

on 10 bodies (n=3and plotted asnormalisedFRAP recovery curves. (BleTmean +

X XU % & vS RGFP(reda%ény was determined fraime normalised FRAP

recovery curveXP-values were derived from a Kruskalallis test (P = 0.0082)

followed by a Conovelnman analysisZ %o G 1XifiX
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426 Localisation ‘= F t A —* eefZ7Z F t ,'tcte <o "Ffete
cellular stress

The movement of elF2 through small elF2B bodies in the presence of low levels of
%0Z}*% Z}E Co BigureA&Oy, stggests the GEF activity within these bodies is
increased under these conditions. Increased GEF activity of elF2B has been linked to
subunit composition, specifically the presence of regulatory sub\ibievet al., 2010;
Fabianet al., 1997; Liuet al, 2011; Williamset al, 2001) To address whether the
stress treatments had any impact upon the localisation of regulatory subunits within
§Z eu 00 /&1 } ] *U hiO6i o0« 3E-GFR were eithps dneatedd] x
or treated with Tg (1...De }E& "~ ~iid ..D v @il ..DeX o0 A E
methanol and subject to ICC with antibodies to the elF2B regulatory subunits.
Ivs (E ¢S]vPOCU (}E& 00 *SE ¢+ SE Su vsedalismhtodemad vsS P
elF2B bodies increased by over 40 %, however no increase in the percentage co
0} o]e 8]}v }( /&1 r }E /&1t 8} eu 00 /&Figule4qli).A « } « EA
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cellular stress.

hioi ooe AEEve( § A]J3GFRU&TvXx SE 3§ A]3Z i .RD dRE i
Ail D.Xells were fixed in nikanol and subject to ICC wigtrimary (A) anti-elF2Br U

(B) anti-elF2Bt }E ant+ /&7 w v 3ds hnd visualised using an appropriate
secondary antibdy conjugated to Alexa Fluor 86Within a population of 50 cellshe
median percentage of ctmcalisation between antelF2Br @nti-elF2Bt or anti- /&1 w
and large and medium or small elF2Bdies was determinedvAi (}& /&1 r v t
n=3 (}& /& iPwalueswere derived from a Kruskalvallis test(p = 0.0434)
followed by a Conovelnman analysisZ %. G iXifiX
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4.2.7 The size and distribution of elF2B bodies is altered during
cellular stress

Having shown that the subunit composition of small elF2B bodies is altered during
cellular stress, it seemed important to determinf stress also impacted upon the size
and distribution of elF2B bodies. Firstly, counts were carried out on U373 cells

fE %0 E <] VvBFR ®idetermine the numbei large and medium, and small elF2B

} 1+ HE]VP oo0opo E *SE ¢ ~dP Ail.DWDSX dB .vPul®&E }(

/&1 } 1 A+ (Juv 8} JvE + (}E dP ~i ..De v " ~iif
induced cellular stress, however the number of large and medium sized bodies was not
changed(Figure4.12A). Under Tg treatment the average number of small bodies per
cell increased by 14, and for treatment with the two concentrations of SA, the average
number of small bodies per cell increased bynd 8 respectively. Next the size of
large elF2B bodies was analysed under stress treatments to determine if stress could
affect the size of elF2B bodies. The average size of the large elF2B bodies was found to

significantly increase for all stress ttegents Figure4.12B).
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Figure4.12 During cellular stress the number of small elF2B bodies increases hed t
size of large elF2B bodies increases.
(A)hiéi oo AEEV+( § A]3GFRU&Ivx SE § AJsZ i.RD*dPU i1l
JE AIDX }uvde A E % E(}Eu theShedighnlinbpy of large and
medium or snall elF2B bodies within a population 60 cells (n=3). (B>]* 00
}vd Jvl]vP o EP /&1 } ]+ AE JuP C }v(} o u] E}e}
Me S} § &Ehe]median area of the large elF2B bodies (25 elF2B bodies, n=3).
(i) Representative images are shown in the panBlsalueswere derived from a
KruskalWallis test(A p = 0.0047; B p < 0.0001) followed by a Conovdnman
V 0Ce]*U Z % G iXifiX
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4.2.8 The size and distribution of elF2B bodies in primary astrocytes
displays a similar phenotype to stressed U373 cells

The induction dcellular stress in U373 cells correlated with an increase in the number
of small elF2B bodies and an increase in the size of large elF2B btidiee4.12).
The aveage number of small elF2B bodies in primary astrocytes under normal cellular
conditions was found to be greater than that of U373 cells; 25 small bodies and 18
small bodies respectivelyrigure3.9). The average number of small elF2B bodies in
primary astrocytes under normal conditions was therefore similar to the average
number of small bodies observed in U373 cells experiencing ceBtiess Figure
4.12). In order to determine if the elF2B body phenotype in primary astrocytes may
share other similarities with stressed U373 cells, the size of tlye lbodies in primary
astrocytes was analysedrigure4.13). Similar to the trend observed for U373 cells
subjected to cellular stress, the size of large bodies in prinsstyocytes was

significantly increased compared to untreated U373 cells.
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Figure4.13 The area of largeelF2B bodies igreater in pimary humanastrocyte cells
than in U373 cells
(A) hioiT 00 % EJu EC *SEJESE vegos A]S@FP/&T X 00+

}vd Jv]vP o EP /&1 } ]« AE JuP X~ Pv(b P u] AE4. )
pe S} § (& thievmedianareaof large elF2Bbodies in U373 cells and primary
astrocytes (25 elF2B bodias;3).P-valueswere derived from a Kruskalallis test(p =
< 0.0001)followed by a Conovefvu v v 0Ce]eU Z % G iXifiX
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From the changes observed in elF2B body size and distributioB78 tklls treated
with Tg and SAF{gure4.12« ]38 A o ZC%}SZ <]e SZ S %Z}*e%Z}ECO S
impact upon the size and distribution of elF2B bodies. The le¥gihasphorylated
/&Tr A E §Z & (}E V 0C- ]v hidi 00 V % E]Ju EC

conditions and during conditions of cellular stregsg(re4.14). These experiments
were only performed once but provide an indication that primary astrocytes may have

ZIPZ @ o Ao }( <+o0 /&r AZv }u% E 3} hidi 00X
of oOpHO E *3E ¢¢ %% E S} vy Z]JPZ & o A oe }( %Z}
human astrocytes, when compared to U373 cells. These experiments should be

repeated before conclusions are drawn.
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Figure 4.14 Primary human astrocytes appear to express higher levels of
%oZ}*%Z}ECO § /& Tr AZ v }u% E 38} hioi o0o0e*X
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4.3 Discussion
Previous work in the yeas&accharomyces cerevisiaed Candida albicankas shown
that elF2 localises to elF2B bodies and is mobile withése bodiesThree different
strategies to decrease th6EF activityf elF2B all inhibited elFaovementinto the
bodies showing that in yeast, the measurement of efR@vement intothe elF2B body
correlates precisely with elF2B GEF actii@smpbelkt al., 2005) The data presented
in this study demonstrates that similarly to yeast, elF2 localises too and is mobile

within mammalian elF2B bodies.

The functional importance of elF2 mobility within elF2B bodies was assessed using
cellular stress as a tool to modulagdF2B activity. Stresaduced phosphorylation of
/&7Tr }VA ESe. & impetdiye inhibitor of elF2Rctivity (Rowlandset al.,
1988; Deveet al., 1995)and theregulatory subunit®f elF2B~rtJ v we & ¢ V3]
for mediating ths inhibition (Krishnamoorthyet al, 2001; Pavittet al, 1997) In
chapter 3 of this study the regulatory subunits of elF2B where found to predominately
localise to elF2B bodies with an aré#8 um? classified as large and medium 28
bodies Figure3.12). It was therefore hypothesised that the GEF activity of elF2B
localised to large and medium bodies would be downregulated upon the induction of
[&Tr %o Z} %0 Z} Ik SUppd pt this hypotésis, FRAP analysis revealed that the
movement of elF2 through large and medium elF2B bodies was atteniratedponse
to ER and oxidative stress, inducedTgand SArespectively(Figure4.8). Furthermore,
this decreased movement of elF2 through the large and medium elF2B bodies
correlated with an increase in the localisation of phosphorylated elF2 to the elF2B
bodies Figure4.5 and 4.7. FRAP analysis(sZ v /S%1A mutant (resistant to
stressinduced phosphorylation) confirmed that the movement of elF2 through large
v u Jpu /&1 } ] ] ]E& SoC ]vpbgsphorylatigh Fig&red.9).
These data therefore provideevidenceto suggest that mammalian elF2B bodies are

sites of elF2B GEF activity.

In addition to the large and medium sized bodies identified in chapter 3, a population
YO /&1 } ] Al§Zz v GE % (veBe al¥0d Gbs&ved and these were
classified as smalklF2B bodies. ICC revealed that these small elF2B bodies
% E }ulv S 0C }ve]es W 8z § 0CS] ep pv]Se }( /&7

regulatory subunits being either absent or present in a very low percentage of these
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bodies Figure3.12). In vitro GEFassays, in both yeast and mammalsystems have
shown §Z § /&1 vx Z § (E} ]guédine nackeptide exchangeetivity that is
unregulatable byph}e«%.Z}@E C o S (Liet &l1r2004; Pavittet al, 1998) It was
therefore hypothesised that the activity of elF2B within these bodies would be
unaffected upon induction of el %o Z } » %0 Z } Arfrgughp}y the movement of
elF2 throughhe smallelF2Bbodies was in fact significantly increased bifutar stress
induced by both Tgand a low concentration ddA(125 uM)(Figure4.10). Biochemical
assays in yeast hawemonstrated that increasing the expression of elF2B regulatory
subunits can enhandde GEFactivity of elF2BDevet al., 2010; Fabiaet al., 1997; Liu
et al, 2011; Williamset al, 2001) Interestingly, an increasm the localisation of

/&1 w ti¥eg small elF2Bbodies under stress treatmemwas observedFigure4.11)
and thusmay be responsible for the observed iease inmovement ofelF2 This

]Jv @ ¢« o0} o] §]}v }( /&7 w S} su o0 /&isuggesdtive ofilic]vP S
formation of a currently unidentifiecelF2Bsubcomplexcontaiv]vP /&1 wU v v >
subunits This complex may not have been identifiedprevious studiegwhich have
analysed elF2B subcomplexess such studies did not observe cells under stress
conditions(Wortham et al., 2014) At higher levels of SA induced cellular strés@0
UM), v Jv E + Jv 8Z o} o]e 8]}v }( /&7 w &} eu o®igie] « A -
4.11), however the movement of elF2 through these bodies was decredSgdré
410. WZ}*%Z}ECo § [ &Ta gre&t@r] péfinity for elF2B than
MV%oZ}e%Z}ECO S / &1 el ~1883).dhe favoured explanation for these
results 6 that Jv 8Z % E v }( Z]PZ o A o+ }( 9%E2B#%Z}ECC
saturated by phosphorylated elF2 and thus all elF2B complbgesme inhibited

independent of subunit make up.

In recent yearslow levels of cellular stressaie been shown to induca protective
phenotype. Cells that arerpconditiored through the induction of sulbxic levelsof
%0Z}*% Z}YECO § /[&Tr Z A v +Z}Avoukicoe episddes &ff v
cellularstressmore successfully than unconditioned cdllewerenz and Maher, 2009;

Lu et al, 2004a) The data presented here suggests that small elF2B bodies have
Jv & - /&7 ' & 3]A]3C Jv 8Z % E e v }( o}A o A o« }(
number of recent studies have demonstrated that treatment of cells with activators of

elF2B activity to émance the GEF activity of elF2B within a cell can protect the cell
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against cellular stredSekineet al., 2015; Sidrauslat al., 2015b) It could therefore be
hypothesised that this inease in the GEF activity of small elF2B bodies may provide a
protective phenotype through increasing the overall activity of elF2B within the cell.
Future studies investigating this hypothesis may provide insight into the protective
mechanisms of precondjt}v]vP o0o0e¢ A]3Z 0}A 0 A 0+ }( %Z}+% Z}EC
terminus }( /&T w Z ¢ % @& A]}lpueoC v «Z}Av &} Ju%e}ES v
stress response@Jartinetal.,, 2010)X DusS S]}v o v oCe]e }( §Z] CE P]}v
provide insight into the mechanisms by which phosphorylated elF2 modulates small

elF2B body dynamics.

In addition to the changes to the subunit makp of the small elF2B bodies observed

during cellular stress, the number of small elF2B bodies was found to incezasiie

size of the large elF2B bodiess also increase(Figure4.12). Interestingly, prmary

human astrocytes displayed a similar localisation phenotype for elF2B under non

stressed conditionsKigure 3.9 and Figure 4.13). Although U373 cells and primary

astrocytes are both of astrocytic lineages, immortalisation can alter cell metabolism

(Kaur an Dufour, 2012; Mulukutlaet al., 2010)possibly explaining the differences

e v 38A v §Z 00 3C%o *X > A 0¢ }( %0Z}*%Z}ECo0 § /8
*SE} CS * %% E S} *Julo E 3} 0 A 0+ }( %Z}*%Z}E

treatment in U373 cells Kigure 4.14). If this localisation phenotype was found to

contribute to a cell's abilityo overcomeepisodes of cellulastress as hypothesised

earlier, stugying elF2B localisation phenotypes could be an interesting avenue to
AE%o0}E X E - *0 0 A 0 }( %Z}*%Z}ECO 3 [&Tr 2
stD u}lpue E Jv (E}u u] Z}u}iCP}lue (JE /&U(RIHHA)DSOILt.

VWM mutations or heterozygous for/&7T w ~Zddédte Vv1(RI®H) VWM

mutations(Abbinket al., 2018) Analysis of the phenotypic distribution of elF2B bodies

within these cells coulgberhaps provide insight into VWM disease mechanisms and

celktype specificity.
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5. The impact of small molecules on elF2B localisation and

functionality

5.1 Introduction
The activation of the ISR in response to conditions of cellular stespromotecell
survival and recovery. Consequently, dysregulation of the ISR has important
pathological implications and has been linked to a number of disordet al., 2005;
Chouet al., 2017; Eizirilet al., 2008; SanteRibeiroet al., 2018) Neurodegenerative
diseases in particular commonly present with impairment of the(FB#2z and Saxena,
2017) and thus pharmacological modulation of the ISR is an attractive therapeutic
strategy(Chapter 1, Section 1.3.2ERK is an elFRinase that is activated in response
to ER stress, commonly caused by the unfolding or misfolding of prafeastt and
Ron, 2012)It has become a favourable pharmacological target due to an increase in
the identification of misfolded proteins ithe brains of neurodegenerative disease
patients over the last decad@&mith and Mallucci, 201655SK2606414 was developed
as a small molecule to inhibit PERK activity in cells subject to ER (¢txésset al,
2012) and has been shown to be neuroprotective in mouse models of frontotemporal
dementia, Parkinson's disease and prion disghéercadoet al., 2018; Morencet al.,
2013; Radfordet al, 2015) However, in addition to its neuroprotective role,
GSK2606414 has been shown to induce pancreatic toxilgreno et al, 2013)
highlighting that complete ISR inhibitionlethal in specific tissue type§SK2606414

is therefore not a suitable therapeutic.

Similarly to PERK inhibitors, the small molecule ISBUBrses stress induced
translational epression(Hallidayet al,, 2015; Sirauskiet al., 2013; Sidrauslet al.,

2015a)X /~Z/ (uv 8]}ve JAVeSE u }( /&Tr IJv e s v (E 8}
enhancing theGEF activity of elF2@idrauskiet al., 2015b) Structural studies have

E A oo 38z 3 /~Z] Jvs E 3Swshouhifs &f2IF28, promoting the
assembly of two elF2Bt wuetramers into an octomeric conformatio(irsaiet al.,

2018; Zyryanovat al., 2018) In this octomericconformation elF2B has high affinity

for elF2B homodimers and in this way, ISRIB favours the formation of decameric
elF2BTsaiet al.,, 2018) Unlike PERK inhibitors, ISBt®s not cause pancreatic toxicity
(Hallidayet al., 2015) Through increasing elF2B activity rather than preventing elF2B
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lvz] 18]}v ~8ZE&}uPZ Jvz] 18]vP [&1Tr %oZ}*% Z}ECO S]}veU [/’
SE veo §]}v 0}A %o E& Jo SZE *Z}o }énsusidg <b@tZthéE Co S
cytoprotective efects of the ISR are still accessible to the cell during periods of severe

stress(Rabouwet al., 2019)

ISRIB has emerged as a promising therapeutic that has been shown to promote a
neuroprotecive phenotype in mouse models of neurodegenerative dis@®uet

al.,, 2017; Hallidayet al,, 2015) Of particular interest is the therapeutic potential of
ISRIB for the trament of VWM.VWM is a leukodystrophy that is directly caused by
mutations in elF2BChapter 1, Section 1.5A number of VWM mutations manifest
through structural destabilisation of the decameric elF2B comfilegt al., 2004; Liu

et al, 2011; Wortham and Proud, 2013 vitro biochemical assays have confirmed
that ISRIB can stabilise decameric elF2B harbouring these mutahersasing their

GEF activityLiang Wonget al., 2018) Furthermore, ISRIB has been shown to relieve
stD % SZ}o}PC ]Jv u}pe u} oe }( stD Z E }pE]Joomplex /[/&T w
destabilising mutatior{Abbinket al., 2018) The promising effects of ISRIB have led to
the development of the molecule 2BAct, a small molecule that like ISRIB activates
elF2Bbut has improved solubility and pharmacokinet{géonget al., 2019) Long term
treatment with 2BAct has been etvn to prevent all pathological signs of VWM in
mouse models harbouring an elF2BR191H complex destabilising mutation,
demonstrating that like ISRIB, 2BAct has potential to be an effective treatment for

VWM.

The development of new drugs for the treatnmeof human disease is a costly and
time-consuming process, with only 8 % of drugs that enter clinical trials gaining
approval. Drug repurposing is an attractive field. Recently, the currently FDA approved
drugs, DBM and tramlone were found to have similgroperties to ISRIBHallidayet

al., 2017) Both drugs reversedtressinduced translationarepressionand induced
neuroprotective phenotypes in mouse models of neurodegenerative dis@dakiday

et al, 2017) Although these drugs seem to have similar effects to ISRIB, the
mechanisms through which they reverse strasduced translational repression
remain largely unknown. Curremvidence suggests that unlike ISRIB, trazodone and

DBM do not stabilise elF2B in its decameric conformation (Hakitlal, 2017).
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Having shown thiathe functional and phenotypitocalisation ofelF2B is affected by
conditions of cellular stress Ghapter4), it was of interest to determine if small
molecules that modulate the cellular stress response would have any impact on elF2B
localisation. This chapter therefore aiméalinvestigate the phenotypitocalisation of
elF2B and the dynamics betweelF2 and elF2B bodies in the presence of ISRIB, DBM
and trazodone, under normal conditions and conditions of cellular strésss
hypothesised that ISRIB, DBM and Trazodotie reverse the effects that cellular
stress was found to have on the movemaitelF2 through elF2B bodies in Chapter 4.
To analyse the impact of the small molecules on the movement of elF2 thel&giB
bodies, FRAP analysis will performed on cells expressing elF&FP and elF28RFP.

To investigatewhether the small molecules dve an impact on the phenotypic
localisation of elF2BelF2B subunit localisation will kenalysed. Cells expressing
elF2BxGFP wi be fixed and ICC used to detect the presence of the other subunits of
elF2B in relation to the elF2&FFbodies.
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5.2 Results

5.2.1 ISRIB reverses stress induced translational depression in a

efeet” —Sf— <o tH'tette— ‘e ZF"EZe 7 F t= 'S'e’S">7
Recently the small molecule ISRIB has been shown to increase global translation in
cells subject to sutethal levels of cellular stiss(Rabouwet al., 2019; Sidrauslat al.,
2015a) In Chapter 4 of this study Tgd SA treatments were used to induce cellular
*SE ¢ SZE}I}UPZ SZ %Z}*%Z}ECO S]}v }( /&IrX dE Su vs§
0}A & o0 A o° }( /&1Tr %Z}*%Z}ECo 3]}v 3Z vFiguEe4du vs A]
Both treatments were found to impact upon the functionality of elF2B bodies in a
uvv E 8238 }JEE o035 3} o A o }( Pguté4 S g dasd /&Iir
Figure4.10). It was therefore of interest to determine if ISRIB affected the functionality
YO /&1 } ] e ]v3Z %E v }(SZ J(( E vS o A o }( %Z}e
by Tg and SA treatment. To address this, firstly the ability of ISRIB to restore translation
under the conditions of cellular stress induced by Tg and SA treatments was assessed.
Puromycin incorporation assays were carried out on U373 cells subject se the
stresses in the presence or absence of ISRiRIfe5.1). Tg treatment decreased levels
of global translation by 65 %, compared to untreated cellad SA treatment
decreased levels of translation by 93 %, compared to untreated cells, reflecting the
Z]PZ & o A 0° }( %Z}*%Z}ECo § /&1r ]JvFigured.d, TBg ~ S
addition of ISRIB to Tg treated cells significantly enhanced translation levels to near
normal (92 % of that of untreated celldjigure5.1). In contrast, the addition of ISRIB
to SA treated cells didiot restore normal levels of translation, although ISRIB did

increase levels of translation in SA treated cells by 1Bigtire5.1).
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1.5

Nommnalised intensity

w

Figure5.1 /~Z/ SE& Su vS (E *S}E « SE& veo S]}v ]Jv o0 SE S

in cells treated with 500 uM SA.

Puromycinincorporation assays were carried out on U3738sc&eated with 200 nM

ISRIBand ...D dRii}&.. D etther aloneg or in conbination with 200 nM ISRIB.

> A 0 }( % pE}IUC Jv AZ E-acti} @d aod presénjede u v F ~ (}JE
Z SE Sw}MEBuU o]8} }vSE}o oBvalues wére derived from a

KruskalWallis test(P = 0.0101)ollowed by a Conovefvu v v 0Ce]eU Z % G iXif
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5.2.2 ISRIB rescues elF2 mobility within large and medium elF2B

bodies during stress dependent on levels of el t=

phosphorylation
The decameric elF2B complex has increased GEF activity compared to elF2B
subcomplexegLiuet al., 2011) ISRIB promotes elF2B decameric formation, increasing
the GEF activity of elF2B, and enabling cells to overcome low levels of cellular stress
(Sidrausket al., 2015b) All subunits of elF2B localised to some degree with large and
medium elF2B bodies rga of H3 pm?) (Figure3.12), it was therefore hypothesised
that ISRIB would affect the GEF activity of these bodies. To investigate this hypothesis,
FRAP analysis wasad to measure the movement of elF2 into large and medium
elF2B bodies during stress in the presence and absence of ISRIB, as an indirect
measure of elF2B activity. As shown previouskigure4.8, cellular stress induced by
SE 3u vs A]8Z dP ~i ...De v ~ ~iifi ..D v fii ..DeU E
into large and medium elF2B bodies. Treatment of ISRIB alone did not impact upon the
movement of elF2 through these bied Figure5.2). In cells treated with 1 uM Tg, the
addition of ISRIB significantly enhanced the movement of elF2 through the large and
medium elF2B bodies (12 % increase in elF2 recovery), restoring teenfege
recovery of elF2 to that observed in unstressed déligure5.2A). A similar trend was
observed in cells treated with a low concentration & @25 uM) Figure5.2B). The
addition of ISRIB increased the percentage recovery of elF2 by 6 %. In contrast ISRIB
was not able to rescue the movement @F2 through large and medium elF2B bodies
in the presence of a higher concentration of SA (500 uM), with no changes in the
percentage recovery of elF2 observédglres.2C). A DMSO vehicle control confirmed
that these observed changes to the movement of elF2 through the elF2B bodies were
a direct result of ISRIBifureb.3).
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Figure5.2 ISRIBcan reversethe effect that cellular stresshas onthe movement of
elF2 irto large and medium elF2B bodielependent on the levels of cellular stresé
FRAP analysis was carrigduS }v {@HR localised to large and medium elF2B

} ]« ]Jv hidi oo+ SE ve( <SFPA]SZ/&IRER to mark the elF2B
bodies. Cells were treated wi00 nMISRIB alone or in combination with (A)JRD dP U
~e (TAD ~ }@& ~ +DAM™M ® FRAP recovery curves were plotted andtki@
mean X Xu % & v3 RGFP(redo&ény was determind@RAP analysis was
performed on 10 bodies (n=3-valueswere derived from a Kruskalallis test(P =
0.0922) followed by a Conovdnman analygs Z % G iXifiX
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Figure 5.3 DMSO does notnfluence the movement of elF2 through large and

medium elF2B bodies.

&Z W v 0Ce]e A (E & ] -GFPulécalised ta& farge and medium elF2B
} ] ¢ ]Jv hioi ooe 3CE ve( BS&WA]¥Z [BFPxto mark the elF2B

bodies. Cells were treated withDAK « A Z] o (})J&S/EEBFRAP recovery

curves wee plotted and (B)SZ u Vv FeX Xu % & Vv&FP regovey&ias

determinedRAP analysis was performed on 10 bodies (n=3).
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5.2.3 Treatment with ISRIB increases the movement of elF2 into
small elF2B bodies

The mechanism of action of ISRIB relies upabiksation of elF2B in its decameric
form to enhance elF2B GEF actiyBydrausket al., 2015b; Tsaet al., 2018; Zyryanova
etal,2018)In Z %% & iU /&1 } ]+ Al§Z ¥, cléBsifieGas Xbdl Ru

/&7 } ] U % EJu E]JoC % E « v§ A]5Z }voC §Z S 0CS§]

/&1 x* 0} o]+ .Ag all Bulbunits of elF2B are required to form the decameric
conformatian, it was hypothesised that ISRIB would not impact upon the GEF activity
of elF2B localised to these bodies. In order to investigate this hypothesis, FRAP analysis
was used to measure the movement of elF2 into small elF2B bodies as an indirect
measure of &2B activity. The FRAP analysis was carried out on untreated cells or cells
treated with ISRI@. Rather surprisingly, the percentage recovef elF2 to

small elF2B bodies was found to significantly increaseif@B#ase in elF2 recovery) in

the presence of ISRIBFigure 5.47). A DMSO veblie control confirmed that this
observed increase in the movement of elF2 was a direct result of ‘IS’@IBe@SAB).
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Figure5.4 The movement of elFInto small elF2B bodies is enhanced during ISRIB
treatment.
FRAP analysis was carried out oh& tGFP localised to small elF2B bodies in U373
ooe SE ve( & -BFBZA /&&AREP to markhe elF2B bodieCells were
either untreated ortreated with (A) 200 nM ISRIBr (B) a DMSO vehicle contri)
FRAP recovery curves were plotted andtii mean t« X Xu % & vS PGFP( /&ir
recovery was determined-RAP analysis was performed on 10 bodies (ri=@)ues
were derived from a Kruskalvallis test(p = 0.0495)followed by a Conovenman
V 0Ce]e Z % G iXiAX
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5.2.1 The localisation ‘=~ f t A —*' eefZ7 1t t is, incrdased
during ISRIB treatment
Although§Z v v X g pv]Se }( /&1 E u((] 1 vsS S} % E(}CE
elF2B complexes that contain the regulatory elF2B subunits display enhanced GEF
activity (Devet al., 2010; Fabiaret al., 1997; Liwet al., 2011; Williamst al., 2001)
Chapter 3 of this study demonstrated that the regulatory subunits of elF2B

predominately localise to large and medium elF2B bodies with very few small elF2B

bodies calocalising with regulatory subunitd-igure3.12). To address whether the

increased movement of elF2 into small elF2B bodies induced by ISRIB could be linked
to a change in the subunit composition of these bodies ICC asalgs carried out.
Cells transiently expressing elFBBFP were either untreated or treated with ISRIB,
v $Z v epi 8 8}/ A]lS8Z % EJu EC v3] } ] cwUsingki ru
confocal microscopy counts were carried out across a populatiomQofcells to
S Gul]v SZ % & vsS P }( o GEP v u Jpu }E °*u oo /&
/&1t JE W&J o] S8}X E} ZvP « AE }+« EA (JE /&7

addition of ISRIB, however a significant increase in the median localisatidf2aed

small elF2B bodies (39 %) was obserpgadufe5.5). No significant difference in the

percentage of large and medium bodies that elRigalisedtoo was observed in the

presence of ISR‘?igureS.S .
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Figure 55 /&7 w o0} o] ¢« 8§} Vv Jv E - % E vS P }( -eu

following treatment with ISRIB.

U373 cells were transfecte A]$§Z /-&FPxaneither untreated or treated with 200

nM ISRIBCells were fixed in methanol and subject to ICC with a prirg@ry /&1 rU

(B) /&1 or ~ « [&1T w vSanH yisualised using an appropriate secondary

antibody conjugated to Alexa Fluor 568. Within a population of 50 cells, the median

percentage of cdocalisation betweenanti- /&1 rdnti- /&7 br anti- /&7 w v

large and medium or8 oo /&FK bodiesvas determinedn AT (}& /&1 r v
/&7 t¥3V{}E /& Pwalueswerederived from a Kruskalvallis test(p = 0.0156)

followed by a Conovefvu v v 0Ce]e Z % G iXifiX
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In order © determine ifthe increased percentage of small elF2B bodies with el2B
co-localised was a direct effect of ISRIB interacting with elfr#ie localisation of
elF2Bmvas analysed in CHO cells harbouring el2B80F) mutation. This mutation
resides within the ISRIB binding pocket of elF2B and prevents ISRIB from enhancing
elF2B activitySekineet al., 2015; Tsaet al., 2018; Zyryanovat al., 2018) elF2BtRFP

was expressed in,K oo+ }v3 Jv]vP A3 /&1 w }E upcelederd &T w ~

either untreated or treated with ISRI&d then subject to ICC with a primary elF2B

antibody |Figure5.6). d} vepE& SZ § S§SZ /&T w upsS vS ] Vv}iS  ((

recognition, dot blot analysis was carried o(Figure 5.7A). Analysis of etracts

% E % E (E}u }8Z 8Z AS v 3Z ups vs oo0- bZthd /&1

antibody. Using confocal microscopy, counts were performed across a population of 25
cells to determine the percentage of large and medium or small elF2B bodies that
showedelF2Bnlocalisation (Figure5.7B)X h%o}v /~Z/ SE& Su vsSU v Jv &
localisation to smaklF2B } ] « A « } « EA (}E §Z A% /&1 wX /vd E

upsS v8 o0o*U v} Jv E < ]Jv ]*SE] uS]}v }( ups vswab&i w ~:

observed
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Figure 5.6 Localisation of elF2Bto small elF2B bodies in the presence of ISRIB is

decreased by an elF2BSRIBresistant mutation.

CHO cells harbouringt /&7 w rh@ant /&7 w ~>i6i&e A E SE ve( §
/ &1 -RFP and treated with 200 nM ISRIBIIs were fixed in methanol and subject to

ICC with a primary anti/ &1 w v §] det€ctedusing an appropriate secondary

antibody conjugated to Alexa Fluor 56Bhe localisaon of elF2Bwvas visualised by

confocal microscopy.
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Figure5.7 >} o] S]}v }( /&7T w 8§} eu oo /&1 | I ]JE §
InZ] Jvs E S8]vP Al3zZ /&7 wX
(A) ,K o00e¢ }vs Jv]vPoAmutahkT/&T w ~>i06i&* A E epi § §}
analysis for anti /&T wX ~ « K o0o0°*A3vI&drimiant /&T w ~>idi&e
A E SE ve( § ARBR antsthexuntreated ortreated with 200 nM ISRIB.
Cells were fixed in methanol andlgact to ICC with a primary anti/ &7 w vS] } CU
detected using an appropriate secondary antibody conjugated to Alexa Fluor 568.
Using confocal microscopyhe median percentage of docalsation between anti

/&1 w v o0 EPedium onnsu oo /&¥FPxbodies was determined in the
presence or absence of ISRIB treatm@&i cells,n=3). Pvalueswere derived from a
KruskalWallis test(p = 0.4125)followed by a Conovefvu v v 0Ce]eU Z % G iXif
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5.2.2 The size and distribution of elF2B bodies is altered during ISRIB
treatment
The influence of ISRIB on small elF2B body composition and activity reflects the

changes that low levels of cellular stress were observed to have on small elF2B bodies

in Chapter 4 of this studgFigure4.10 and|Figure4.11). Cellular stress was found to

also increase the number of small elF2B bodies and the size of large elF2B bodies

Figure4.12). In order to determine if ISRIB may also affect the number of small elF2B

bodies, U373 cells expressing elRZB-P were either untreated or treated with ISRIB
and then using confocal microscopy counts weagried out to determine the median

number of large and medium or small elF2B bodies across a population of 50 cells

Figure 5.8A). ISRIB treatment significantly enhanced the median number of small

elF2B bodies (44 % increase) when compared to untreated cells. No significant change

to the number of large and medium elF2B bodies was observed.

In order to determine if ISRIB alsolignced the size of large elF2B bodies, elE2BP
was expressed in U373 cells and cells containing large elF2B bodies were imaged. The

area of the large elF2B bodies were measuusthg Image J software in both ISRIB

treated and untreated cell$F{gure5.8B). ISIRB treatment significantly increased the

area of large elF2B bodies by approximatefpld.
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Figure 5.8 Following treatment with ISRIB e number of small &2B bodies
increasedandthe size of large elF2B bodigscreased.

hioi ooe AEEve( 3 A]3G@FP/&T k3Z E pv3ES®B 3}EASZ

vD /2K~ o he]vP }u(}EGe }pu@s3e A E % E(}EuU the 3§ EL
median number ofdrge andmedium or snall elF2B bodies within a population of 50

cells (n=3).(B) () ooe }vsS Jv]vP o CEP /&1 }1« AE JuP
ul] €} }%C v Ju P §}A «§ uE thevmedianareaof large elF2Bodies

(25 elF2B bodies=3) (ii) Representative images confocal images are shéwalues

were derived from a Kruskalvallis test((A) p = 0.0156(B) p = < 0.0001,)followed by a
Conover/vu v v 0Ce]eU Z % G iXifAX
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5.2.3 DBM appears to increase translation under normal cellular
conditions and during cellular stress
DBMis a naturally occurring structural analogue of curcumin, with widely reported
anti-cancer propertiegOo Khoret al., 2009)that has recently been shown to also
restore translation under conditions of cellular stress induced by{Hallidayet al.,
2017) In order to determine if DBM could enhance translatihuming the conditions of
cellular stressisedin this study(specifically Tg treatmeng puromycin incorporation

assay was carried out on U373 cells to measure levels of global protein synthesis. Cells

were treated with 1 pM Tg, in the presence or abserf 20uM DBM|Figure5.9). Tg

treatment alone decreased levels of global translation by approximately 45 % while the
addition of DBM to the Tg treated cells appeartx enhance translation back to
normal levels. Interestingly, in contrast to ISRIB treatment, DBM treatment alone also
appeared to increase translation levels (42 % increase in puromycin incorporation). It
should be noted this experiment was only performedce and future experiments

repeating this should be performed to confirm the trend.
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Figure 5.9 DBM treatment increases translation in cells under normal growth
conditions and can restoréranslation rates in cells during Tigduced cellular stress.
Puromycin incorporation assays were carried out on U373 cmtreated or treated

A15zZ 71 RD D } & dlone Dr id Ronbination. Levels of puromycin where
VIEuU o] -adihand arepreented « u v F  (}&E Z SGEe Su vS ~VA
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5.2.4 DBM cannot rescue the movement of elF2 into Large and
Medium elF2B bodies during cellular stress
The mechanism through which DBM restores translation is currently unknown. Unlike
ISRIB, DBM does not stabilise elF2B in its decameric conforn{&taidayet al.,
2017) however both drugs do share the same downstream effect of restoring

translation in stressed cells. Having shown ISRIB modulates elF2B bodies ibea hum

of different ways |Figure 5.2| [Figure 5.4 and |Figure 5.5) we were intrigued to

determine if DBM may also have an impact upon the properties of elF2B bodies.
Firstly, the effect of DBM on the activity of elF2B localised to large and medium elF2B
bodies in stressed cells was investigated. FRAP analysis wassusd¢doh to measure

the movement of elF2 into elF2B bodies as an indirect measurement of elF2B activity.
Cells were subject to Tigduced cellular stress either in the presence, or the absence
of DBM @ Similarly to ISRIB, treatment with DBM alone did not impact
upon the movement of elF2 through the large and medium elF2B bodies in untreated
cells WP However, in contrast to ISRIB, in cells treated with Tg, DBM also had
no impact upon the movement of elF2 through large and medium elF2B bdips €|

5.10). These data suggest that DBM does not restore translation in stressed cells

through increasing the activity of elF2B localised to large and medium elF2B bodies.
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Figure5.10 DBM cannot rescue the decreased movement of elF2 throdghge and
medium elF2B bodieduring Tg induced cellular stress.

&Z W v 0Ce]e A E E ] -GFPulécalised t& farge and medium elF2B
bodies ]v hidi 00o¢ SE ve( S3-GFRA]8Z /K&REP to mark the elF2B
bodies. Cells wereither untreated ortreated with 20 uM DBMor i R D , é&Rher
alone or in combinatior{fA) FRAP recovery curves were plotted aBilthe mean +
s.em % E vS P }{GFP &é&covery was determinéd~RAP analysisvas

performed on 10 bodies (n32
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5.2.5 DBM increases the movement of elF2 into small elF2B bodies
These data presented |iF|igure5.10 suggests that DBM does not restore translation

through modulating the activity of elF2B localised to large and medium elF2B bodies.
The data generated i|rlFigure5.4 suggests that ISRIB treatment enhances the GEF

activity of small elF2B bodies. In order to determine if DBM had a similar influence on

the activity of elF2B localised to small elF2B bodies, FRARiava#s performed as an

Jv]E § u uy& }( /&1 §]A]SCX hidi-GFPowere Eithe@E <]V
HVEE § JE SE & Al]§8Z D v &Z W v &FPllecsisedtp} Eu

small eF2B bodies (elF2BRFP was also expressed to mark the elf@Bes)|Figure

5.11). Interestingly, the percentage recovery of elF2 to small elF2B bodies was found

to increase by 10 % in the presence of DBM.
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Figure5.11 The movement of elF2 through small elF2B bodies is enhanced during
treatment with DBM.

&Z W v 0oCe]e A o E & |-GFR Jckallsed to&kgmall elF2B bodies in U373
oo SE ve( § -A§¥ V& Iir-RFPxto mark the elF2B bodi€ells were
either untreated ortreated with 20 puM DBM andFRAP analysis was performed on 10

smallbodies (n=3)(A) FRAP recovery curves were plotted aBjithe mean s.e.m
% E vS P }GFP &ocovery was determingé®-valueswere derived from a
KruskalWallistest (p = 0.0495)followed by a Conovdnman analysisZ %. G 1Xifi X
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5.2.6 DBM promotes an increase in the localisation ‘= £ t A —*' eef77
elF2B bodies
The movement of elF2 into small elF2B bodies was found to increase in the presence

of DBM suggesting that DBMay modulate the GEF activity of elF2B localised to these

elF2B bodiegHgure5.11). An increase in the movement of elF2 into small elF2B

bodies was &0 observed in stressed ce(Bigure4.10) and cells treated h ISRIB

Figure5.4). Under these conditions the increased movement of elF2 correlatdd w

an increase in thegercentage of small elF2B bodies to which& 1 Mcalised(Figure

4.11landFigureb.5+X /v }&E €& S} S CEulv ]J( D o<} ]Jv E - /&

small elF2B bodies, ICC with primak&i rU /&1 { &1E~N v 3dswas carried

out on U373 cells expressing elFRBFP, either in the presence or absence of DBM.
Counts were carried out across a population of 50 cells to determine the percentage
co-localisation between /&7 w S} o EP V U Jpu }E&FRPbodes /&1
Figure5.12« X ¢]Pv](] vS ]Jv & =+ ]Jv SZ u ] v o} o]* S]}v }(

bodies (49 %) was observed in the presence of DBdpresentdve images are shown

in|Figure5.13| No significant difference in the percentage of large and medium bodies

§Z & /&1 w o} o] 8} A . presdﬁzéofqmﬁgure&lZB).
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Figure 512 /&1 w o0} o]e ¢« S} v Jv E - % E vS P }( eu o
following treatment with DBM.

hioi ooe A E SE ve( SGFPAgnaiither &iitreated ortreated with 20
UM DBM Cells were fixed in methanahd subject to CC withprimary (A) arti- /&1 rU
B)anti /&T t }E ~ 4&V38 v3] } ] *U Alep o] pe]sdeondary%o %o E }
antibody conjugated to Alexa Flour 568&/thin a population of 50 cells, the median
percentage of cdocalisation betwen antt /&7 w w@rgeoandmedium a small

/ & 1-&FP bodies was determinddv AT (}E& /&1 r v n=3&PEV /&PRwW
valueswere derived from a Kruskalallis test(p = 0.0495)followed by a Conover
Inman analysisZ %o G iXifX
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Figure5.13 /&7 w 0} o] » 8} eu oo /&7 } ]+ (}oo}A]JvP SE 3u
hioi ooe A E SE ve( SGFPAgndZeithes iinkeated or treated with 20

UM DBM. Cells were fixed in methanol and subject to ICC wighrianary antt /&1 w
antibody, visualised using an appropriate secondary antibody conjugated to Alexa
Flour 568 Representative confocal images are presented in the panels.
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5.2.7 Trazodone partially restores stress induced translational
depression.

Similarly b ISRIB and DBM, Trazodone has also been identified as a small molecule
that can restore translation in cells subjected to Tg induced cellular Sirfedsdayet
al., 2017) Like DBM, Trazone is an FDA approved drug. It can modulate the activity
of serotonin receptors and thus is currently prescribed as an antideprégMaj et al.,
1979) The mechanism through which trazodone enhances protein synthesis in
stressed cells is largely unknown. Having shown that the translation enhancing drugs
ISRIB and DBM modulate the properties of elF2B bodies we were intrigued to
determine if trazodonamay also have an impact upon the properties of elF2B bodies.
As trazodone has previously been shown to enhance translation in the presence of Tg
induced cellular stres¢Hallidayet al., 2017) we focused our study on the impact
trazodone has on elF2B bodies during this type of stress. Firstly, it was important to
determine if trazodone could enhance translation under the conditions of Tg induced
cellular stress used in this study. Preliminary evidence for this was provided using a
puromycin incorporation assay carried out on U373 cells subject to treatment with 1
UM Tg br 1 hour, in the presence or absence of trazodoRigire 5.13 Tg treatment
alone decreased levels of global translation to approximately 44 % of untreated cells
levels. The addition of trazodone to Tg treated cells enhanced translation back to 69 %

of untreated levels. Interestingly, unlike DBM but simiia ISRIB, trazione treatment

alone did not enhance translatigfrigure5.14). It should be noted this experiment was

only performed once and future experiments repeating this should be performed to

confirm the trend.
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Figure 5.14 Trazodone treatment partially restores translatio in cells during Tg
induced cellular stress.

Puromycin incorporation assays were carried out on U373 cmtreated or treated

A18Z 71 RD 8@ I} }v @itkerialondordrPconbination. Levels of puromycin

AZ & v}Eu opdinandarepreseted « u v F ~ (}E Z $Ee+ Su v$§
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5.2.8 During cellular stress traz odone increases the movement of
elF2 through large and medium elF2B bodies

Having determined that trazodone enhanced translation in cells subject to Tg induced
cellular stress, theffect of trazodone on the GEF activity of large and medium elF2B
bodies was investigated. FRAP analysis was used as a tool to measure the movement
of elF2 into elF2B bodies as an indirect measurement of elF2B activity. FRAP analysis
was carried out on elR-GFP localised to large and medium elF2B bodies in cells that
were subjected to Tgnduced cellular stress either in the presence, or the absence of

trazodone Figure5.15r. Treatment with trazodone alone did not impact upon the

movement of elF2 through the large and medium elF2B bodhggi(e5.15). In cells

treated with Tg, the meement of elF2 was decreased by 7 %. The addition of

trazodone to Tg treated cells increased movement of elF2 through large and medium

elF2B bodies by 2 %igures.lﬂ.
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Figure5.15 Trazodoneincreasesthe movement of elF2 through large and medium
elF2B bodies duringginduced cellular stress.
&Z W v 0Ce]e A (E & ] -GFPul&écalised t& farge and mediwat-2B
} 1 ¢ v hioi oo« 3E ve+( BFPA]SZ/&MREP to mark the elF2B
bodies. Cells were treated with 20 puMrazodoneor i R D , cRher alone or in
combination FRAP analysis was performed on 10 bodies )(nG2FRAP recovery
curves were plottedand (ii) the mean £+ X Xu % & vS RGFP(reco&ény was
determinedX
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5.2.9 Trazodone decreases the movement of elF2 into small elF2B
bodies
The movement of elF2 through small elF2B bodies was increased in the predence

both ISRIBHigure5.4) and DBM|Figure5.11), suggesting thamodulating the GEF

activity of small elF2B bodies may be a common trend of translation enhancing drugs.
In order to determine if trazodone could modulate the activity of elF2B localised to
*u 00 /&1 } ] &Z W v 0Ce]s A + %BFRH(GEEdIt0 sinall €I&IB

bodies in untreated cells and cells treated with trazodoRegre5.16QA). In contrast

to the trend observed for ISRIB and DBM treated cells, when cells were treated with

trazodone, the percentage recovery of elF2 to small elF2B bodies was found to

decrease by gmroximately 10 %Rigure5.16B).
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Figure5.16 The movement of elF2 through small elF2B bodieslésreasedduring
treatment with Trazodone
&Z W v 0Ce]e A o E & -GFR Jataljsed to&dmall elF2B bodies in U373

oo SE ve( § -A§¥ V&Iir-RFPxto mark the elF2B bodi€ells were
treated with 20 pM Trazodone and~RAP analysis was performed 10 bodies (n2).
(A) FRAP recovery curves were plotted aBptle mean £« X Xu % €& vS P }( /&
GFP recovery was determinéd
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5.3 Discussion
Pathological disruption of the ISR is common in a number of different diseases
including, cancer, diabetes ameéurodegenerative diseasé€Biet al., 2005; Choet al.,
2017; Eiziriket al, 2008) Small molecules that regulate the ISR have therefore
emerged as promising therapeutic tools and understanding the mechanisms of action

of these drugs will enhance the likebod that they will be used as treatments.

Recently ISRIB was identified as a small molecule BatA E e * %Z}*%Z}ECo0 §
induced translational repressiofHallidayet al., 2015; Sidrauslat al., 2013; Sidrauski

et al., 2015a) through restoration of elF2B activif$ekineet al., 2015; Sidrauskt al.,

2015b) It was herefore of interest to investigate if ISRIB may influence the activity of
elF2B localised to elF2B bodies. ISRIB enhances the GEF activity of elF2B through
promotingthe assembly of decameric elF2B complef&drausket al., 2015b; Tsaét

al., 2018; Zyryanovat al, 2018) elF2B subunit ctocalisation data presentedh

Chapter 3of this study highlighted that all subunits of elF2B are present to some
degree in large andhedium sized elF2B bodies, however small bodies mainly consist

of the catalytic elF2B subuni@ . Thided to the hypothesis that ISRIB would
increase the GEF activity of elF2Balized to large and medium bodies during cellular

¢SE *¢X /v U ]Jv oo+ SE & Al8zZ i ..D dP v iid ..D

movement of elF2 through large and medium elF2B bodies was observed in the
presence of $RIBsuggesting that ISRIB increases the GEF actvity of these H&RES.
however had no effect on the movement of elF2 through large and medium bodies in
oo S & A]3Z Aii ..D A~ X dZ s+ (]v ]JvPe euPP 3 3Z 3§
activity of largg and medium elF2B bodies when cellular leeéishosphorylated elF2
are below a certain threshold. This is in concordance with recent studies that have
shown ISRIB can only restore translation in cells exposed to SA at a concentration of
100 uM or lesgRabouwet al., 2019) The lack of regulatory elF2B subunits lsiag to
small elF2B bodiesdeto the hypothesis that ISRIB would have no effect on the GEF
activity of these bodigsas all subnits are required for decameric assembly.
Surprisinglyan increase in the movement of elFzhrough these elF2B bodies was

observed during ISRIB treatmemt the absence of cellular stress, suggesting that the

GEF activity of these bodies was increafgdure5.4). An increase in the localisation

of the wsubunit of elF2B correlated with ihincreased activitfFigure5.5). In light of
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these observationsit has previously been proposed that addition tothe role of

ISRIBN stabilising the elF2B decamer, ISRIB may also enhance the basay attivit
/&1 C % E}A] JvP JuE }( /&1 SZ S ] v}S ]JvZ] ]S

(Sidrawskiet al., 2015b) The data from chapter df this study lashighlighted that the

activity of small elF2B bodies is nohibited C %o Z}* %0 Z} E C whén lowld&vels

are present Figure4.10. In fact, the GEF activity of small elF2B bodies appears to be

increased in the presence of low levels of phosphorylated elF2, similar to the trend

observed here for ISRIB. These findings will be discussed further in Chapter 6.

The drug DBM wasrecentlyidentified to have similar properties to ISRIBténms of
restoring global translationn stressed cell¢§Hallidayet al., 2017) Unlike ISRIBDBM

does not promote the stability of decameric complexes of elfFz8lidayet al., 2017)

and its mechanism of action remasnunknown. ISRIB was able to restore the
movement of elF2 into large and medium bodies during cellular stress. It was
hypothesised that this was due to all elF2B subuiotsalisingto these bodies and
ISRIBs ability to promote decameric formation of elF2B. In fitting with this hypothesis
DBM was unable to restore the movement of elF2 into these elF2B bodies during
stress @ DBM did however modulate the activity of small elF2B bodies. An
lv & - o} o] S]}v }( /&1 w (Biguseb.X?h ackompanied by an

increase in elFtnovementthrough these bodiegFigure5.11), was observed in cells

treated with DBM. Mese data suggedhat DBM may share a common mechanism
with ISRIB whereby promoting the formation of & T w @ontaining subcomplexes

providesa source of elF2®ith increased activity

Trazodone is another translation enhancing drug that has been shown toreelS&
inducedtranslation epression and its mechanism of action is also unknown.
Trazodone appeared to partially restore the GEF activity of elF2B localiedeand
medium bodies during cellular stre@; a similar trend to that observed for

treatment with ISRIB. In contrast to ISRIB, trazodone does not pemetameric

stability of elF2BHallidayet al., 2017)and therefore is likely to enhance activity of
elF2B localised to these bodies via d&fedent mechanism. In human astrocytes
trazodone has been shown to activate protein kinase B (AKT), a kinase involved in cell
growth and survival, and it has been prgea that this is via activation of the

serotonin 1A receptor B T1A)(Danieleet al., 2015) AKT phosphorylageglycogen
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synthase kinase 3 (GSK3), inactivatingcrosset al., 1995) Interestingly, in its aote

form, GSK3 phosphorylates the L Eu]v o }( $Z X eu pv]s /&1 U |vZ]
activity (Welsh and Proud, 1993; Wels#t al, 1998) Investigating the impact of

SE I} }v }v '~"<i  8]A]SC VvV 87 %Z}*%Z}ECO 3]}v *5 Spu-
interesting avenue to explore in relation to the increased activity 628l that was
observed under treatment with trazodone. The effect of trazodone on the GEF activity

of small elF2B bodies was less conclusive. An overall trend suggested that Trazodone in
fact decreased activity of elF2B within these bodi; somewhat
contradictory to the role of Trazodone in increasing translation. This data however is

highly variable and should be repeated before conclusions are drawn.

Thethree small molecules investigated in this chapter all appear to have an effect on
the GEF activity of elF2B bodies. ISRIB appears to enhance the GEF activity of large and
medium elF2B bodies during acute stress, likely a consequence of its ability itsstab
decameric elF2BSidrauskiet al., 2015b; Tsaet al, 2018; Zyryanovat al., 2018)
Furthermore, the data presented here point towards a secondary affect of ISRIB,
whereby ISRIB can modulate subunit distribution and activity of small elF2B bodies.
DBM appears to also induce these changes to small elF2B bdtiesuld be
hypothesised that the enhanced activity of these elF2B bodies could provide a source
of elF2B tdfacilitate low levels of translation during episodes of acoédularstress.
Trazodone did not appear to increase the GEF activity of small elF2B bodies, however it
did appear to enhance the activity of large and medium bodies during cellular stress. It
should be considered that elF2B is the target of a number of cellular pathways to allow
for tight regulation of translationThe observed effects of these drugs on the GEF
activity of elF2B bodies coutberefore be indirectand a result of the drugs aatj on

different cellular pathways
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6. General Discussion

elF2B has an important role in facilitating the initiation step of translation within a cell.
The loading of the ribosome complex onto a target mRNA transcript requires the
hydrolysis of a GTP moldeycarried by elF2. elF2B catalyses the recycling of &QIH2

into elF2GTP allowing for subsequent rounds of translation to oceuvious work in
yeast has shown that elF2B localises to cytoplasmic foci, termed elF2B bodies
(Campbellet al, 2005; Egbest al., 2015)which appear to be sites of GEF activity
(Campbellet al., 2005) The functional localisation of elF2B within mammalian cells
had not previously been evaluatedMutations in elF2B are causative of the
neurological disorder, VWM. The pathophysiology of VWM remains somewhat elusive
and thus understanding the cellular localisation of mammalian elF2B could provide
insight into the mechanisms of VWM pathology. Although elF2B is globally expressed,
VWM primarily manifests as a leukodystrophy, characterised by defective maturation
of astrog/tes and oligodendrocytes (Dooves al., 2016). An astrocytoma cell line,
U373, was therefore used in this study as the primary cell type for characterising elF2B

localisation.

The data presented in this study provides the first evidence that elF2B dedist in
mammalian cells. Unlike in yeasthere cells exhibit a single elF2B body, mammalian
cells exhibited a number of different sized elF2B bodstsuctural analysis of elF2B
has shown that elF2B forms a heterodecamer in its native faromprisedof two
/&7 ~twVvs SCE u Ee+ 35 ]o]- C v /Ebrdiy2rkoedt hl, ZH14;
Kashiwagiet al., 2016; Kashiwaget al., 2017; Worthamet al, 2014) In yeast all
subunits of elF2B have been shown to localise to elF2B bodies and knockdown of
I&T r Je%o Ee+ ¢« SZ } CU suPP «&paférmifonsof elFABsEdy to
this localisation(Campbellet al, 2005; Noreeet al, 201Q Norriset al., 2019. In
addition to the decameric elF2B complex, a number of functional subcomplexes have
also been isolated from mammalian cells overexpressing elF2B sulfumnitst al.,
2011; Worthamet al., 2014) It could therefore be hypothesisethat the increased
number of different sized elF2B bodies observed in mammalian cells could be related
to the presence of subcomplexes. In support of thizorrelaton between the size of

the mammalian elF2B body and the subunits of elF2B present was obgé&igede

3.12). All five subunits of elF2B were found to localise to a percentage of elF2B bodies
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with an areagreater than 3um? referred to as large and medium elF2B bodies.
Whereas elF2B bodies with an area lsem 3pm?, termedsmall bodiesappeared to

predomin § oC (}Eu }( }voC S 0 C S [Llsubunifsy. |A schewmatic
representation of this data is outline|Figure6.1
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Figure6.1 Model of elF2Bocalisation in mammalian cells.
The elF2B subunit localisation data presented in this study suggests that elF2B subcomplexes
may localise to different sized elF2B bodies. All subunitsvetioa high degree of eo
o} o] 8]}v A]J8Z o EP /&1 } ] * *pwe&ameficRompiekes may veside
here. All subunits also showed some degree cofopalisation with medium bodies, however
/&7 r «Z}A 8Z o0}A <% -lde&Esatioy( s }PP «3]vP /& ecamericxand
/&7 ~twvxe § SE u E] }Ju%o £ « uC E ] AJ8Z]v 8Z « } ] X
to small elF2B bodies whereas regulatory subunits showed very low levelslafatisation
*uPP <3]vP )heteredimmers may localise within these bodies.
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To assess the functionality of the mammalian elF2B bodies identified in this study the
relationship between elF2 anthe elF2B bodies was analysed. Live celhgimg
revealedthat elF2 localiseda, and wa mobile within elF2B bodies (Figures 4.1 and

4.3) suggesting that as in yeast, these bodies may be sites of elF2B GEF activity (Figure
6.2A). In order to investigate this, induction of cellular stress was used as a tool to
manipulate elF2B activity antdié movement of elF2 was monitoredctivation of the

INZ C JA E- OOUO (E 3@ oo o E *p03e |V 3Z %0Z}*%oZ}(
Phosphorylated elF2 is a competitive inhibitor of elfR8wland<=t al., 1988; Deveet

al., 1995) causing the downregulation oflobal translation initiation. The elF2B

E Ppo S}EC e pv]Se ~ruUt v we & e vS] 0 (}®EE ] S]v
activity under stresgKrishnamoorthyet al., 2001; Pavittet al, 1997) and elFB
complexes containing the regulatory subunits are known to display a higher affinity for
elF2 when present in its phosphorylated foridashiwagiet al., 2017; Pavittet al.,

1998) The effects of stress on the movement of 2Iwithin elF2B bodies was

therefore analysed for thelF2Bbodies to which regulatory subunits localised; large

and medium elF2B bodig§igure3.12). The movementof elF2 through large and

medium elF2B bodies was attenuated in respons&Rand oxidative stress, induced

by Tg and SA respectivelfrigure 4.8). Analysis of the cellular localisation of

phosphorylated elF2under these conditionsrevealed that phosphorylated elF2

localised predominately to these bodig¢Bigure4.7). Mutational analysis confirmed

that the decrease in shuttling of elF2 through these bodies during stress was directly
related to the phosphorylation of elFFigure4.9). This evidence suppor{zrevious
conclusions in yeasthere the movementof elF2 through elF2B bodies wadative to

the GEF activity of elF2@ampbellet al., 2005; Tayloret al, 2010). A schematic

representation of these results is presente¢Figure6.2A and B.

In vitro GEF assays, in both yeast and mammakgatemsy <Z}A 3Z § /&1 vx
heterodimers exhibitGEFactivity that isunregulatableby %0 Z}* % Z} & Co (Biet /&ir
al., 2004; Pavitet al., 1998) d Z oV }( & Ppo S}EC /&T o4 pV]Se
localised to small elF2B bodi@ led to the hypothesis that the induction of

[&Tr %oZ}e% Z}ECO S]}v A}uo Vv}S Ju% S H%}v SZ U}A U VvV

bodies. Intriguingly, the movement ofelF2 through small bodies was significantly

increased by cellular stress induced by both Tg and a low concentration of SA (125 uM)
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(Figure4.10), suggesting that these bodies have increased GEF activity during stress

(Figure 6.2C)

Biochemical assays ipeast have demonstrated that increasing the expression of
regulatory elF2B~rU t \subwnits can enhancelF2B GE&ctivity (Devet al., 2010;
Fabianet al., 1997; Litet al., 2011; Williamst al., 2001) Interestngly, an increase in

§Z o0} o] S]}v }( /&7 w Swae also @mbsénjec in response to cellular

stress(Figure4.11), perhaps responsible fahe observed increse in elFanovement
Th o} o]« §]}v }( /&1 w 8} S§Z su o0 [/tRd formhafiom ofpaP P ¢S«
currently unidentifiedelF2Bsubcomplex coprised of /&1 w Bhdvxdubunits (Figure

6.2C) This complex may not have been previously identiféedcharacterisation of
mammalian elF2B subcomplexes has not been carried out under stress conditions
(Worthamet al., 2014) However previous work has demonstrated that the knockdown
}( /&1t o ¢ §} & pu S]}v Jv §Z E% E *]}v }( 00 [&I1
suffering the greatest reductioWorthamet al., 2016) d Z - § «Z}A 537 § /&i
is & <u]E §} S Jo]e 8Z E% E *]}v }( /&1 w v o §Z
Z S E} Ju E]* ]S }uo E% S SZ 3§ /&It 5 Jole o [&T
These conclusions do not support the data presented here whereby an increase in
elF2w o} o]e 8]})v A+ } ¢« EA v suoo /&1 } ]+ ps v
o} o] 8]}v }( /&1t A e } e EA X &UESZ E /A% EJu vse
IV(]JEU §Z ]S v } (3 subcomplexfarmed during conditions of
cellular stress. Investigs]|}v JvsS} SZ E% E *+]}v 0 A o }( /&1 t v
pull-down analysis of these subunits under stress conditions may provide further

insight.
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Figure6.2 Schematic representation of th&EFRactivity of mammalian elF2B bodies.
(A) elF2 was found to move through elF2B bodies suggesting they could be sites of GEF
activity. (B) In response to cellular stress, phosphorylation of elF2 inhibits the
movement of elF2 through large and medium sizdeéR8 bodies suggesting a decrease
in GEF activity within these bodies. (C) In response to cellular stress the movement of
elF2 through small elF2B bodies is increased, suggesting that the GEF activity of these
bodies is enhanced during cellular stress. Timsreased movement of elF2 is

Ju%o V] C VI]VE + v 3SZ % E v3 P }( } ] 8} Az]
sUPP ¢S]JvP §Z (}&u S]}v }( v [&T ~wvXxe g }u% o0 AX
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>}A 0 A 0o }( %Z}*%Z}ECO § [&1Tr Z A v } pu vs §

promoting a stressesistant phenotypgLewerenz and Maher, 2009; et al., 2004a)

It could be hypothesised that the increased activity of #mall bodies under low
levels of cellular stress may contribute to this stresduced protective phenotype
through providing asourceof elF2B activityhat is not downregulatedduring stress

This could allow for a low level of translation to occuridg low levels of cellular
stress enabling the cell tarespondand survive. The N &u]v o }( /&T w Z
shown to be required for cells to mediate a response to cellular stress, with the

expression of an ferminal truncated isoform rendering celissensitive to the effects

}( %0Z}e% Z} E C o(Martin é&dlr, 2010)X DpusS S]}v o v oCe]e }( /&1

% E}A] Jve]PZ38 Jvs} 3Z Ju%}ES vto the indr@dsed mdverngnt $]}v
of elF2 through small bodies and to the ¢ed#bility to respond to stress.

The increasednovementof elF2 through small elF2B bodies was only observed in the
presence of low levels of phosphorylated elF2. In the presence of lewgels of
%oZ}e%Z}ECO § /& TU /&1 w 0} o] §} v Jv & - %0

Figure 4.11) however the movement of elF2 through thedmdies was inhibited

(Figure4.10). This decrease in the mobility of elF2 correlated with a significant increase
in the percentage of small elF2B bodies to which phosphorylated elF2 localised. The
favoured explanation of these results is that elF2B regutais lost above a certain
threshold of phosphorylated elF2, due to elF2B saturation. In addition to changes in
the movementof elF2 during stress, the number of small elF2B bodies was found to
increase.Recent work irS cerevisiaehas observed that indttion of stress results in

an increase inthe number of cells harbouringlF2B bodiegMoon and Parker, 2018)
supportingthe hypothesisthat cellular stress impacts upon elF2B localisation. From

the data presented here a schematic model of mammalian elF2B complex formation

and regulation during cellular stress is propomi’ &igure6.3
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Figure6.3 Working model for the phenotypic distribution of elF2B complexes under
conditions of cellular stress

The data presented in this study highlight thatder normalcellular conditionslF2B

localises ¢ two distinct populations of elF2B bodigsmammalian cells; larger bodies
containing all subunits and small bodies coméiv P S 0CS] ep pi]dr ~v v
response to low levels of cellular stress larger elF2B bodies are partially inhibited by
phosphorylated elF2, whereas the GEF activity and number of small elF2B bodies is
increased, accompanied by an increase in the @] S]}v }( $Z /&1 w eu pv]:
hypothesised that these changes to small elF2B body dynamics promote a stress
induced protective phenotype. At high levels of cellular stress all elF2B complexes are
inhibited independent of size or subcomplex make nesulting in a stresmhibited
phenotype.
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Having populations of elF2B bodietete regulatory subunits are either present or
absentappears to be linked to elF2B regulation in U373 clEF2B bodies share the
same properties in other cell types,ehsize and distribution of elF2B bodies may
provide an indicatiorof a cellp ability to function under conditions of cellular stress.
Intriguingly, primary human astrocytes were found to have a significantly increased
number of small elF2B bodies when qmemed to U373, HepG2, M& and HEK293
cells (Figure 3.2, Figure 3.9 and Figure 3.10). Although U373 cells are also from an
astrocytic lineagethese cells are cancerougkely dtering their metabolism and
perhaps explaining differences observed in elkalisation(Hsu and Sabatir2008)

In U373 cells the induction of cellular stress and thus increased levels of
phosphorylated elF2 correlated to an increase in the number of small elF2B bodies.
The basal level of phosphorylated elF2 was investigatgdimmary astrocytes and was
found to be heightened in these cells (Figure 4.15). In U373 cells increased levels of
phosphorylated elF2 appeared to correlate with increased GEF activity of small elF2B
bodies. These elF2B bodies therefore represent a soufceell62B that is not
downregulated during cellular stresk was therefore hypothesised the presence of
these small bodies may be protective through allowing cells to carry out low levels of
translation in the presence of cellular stress. Astrocytes have a high metabolic turnover
when compared to other cell types (Weber 2015)e Tigh abundance of small bodies

in astrocytes could be linked to high levels of translation required by these cells.
Additionally, astrocytes require high levels of calcium to facilitate signalling within the
brain (Bazargani and Attwell, 2016; Pivneatal., 2008) Disturbances to calcium levels
within the cell reduce the protein folding capacity of the ER arglltein ER stress
(Baharet al,, 2016) The ER plays an important role as an intracellular calciure sto
(Pivnevaet al.,, 2008)and it could therefore be hypothesised that astrocytes require
the ability to quickly and efficiently respond to ER stress to ensure calcium is readily

accessible from ER stores.

Differential localisation and functionality of @B bodies between cell types is of
particular interest with respect to VWM. Causative mutations in elF2B are globally
expressed however astrocytes and oligodendrocytes are the main cell types affected in
VWM patients. Recent studies have demonstrated thasal levels of phosphorylated

elF2 are reduced in VWM mouse and also patient bfabbinket al., 2018) Studying
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the localisation of VWM mutant elF2Buld provide insight into disease mechanisms.
Furthermore, previous studies have demonstrated that although VWM mutant
fibroblast cells, like wildype cells, respond to cellular stress by decreasing global
protein synthesis, the downstream transcriptiéactor ATF4 is significantly enhanced
suggesting that they suffer a heightened stress respofisantor et al, 2005)
Interestingly this hypemduction of ATF4 expression is not observed for VWM mutant
lymphocytes These data suggest that the impact of VWM disease mutants on the
inductionof a stress response is cell type depend@orzinskiet al., 2010) Analysing
localisation patterns of both wiltype and VWM mutant elF2B within various cell

types could provide insight into VWM tissue specificity.

BiochemicallyVWM disease muteons affect elF2B function in multiple waflset al.,

2004) Although there is currently no treatment for VWNhe small molecule ISRIB

and its derivative 2BAct have emerged as promising therapeutics for VWM mutations

that destabilise elF2B decameric complex formation. ISRIB reverses phosphorylated
[&Tr Jv H SE veo S]}v 0 E %etkly 2DL3; Halidaytet |ak,| RPO15;

Sidrausket al.,, 2015a), through increasing the activity of elF2B by promoting decamer

formation (Tsaiet al., 2018; Zyryanovat al., 2019. The data presented here suggest

that ISRIB promotes decameric stability in large and medized elF2B bodies. Under

conditions of cellular stress ISRIB appears to enhance the GEF activity of these elF2B

bodies and subunit localisation data suggests all elF2B subunits are présgatgb.2

andFigure3.12).

ISRIB also impacted upon the dynamics of small elF2B bodies despite not all subunits
being present. ISIRB appeared to mimic the eftkat low levels of cellular stress had
on small elF2B bodiesyith a similar increase inthe movement of elF2 and

redistr] us]tv }( [/&ithese SBodies observedFigure 5.4 and |Figure 5.5).

Furthermore, DBM another drug capable of enhancing translation during conditions of
cellular stress also induced these changes in small body dynamics. It was hypothesised
that under low levels of cellular stress the increased activity of these boelpeesents

a protective stressesponsive phenotype by providing a source of elF2B that is not
downregulated during exposure to cellular stress (Figure 6.3). The observation of this
phenotype under treatment with drugs that are known to reverse stress induce

translational depression supports that these bodies may have a role in priming cells to
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overcome stress. Further investigation into this phenotype would be an interesting

avenue to explore with respect to ISRIB and DBM.
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7. Conclusions

The data presentedh this thesis demonstrates that like in yeastF2B consolidate

into large cytoplasmic bodies. Thsuation in mammalian cellappears to be more
complex.elF2B bodies of various sizes exisatl the size of these bodies correlates
with their subunit omposition /&7 } ] « A]§Z <puE( 2 tefed heré...u
largeand medium elF2B bodigarbou regulatory subunits and appear tepresent
sites of GEFactivity vulnerable to stress induced repressiet-2B bodies with an area

G 17X 6 8, terrmed here small elF2B bodiesre mainly composed of catalytic elF2B
subunits andhe GEF activity of these bodies appears to beegulated in response

to cellular stress. These bodies may therefore provadievel of elF2EBSEFactivity
during stress, allomg cdls to respondand survive The presence of these diverse
bodies in different abundances may allow different cell types to harbour unique stress
responses and perhaps contribute to the tissue specificity of VWM, a key area of

future research.
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